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Abstract Herein we present the synthesis of anatase–

silica aerogels based on the controlled gelation of pre-

formed nanoparticle mixtures. The monolithic aerogels

with macroscopic dimensions show large specific surface

areas, and high and uniform porosities. The major advan-

tage of such a particle-based approach is the great flexi-

bility in pre-defining the compositional and structural

features of the final aerogels before the gelation process by

fine-tuning the properties of the titania and silica building

blocks (e.g., size, composition and crystallinity) and their

relative ratio in the dispersion. Specific surface function-

alization enables control over the interaction between the

nanoparticles and thus over their distribution in the aerogel.

Positively charged titania nanoparticles are co-assembled

with negatively charged Stoeber particles, resulting in a

binary aerogel with a crystalline anatase and amorphous

silica framework directly after supercritical drying without

any calcination step. Titania–silica aerogels combine the

photocatalytic activity of the anatase nanoparticles with the

extensive silica chemistry available for silica surface

functionalization.

Keywords Nanoparticles � Sol–gel chemistry �
Aerogels � Silica � Titania � Self-assembly

1 Introduction

Intelligent combination of well-known materials, their func-

tionalities and their properties is, apart from the synthesis of

entirely new materials, the most important design strategy for

improved materials in materials chemistry. In recent years,

especially the tuning of photocatalytically active materials

like TiO2 attracted attention because of the enormous sig-

nificance of these materials in the fields of energy conversion

and chemical synthesis. There are numerous ways of

improving the performance of catalysts, for example via

modifying the composition by doping [1–4] or by using co-

catalysts [1, 5–7]. But also optimization of the morphology

(surface area and porosity) [8–10], the particle size [1, 11, 12],

and the crystallinity [13, 14] offers various possibilities.

Interesting results have been achieved, e.g., for mesoporous

silica–titania composite materials [15–17]. They take

advantage of both the beneficial morphology of the meso-

porous silica framework with its high porosity and large

surface area and the excellent photocatalytical properties of

TiO2. Furthermore, the high photocatalytic activity of the Si–

O–Ti bond offers a synergetic effect, which gives additional

reasons to combine titania and silica in one material [18, 19].

However, the widespread use of these multicomponent

photocatalysts is strongly limited by their accessibility via

sol–gel routes. Simultaneous hydrolysis and condensation of

two different precursors into a homogeneous gel is rather

difficult. In the case of titaniasilica composites, titania alk-

oxides are typically more reactive than the silica precursors.

The amount of titania, which can be incorporated in the final

product is restricted, because silica typically forms the

mesoporous structural backbone of the material. Further-

more, the rich surface chemistry of silica particles [20–22]

cannot fully be exploited in a one-pot approach without

considerably affecting the sol–gel processes.
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A particle-based approach with nanoparticles as build-

ing blocks could in principle overcome many of these

limitations. Nanoparticles with a complex design, includ-

ing doped materials, core–shell structures or particles with

specific surface functionality can first be prepared and then,

in a subsequent step, be assembled into a 3-dimensionally

connected network. It was already shown that a controlled

destabilization of nanoparticle dispersions can result in gels

and aerogels [23, 24]. Aqueous dispersions of 2-amino-2-

(hydroxymethyl)-1,3-propanediol (trizma) functionalized

anatase nanoparticles were destabilized in a controlled way

by the desorption of trizma from the {001} facets of ana-

tase [25, 26]. The result of this process is that the anatase

nanoparticles undergo oriented attachment along the [001]

direction. If the particle concentration in the dispersion is

high enough, these pearl-necklace-like arrangements

branch out and fill the whole reaction vessel, creating a

continuous and macroscopic gel [27].

Here we present the preparation of a nanoparticle based

anatase–silica aerogel as a model system of a binary

material with complementary properties. The approach

takes advantage of the gelation behavior of surface-func-

tionalized anatase nanoparticles, which can be used as host

matrix for embedding the silica nanoparticles, giving

access to aerogels with high titania content. Adjustment of

the zeta potential of both building blocks ensures a

homogeneous distribution of the silica particles in the gel, a

fast gelation process and a good adhesion of both building

blocks to each other. After supercritical drying, monolithic

aerogels with a crystalline titania backbone and embed-

ded amorphous silica particles are obtained.

2 Experimental details

2.1 Chemicals

Titanium(IV) chloride (99.9 %), tetraethyl orthosilicate

(TEOS, 98 %), aqueous ammonia solution (25 %), benzyl

alcohol (puriss., 99–100.5 % GC), chloroform (C99.8 %),

acetone ([99.5 %) and diethyl ether (C99.8 %) were pur-

chased from Sigma-Aldrich. 2-Amino-2-(hydroxymethyl)-

1,3-propanediol (trizma, C99.7 %) was purchased from

Fluka. Ethanol (analytical grade) was purchased from

Scharlau, Spain. Liquid carbon dioxide was provided by

PanGas AG, Switzerland. All chemicals were used without

further purification.

2.2 Synthesis

Synthesis of trizma functionalized anatase nanoparticles:

the synthesis of trizma functionalized anatase nanoparticles

was performed according to previously published protocols

[25, 26]. In brief, 3.42 mmol (414 mg) 2-amino-2-

(hydroxymethyl)-1,3-propanediol (trizma) was dissolved in

90 ml benzyl alcohol under continuous stirring by heating

to 80 �C for 15 min. After cooling to room temperature,

41.0 mmol (4.5 ml) TiCl4 was added dropwise under vig-

orous stirring. The reaction mixture was heated to 80 �C

for 24 h and cooled to room temperature. The colorless,

precipitated product was separated from the yellowish

reaction mixture by centrifugation and washed by redi-

spersing and centrifugation five times with chloroform and

twice with diethyl ether. The colorless product was finally

redispersed in 30 ml H2O and residues of diethyl ether

were removed by applying vacuum.

Synthesis of silica nanoparticles: Silica nanoparticles

were synthesized by the Stöber process [30] according to a

previously published protocol [21]. 50 ml ethanol, 1.0 ml

H2O and 1.0 ml aqueous ammonia solution (25 %) were

mixed and heated to 40 �C. 6.73 mmol (1.5 ml) TEOS was

slowly added to the solvent mixture and continuously

stirred for 3 h. Subsequently, additional 4.48 mmol

(1.0 ml) TEOS were dropped to the solution and stirred for

3 h at 40 �C. The reaction solution was cooled to room

temperature and aged for 1 week.

Gelation and aerogel preparation: 10 ml of an aqueous

dispersion of trizma functionalized anatase nanoparticles

and 10 ml of an ethanolic silica nanoparticle dispersion

were mixed and poured in a Teflon casting mold. The mold

was sealed and heated to 60 �C for 30 min to induce the

gelation process. The molds were cooled to room temper-

ature and the monolithic gels were removed. A solvent

exchange process was carried out from a water–ethanol

mixture to acetone in steps of 10 vol% per day. Super-

critical drying was performed with supercritical CO2 using

a Leica CPD 030.

2.3 Characterization

Powder X-ray diffraction was performed on a Panalytical

Empyrean diffractometer using Cu K-alpha radiation. For

measuring the aerogel sample, pieces of the monolithic

sample were ground in an agate mortar to obtain a powder.

Scanning electron microscopy was carried out on a FEI

Magellan 400 in immersion mode using 2.00 kV and 0.20

nA. To avoid any changes of the fragile and fine aerogel

structure, the samples were used without sputtering. For

transmission electron microscopy (TEM) in Fig. 4a, energy

dispersive X-ray spectroscopy (EDX) and selected area

electron diffraction (SAED) a Philips Tecnai F30 operated

at 300 kV was used. For TEM in Fig. 4b, c, a Philips CM

200 operated at 160 kV was used. For sample preparation

some drops of chloroform were added to a small amount of

aerogel, mixed with a spatula and dropped on a carbon

coated copper grid placed on a filter paper to remove
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excess liquid. Zeta potential was measured on a Malvern

Zetasizer Nano-ZS. A diluted dispersion of the trizma

functionalized anatase nanoparticles was made by adding 3

drops of dispersion in 10 ml of water. The pH was adjusted

by adding sodium hydroxide solution or hydrochloric acid.

Attenuated total reflectance infrared (ATR-IR) spectros-

copy was performed on a Bruker Alpha FT-IR Spectrom-

eter with diamond ATR optics. For the measurement, the

aerogel samples were ground in an agate mortar. Nitrogen

sorption experiments were carried out on a Quantachrome

Autosorb-iQ-C-XR at 77 K, with nitrogen (99.999 %) and

helium (99.999 %) provided by PanGas AG, Switzerland.

Before the measurement, the samples were outgassed in

vacuum at 100 �C for at least 6 h.

3 Results and discussion

The surface chemistry of the nanoparticle building blocks

plays a major role during the gelation process. As previ-

ously reported, gelation of trizma functionalized anatase

nanoparticles can be induced by desorption of trizma

molecules from the {001} facets of the anatase nanopar-

ticles, which induces an oriented attachment process [27].

In dispersions with low concentrations of nanoparticles

long pearl necklace like chains of anatase nanoparticles

oriented in [001] direction can be observed [25, 26]. In

higher concentrated nanoparticle dispersions a branching

of the linear assemblies leads to a 3-dimensional network, a

gel [27]. In the case of a binary titania–silica nanoparticle

mixture, a second mechanism comes into play during the

gelation of such a co-dispersion: Electrostatic attraction

between silica nanoparticles and the trizma functionalized

anatase nanoparticles. This becomes obvious when having

a look at the isoelectric points (IEP) of the components.

Silica has an IEP around pH 2 [28]. The IEP of anatase is

reported to be around 5.8 [29]. Measurements of the zeta

potential show an additional effect of the trizma func-

tionalization on the surface charge of the anatase nano-

particles. The IEP of the particles is shifted to higher pH

values of 7–8, enhancing the electrostatic attraction of the

two types of nanoparticle building blocks. The simulta-

neous occurrence of oriented attachment and electrostatic

attraction results in faster gelation times even at low tem-

peratures, a noticeable increase in viscosity already during

mixing of both nanoparticle dispersions and good adhesion

between the two building blocks.

The powder X-ray diffraction (XRD) patterns of a tita-

nia–silica composite aerogel and the titania and silica

building blocks are shown in Fig. 1. In spite of the broad

reflections due to the small crystal size, the diffraction

peaks can clearly be assigned to anatase phase (ICDD File

card No. 1-70-6826). The diffractogram of the silica

particles shows, as expected for an amorphous material,

only one broad hump. Silica nanoparticles made by the

Stoeber method [30] are in general amorphous. Conse-

quently, the diffractogram of the composite aerogel

exhibits only the reflections of the anatase building blocks.

Using Scherrer’s equation for the calculation of the crys-

tallite size in [101] direction gives a value of 2.9 nm.

Attenuated total reflection infrared (ATR-IR) spectros-

copy was performed on dried powders of as-synthesized

silica and anatase nanoparticles and on the final anatase–

silica composite aerogel (Fig. 2). All spectra show rather

small features in the range from 4,000–1,700 cm-1, which

originate from traces of water/OH and alkyl and/or aryl

species present [31]. The spectrum of the silica nanopar-

ticles shows a weak band at 1,630 cm-1, which corre-

sponds to stretching vibrations of silica [32]. In the region

from 1,200–400 cm-1 much stronger peaks were detected.

The strong band at 1,065 cm-1 and its shoulder at

1,200 cm-1, the peaks at 800 cm-1, at 450 and at

555 cm-1 originate from stretching vibrations, bending

vibrations and rocking vibrations of Si–O–Si groups,

respectively [33, 34]. The peak at 955 cm-1 can be

assigned to Si–OH stretching vibrations, the small peak at

875 cm-1 to a Si–OH bending vibration [35].

The infrared spectrum of trizma functionalized anatase

nanoparticles shows in the area of 1,700–400 cm-1 signals

from the titanium dioxide lattice, adsorbed water and traces

of benzyl alcohol and trizma from the synthesis. Sharp

peaks at 1,492 and 1,452 cm-1arise from C–H deformation

vibrations probably from the aromatic ring of benzyl

alcohol. Peaks at 1,065 and 1,105 cm-1 can be assigned to

C–O stretching vibrations from the OH groups of trizma

and benzyl alcohol. The broad peak around 1,610 cm-1

originates from H–O–H bending vibrations of weakly

bound water adsorbed on the titania powder [35, 36]. Ti–
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Fig. 1 XRD patterns of the silica nanoparticle powder, the trizma

functionalized anatase nanoparticle powder and the silica-anatase

aerogel
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O–Ti vibrations and Ti–OH vibrations are expected at

653–550 and 495–436 cm-1, respectively [37]. In this

range the IR spectrum shows a very strong signal with

several shoulders. The limited resolution of the vibrations

does not allow to unambiguously assign every single peak,

but the intensity of this broad band gives clear evidence for

the presence of Ti–O–Ti and Ti–OH groups.

The IR spectrum of the composite aerogel shows a

combination of features of both IR spectra of silica and

titania. A small, broad peak at 1,630 cm-1 corresponds to

H–O–H deformation vibrations from weakly bound water

on the aerogel surface. Signals from silica can be found in

the range from 1,250 to 370 cm-1. The peak at 1,105 cm-1

and its shoulder at 1,200 cm-1 stem from Si–O–Si

stretching vibrations. The Si–O–Si bending and rocking

vibrations at 795 and 440 cm-1 can only be observed as

shoulders of a strong peak, which ranges from 995 cm-1 to

the end of the measurement range. This is the characteristic

peak of the Ti–O–Ti and Ti–OH vibrations. Accordingly,

the IR spectrum proves the presence of silica and titania in

the final composite aerogel. The typical vibrations of Ti–

O–Si at 910 cm-1 cannot clearly be distinguished [38, 39].

The small shoulders at 960 and 910 cm-1 could be

assigned to Si–OH and Ti–O–Si vibrations, respectively. In

any case, the peak intensity of the 910 cm-1 peak is not

expected to be very intense, because in the present case

there is no homogeneous silica–titania glass, but a mixture

of discrete SiO2 and TiO2 nanoparticles with less close

contact between the building blocks.
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Fig. 2 Infrared spectra of silica nanoparticles, trizma functionalized

anatase nanoparticles and a titania–silica aerogel. a Overview spec-

trum and b magnified range at lower wavenumbers

Fig. 3 SEM images of a silica–titania aerogel a at low and b, c at

higher magnifications
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An overview scanning electron microscopy (SEM)

image of the anatase–silica composite aerogel shows the

uniform pore structure of the sample extending homoge-

neously over several tens of microns (Fig. 3a). At higher

magnification the 3-dimensional network becomes clearly

visible (Fig. 3b). Fine threads of anatase nanoparticles

build up the fluffy morphology. Further increase in mag-

nification allows to distinguish the silica nanoparticles

from the very fine pearl-necklace-like arrangements of the

titania nanoparticles just a few nanometre thick (Fig. 3c).

The titania nanoparticles are assembled into straight sec-

tions as well as into branched structures, incorporating the

nearly spherical silica nanoparticles with diameters of

about 20 nm.

Transmission electron microscopy (TEM) investigations

support the presence of two types of nanoparticles

(Fig. 4a). The larger silica nanoparticles show a lower

contrast in comparison to anatase nanoparticles. The con-

cept of nanoparticle assembly by electrostatic attraction

between silica and anatase nanoparticles as well as the

oriented attachment between anatase nanoparticles is

nicely illustrated in the TEM image. Due to electrostatic

attraction between silica and titania, the silica nanoparticles

are partly coated by the titania nanoparticles. At the same

time, the titania nanoparticles form 1-dimensional structure

segments typical for oriented attachment (particularly

nicely visible in the upper right corner of Fig. 4a). For

better distinction of silica and titania nanoparticles in the

TEM, images of oriented attached, trizma functionalized

anatase nanoparticles and as synthesized silica nanoparti-

cles are shown in Fig. 4b and c, respectively. The linear

aggregates of small 3 nm anatase particles can clearly be

distinguished from the 20–30 nm spherical silica particles.

Energy dispersive X-ray spectroscopy (EDX) (Fig. 4d)

shows the presence of silicon, titanium and oxygen. The

chloride impurities are a result of the titanium tetrachloride

used as precursor. The copper signal is due to the TEM

grid. Selected area electron diffraction (SAED) (Fig. 4e)

shows a crystalline system with amorphous contributions.

The amorphous contributions are supposed to come from

the silica. Analyzing a line projection of the diffraction

pattern (Fig. 4f) the contributions from the crystalline

building block match the diffractogram of anatase.

Nitrogen sorption experiments were performed on the

supercritically dried anatase–silica aerogel (Fig. 5a). The

BET specific surface area is 488 m2/g, which seems to be

a typical result for a silica-titania aerogel [17]. But

bFig. 4 Transmission electron micrographs of a SiO2–TiO2 aerogel,

b as synthesized silica nanoparticles and c linear oriented attachments

of trizma functionalized anatase nanoparticles. d EDX spectrum of

the sample. e SAED of the sample and f line profile of the SAED

fitted to anatase
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considering that titania is the major component in our

aerogel, such a surface area is rather high. An aerogel with

a Ti-to-Si ratio of 1 was reported to exhibit a surface area

of 230 m2/g [40]. The BJH analysis of the desorption

branch of the N2 sorption experiment showed an average

pore diameter of 38 nm. The mode of the pore diameter is

30 nm (Fig. 5b). The pore diameter is comparable with

titania–silica aerogels synthesized by classical sol–gel

approach and supercritically dried with CO2 [41]. How-

ever, the pore diameters of titania and titania–silica aero-

gels can vary in a wide spectrum [42]. The total pore

volume is 4.66 cm3/g for pores with a diameter smaller

than 216 nm. The lack of a clear plateau region especially

in the adsorption branch suggests a higher total pore vol-

ume outside the measurement range.

4 Conclusion

Here we showed an easy way to prepare an anatase–silica

composite aerogel by co-gelation of preformed nanoparti-

cles. This approach gives access to aerogels with high

titania contents. Additionally, the use of nanoparticles as

building blocks offers the unique advantage to obtain a

crystalline porous network without the need of a calcina-

tion step. Accordingly, the problem of pore shrinkage and

monolith cracking often observed during an annealing step

is avoided. The co-assembly of titania with silica represents

a proof-of-concept, offering two important features that are

hard to achieve by classical sol–gel chemistry: (1) simul-

taneous incorporation of amorphous and crystalline nano-

particles, and (2) combination of two different properties,

namely photocatalytic activity from the anatase nanocrys-

tals and great variability of surface chemistry from the

silica particles. Nanoparticle-based approaches provide a

flexible and modular access to aerogels with pre-defined

compositional and structural features, greatly extending the

functionalities of these fascinating materials.
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