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Chapter 1 

 

 

Nanostructured oxides synthesised via scCO2-assisted sol-gel methods and 

their application in catalysis 

 

 

ABSTRACT: Nanostructured metal oxides and silicates are increasingly applied in catalysis, 

either as supports or as active species in heterogeneous catalysts, owing to the 

physicochemical properties that typically distinguish them from bulk oxides, such as higher 

surface area and a larger fraction of coordinatively unsaturated sites at their surface. Among 

the different synthetic routes for preparing these oxides, sol-gel is a relatively facile and 

efficient method. The use of supercritical CO2 (scCO2) in the sol-gel process can be functional 

to the formation of nanostructured materials. The physical properties of the scCO2 medium 

can be controlled by adjusting the processing temperature and the pressure of CO2, thus 

enabling the synthesis conditions to be tuned. This paper provides a review of the studies on 

the synthesis of oxide nanomaterials via scCO2-assisted sol-gel methods and their catalytic 

applications. The advantages brought about by scCO2 in the synthesis of oxides are described, 

and the performance of oxide-based catalysts prepared by scCO2 routes is compared to their 

counterparts prepared via non-scCO2-assisted methods. 
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1. Introduction 

1.1. Nanostructured oxides and their synthesis 

Metal oxides and silicates draw great research attention for their wide range of applications in 

catalysis.1 Various oxides are commercially available as both catalytically active materials (e.g., 

TiO2,2 NiO,3 Fe2O3,4 ZnO,5 Cr2O3,6 Co3O4,7 WO38) and as supports for nanoparticles (e.g., SiO2,9 

TiO2,10 Al2O311), with applications in chemical and pharmaceutical industries. Decreasing the 

size of the oxide particles to the nanoscale or generating porosity in the nanometre range can 

be beneficial for catalytic applications. Namely, nanostructuring of the oxides brings about an 

intrinsic increase in the surface-to-volume ratio and, thus, in the specific surface area. The 

surface of nanomaterials is also rich in coordinatively unsaturated sites (CUS) that can act as 

catalytic sites.12 This combination of features is highly desirable in catalytic applications. 

Therefore, it is valuable to develop synthesis methods that can promote the controlled 

formation of nanostructured oxides-ideally with the possibility of tuning the surface area, the 

porosity, the particle size and distribution, the crystallinity and the composition-while at the 

same time being affordable, energy efficient and environmentally friendly. 

Until now, a variety of methods have been developed for the synthesis of nanostructured 

metal oxides and silicates,1 including sol-gel methods, template techniques, hydrothermal or 

solvothermal routes, precipitation methods, chemical vapour deposition (CVD), laser ablation 

and electrochemical methods. It should be pointed out that some of these approaches can be 

combined in one synthesis process. For instance, in the preparation of widely studied 

mesoporous materials as MCM-41 and SBA-15 silicates, sol-gel, template, hydrothermal and 

solvothermal methods are combined.13 On the other hand, these synthesis methods are not 

devoid of drawbacks. For example, the template technique requires calcination at high 

temperature (typically ≥ 400 °C) to remove the organic surfactants which are used as 

templates (e.g., cetyl trimethylammonium bromide (CTAB) or Pluronic 123). Besides the high 

cost of the surfactants, a drawback of this method is the tendency of the materials to undergo 

shrinkage and (partial) collapse of the original structure during the thermal treatment, which 

in turn can greatly reduce the catalytic activity. CVD and laser ablation methods suffer from 

instability of raw materials under the operating conditions, abundant energy consumption, 

and costly purification steps.1 Compared to the other methods, sol-gel routes benefit from 

straightforward and generally inexpensive synthesis conditions and a high degree of 

versatility.14,15 The formation of nanostructured oxides with sol-gel methods can be promoted 

by using supercritical CO2 (scCO2) as a reaction medium or as a drying agent. This review 
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focuses on the use of such scCO2-assisted sol-gel methods for the synthesis of metal oxides 

and silicates finding application in heterogeneous catalysis. 

1.2. Sol-Gel Method 

The sol-gel method is a widely-used synthesis approach for the preparation of inorganic 

(nano) materials. Advantages of the sol-gel method include its tolerance to precursor 

variation, mild reaction conditions and easy scale-up. A broad range of nanostructured metal 

oxides, silicates, and their composites has been successfully obtained through sol-gel 

methods,15–18 ranging from nanoparticles, nanorods, nanofibres or nanotubes, to materials 

with pores in the nanoscale, which can be subdivided in microporous (pore diameter, dp < 2 

nm), mesoporous (2 nm ≤ dp ≤ 50 nm) and macroporous (dp > 50 nm) materials. 

The process of sol-gel synthesis typically starts with a hydrolysis and condensation step 

leading to the formation of a colloidal solution (sol). Upon further condensation, the sol 

evolves into an integrated network (gel), in the voids/pores of which solvent molecules are 

trapped. The gelation is generally followed by aging and drying (Fig. 1). During the aging step, 

consolidation of the structure is achieved through the continuation of the condensation 

reactions. The gel can be converted into the final solid oxide product by removing the solvent 

through washing, drying and/or thermal treatment. 

 

Fig. 1. General scheme of a sol-gel synthesis method. 

The initial hydrolysis and condensation of the metal or silicon precursors (typically alkoxides 

or chlorides) can occur sequentially or in a concerted step. The nature of the species formed 

at this stage is determined by the element and ligand constituting the metal or silicon 

precursor, by its concentration, the pH, the solvent and the remaining reaction conditions.19,20 

For several metal precursors, this hydrolysis and condensation step leads to the formation 

(nucleation) of nanoparticles with a defined size. Such particles can behave as a colloid, thus 

constituting the sol. The formed particles can undergo further growth through Ostwald 
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ripening and aggregate to generate the network of the gel.19 

It is important to note that the sol-gel synthesis can be carried out also in non-aqueous media. 

In such case, the solvolysis and condensation step proceed through the reaction of the metal 

precursors with oxygen-donors other than water (e.g. alcohols, alkoxides, carboxylic acids, 

carboxylates), though H2O can form in situ during the process.17 

It should be mentioned that for the formation of mixed oxides, the difference in rates of 

hydrolysis (solvolysis) and condensation between different precursors can affect the 

formation of the desired products (i.e., determining whether a homogeneous dispersion of 

two species can form). In such cases, strategies to compensate these differences have been 

developed, such as pre-hydrolysis of the precursors with lower hydrolysis rate (e.g., silicon 

alkoxides) or introduction of selected chelating ligands that slow down the hydrolysis of metal 

precursors with higher hydrolysis rate (e.g., main group and transition group metal 

alkoxides).20 

Sol-gel chemistry often offers the possibility to control the morphology and physicochemical 

properties of the products by adjusting the synthesis parameters (such as the type and 

concentration of precursors, the nature of the solvent, the amount and addition rate of H2O or 

other oxygen-donors, the temperature, the presence and type of condensing agent and the 

drying methodology). The properties that can be tailored by tuning the sol-gel synthesis 

include the particle size, dispersion and morphology; the porosity (pore volume, size and 

distribution); the surface area and surface polarity; the crystallinity; the number and strength 

of acid and base sites. However, the conventional sol-gel method presents some limitations. 

The hydrolysis and condensation step is hard to control when the synthesis involves more 

than one metal precursor. Besides, the relatively high viscosity and surface tension of most 

solvents used in sol-gel methods imply that the solvent molecules cannot readily diffuse into 

the pores of the formed nanostructured network, thus hindering the formation of a 

homogeneous pore structure and pore dispersion. Moreover, the subsequent drying by 

thermal treatment to evaporate the residual solvent molecules leads to large capillary forces 

in the small pores, which tend to cause shrinkage and a partial or full collapse of the structure 

with a drastic reduction of surface area and porosity. These drawbacks can be tackled by 

employing supercritical CO2 as the reaction medium and/or drying agent, exploiting its low 

viscosity and surface tension, its straightforward removal and the possibility to tune its 

properties by adjusting the operating temperature and CO2 pressure. Additionally, scCO2 is an 

environmentally benign solvent. The properties of supercritical CO2 are described in more 
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detail in the following section. 

1.3. Supercritical CO2 and its Properties as Reaction Medium and Drying Agent 

 

Fig. 2. Phase diagram of CO2. 

Supercritical CO2 is defined as carbon dioxide at temperature and pressure above its critical 

point [TC = 304.25 K (31.1 °C); pc = 7.39 MPa (73.9 bar or 72.9 atm)]. These values indicate 

that the supercritical state of CO2 is accessible at relatively mild conditions (Fig. 2). Above the 

critical point, there is no phase boundary between gas and liquid phases and the fluid has thus 

intermediate properties between those of gas and liquid. The viscosity of scCO2 (between 10−5 

and 10−4 Pa s) is similar to that of gases (10−5 to 3 × 10−5 Pa s), whereas its density (0.1 to 1 

g/cm3) is close to that of liquids (0.6 to 1.6 g/cm3) and its diffusivity (10−4 to 10−3 cm2/s) is 

intermediate between that of liquids (< 10−5 cm2/s) and gases (~10−1 cm2/s). These physical 

properties can be easily tuned by changing the temperature and pressure of CO2, with an 

increase of pressure at constant temperature leading to higher density and a more liquid-like 

behaviour and an increase in temperature at constant pressure leading to a lower density and 

a more gas-like behaviour. Moreover, the pressurisation and depressurisation rate can be 

controlled. ScCO2 has been widely employed in a large range of applications including 

selective extraction, exfoliation and intercalation of layered materials, cleaning and drying 

reaction residues in meso- and microporous materials, impregnation or encapsulation of 

nanoparticles into polymers and inorganic substrates, and materials synthesis. Several 
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comprehensive reviews on the synthesis of nanomaterials in scCO2 have been published.14,21–

27 In this review, we provide an overview of the specific application of scCO2 in the synthesis 

of nanostructured metal oxides and silicates employed in heterogeneous catalysis. 

ScCO2 possesses several advantageous properties when used in the synthesis of 

nanomaterials. 21–23, 27 Firstly, the solvating ability of scCO2 is a function of its density, which 

increases with pressure at constant temperature. In general, non-polar compounds are 

soluble in scCO2 because CO2 is a relatively non-polar compound (dipole moment, μ = 0; 

dielectric constant, εr = 1.1ε0 at 353 K, 100 bar). Moreover, polar compounds with hydroxyl, 

carbonyl, chloride or fluoride groups can be dissolved to a certain extent in scCO2 due to the 

large quadrupole moment of CO2 and to the polarity of the C=O bonds. This means that both 

non-polar and polar compounds can be dissolved in scCO2, though it should be noted that 

solubilities in scCO2 are lower than in the appropriate organic solvents for each class of 

compounds. This feature can prove beneficial for those synthesis processes involving both 

polar and non-polar precursors (see Section 2.1 where the use of scCO2 as the solvent for the 

synthesis of oxides is discussed). The solvating ability of scCO2 can be further increased by the 

introduction of co-solvents, among which the most commonly used are alcohols, acetone, 

hexane, formic acid and acetic acid. For example, the water used in the hydrolysis step of sol-

gel methods and scCO2 can form a single phase with the assistance of alcohol as co-solvent. In 

such cases, the supercritical point of the mixture is different from that of pure CO2, and under 

certain temperatures and pressures, the resulting solution can also reach a supercritical 

status. ScCO2 is completely miscible with gases while gases are only sparingly soluble in 

organic solvents. Therefore, significantly high gas concentration can be achieved in the scCO2 

phase, which is advantageous for reactions involving both gas and liquid reactants. This 

enhanced miscibility of reactants in scCO2 can greatly eliminate interphase transport 

limitations in multiphase reactions, leading to a higher mass transfer rate of the reactants. 

Another asset of scCO2 is its high diffusivity compared to liquid solvents, which means that 

scCO2 can readily penetrate through porous matrices. This feature is very important for 

syntheses by impregnation methods (see Section 2.1) but also for removal of molecules from 

pores in scCO2 drying (see Section 2.3). The high diffusivity of scCO2 also allows the rapid 

expansion of a solution when this is injected into a scCO2 medium. This feature is exploited in 

the application of scCO2 as anti-solvent for the synthesis of nanomaterials (see Section 2.2). 

Importantly, reactions involving scCO2 allow the straightforward separation of the 

synthesised materials from the CO2 by depressurisation, upon which CO2 returns to the gas 
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phase and gets removed from the solid with maximum preservation of the formed structure of 

the material. The surface tension of scCO2 is negligible, which differentiates it from water and 

organic solvents. This is a crucial feature for the use of scCO2 as the drying agent for gels (see 

Section 2.3). In the scCO2 drying process, scCO2 diffuses into the pores of the gel and dissolves 

the organic solvent trapped therein. Continuous flushing with scCO2 allows efficient removal 

of the organic solvent. Then, the scCO2 present in the structure can be easily removed by 

depressurisation, with minimum effect (shrinkage/collapse) on the pore architecture as a 

consequence of the negligible surface tension of scCO2. Afterwards, the CO2 can be easily 

recovered and reused for the next synthesis round. Finally, it is worth mentioning that CO2 is 

significantly less harmful than the majority of organic solvents employed in the synthesis of 

materials and can be thus considered as a green solvent. 

2. Nanostructured Oxides Synthesised via scCO2-Assisted Sol-Gel Methods 

The utilisation of scCO2 in the sol-gel synthesis of nanostructured metal oxides and silicates 

can be divided into three categories: the use of scCO2 as a solvent, as anti-solvent and as a 

drying agent. Each of these approaches is reviewed in detail in the following sections. It 

should be pointed out that the synthetic routes that will be discussed are not limited to the 

typical sol-gel synthesis in which macroscopic sol or gel intermediates are formed, but also 

include other synthesis methods based on hydrolytic condensations in which metal oxide 

precipitates are formed but no obvious formation of sol or gel is observed. 

2.1. ScCO2 as Solvent 

The advantages of scCO2 discussed in Section 1.3 (e.g., tuneable dissolving power and density 

and high diffusivity) make it a promising solvent in sol-gel processes for the production of 

nanostructured metal oxides and silicates, as the starting precursors are directly dissolved in 

scCO2. At the end of the sol-gel process, the CO2 can be easily removed from the products by 

straightforward depressurisation. This feature is beneficial to preserve the porous structure 

and surface area formed during the sol-gel process, which are two crucial parameters for 

catalytic applications. In 1997, Loy et al. reported the direct sol-gel polymerisation of 

alkoxysilane monomers in scCO2 to produce SiO2.28 From then on, a variety of oxides have 

been successfully prepared directly using sol-gel methods in scCO2, including single metal 

oxides, mixed oxides, doped metal oxides, oxide/metal nanoparticle composites as well as 

oxide/polymer composites (Table 1). The morphology of these oxides ranges from spherical 

nanoparticles to nanotubes, nanorods, nanofibres/nanowires or nanosheets. Charpentier’s 
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group published a series of articles about sol-gel synthesis in scCO2 of Al2O3,11 SiO2,29,30 (doped) 

TiO2,10,29,31 ZrO2,29 and oxide-containing composites.32–37 An example of the reactor set-up 

used for these syntheses is presented in Fig. 3. In a typical protocol, the metal (or Si) 

precursors, other reactants, and solvents (Table 1) were mixed in the autoclave. Then, the 

reactor was heated and pressurised to the chosen scCO2 conditions for a selected time. 

Afterwards, CO2 was removed by depressurisation and the resulting solid product was further 

dried and optionally calcined. The whole sol-gel process in scCO2 could be monitored by FTIR 

spectroscopy with an in-situ probe and by online gas chromatography–mass spectrometry 

(GC-MS) analysis.36 

The use of scCO2 as the solvent for the synthesis of nanostructured oxides was also applied 

using a high-throughput unit for performing reactions in scCO2 (Fig. 4).42 The reported set-up 

consisted of four modules: a visualisation batch reactor, a block with 10 parallel batch 

reactors, a block with 24 parallel batch reactors and a fixed-bed reactor. All the batch reactors 

were individually stirred. The four modules could be used simultaneously. Check valves 

protected against backflow thus preventing contamination between the single batch reactors. 

This high-throughput unit enabled the rapid preparation of a series of TiO2-SiO2 composite 

materials while granting the same conditions of pressure and temperature in each batch 

reactor. The synthesis was carried out in a scCO2/formic acid medium in which the role of the 

formic acid was to balance the rate of the hydrolysis and condensation of the silicon and 

titanium alkoxide precursors. At the start of the preparation, the chosen amounts of Ti(OPri)4, 

Si(OMe)4 and surfactant (Pluronic 17R4) were dosed into a Teflon liner and preheated at 

35 °C. Formic acid was added prior to closing the block. The reactor was pressurised at 85 bar 

with CO2 and subsequently heated to 75 °C. The powders obtained after depressurisation 

were calcined at 350 °C and then were employed as photocatalysts for degradation of 

pollutants (see Section 3.1). The high-diffusivity of scCO2 is also exploited in deposition 

methods in which precursors dissolved in the scCO2 phase are impregnated and then 

precipitated inside the pores of a selected material (e.g., mesoporous SBA-15 silica).44 
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Fig. 3. Schematic representation of the experimental set-up for the synthesis of materials in 

scCO2: (A) computer; (B) online GC-MS; (C) temperature and RPM controller with pressure 

display; (D) 100-mL autoclave equipped with a diamond FTIR probe; (E) needle valves; (F) 

check valves; (G) syringe pump; (H) supply for liquid reactants/solvents, and (I) CO2 cylinder. 

(Reprinted with permission from.36 Copyright American Chemical Society, 2009). 

 

Fig. 4. From left to right: schematic overview of the high-throughput scCO2 unit used to 

prepare the TiO2-SiO2 composites; reactor block with 10 batch reactors; visualisation reactor 

used to monitor the phase behaviour during the synthesis. (Adapted with permission from.42 

Copyright Wiley-VCH, 2011). 
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Table 1. Summary of methods for the direct sol-gel synthesis of nanostructured 

oxides in scCO2. 

Product Morphology Precursors, Reactants, Co-Solvents Ref. 

TiO2 

Aerogel Titanium (IV) isopropoxide (TIP), acetic acid 29 

Nanoparticles TIP, deionised water, polypropylene fibre 38 

Spherical particles, 

micron-size rods, 

nanofibres 

TIP, Titanium butoxide (TBO), acetic acid 10 

Spherical particles 
Diisopropoxititanium bis(acetylacetonate) (DIPBAT), absolute 

ethanol, isopropyl alcohol 
2 

SiO2 

Molecular sieve 

membranes 

Tetraethyl orthosilicate (TEOS), ultrapure water, 2-propanol, 

nitric acid, yttrium (III) acetate hydrate. 
39 

Aerogel TEOS, acetic acid 29 

Nanoparticles 
Tetramethyl orthosilicate (TMOS), TEOS, acetone, benzoic acid, 

acetic acid, formic acid, water 
30 

Ordered porous 

structure 
TEOS, water, polystyrene latex 9 

ZrO2 Aerogel Zirconium butoxide (ZBO), acetic acid 29 

Al2O3 Nanofibres Aluminium (III) isopropoxide (AIP), acetic acid 11 

Pd-SiO2 Nanoparticles 

TMOS, formic acid, polydimethylsiloxane (PDMS), 

palladium(N,N´-bis(1,1,1,3,5,5,5)heptafluoro-2,4-

pentanediiminate (Pd(II)HFPDI) 

40 

N- and N/Zr-doped 

TiO2 

Nanofibres and 

flake-like 

structures 

TIP, zirconium (IV) propoxide (ZPO), acetic acid, isopropanol, 

triethylamine 
32 

Fe-doped TiO2/rGO Nanowires TIP, iron chloride, acetic acid, reduced graphite oxide (rGO) 31 

ZrO2-TiO2 

Nanotubular 

structures 
TIP, ZPO, acetic acid 33 

Nanotubes TIP, ZPO, acetic acid 34 

Nanotubes TIP, ZPO, acetic acid 35 

Y-ZrO2 
Spherical 

nanoparticles 

Zirconium hydroxyacetate, yttrium acetate, pentane or 2-

propanol, nitric acid 
41 

TiO2-SiO2 

Nanostructured 

composites 
TMOS, TIP, formic acid, Pluronic 17R4 surfactant 42 

Spherical or cubic 

nanoparticles 

Tetrabutyl titanate, TEOS, polyethylene glycol (PEG) 20000, 

aqueous ammonia, ethanol 
43 

SiO2/polyethylene 
Polymer/SiO2 

nanocomposites 
TMOS, TEOS, acetic acid, polyethylene 36 

Hydroxyapatite-

TiO2 
Nanocomposites 

Calcium nitrate tetrahydrate, diammonium hydrogen 

phosphate, CTAB, PEG 400, TIP, glacial acetic acid, ammonium 

hydroxide, dichloromethane, ethanol, polycaprolactone 

37 

2.2. ScCO2 as Anti-Solvent 

ScCO2 can be used as anti-solvent to precipitate oxide-based materials.45–55 One way to obtain 

a precipitate is to expand a scCO2-saturated solution of metal (or Si) precursor(s) into a low-

pressure environment. First, the solution is brought into contact with scCO2, so that the 
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concentration of CO2 dissolved in the solution is increased and a scCO2-saturated solution is 

obtained. Then, the scCO2-saturated solution is allowed to expand into a lower pressure 

reactor through a nozzle. This rapid depressurisation causes CO2 to pass to the gaseous state, 

which involves a transfer of energy from the solution in the form of heat. In this way, super-

cooling occurs due to the Joule-Thompson effect. As a result, the precipitation of the target 

materials is triggered, leading to the formation of nanoparticle morphologies that are not 

usually accessible by conventional catalyst preparation methods.21 

 

Fig. 5. Schematic representation of a set-up for the preparation of oxides using scCO2 as anti-

solvent: (1) CO2 tank; (2) CO2 cooler; (3) CO mass flowmeter; (4) CO2 high-pressure pump; (5) 

CO2 pre-heater, (6) precursor solution, (7) high-pressure precursor solution; (8) nozzle; (9) 

precipitation vessel; (10) heating jacket; (11) metal filter; (12) manometer; (13) automatic 

back-pressure regulator; (14) separator. (Reprinted with permission from.48 Copyright 

Elsevier, 2016). 

The other way to obtain a precipitate using scCO2 as anti-solvent involves the expansion of the 

metal or silicon precursor(s) solution through a nozzle, directly into the scCO2 medium (Fig. 

5).48 Under these conditions, the solution and scCO2 rapidly diffuse into each other and cause 

the solute to precipitate quickly. It should be noted that the anti-solvent approach does not 

strictly require scCO2 but can also be achieved using liquid CO2. This kind of controlled 

precipitation of reactants by dense CO2 anti-solvent route has been investigated extensively 

by Hutchings’ group to produce metal oxides, including CeO2,49–51 Co/Ru-TiO2,52 Co3O4,53 and 

Cu/MnOx.54,55 For example, CeO2 was precipitated from a cerium acetate precursor in 
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methanol solution. ScCO2 was firstly injected into a precipitation vessel, and then the 

precursor solution was pumped into the precipitation vessel in a co-current mode with scCO2. 

As soon as the droplet and scCO2 came into contact with each other, the solute precipitated 

due to the decreased solubility in the scCO2-rich medium.49, 51 This route was also used to 

synthesise SiO2-supported metal nanoparticles by spraying a silica sol together with a 

solution of the metal precursor into the scCO2 phase.48 

2.3. Combination of Sol-Gel Methods and scCO2 Drying to Produce Aerogels 

The last step of sol-gel syntheses involves the removal of residual solvent (and possibly water) 

through a drying step. In conventional air-drying processes, pore shrinkage caused by the 

thermal treatment employed to remove the solvent can result in the collapse of the relatively 

unstable gel structure. This is due to the large surface tension of the solvent, which implies a 

strong interaction with the surface of the gel. Consequently, the surface area is undesirably 

decreased, and the porosity is (partially) lost.56,57 The solid obtained through such drying 

process is referred to as a xerogel. Using scCO2 as the drying agent can effectively diminish the 

degree of structure deformation due to the very low surface tension of scCO2 and the 

straightforward removal of the carbon dioxide molecules upon depressurisation (which 

typically occurs at 40–50 °C). The obtained solid is referred to as an aerogel and typically 

possesses less agglomeration of particles, smaller particle size, higher porosity and higher 

surface area compared to the corresponding xerogel.56-59 Sol-gel processes followed by scCO2 

drying have been reported extensively for the production of silica60 and single metal oxide 

aerogels (such as Al2O3,61 TiO2,10 ZrO2,62 WO3,8 ZnO,5 Cr2O3,6 Fe2O3,63 MoO364), doped metal 

oxide aerogels (such as N-TiO2,65 Nb, Ta, and V-doped TiO2,66 Ni-Al2O3,67,68), mixed oxide 

aerogels (such as TiO2-SiO2,69 V2O5-TiO2,70 ZnO-SnO2,71 Al2O3/Sm2O372), as well as 

nanoparticles supported on oxide aerogels (such as Ag/Cu-ZrO273 and Pt/Co-Al2O374). The 

process of supercritical drying of gel involves the replacement of molecules entrapped in the 

pores by either liquid CO2 or scCO2, and subsequent supercritical drying in a simple batch 

reactor (as seen in Fig. 6). First, the gel can be placed as such in the batch reactor or be 

immersed in a second solvent (normally an alcohol). The addition of this second solvent is 

aimed at replacing residual molecules trapped in the gel, in case these are not sufficiently 

soluble in the (sc)CO2 phase. Then, (sc)CO2 is pumped into the reactors until the desired 

temperature and pressure conditions are reached. Afterwards, the outlet valve of the reactor 

is opened to allow the solvent to flow out. After all the solvent has been replaced by (sc)CO2, 

the gel can be optionally flushed with (sc)CO2 for some time. In the last stage, CO2 is separated 
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from the product by slow depressurisation, leading to isolation of the aerogel. 

 

Fig. 6. Schematic representation of an equipment for scCO2 drying: H-Heater, AC-autoclave, 

PL-pyrex liner, CV-CO2 cylinder valve, IV-inlet valve, OV-outlet valve, C-condenser, RD-rupture 

disk, G-pressure gauge, T-thermocouple, TC-temperature controller, AL-alcohol (depend on 

the solvent used for the sol-gel process), AG-aerogel. (Reprinted with permission from75 

Copyright Elsevier, 1999). 

3. Catalytic Applications of Nanostructured Oxides Prepared by scCO2-Assisted Methods 

As discussed in the previous sections, nanostructured metal oxides and silicates are a rapidly 

developing class of materials for catalytic applications, either as supports for metal 

nanoparticles or as heterogeneous catalysis themselves. In the following sections, a 

systematic overview is presented of nanostructured oxide-based catalysts prepared by scCO2-

assisted sol-gel methods. The catalysts are grouped by the type of application. First, the 

specific application of semiconducting metal oxides as photocatalysts is presented in Section 

3.1. In photocatalytic processes, the metal oxide enables the use of UV or visible radiation as 

the energy source to promote a chemical reaction. The following Sections 3.2 and 3.3 provide 

an overview of oxides with catalytic active sites that are used to promote a chemical reaction 

without requiring irradiation as energy source. Finally, the use of oxides as supports for metal 

nanoparticles is presented in Section 3.4. It should be noted that different features of oxides 

are exploited in each of these applications (though in all cases a large surface area is an asset) 

and that the same oxide can be used for more than one type of application. In each section, 
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particular attention is dedicated to the relationships between the role of scCO2 in the 

synthesis and the physicochemical and catalytic properties of the obtained oxides. Whenever 

possible, a comparison between the catalytic performance of scCO2-prepared oxides and that 

of their counterparts prepared without using scCO2 is also presented. 

3.1. Photocatalysis 

Photocatalysts allow the utilisation of electromagnetic radiation as the energy source for 

conducting a chemical reaction. Typical heterogeneous photocatalysts are semiconductors, i.e., 

materials that can absorb radiation with a frequency (ν) that corresponds at least to the band 

gap energy (hν ≥ Ebg). The absorption leads to the excitation of an electron to the conduction 

band, leaving a positive hole in the valence band. These hole-electron pairs allow carrying out 

redox reactions, including water splitting, the degradation of pollutants in wastewaters, the 

removal of volatile organic compounds (VOC) and selective oxidation reactions.16 Several 

semiconducting metal oxides, such as TiO2, Fe2O3, ZnO, WO3, SnO2, NiO, CuxO and their 

composites, have band gaps that allow excitation with UV-Visible radiation and have been 

reported as photocatalysts (selected examples are reported in Table 2). Among these metal 

oxides, TiO2 is commonly regarded as a benchmark heterogeneous photocatalyst, because of 

its high activity (with UV radiation), thermal and chemical stability, low cost and non-

toxicity.76 TiO2 has two common crystal structures, the anatase phase with a band gap of 3.23 

eV and rutile phase with a band gap of 3.02 eV, corresponding to a threshold in the 

wavelength of absorbed radiation of 380 and 410 nm, respectively (which implies that TiO2 

mainly absorbs radiation in the UV range and only in a small fraction of the visible range). The 

anatase phase is generally regarded as the photocatalytically more active phase, but the 

presence of the rutile phase is considered beneficial for the overall photocatalytic activity. 

This is attributed to the difference in Fermi levels of anatase and rutile, which implies that the 

electrons and holes created in one phase can flow into the other phase, thus effectively 

decreasing the charge recombination and increasing the photocatalytic activity. Degussa P25 

TiO2 is a commercially available TiO2 catalyst with ~4:1 ratio between anatase and the rutile 

phase, and is often considered as a reference photocatalyst. 

Various methods involving scCO2 have been developed for the synthesis of TiO2. Chen et al. 

reported an epoxide-assisted sol-gel method to produce a TiO2 aerogel (Fig. 7).77 The 

synthesis involved the hydrolysis and condensation of TiCl4 with water in the presence of 

propylene epoxide, followed by scCO2 drying (40 °C and 80 bar). Propylene oxide has been 

proposed to act as a gelation agent by neutralising the HCl formed in the hydrolysis of metal 
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chloride precursors.80 92% of phenol was degraded by the TiO2 aerogel (calcined at 650 °C 

before use) after 120 min UV irradiation at 25 °C, while P25 degraded 82% of phenol and the 

xerogel produced with the same procedure but with air drying displayed only 4.5% phenol 

conversion under the same conditions. The higher photocatalytic activity of the aerogel 

compared to the xerogel was ascribed to the higher surface area of the former (36 vs. 3 m2/g). 

Table 2. Performance in the degradation of pollutants of selected metal-oxide-based 

photocatalysts prepared by scCO2-assisted sol-gel methods. 

Photocatalyst Pollutant 
Initial 

Concentration 

Radiation 

Type 

T 

(°C) 

t 

(min) 

Pollutant 

Removal 

/Aerogel 

Pollutant 

Removal 

/Xerogel 

Pollutant 

Removal 

/P25 

Ref. 

TiO2 Phenol 0.6 mmol/L UV 25 120 92 4.5 82 77 

Fe-doped 

TiO2/WO3 

Methylene 

blue 
10 ppm 

UV 
RT 

a 
360 77 - 72 

78 

Visible 
RT 

a 
720 ~67 - ~16 

CdS-ZnS-

MPA-TiO2 

Methylene 

blue 

0.0312 

mmol/L 

UV 
RT 

a 
40 88 - - 

79 

Visible 
RT 

a 
240 85 - - 

40 TiO2-SiO2
b 

Phenol 100 ppm UV 30 180 51 c - 53 d 
42 

Acetaldehyde 100 ppm UV 40 40 49 c - 97 

ZnO Rhodamine B 0.02 mmol/L UV-Vis 
RT 

a 
150 100 - - 5 

ZnO-SnO2 Rhodamine B 
0.012 

mmol/L 
UV 

RT 
a 

30 100 - - 71 

a Room temperature (exact value not specified).b The number indicates the loading (wt %) of TiO2; c This catalyst 

was synthesised by a sol-gel method in scCO2, and not by scCO2 drying as the other materials in this table; d 

Amount of P25 comparable with the amount of titania present in 40 TiO2-SiO2. 

 

Fig. 7. Transmission electron microscopy (TEM) images of aerogel (a) and xerogel (b) TiO2 

samples calcined at 400 °C. (Adapted with permission from.77 Copyright Elsevier, 2006). 

a

50 nm 50 nm

b
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TiO2 can also be synthesised by a method involving the thermal solvolysis of 

diisopropoxytitanium bis(acetylacetonate) in scCO2.2 The photocatalytic activity of the 

obtained TiO2 was tested in the degradation of methyl orange under UV irradiation. It was 

found that the synthesis temperature (200–300 °C), and the alcohol used in the solvolysis step 

(ethanol or isopropanol) affected the surface area and crystallite size, which in turn defined 

the photocatalytic activity. The TiO2 prepared under 300 °C and 200 bar scCO2 afforded the 

best activity among the prepared materials, and it retained the anatase phase even after 

calcination to 900 °C. However, comparison with the P25 benchmark was not provided. 

A major drawback of TiO2 as a photocatalyst is that both anatase and rutile absorb mainly 

radiation in the UV range and thus display low photocatalytic activity with solar light. A 

strategy to overcome this limitation consists of doping TiO2 with nonmetals, such as C or N, 

which endows the material with a visible light response. It has been proposed that carbon or 

nitrogen doping allows absorption in the visible region by creating intra-band-gap states 

while not modifying the band gap.81,82 N-doped TiO2 aerogel can be obtained by the addition of 

an ethanolic solution of urea during the hydrolysis of Ti(OPri)4, followed by scCO2 drying 

(40 °C and 101 bar) and/or immersion of the obtained aerogel in an aqueous solution of 

NH3.65 All the materials displayed the same anatase phase whereas the N-doping led to the 

expected shift in the absorption towards the visible region (Fig. 8). As a consequence, the N-

doped TiO2 aerogels gave a higher photodecomposition of salicylic acid under visible light 

compared to P25 and a TiO2 aerogel prepared with the same procedure but without the 

addition of urea or ammonia. 

The generation of composite semiconductors is another strategy to increase the 

photocatalytic activity by modifying the band gap and preventing recombination of electrons 

and holes. Li et al. produced a Fe-doped TiO2/WO3 composite aerogel by acid-catalysed 

hydrolysis of Ti(OBu)4, WCl6 and Fe(NO3)3, followed by drying with scCO2 at 42 °C and 110 

bar for 8 h. The resulting Fe- doped TiO2/WO3 aerogel had a band gap of 2.1 eV and 

successfully decomposed methylene blue under visible and UV light.78 Compared to the P25 

benchmark catalyst, the aerogel gave higher removal of methylene blue under visible light and 

similar activity under UV radiation. However, no dark test was performed for evaluating the 

adsorption capacity of the material. 
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Fig. 8. Diffusive reflectance spectra (a) and XRD patterns (b) of the N-doped TiO2 aerogel and 

of reference samples; (c) TEM image of the N-doped TiO2 aerogel A530-10, which gave the 

highest photocatalytic activity. In the figures, A refers to undoped TiO2 aerogel, B refers to 

urea-doped TiO2 aerogel, G refers to undoped TiO2 xerogel, whereas the samples immersed in 

NH3 are identified by the temperature and time of the thermal treatment that followed the 

immersion step (e.g., A530-10 is sample A that was thermally treated at 530 °C for 10 min 

after immersion in NH3). (Adapted with permission from.65 Copyright Elsevier, 2010). 

Charpentier et al. reported the synthesis of a Fe-doped TiO2/reduced-graphite-oxide 

composite (Fe-TiO2/rGO) using a sol-gel method in scCO2, which acted both as the solvent and 

drying agent [31]. The sol-gel synthesis method employed FeCl3 and Ti(OPri)4 as metal 

precursors in a reaction medium containing reduced graphite oxide, isopropanol, acetic acid 

and scCO2 (60 °C and 345 bar) in a reactor in which rGO were brought in contact with the 

reaction mixture only when scCO2 was present. Afterwards, the formed gel was washed with a 

continuous scCO2 flow before calcination. Reduced graphite oxide was used with the aim of 

lowering the band gap of TiO2 and to enhance pollutants adsorption. At 0.6% Fe-doping, the 

band gap significantly decreased from 3.2 to 2.3 eV. The prepared catalysts displayed a higher 

activity in comparison to both Fe-TiO2 and TiO2/rGO composites in the photodegradation of 

17β-estradiol under visible light irradiation. However, comparison with the P25 benchmark 

a

c

200 nm

b
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was not provided. TiO2 nanowires prepared through the above-mentioned method were also 

used as a support for CdS-ZnS semiconductor quantum dots (Fig. 9), and the obtained 

material was used as a photocatalyst for the degradation of methylene blue, showing higher 

photocatalytic activity than P25.79 The stability against hydrolysis of the CdS-ZnS quantum 

dots was not addressed. 

 

Fig. 9. TEM image of CdS-ZnS supported on TiO2 (Adapted with permission from.79 Copyright 

the Royal Society of Chemistry, 2015). 

TiO2/SiO2 composites with different Ti/Si ratios were synthesised by reacting Si(OMe)4 and 

Ti(OPri)4 in the presence of formic acid and scCO2 at 75 °C, with or without a surfactant 

(Pluronic 17R4).42 This non-aqueous synthesis method led to the formation of high surface 

area composites, reaching the highest value (595 m2/g) for the composite containing 40 wt % 

TiO2. This material also displayed the best photocatalytic performance (in terms of TON) in 

the degradation of phenol in water under UV irradiation within the series of TiO2/SiO2 with 

different TiO2 wt %. The photocatalyst displayed much higher photocatalytic activity 

compared to its counterpart prepared in the absence of scCO2. On the other hand, the 

performance did not surpass that of P25. This TiO2/SiO2 photocatalyst could be reused in 

consecutive cycles without activity loss and was also active in the gas-phase degradation of 

acetaldehyde. Yao et al. also prepared TiO2-SiO2 composites, though using a different route in 

which scCO2 was used as the drying agent. The aerogel possessed high titanium content (up to 

50 wt %), well-developed porosity and high surface area (440 m2/g). This TiO2-SiO2 aerogel 

displayed much higher activity in the photocatalytic oxidation of trichloroethylene compared 

to P25 under the same conditions.69 However, this study lacked an analysis of the adsorption 

behaviour of the tested materials, which could play an important role in the observed removal 

100 nm
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rate of trichloroethylene. 

The dispersion of noble metals on the surface of TiO2 has been investigated with the purpose 

of enhancing the photocatalytic activity of TiO2, because metal particles can trap electrons, 

thus extending the electron-hole pair lifetime.83 H2PtCl6 was impregnated onto the surface of a 

TiO2 photocatalyst prepared by supercritical anti-solvent precipitation (see Section 2.2).84 The 

obtained Pt/TiO2 material calcined at 750 °C was found to have a comparable catalytic 

performance with Pt/P25 in the water splitting reaction under UV-Vis irradiation. The 

Pt/TiO2 displayed a lower surface area (25 vs. 55 m2/g) but a higher anatase content (90 vs. 

80%) compared to P25. In another work, Pt nanoparticles were supported on N-TiO2 aerogel 

(prepared by a similar method to the above-mentioned N-doped TiO2 aerogel65) by UV 

photoreduction and tested as photocatalyst for the water splitting reaction.85 The Pt/N-TiO2 

catalyst reached an H2 evolution at 7.8 µmol/min under UV-Vis irradiation, about 1.2 times 

higher than that of a Pt-TiO2 aerogel prepared with the same method but without N-doping 

and that of Pt-P25 prepared by replacing N-TiO2 aerogel with P25 in the synthesis of Pt/N-

TiO2. 

 

Fig. 10. (a) Scanning electron microscopy (SEM) image of the ZnO aerogels obtained by full 

supercritical drying; (b) photocatalytic degradation of rhodamine B with: ZnO aerogel as the 

photocatalyst (first cycle: black, second cycle: blue, third cycle: red); commercial ZnO as 

reference photocatalyst (dark grey); with no photocatalyst (light grey). (Adapted with 

permission from.5 Copyright American Chemical Society, 2010). 

Apart from TiO2-based nanomaterials, ZnO is another common photocatalyst. Krumm et al. 

reported the preparation of a ZnO aerogel (Fig. 10a) with a sol-gel method followed by scCO2 

drying under 50 °C and 60 bar.5 The obtained material was applied as photocatalyst for the 

photodegradation of Rhodamine B under UV irradiation and showed higher activity compared 

 a b

1 μm
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to commercial ZnO. The ZnO aerogel was reused three times without activity loss or structural 

change (Fig. 10b). Davis et al. reported the synthesis of a ZnO-SnO2 aerogel by scCO2 drying at 

40 °C and 76 bar. The obtained photocatalyst was active in the degradation of Rhodamine B 

under UV irradiation and could be reused in at least three consecutive runs. The activity of the 

material was attributed to its relatively high surface area (92 m2/g) and to the porous 

network obtained after scCO2 drying.71 

3.2. Chemocatalytic Oxidation of Organic Compounds 

The partial oxidation of hydrocarbon compounds is a class of important chemical reactions of 

large industrial relevance because the obtained products have a wide range of applications as 

raw materials or intermediates for the production of polymers, surfactants, and 

pharmaceuticals. Methane (CH4) is the simplest hydrocarbon compound and the major 

component of natural gas. The activation and conversion of CH4 into higher hydrocarbons 

would open valuable pathways to produce chemicals which currently are obtained from 

cracking and refining of crude oil.86 Neumann et al. reported the oxidative coupling of CH4 to 

produce ethane and ethylene along with CO and CO2 as undesired side products employing 

Sm2O3/Al2O3 as the catalyst.72 The Sm2O3/Al2O3 material was prepared via a sol-gel process in 

the presence of an epoxide (the function of the epoxide was discussed in Section 3.1) and 

ensuing scCO2 drying. The resulting aerogel was mesoporous and exhibited a higher surface 

area and pore volume than the air-dried xerogel that underwent structure deformation during 

solvent removal in air (Fig. 11). Moreover, differently from pure Al2O3 or Sm2O3 aerogels, the 

Sm2O3/Al2O3 aerogel retained an amorphous structure even after calcination at 800 °C. The 

obtained Sm2O3/Al2O3 catalyst prepared by scCO2 drying displayed higher CH4 conversion and 

C2 selectivity (and lower CO selectivity) compared to pure Al2O3 or Sm2O3 catalysts prepared 

with the same method. This was attributed to an intimate mixing of Al and Sm at the 

nanoscale. On the other hand, the CH4 conversion and the C2 selectivity over the Sm2O3/Al2O3 

aerogel catalyst were lower than those obtained by the Sm2O3/Al2O3 xerogel or the 

Sm2O3/Al2O3 counterpart prepared by the impregnation method, despite the larger surface 

area of the aerogel. 
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Fig. 11. TEM images of Al2O3/Sm2O3 sol-gel derived materials: (a) xerogel and (b) aerogel 

calcined in air at 800 °C for 4 h. (Adapted with permission from.72 Copyright Springer 

International Publishing AG, 2015). 

Another type of partial oxidation with wide potential for industrial application is the 

epoxidation of unsaturated hydrocarbons. Ti-containing zeolites (e.g., TS-1, Ti-β) have been 

studied intensively as catalysts for epoxidation reactions. Ti-containing zeolites are efficient 

only for oxidation reactions of small substrates due to the small size of their pores 

(micropores). Moreover, only up to 3 mol % of Ti can be incorporated in the crystalline zeolite 

framework, which limits the number of active sites of per gram of material. These 

disadvantages stimulated the development of Ti-Si mixed oxides with higher Ti content and 

larger pore size as alternative epoxidation catalysts with a much broader substrate scope. 

Well-known examples of such titanium silicates are the ordered mesoporous materials such 

as Ti-MCM-41. However, the synthesis of ordered mesoporous silicates requires the use of 

expensive surfactants acting as structure directing agents. The synthesis of Ti-Si mixed oxides 

involving scCO2 drying can represent a simple and low-cost alternative. Müller et al. prepared 

a series of TiO2-SiO287 and organically modified TiO2-SiO2 aerogels88 using a sol-gel process 

combined with low-temperature scCO2 extraction of propanol used as the solvent (40 °C and 

230 bar). Trihexylamine (THA) was used to shorten the gelation time. The obtained materials 

were calcined at 400 °C prior to their application as catalysts. The 10 wt % TiO2-SiO2 aerogel 

exhibited a high specific surface area of 813 m2/g. The amorphous TiO2-SiO2 aerogels were 

highly active and selective in the epoxidation of cyclohexene and cyclohexanol with tert-butyl 

hydroperoxide (tBuOOH) as the oxidant. The same method was also used to prepare organic 

functionalised TiO2-SiO2 aerogels by including methyltrimethoxysilane (MTES) and 

phenyltrimethoxysilane (PHTMS) as silicon precursors together with Si(OMe)4. Compared to 
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the unmodified TiO2-SiO2 aerogel, the phenyl-modified aerogel displayed 2% and 3% increase 

in cyclohexene and cyclohexenol oxide yields, respectively. The synthesis of TiO2-SiO2 

aerogels via supercritical drying was also applied to gels obtained from the pyrolysis of 

Ti[OSi(OtBu)3]4. The obtained aerogel possessed a high surface area of 667 m2/g, while the 

conventional air-dried xerogel displayed a lower surface area of 552 m2/g. As a consequence, 

the aerogel TiO2-SiO2 catalyst afforded a higher yield of cyclohexene oxide than the xerogel 

(49% vs. 36%) in the epoxidation of cyclohexene with t-BuOOH.89 Though these TiO2-SiO2 

catalysts have wider applicability regarding the size of the substrate compared to Ti-zeolite, it 

should be noted that they were employed with organic peroxides as oxidants, whereas the 

green and more affordable H2O2 would probably cause leaching of Ti species. 

Whereas the partial oxidation of hydrocarbons allows synthesising useful chemical products, 

the total oxidation of hydrocarbons classified as volatile organic compounds (VOCs) is 

employed for the elimination of these major atmospheric pollutants, which contribute to the 

ozone layer depletion and the greenhouse effect. Marin et al. reported a Co3O4 heterogeneous 

catalyst prepared using supercritical anti-solvent precipitation in CO2 (Section 2.2) with water 

as co-solvent and applied it in the total oxidation of propane at 175 °C.53 The use of water in 

the anti-solvent precipitation process was considered to be crucial since it changed the 

precipitation environment and promoted the formation of cobalt carbonates instead of cobalt 

acetate precipitates. The calcination of the metal acetates to form the corresponding oxides 

results in a decrease in the surface area because the exothermic nature of the decomposition 

of metal acetates promotes sintering, whereas the endothermic nature of the decomposition 

of metal carbonates allows better preservation or even leads to an increase in the surface area. 

As a consequence, after calcination of the solids, the Co3O4 catalyst prepared with 10 wt % 

water demonstrated a higher surface area compared to the catalyst prepared without using 

water (32 m2/g vs. 16 m2/g) and a higher propane conversion rate. 

Some chlorinated aromatic compounds (e.g., chlorobenzenes) are designated as 

environmental pollutants and potential precursors for dioxins and polychlorinated 

dibenzofuran. Choi et al. applied a V2O5-TiO2 aerogel as a catalyst for the oxidative 

degradation of 1,2-dichlorobenzene with O2 in the temperature range of 150–160 °C. 

Compared to its xerogel counterpart (dried in air) and the impregnated counterpart 

(ammonium metavanadate solution impregnated on P25), the aerogel catalyst had a higher 

surface area (153 m2/g vs. 13 m2/g and 55 m2/g at 5 wt % V2O5 loading) and markedly higher 

catalytic activity (Fig. 12). In the synthesis of the aerogel, the titanium precursor was pre-
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hydrolysed before the addition of the vanadium precursor with the purpose of enhancing the 

amount of vanadia at the surface of the material. This strategy was followed because surface 

mono- and poly-vanadates were assumed to be the active species for catalytic oxidation. It 

was found that the activity was proportional to the loading of vanadium up to 10 wt %. At 

higher vanadia content, more by-products such as carboxylates, carbonates and phenolates, 

were formed.70,90 

 

Fig. 12. TEM images of: (a) 10 wt % vanadia–titania aerogel; (b) 5 wt % impregnated 

vanadia–titania; (c) 25 wt % vanadia–titania xerogel; (d) Oxidative degradation of 1,2- 

dichlorobenzene over the V2O5-TiO2 catalysts: 2 wt % vanadia–titania aerogel (●), 5 wt % 

vanadia–titania aerogel (■), 10 wt % vanadia–titania aerogel (▴), 5 wt % vanadia–titania 

xerogel (○), 5 wt % impregnated vanadia–titania (×). (Adapted with permission from.70 

Copyright Elsevier, 2006). 

3.3. Chemocatalytic Oxidation and Reduction of Inorganic Compounds 

The oxidation of inorganic compounds is another class of important chemical reactions. For 

example, the low-temperature oxidation of CO to CO2 has attracted attention for application in 

breathing apparatuses, CO2 lasers, and space exploration. Among CO oxidation catalysts, the 

Cu-Mn mixed oxide, known as hopcalite, is a common and affordable catalyst. When preparing 

this catalyst, it is of particular importance to avoid the formation of distinct phases containing 

copper oxide and manganese oxide, which may lead to lower activity in CO oxidation. 

Hutchings et al. proposed a supercritical anti-solvent precipitation method to prepare high 

surface area nanostructured oxides with a homogeneous distribution of Cu2+ and Mn3+, which 
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were more active in the oxidation of CO at ambient temperature compared to the counterpart 

catalyst prepared by co-precipitation of copper and manganese nitrate at 80 °C.54 The 

addition of water as co-solvent in the supercritical anti-solvent process was found to yield 

spherical agglomerates of fibrous strings with high surface area because the addition of water 

promotes the formation of carbonate species from the amorphous acetate precursor (see also 

the synthesis of Co3O4 discussed in Section 3.2.53). If the precipitation proceeded in the 

absence of water, the material displayed a structure consisting of quasi-spherical particles 

with low surface area.55 

Besides hopcalite, mesoporous Co3O4 prepared using a scCO2 deposition method (Section 2.1) 

was also applied as a catalyst in low-temperature CO oxidation [44]. In the deposition process, 

the Co precursor and SBA-15 as hard template were placed separately in the reactor. The 

deposition only started when the scCO2 conditions were reached (50 °C, 230 or 130 bar). 

Then, the impregnated SBA-15 was calcined, and the SBA-15 used as the template was finally 

removed by base etching. It was found that the CO2 pressure had a profound effect on the 

Co3O4 morphology: a high CO2 pressure (230 bar) favoured the formation of an ordered 

mesoporous structure, while a low CO2 pressure (130 bar) promoted the formation of 

randomly organised nanorods. For the Co3O4 prepared under 130 bar, CO conversion reached 

100% with O2 as the oxidant at 20 °C. 

The conversion of nitrogen oxides (NO, NO2 and N2O) and hydrogen sulphide (H2S) into less 

harmful compounds has been a subject of considerable interest within green chemistry 

because these gases can generate acid rain and photochemical smog. Selective catalytic 

reduction of nitrogen oxides and oxidation of hydrogen sulphide are effective treatments for 

the elimination of these compounds. The selective catalytic reduction of NOx with NH3 and the 

selective oxidation of H2S with O2 were studied over V2O5-TiO2 aerogel catalysts, which were 

prepared by a sol-gel method with subsequent drying in supercritical CO2. The supercritical-

dried V2O5-TiO2 aerogel catalyst exhibited higher surface area and higher total pore volume 

compared to the air-dried xerogel counterpart and the impregnated counterpart (V2O5 on 

P25).91,92 For both reactions, the V2O5-TiO2 aerogel displayed better catalytic performance 

than the xerogel and impregnated counterparts in terms of NOx conversion91 and H2S 

conversion.92 The catalytic activity in the NOx reduction was further optimised by using a 

V2O5-TiO2 catalyst prepared by impregnating an ammonium metavanadate aqueous solution 

on an aerosol TiO2. Compared to the above-mentioned V2O5-TiO2 aerogel prepared by 

hydrolysis and condensation of vanadium and titanium precursors together, the impregnated 
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V2O5-TiO2 aerogel achieved higher NOx conversion in a wider temperature window. This was 

attributed to a higher fraction of vanadium species being exposed on the surface. 

3.4. Nanostructured Oxides as Catalyst Supports 

Many heterogeneous catalysts consist of (noble) metal nanoparticles supported on a high 

surface area material.93–95 The role of the support is to provide a high dispersion and 

stabilisation of the nanoparticles to prevent their aggregation and coalescence while granting 

their accessibility for the catalytic reaction. Additionally, the support should have high 

chemical and thermal stability and be affordable. Metal oxides and silica can fulfill all these 

criteria and, therefore, are largely employed as supports. It should be noted that in some cases 

the support materials contain acid or base sites that may play a catalytic role as well (e.g., 

Al2O3). The nanostructured oxides prepared by scCO2-assisted sol-gel processes (such as 

aerogels) typically possess high surface area and, therefore, have been reported as promising 

support materials.58,59 

SiO2 is the most common oxide support for metal nanoparticles. A direct sol-gel method in 

scCO2 (as discussed in Section 2.1) was used to produce a macroporous SiO2 aerogel. 

Polystyrenes with different hydrophilic groups were used in the sol-gel process as templates 

to form the ordered macroporous SiO2 structure. The composition of the template affected the 

porosity and surface area (which ranged from 270 to 594 m2/g) of the SiO2.9 

γ-Al2O3 is another common support material because it possesses mild acidity, high surface 

area, good chemical and thermal stability (up to 700 °C) and excellent corrosion 

resistance.93,96 Charpentier et al. reported a one-pot scCO2-assisted sol-gel method to prepare 

different Al2O3 materials using Al(OPri)3 as the metal precursor and acetic acid as the 

condensation agent. This process was free of additional water, organic solvents, surfactants, 

chelating agents or other additives. The synthesis conditions, including the scCO2 temperature, 

pressure, concentration and acid/alkoxide ratio, had large effects on the morphology of Al2O3 

(Fig. 13a,b). By optimising the experimental conditions at 80 °C and 414 bar of scCO2 using 

Al(OPri)3 at a concentration of 0.3 mmol/mL and an acid/alkoxide ratio of 10, alumina 

nanofibres were formed, with dimensions ranging from 11 to 22 nm in diameter and 500 to 

1000 nm in length (Fig. 13a) and with surface areas up to 580 m2/g (prior to calcination), 

which is the highest surface area achieved with this method. The long fibres with high aspect 

ratio could resist sintering up to 1050 °C [11]. The same group also reported the synthesis of 

TiO2 in scCO2 via a similar route to that used for Al2O3, using two different Ti precursors: 
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Ti(OBu)4 or Ti(OPri)4. In line with the findings for Al2O3, the morphology of the TiO2 could be 

tuned by adjusting the synthesis conditions (Fig. 13c,d).10,97 

 

Fig.13. SEM images of alumina particles prepared from aluminium isopropoxide (AIP) and 

acetic acid in scCO2 at 80 °C: (a) AIP/scCO2 = 0.3 mmol/mL, AIP/acetic acid = 1:10, 414 bar; (b) 

AIP/scCO2 = 0.5 mmol/mL, AIP/acetic acid = 1:10, 414 bar; (Adapted with permission from.11 

Copyright American Chemical Society, 2009.) and SEM images of titania particles prepared 

from titanium butoxide (TBO) or titanium isopropoxide (TIP) and acetic acid in scCO2;  (c) 1.1 

mol/L TBO, 6.1 mol/L acetic acid, 40 °C, 172 bar; (d) 1.5 mol/L TIP, 6.1 mol/L acetic acid, 

60 °C, 414 bar. The samples were measured without grinding or gold coating. (Adapted with 

permission from.97 Copyright American Chemical Society, 2005). 

Beauger et al. prepared Nb, Ta and V-doped TiO2 aerogels as supports using scCO2 drying. The 

presence of dopants (Nb, Ta or V) helped to preserve the specific surface area of the TiO2 

aerogels during thermal treatment in a reducing atmosphere (32, 44, 45, 59 m2/g for TiO2, Nb-

TiO2, Ta-TiO2 and V-TiO2 with 10 at.% metal doping calcined under 800 °C in H2/N2). Doping 

Nb, Ta and V in TiO2 influenced the structural, textural and electronic properties of the final 

material (e.g., surface area, pore volumes, crystallinity, electronic conductivity). For example, 

Nb or Ta-doped TiO2 showed a rutile phase after thermal treatment at 800 °C only in H2/N2 

while V-TiO2 could be crystallised to rutile in air.66 It can be seen from the above examples 

that the introduction of scCO2 in the sol-gel synthesis process offers the possibility of 

achieving high surface area materials and to access specific morphologies. In the following 

(a) (b)

(c) (d)

2 μm 2 μm

200 nm 200 nm
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sections, an overview is presented of heterogeneous catalysts in which the oxide support was 

prepared using scCO2. 

3.4.1. Supported Ni-Based Catalysts 

Among transition-metal-based catalysts, oxide-supported Ni catalysts have been widely used 

in industry due to their relatively low cost and good catalytic activity in (de)hydrogenation 

reactions. 

Reforming Reactions 

The utilisation of available resources like natural gas and landfill gas to produce H2 is of great 

industrial interests due to a broad range of hydrogen applications including the production of 

ammonia and methanol, and the hydrogenation of fats and oils. Various reforming 

technologies have been investigated to generate hydrogen from hydrocarbons or alcohols, 

including steam reforming, dry (CO2) reforming and auto-thermal reforming.98 Ni-based 

catalysts are commonly employed in reforming processes. However, these catalysts tend to 

undergo severe deactivation due to carbon deposition on the surface (coking). Synthesising 

catalysts with smaller and evenly distributed Ni particles on a high-surface-area support has 

been proposed as an effective strategy to mitigate the coking problem.99 In this context, a 

series of Ni-based aerogels were prepared by Song et al. using a sol-gel method followed by 

scCO2 drying. 

In a first study, a Ni-Al2O3 aerogel was synthesised by a sol-gel method and subsequent scCO2 

drying according to the procedure shown in Fig. 14.68 The aluminium precursor (Al(OBus)3) 

was pre-hydrolysed with distilled water and nitric acid before the addition of a nickel 

precursor (nickel acetate). Then, these two precursors underwent hydrolysis and 

condensation followed by supercritical drying in a scCO2 stream at 50 °C and 172 bar. For 

comparison, an impregnated Ni-Al2O3 counterpart with the same Ni loading (20 wt %) was 

prepared by impregnating nickel acetate on an Al2O3 aerogel synthesised via the same method 

mentioned above but without the addition of the nickel precursor. The Ni-Al2O3 aerogel 

exhibited slightly higher surface area (225 vs. 211 m2/g), slightly smaller average particle size, 

and a higher concentration of active nickel sites on the surface (5.1 vs. 3.9 wt %) compared to 

the impregnated counterpart. As a consequence, the Ni-Al2O3 aerogel exhibited a slightly 

better catalytic activity in steam reforming of liquefied natural gas. Both catalysts displayed 

high stability on stream (no decline in activity over 2500 min), whereas commercial Ni-Al2O3 

deactivated quickly due to coking of the catalyst. The synthesis of Ni-Al2O3 aerogel was further 
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investigated by changing Ni/Al ratio,3 by adding propylene oxide as gelation agent (see also 

Sections 3.1 and 3.2),100 and by adding La additives,101,102  leading to a slight enhancement in 

catalytic activity with each approach. 

 

Fig. 14. Procedure for the preparation of nickel-alumina aerogel catalyst by a single-step sol-

gel method and subsequent supercritical CO2 drying (Reprinted with permission from.68 

Copyright Elsevier, 2010). 

The Ni-Al2O3 aerogel (Fig. 15a) synthesised with the epoxide-assisted method was also 

examined as a catalyst in the tri-reforming of methane (combination of steam reforming, 

partial oxidation, and CO2 reforming) to produce hydrogen. This reaction has been recognised 

as the most economical reforming process since it can utilise flue gases (consisting of CH4, CO2, 

and H2O) without any prior purification. It was found that the catalytic performance of the 

aerogel was superior to the xerogel counterpart prepared without scCO2 drying (Fig. 15b), 

and this was attributed to the difference in the surface areas (370 vs. 322 m2/g) and nickel 

dispersion.103 

The same group extended this epoxide-assisted sol-gel method involving scCO2 drying to the 

synthesis of Ni-Al2O3-ZrO2 and Ni-Sr-Al2O3-ZrO2 as catalysts for ethanol reforming to produce 

H2.104,105 The alkaline-earth metal Sr was used to neutralise the acid sites of Al2O3, which can 

also catalyse the undesired ethanol dehydration reaction. Indeed, higher H2 yield was 

obtained with the Sr-containing catalyst. Moreover, this Ni-Sr-Al2O3-ZrO2 aerogel (Fig. 15c) 

displayed higher surface area, larger pore volume and smaller Ni particle size compared to a 

Ni-Sr-Al2O3-ZrO2 xerogel prepared using a conventional drying method. In addition, the 

aerogel catalyst demonstrated higher ethanol adsorption capacity as proved by temperature 

programmed desorption (TPD). All these parameters led to higher H2 yield with the aerogel 

catalyst compared to the xerogel counterpart (Fig. 15d). 
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Fig.15. (a) TEM image of Ni-Al2O3 aerogel (NAA) catalyst reduced at 700 °C for 3 h; (b) 

Hydrogen yield and CH4 conversion with time on stream in the tri-reforming of methane over 

xerogel Ni-Al2O3 (NAX) and NAA catalysts at 700 °C. All the catalysts were reduced at 700 °C 

for 3 h prior to the reaction. (Adapted with permission from.103 Copyright Elsevier, 2015); (c) 

TEM image of Ni-Sr-Al2O3-ZrO2 aerogel (NSAZ-Ae) catalyst reduced at 700 °C for 2 h. (d) 

Hydrogen yield with time on stream in the steam reforming of ethanol over NSAZ-Ae and Ni-

Sr-Al2O3-ZrO2-xerogel (NSAZ-Xe) catalysts at 450 °C. All the catalysts were reduced at 700 °C 

for 2 h prior to the reaction. (Adapted with permission from.105 Copyright Elsevier, 2016). 

Other Catalytic Reactions 

Ni-based aerogel catalysts were also employed in other (de)hydrogenation reactions. Suh et al. 

prepared Ni-Al2O3 and Ni-TiO2 aerogels by the sol-gel processing of nickel acetate and 

Al(OBus)3 or Ti(OBus)4 in alcohols and subsequent supercritical drying with CO2 at 60 °C and 

240 bar. The obtained Ni-Al2O3 aerogel was applied as the heterogeneous catalyst for the 

hydrogenation of benzophenone and soybean oil. The catalyst showed much higher 

conversion rates of benzophenone and soybean oil than those of a catalyst prepared by 

impregnating the same amount of nickel acetate on commercial Al2O3.67 The Ni-TiO2 aerogel 

was also evaluated in the hydrogenation of benzophenone. It was found that the processing 

(b)(a)

(c)
(d)
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procedure after scCO2 drying (calcination, reduction) had a large effect on the textual 

properties (surface area, pore volume) and crystallinity as well as on the catalytic activity in 

benzophenone conversion of the Ni-TiO2 aerogels.106 However, the Ni-TiO2 showed 

significantly lower activity compared to the Ni-Al2O3 mentioned above: under conditions in 

which Ni-Al2O3 reached 99% conversion in 4 h, the same conversion required 11 h over Ni-

TiO2. 

Krompiec et al. used a complexing-agent-assisted sol-gel method combined with scCO2 drying 

at 60 °C and 150 bar to produce a Ni-Al2O3 aerogel that was used as a heterogeneous catalyst 

for various (de)hydrogenation reactions. The use of the complexing agent was aimed at 

controlling the gelation of the aluminium precursor and at obtaining a homogeneous gel of 

aluminium and nickel species. The role of the complexing agent was to slow down the 

hydrolysis rate of the aluminium precursor, which is a different approach for matching the 

hydrolysis rate of the different precursors compared to the use of epoxide as the gelation 

agent, which should accelerate the hydrolysis rate. The Ni-Al2O3 aerogel with large nickel 

loading (up to 50 wt %) was applied as the catalyst in propene hydrogenation, 1-butene 

hydrogenation, cyclohexane dehydrogenation, conversion of CO and NO into CO2 and N2, CO2 

methanation, and 1-butene isomerisation, though under unchallenging conditions and 

without comparison to any benchmark.107 

3.4.2. Supported Noble-Metal Nanoparticles Catalysts 

Besides the applications in the synthesis of Ni-based materials discussed in the previous 

section, scCO2 has also been utilised in the synthesis of oxide-supported noble metal 

nanoparticles (e.g., Au, Ag, Pd, and Pt). Jespersen et al. reported the synthesis of Pd/SiO2 by a 

one-step scCO2-assisted sol-gel route in which a Pd complex, Si(OMe)4, polydimethylsiloxane 

(PDMS) and formic acid underwent sol-gel and drying processes in scCO2. No organic solvent 

was involved in this route. The obtained Pd/SiO2 material was able to catalyse the 

hydrogenation of 2,5-dihydro-2,5-dimethoxyfuran with a supercritical H2/CO2 mixture in both 

batch (95 °C and 300 bar) and continuous reactors (40 °C and 300 bar), although the 

performance was not compared to any reference catalyst.40 A Pt-Co-Al2O3 aerogel catalyst was 

prepared by sol-gel processing of Pt, Co, and Al precursors and subsequent scCO2 drying. 

When compared with the counterpart catalyst that was prepared by impregnating 

chloroplatinic acid and cobalt nitrate on calcined Al2O3 aerogel, the aerogel catalyst exhibited 

a higher catalytic performance for CO oxidation in terms of quicker CO consumption at lower 

reaction temperature. The enhanced activity for the aerogel catalyst was attributed to the 
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higher surface area and more accessible pores for the reaction substrate of the aerogel 

catalyst (as proven by N2-adsorption).74 A similar procedure (sol-gel process and ensuing 

scCO2 drying) was used to prepare Cu-ZrO2 and Ag-ZrO2 aerogels. The catalytic performance 

of these aerogels in the synthesis of methanol from CO2 and H2 was examined. The CO2 

conversion over the Cu-ZrO2 aerogel was markedly higher than the Cu-ZrO2 xerogel prepared 

by co-precipitation, due to the higher copper surface area of the aerogel, as proven by N2O 

titration and XPS measurements. Moreover, the Cu-ZrO2 aerogel was considerably more active 

than Ag-ZrO2 in terms of higher CO2 conversion with similar methanol selectivity.73 

The scCO2 anti-solvent precipitation technique (see Section 2.2) can also be utilised to 

prepare oxide supports for nanoparticles. Hutchings et al. applied this method to synthesise 

CeO2 support (scCeO2) for Au49 and Au-Pd51 nanoparticles. The nanoparticles were 

impregnated on the scCeO2 support by a deposition-precipitation method. Counterpart 

catalysts were also prepared by impregnating nanoparticles on the CeO2 support derived 

directly from calcination of cerium acetate (unCeO2). Au-scCeO2 was used as the catalyst for 

CO oxidation, and Au-Pd/scCeO2 was tested in alcohol oxidation. The counterpart catalysts 

were much less active than the supercritical-precipitated catalysts, which possessed better 

nanoparticle dispersion. The Au-scCeO2 and Au-Pd/scCeO2 catalysts also gave better stability 

while the Au-Pd/unCeO2 catalyst suffered gradual deactivation. A similar method was applied 

to prepare Au-Pd/scTiO2 catalysts with good nanoparticle dispersion (Fig. 16) for the 

oxidation of benzyl alcohol to benzaldehyde and the synthesis of H2O2.84 

 

Fig. 16. Representative TEM images of 5 wt % AuPd/TiO2 prepared by supercritical CO2 anti-

solvent method, calcined at (a) 450 °C or (b) 750 °C. The areas circled in red highlight a metal 

nanoparticle (Adapted with permission from.84 Copyright Elsevier, 2015). 

(a) (b)
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4. Conclusions and Perspectives 

In this review, the recent progress in the field of the synthesis of nanostructured metal oxides, 

silicates and oxide-supported nanoparticles using scCO2-assisted synthesis methods was 

presented and discussed. These nanomaterials were applied as catalysts for various 

applications ranging from photocatalysis to oxidation, reduction, and isomerisation reactions. 

Most of these materials displayed enhanced physicochemical properties (e.g., surface area, 

porous structure, pore volume and acidity) owing to the scCO2-assisted method of synthesis, 

typically leading to improved catalytic performance. Many of the catalysts presented in this 

review demonstrate that scCO2 drying is an established and reliable method to improve the 

performance of catalytic materials. Future work will possibly expand this approach to the 

synthesis of metal oxide and silicate aerogels with yet unexplored compositions. On the other 

hand, the solvent and anti-solvent role of scCO2 have been less extensively studied and still 

offer opportunities for new developments by creative design of the reactor set-up. Moreover, 

these approaches are promising for preparing mixed oxide catalysts in which the different 

metals (and Si) are homogeneously distributed rather than forming domains of the separate 

monometallic oxides. Following these or other novel routes, it is expected that future research 

will expand the potential of scCO2-assisted sol-gel routes for the synthesis of new 

nanostructured metal oxides and silicates for catalytic applications. Further advances are 

expected through a deeper understanding of the mechanisms of the scCO2-assisted syntheses 

of nanostructured oxides using in situ techniques. Given the possible industrial applications, 

the up-scaling of scCO2-assisted synthesis methods for the production of oxide catalysts 

should also be addressed. 
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