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ABSTRACT 

While the unique properties of nanoparticles are employed in an uncountable number 

of applications their use at high temperatures is limited by their thermal stability. 

Encapsulation of the nanoparticles with a protective layer can reduce particle sintering 

but, at the same time, renders the surface inaccessible for reactive species as for instance 

desired in heterogeneous catalysis. Therefore, this chapter aims at the introduction of a 

one-step flame process to produce high temperature stable titania nanoparticles with a 

silica coating. It was found that grain growth and phase transformation from active 

anatase into inactive rutile phase was inhibitedup to 1050°C. The heat treatment was 

necessary to obtain a permeable coating, as proven by the decomposition of organic 

compounds. In fact, for each application temperature an optimum layer thickness exists 

for maximum photocatalytic activity. It was shown that high temperature stable and self-

cleaning-coatings can be achieved by spray coating of silica wafers. The concept of high 

temperature stabilization by hermetic coating could be refined for pure interparticle 

contact passivation and extended to other material systems such as metal nanoparticle 

catalysts. 

1. INTRODUCTION 

Due to their high surface energy small solid nanoparticles are inherently unstable upon 

heating as reflected in reduced melting point [1, 2], enhanced coalescence [3] and facilitated 

phase transition[4, 5].The thermal instability of nanoparticle restricts their high temperature 
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processing, e.g. the co-firing of functional coatings such as self-cleaning surfaces, and limits 

their application temperature in catalysis [6, 7]. The reduction of the particle surface energy 

can be achieved by surface decrease due to sintering or by coating the particle with a material 

exhibiting a lower surface energy. For metal nanoparticles, besides coating, particle alloying 

and immobilisation on an oxide support are used to stabilize the nanoparticles at higher 

temperatures. At low temperatures (<300°C), organic capping agents can be used as 

protection against sintering and deactivation of the catalysts nanoparticles. As a consequence 

of the particle surface shielding reduced activities due to diffusion limitations and blocking of 

active sites have to be faced[8]. Moreover, for many applications, the optimum reaction 

temperatures are much higher so that the capping agents start to decompose followed by the 

loss of active catalyst surface due to crystallite growth. To achieve stability at higher 

temperatures metal oxide coatings were applied with sol-gel techniques [9] leading to Pd 

nanoparticles encapsulated in silica. Suryanarayanan et al. studied the microporosity of silica 

coatings on noble metal nanoparticles produced by sol-gel method [10]. Despite of the 

absence of a direct evidence by high resolution TEM imaging they concluded that pore sizes 

below 1 nm of the shell material allow small molecules to permeate while blocking larger 

ones. However, all of the presented sol-gel techniques require a tedious chain of single steps 

leading to expensive and time-consuming processes [9]. Therefore, simple generic approaches 

to synthesize technical relevant quantities of nanoparticles with increased thermal stability at 

high temperatures are highly desired with the constraint to keep the particle surface accessible 

for reactive species. As an alternative to the sol-gel processes flame synthesis is a versatile 

technique for the production of nanopowders, which is employed in industry with worldwide 

yields of megatons per year [11]. Based on the pioneering work of Pratsinis [11-19] over the 

last decade the range of flame synthesized nanoparticles has been extended towards complex 

structures such as core-shell particles, nanotubes and nanowires of various compositions. 

In this chapter the influence of nanoparticle coatings on the opposing effects of improved 

thermal stability and reduced surface accessibility is discussed on the example of flame 

synthesized titania nanoparticles coated with silica for photocatalytic applications. As 

indicator for the surface access the photocatalytic activity is taken. The high temperature 

stability of the TiO2/SiO2 nanoparticles is required to realize for instance the industrial 

procedure for the manufacturing of roof tiles with self-cleaning coatings in one step where the 

nanoparticles have to withstand temperatures over 950°C for many hours without substantial 

loss in photocatalytic activity. The obtained self-cleaning effect of roof tiles is based on the 

combination of photocatalytic oxidation of organic compounds and super-hydrophilic 

character of the surface. The behaviour of non-stabilized titania nanoparticles is shown for the 

commercial nanopowder P25 (Evonik, Germany) in Figure 1. While this powder exhibits 

particles sizes of about 20 nm and 80 wt.% anatase content before heat treatment (a), the 

particles increase significantly in size and transform completely to inactive rutile phase when 

exposed up to 1000°C for 3 h (b). The goal of this contribution is to outline a way to avoid 

such phase transformation and particle growth through particle coating. 

Firstly, the flame synthesis of the titania/silica core/shell nanoparticles will be presented 

including the experimental setup and the characterization methods. Then, after optimizing the 

photocatalytic activity of the pure titania particles, the high temperature stability of the 

TiO2/SiO2 nanoparticles will be discussed. Afterwards, the photocatalytic activity of the 
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calcinated TiO2/SiO2 nanoparticles and the self-cleaning properties of TiO2/SiO2 coatings will 

be presented. 

 

 
(a) TiO2 P25, before calcination 

 
(b) TiO2 P25, 900 °C, 3hours 

Figure 1. TEM micrographs of commercial titania nanoparticles P25 (Evonik, Germany) before (a) and 

after (b) heat treatment (scale bars correspond to 100 nm). 

2. FLAME SYNTHESIS OF STABILIZED TITANIA NANOPARTICLES 

Titania nanoparticles are for instance employed in photovoltaics [20], self-cleaning 

surfaces [21, 22], antibacterial coatings [23, 24] and water/air purification [25]. Due to their 

strong UV absorption titania nanoparticles are also used for UV protection in sunscreen, 

cosmetic products, textile fibers and coatings of plastics. However, here the catalytic activity 

induced by the absorption of UV photons is not desired and catalytic effects on skin or on 

polymer panels are avoided by hermetically surrounding the titania nanoparticles with an 

impermeable coating such as SiO2 [26]. For this purpose, Teleki and Pratsinis [27] developed 
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a flame synthesis process for TiO2/SiO2 nanoparticles. To obtain a homogeneous coating the 

mixing of the coating precursor gases (SiCl4) in the flame was investigated in details by 

computational fluid dynamics (CFD) simulations and the precursor feeding geometry was 

optimized experimentally [28]. However, since the application of these composite 

nanoparticles was intended for room temperature, the behavior of the core-shell-nanoparticles 

at high temperatures, where crystal growth and phase transformation of titania may be 

encountered, was not investigated further. Principally, TiO2 is polymorph with the two main 

modifications of anatase and rutile. Upon heating photocatalytically active anatase transits 

irreversibly to hardly active rutile at temperatures over 400°C. The transformation kinetics is 

influenced by grain size, impurities and reaction atmosphere [29]. The basic idea of the 

approach here is to inhibit coalescence and phase transition by passivating the contact zone 

between titania nanoparticles with a silica layer [30, 31]. While similar approaches have been 

undertaken in complex and lengthy liquid phase syntheses of titania/silica core/shell 

nanoparticles, a simple gas phase synthesis for fast and continuous one step production with 

facile scale-up will be presented here. 

 

 

Figure 2. Schematic setup for flame synthesis of core-shell TiO2/SiO2 nanoparticles. 

Figure 2 shows the experimental setup. The main part is the laminar flat flame burner 

where the titania precursor(TiCl4) is oxidized in a methane/oxygen/nitrogen premixed flame. 

To obtain the SiO2 coating on the TiO2 nanoparticles a second precursor (SiCl4) is added at a 

higher position in the flame where the formation of the titania particles is completed. After 
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fast decomposition of the SiCl4 the formed SiO2 condenses on the surface of the TiO2 

nanoparticles to form a core-shell structure (Figure 3). 

The burner is made of a quartz glass tube filled with quartz glass spheres for 

homogeneous gas mixing and a honeycomb ceramic guaranteeing a laminar flame. Besides 

methane as fuel gas and oxygen as oxidant nitrogen was introduced as balance gas raising the 

flame above the burner. The precursor gases (TiCl4 and SiCl4) were controlled by saturating 

dry argon flows through bubblers containing the liquid precursor at room temperature. All 

flow rates were controlled with mass flow controllers. The visible flame height was about 10 

mm and the maximum temperature was about 1000°C as measured in absence of the titanium 

tetrachloride vapour. The generated particles were collected on a glass fibre filter placed in a 

stainless steel filter holder connected to a vacuum pump and fixed about 50 cm above the 

flame. For neutralization the exhaust stream passed through a sodium hydroxide solution. 

 

 

Figure 3. (above) Core-shell structure of TiO2/SiO2 nanoparticles and (below) silica deposited in the 

contact zone between two titania nanoparticles. 

As a widely employed reference material for titania nanoparticles P25 (Evonik, 

Germany) was used. The morphology of reference material and flame synthesized TiO2/SiO2 

particles was examined by transmission electron microscopy (TEM, JEM 2100, JEOL) 

operated at 120 KV und scanning electron microscopy (SEM, Zeiss, DSM 982 Gemini). The 
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specific surface area (SSA) of synthesized powders was determined from a five-point 

nitrogen adsorption isotherm obtained from Brunauer-Emmett-Teller (BET) measurements 

using a Gemini 2360 (Micromeritics, USA). Prior to analysis powders were degassed at 

120°C for two hours.X-ray diffraction (XRD) was used for crystal phase identification. The 

relative weight fraction of anatase phase (WA) was calculated using Spurr and Meyers 

formula with the relative intensity of the anatase peak(IA) (2θ = 25.3°) and rutile peak (IR) (2θ 

= 27.4°). The evaluation of photocatalytic activity was carried out in aqueous phase by 

monitoring the decomposition of dichloroacetic acid (DCA) and 4-chlorophenol (4-CP)used 

as model substances due to the photocatalytic oxidation. For this purpose total organic carbon 

(TOC) of the solution was measured with Analytic-Jena IDC-micro N/C TOC-Analyzer. The 

measurements of zeta potential of TiO2 catalyst dispersed in distilled water as a function of 

pH value were carried out with Malvern Zetasizer (Nano series) torecord the change of SiO2 

layer along with heat treatment. 

 

 

Figure 4. Mass fraction of rutile as function of the particle size for home-made titania (filled squares) 

and for commercial titaniaP25 (open square). 

3. OPTIMIZATION OF THE PHOTOCATALYTIC ACTIVITY 

OF PURE TITANIA PARTICLES 

Generally, the photocatalytic performance of TiO2 is affected by particle properties such 

as particle size, surface area, phase composition and conditions of photocatalytic tests such as 

concentration of photocatalyst [32-36]. The conditions of photocatalytic tests can be well 

controlled, whereas the particle properties depend on the configuration and properties of 

flame, for example, precursor type and concentration, flame height and temperature, particle 

residence time in the flame. For a co-flow diffusion flame (CH4/air) Pratsiniset al.have found 

that the flame configuration, fuel and oxidant flow rates as well as precursor concentration of 
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TiCl4 have a profound effect on the particles properties [13]. They observed that the gas 

mixing influenced flame height andflame temperature affecting particle surface area and size. 

For the same flame configuration, Akurati et al. have investigated the influence of titanium 

tetraisopropoxide (TTIP) precursor concentration and oxygen flow rate on particle properties 

[37]. It was found that the specific surface area of the synthesized TiO2 increased with 

increasing oxygen flow rate indicating lower flame temperature, as theflow rates of lift gas N2 

and fuel gas CH4 were kept constant. In addition, the specific surface area of TiO2 decreased 

with increasing precursor concentration as a consequence of higher flame temperatures 

induced by the exothermic oxidation of TTIP. For the less variable configuration of a 

premixed flame, the particle properties are mainly influenced by precursor type and 

concentration, flame temperature and residence time of the particles in the flame [38]. The 

particle properties may also be affected by electrical fields applied to the flame. For a CH4/O2 

premixed flame Katzer et al. have shown that an increase of the electric field strength resulted 

in a decreased primary particle size and in a reduced rutile mass fraction of titania particles 

[39]. In addition to TiO2 particles, electrical fields were also employed to affect the properties 

of silica, carbon and silica-carbon composites synthesized in flame reactors [40, 41]. 

In the study presented here, the size of the titania particles was adjusted between 7 and 

22nm by varying the TiCl4 precursor flow rate. However, with changing synthesis conditions 

also the rutile content changed. The correlation between rutile mass fraction and TEM 

equivalent primary particle diameter is shown in Figure 4. With increasing particle size the 

rutile content increases but levels off for diameters above 20 nm. Since the anatase-to-rutile 

transition depends on the synthesis temperature, the maximum rutile fraction obtained in the 

employed configuration is limited to 14wt.% due to the low temperature and short residence 

time in the flame. However, the critical diameter where substantial transformation sets in was 

found to be around 14 nm, which is in good agreement with literature [4, 42]. Also the 

commercial titania reference material P25 fits with the curve of the home-made titania. 

The photocatalytic activity was measured by fitting the kinetics of the decomposition of 

the organic compound i with a first order reaction. 

 

 
 

where TOC0 is the initial concentration of the compound i (i=DCA or 4-CP), ki is the reaction 

rate constant for compound i and t is the duration of the reaction. The measured dependence 

of the photocatalytic activity on the particle size is shown in Figure 5. 

For both reactions an optimum particle diameter of the titania of about 14 nm is observed 

for a given catalyst mass. Although the anatase content changes with particle size (from 100 

to 86 wt.% as shown in Figure 4) it was found that the dominant parameter for a high 

photocatalytic activity is the particle size. Therefore, the synthesis conditions for the titania 

core particles with high activity were retained for the subsequent coating experiments with 

silica. 

   tkTOCtTOC i  exp0
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Figure 5. Reaction rate constants for the decomposition of DCA (left axis) and 4-CP (right axis) as 

function of the titania particle diameter for home-made titania (filled symbols) and for commercial P25 

(open symbols). 

4. HIGH TEMPERATURE STABILITY OF TITANIA NANOPARTICLES 

It is well known that anatase is the most photocatalytically active modification of TiO2 

particles [43, 44]. However, the non-stabilized TiO2 nanoparticles are only suitable for 

efficient photocatalytic application up to 600°C excluding processing or applications at higher 

temperatures. As shown in Figure 1, high temperatures result in a sintering induced loss of 

small anatase particles, which is the favored form in flame synthesis [45, 46]. The sintering 

rate of TiO2 particles depends on particle size and temperature. Nakaso showed that the onset 

temperature for small particles is lower than for larger ones, when the residence time is long 

enough for the sintering process [47]. Zhang and Banfield have reported that the phase 

transformation for nanoparticles occurred at 250°C while for millimeter particles the 

temperature is much higher (900°C) [48]. The corresponding activation energy is above 400 

kJ/mol for macroscopic particles [49] butonly147 kJ/mol for ultrafine anatase particles [48]. 

Once the phase transformation due to particle sintering has started, the rutile fraction 

increases exponentially because of the further local temperature increase due to the energy 

release as consequence of the surface reduction [50]. These results are consistent with the 

studies of Zhang and Banfield [42, 51]. 

To improve the thermal stability of TiO2 particles different approaches were developed. 

On one hand, to avoid impurities in the particles the synthesis processes was modified 

without additives [17, 44, 52-54]. The authors showed that the TiO2 synthesized in the liquid 

phase was stable up to about 800°C. However, these TiO2 particles are still not suitable for 

the applications in ceramic processes above 950°C. On the other hand, additives such as 

SiO2were used to extend the thermostability of TiO2 [6, 55, 56]. They showed the high 
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thermostability of TiO2particles connected with SiO2via Ti-O-Si bonds up to 1200°C, but 

with stability lasting only for 30 min. According to the studies of Shannon et al. and Okada et 

al., the anatase particles should be separated by a passivation layer to achieve high stability by 

suppressing diffusion between anatase particles in direct contact [30, 57]. In the present 

contribution, TiO2 particles were stabilized by interface passivation as SiO2 formed 

amorphous protection layers on the TiO2 particles. 

Figure 6 shows the anatase mass fraction of TiO2 particles coated with silica layers of 

different thicknessas a function of calcination temperature. The anatase mass fraction is taken 

as indicator for the thermostability of stabilized TiO2 nanoparticles. It is observed that all 

TiO2/SiO2samples are stable up to 950°C exhibiting the same anatase mass fraction after 

calcination, independently of the silica layer thickness. For calcination temperature above 

950°C the anatase mass fraction decreases rapidly. Nevertheless, the onset of the anatase-to-

rutile transformation isshifted to higher temperatures with increasing SiO2layer thickness. For 

the sample with thick silica layers (8.7  nm), the particles are stable up to a temperature of 

1050°C, while for the sample with thin silica layers(1.6  nm) the thermostability is limited to 

950°C. 

 

 

Figure 6. Influence of calcination temperature on the phase composition of non-stabilized TiO2(P25) 

and stabilized TiO2 nanoparticles with different thickness of SiO2 layer. 

 

The thermostability is not only reflected in the conservation of the anatase phase but also 

evidenced by the behavior of the TiO2 particle size as a function of calcination temperature 

(Figure 7). For the core-shell TiO2/SiO2particles the size of the TiO2 cores, which was 

optimized to maximum photocatalytic activity, stays approximately constant up to the 

calcination temperature of 1050°C. When the calcination temperature exceeds the critical 

point of 1050°C, the SiO2 layer is assumed to decay into small droplets releasing a substantial 
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part of the titania surface which allows the titania particles to sinter quite rapidly. Such a 

disintegration of metal oxide coatings was already observed for SnO2 films, however, at 

much lower temperatures [58]. In comparison to the stabilized TiO2 samples, the non-

stabilized TiO2 particles show the same trend of particle growth, which is also reported by 

[52] and [59]. The difference is that the onset temperature of particle growth for non-

stabilized TiO2 particles is reduced by about 500°C compared to the stabilized titania 

nanoparticles. 

 

 

Figure 7. Influence of calcination temperature on the particle size of non-stabilized TiO2 P25(open 

symbols) and stabilized TiO2 nanoparticles(filled symbols). 

On the one hand, the results of Figure 7 show the disintegration of the protective silica 

coating at higher calcination temperatures. On the other hand, our results on photocatalytic 

activity (see next chapter) indicates that without calcination the silica coating is not 

permeable for reactive species, i.e. there is an hermetic enclosure of the titania core. 

Therefore, the question arises how the silica layer behaves in the temperature range between 

900°C and 1050°C, where high photocatalytic activity is observed (Figure 10). 

An approach to determine the quality of the silica coating, i.e. the barrier for accessing 

the titania surface, was proposed by Furlong et al. and further developed by Teleki et al. [27, 

60]. They characterized the quality of SiO2 layer by measuring the zeta potential as a function 

of the pH value. Furlong et al. showed that the isoelectric point (IEP, where the zeta potential 

becomes zero) of coated TiO2 particles was shifted to the IEP of pure SiO2 with increasing 

SiO2 content (from 0.2 to 5 wt.%). For silica contents above 2.5 wt.%, the IEP of 

TiO2/SiO2particles reached the IEP of pure SiO2 (at pH=3.1) indicating an hermetic 

encapsulation of the titania particles with silica layer. 

We employed this technique to investigate the behavior of our TiO2/SiO2nanoparticles. 

As shown in Figure 8, the IEP of stabilized TiO2 particles was similar to the IEP of pure 
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SiO2, which means that the TiO2 particles were hermetically coated with an impermeable 

SiO2 layer. After calcination at 1000°C the IEP of TiO2/SiO2 particles was shifted towards to 

the IEP of pure TiO2, indicating that the TiO2 surface was released by heat treatment. 

However, based on these results it cannot definitively be decided whether the silica layer 

becomes porous (maybe with some cracks) or the silica retreats due to lowered viscosity at 

high temperature treatment. 

 

 

Figure 8. Influence of calcination on zeta potential as a function of pH value of TiO2/SiO2 particles. 

However, the results show that the interface passivation with SiO2can be widely used to 

prevent sintering of metal or metal oxide catalyst for applications at high temperatures [61], 

for example, to enhance the thermostability of Pt particles in gas sensors [62] when the 

surface access can be established. 

5. PHOTOCATALYTIC PROPERTIES OF TITANIA NANOPARTICLES 

For many applications the relevant feature of TiO2 nanoparticles is their photocatalytic 

activity. The photocatalytic degradation of organic compounds occurs at the TiO2 surface by 

either indirect oxidation via the surface-bound hydroxyl radical or directly via the valence-

band hole [63-65]. The commercial product of TiO2 P25 from Evonik exhibits high activity 

because of its high surface area (50 m
2
/g) and high anatase content (80 wt.%) and, therefore, 

it is widely used as reference material for comparison of photocatalytic activity. 

In the presented experiments the photocatalytic activity was evaluated by degrading of 

DCA in water as model organic substance under the irradiation of a UV-A light. Figure 9 shows 

an example of photocatalytic degradation of DCA with calcinated non-stabilized and stabilized 
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TiO2photocatalysts. The non-stabilized TiO2P25 showed negligible photocatalytic activity after 

calcination at 900°C for 3 hours indicating that the application of TiO2 P25 is limited to 

temperatures below 900°C. The result agrees with the observation of phase composition and 

particle size of TiO2 P25 calcinated at various temperatures (Figures 6 and 7). 

 

 

Figure 9. Photocatalytic degradation of DCA with calcinated non-stabilized TiO2 P25 and stabilized 

TiO2 nanoparticles. 

According to the study of El-Toni et al. [26], TiO2 particles passivated with hermetic 

SiO2layer on the surface show no photocatalytic activity because the TiO2 particles have no 

contact with organic compounds. Based on this barrier effect coated TiO2 particles are used 

for example in pigments or in sunscreens. However, in photocatalysis the TiO2 surface needs 

to be accessible for the reacting molecules. This access was, at least partially, achieved by 

heat treatment as indicated by the shift of the IEP of calcinated TiO2/SiO2particles towards 

the value of free TiO2 surfaces (Figure 8). The same conclusion results from activity 

measurements shown in Figure 9, where the core-shell TiO2/SiO2 particles show high 

photocatalytic activity after calcination. The TiO2/SiO2 particles calcinated at 1000°C show 

higher photocatalytic activity than the particles calcinated at 900°C indicating that more 

surface was released at higher temperature. However, after heat treatment at 1100°C the SiO2 

layer was destroyed (cf. Figure 7) causing phase transformation and sintering leading to 

reduced photocatalytic activity. 
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Figure 10. Influence of calcination temperature on the photocatalytic activity of TiO2/SiO2 particles 

with SiO2 layers of different thickness. 

Figure 10 shows the effect of the calcination temperature on the DCA oxidation with 

TiO2particles stabilized with different silica content. For the TiO2 particles coated with a thin 

silica layer (1.6 nm) the DCA oxidation rate decreased steadily with the increasing calcination 

temperature, due to an insufficient protection of SiO2 layer against sintering and phase 

transformation. For the samples with thicker silica coatings (4.1 nm and 8.7 nm), the DCA 

oxidation rate first increases with calcination temperature, reaches a maximum at about 1050°C 

and decreases with further increased calcination temperature. The maximum value of DCA 

oxidation rate is first shifted to higher temperatures with increasing silica content. However, for 

temperatures above 1050°C the activity steadily drops with temperature independent of the 

silica layer thickness. While at lower temperatures the increase of DCA oxidation with 

temperature is due to increasing release of accessible TiO2 surface, the activity drop at higher 

temperatures is a consequence of the disintegration of SiO2 either by cracking or retracting 

movement resulting in phase transformation and particle growth. In the temperature range 

below such disintegration phenomena of the silica coating, the DCA oxidation rate decreases 

with increasing SiO2layer thickness due to an enhanced barrier effect. 

6. APPLICATION OF TITANIA NANOPARTICLES  

FOR SELF-CLEANING COATINGS 

In recent years, coatings of TiO2nanoparticles have attracted attention as self-cleaning 

surfaces where adsorbed organic pollutants are decomposed under UV irradiation and the 

contaminant as well as dust is washed off by rainwater. Based on the combination of 
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photocatalytic oxidation and excellent wetting (i.e. superhydrophilic behavior)surfaces of 

buildings may stay clean for extended periods of time. However, while the TiO2 coating can 

be applied at room temperature, a long-lasting coating adhesion to the support is obtained 

only after simultaneous calcinations of coating and substrate, where the coating quality (i. e. 

the lifetime) increases with temperature. 

 

 

Figure 11. Influence of baking temperature of coatings on the phase composition of stabilized TiO2 

nanoparticles compared to TiO2 P25. 

For industrial realization the coating is intended to be applied in one step to save energy, 

time and costs. The stabilized TiO2 nanoparticles were applied for self-cleaning surfaces on 

silica wafer as model substrate by spray coating. As shown in Figure 11, the phase 

composition of the coatings with temperature was the same as determined for the original 

powders (cf. Figure 3) suggesting that neither the coating process nor the substrate has an 

influence on the thermostability of the tested powders, which is also reported by Hofer et al. 

[55]. After baking above 700°C, the TiO2 P25 coating has completely lost the anatase phase, 

whereas the TiO2/SiO2 coating shows a constant anatase mass fraction at least up to 950°C. 

Figure 12 shows the photocatalytic activity of coatings from non-stabilized TiO2 P25 and 

stabilized TiO2/SiO2as a function of baking temperature. The P25 coating exhibits high 

photocatalytic activity up to 600°C. At higher temperatures the P25 activity drops rapidly to 

zero. In contrast to this behaviour, the activity of the coating from stabilized 

TiO2/SiO2increases with baking temperature, reaches the maximum at 750°C and decreases 

slowly for higher temperatures. Although, the maximum activity of the stabilized TiO2/SiO2 

coating is lower than the maximum of P25 coating, its working range extends significantly 

further into the high temperature range, in which the P25 coating is totally inactive. 
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Figure 12. Rate constant of DCA degradation with TiO2 P25 and TiO2/SiO2 coatings as a function of 

the baking temperature. 

The evaluation of the XRD spectra showed that there is neither a change in the phase 

composition (Figure 11) nor in the primary particle size (not shown here). Also the principle 

dependency of the photocatalytic activity on calcination temperature is the same for the 

TiO2/SiO2 coatings (Figure 12) and for the original powders (Figure 10). However, the drop 

of the photocatalytic activity starts at low temperatures for the self-cleaning coating (at about 

750°C) compared to the original powders with the same silica layers thickness (at about 

900°C). The reason for this behaviour is so far unclear but may be related to the porous 

structure of the self-cleaning coating. As indicated in Figure 13, which represents a cross 

section through the coating, silica draining from the upper TiO2/SiO2 particles for temperature 

above 750°C may reduce the surface accessible for catalytic reaction. 

The self-cleaning effect is based on the combination of photocatalytic activity and good 

wetting. While the remaining activity of TiO2/SiO2 coatings after calcination was presented 

above, the wettability of the coatings was tested using the sessile drop method. This technique 

allows to determining the contact angle which is an indicator of the wetting behavior. It was 

found that even without UV irradiation the contact angle of the TiO2/SiO2 coatings was below 

10° which indicates very good wetting. Additional irradiation with UV light, which originates 

from the sun light and which is needed for the photocatalytic effect, increases the wettability 

by further reducing the contact angle. Therefore, it can be concluded that the synthesized 

TiO2/SiO2 coatings not only exhibit high thermal stability but also self-cleaning properties 

when applied to extended surfaces and exposed to high temperatures. 
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(Scale bar corresponds to 1 µm). 

Figure 13. SEM micrograph of the porous structure of TiO2/SiO2 coating before baking. 

CONCLUSION AND OUTLOOK 

In this contribution it was shown that photocatalytically active titania nanoparticles can 

be conditioned by interface passivation for high temperature applications and processes. 

As a simple technique with the potential for scale up to high yields flame synthesis was 

used to produce silica coated titania nanoparticles with high thermostability. It was shown 

that up to 1050°C grain growth and phase transformation from active anatase to inactive rutile 

was inhibited. However, the silica coating layer becomes permeable for reactive species only 

after heat treatment, as shown by the decomposition of organic compounds. While an increase 

of silica layer thickness improved the thermostability of TiO2 particles, the permeability of 

silica layer decreased at the same time. Therefore, an optimum layer thickness exists for each 

application temperature as compromise between thermostability and photocatalytic activity. 

For application as self-cleaning coatings the stabilized TiO2 particles showed also high 

thermostability up to 1050°C and higherphotocatalytic activity compared to reference 

material TiO2 P25. In addition, a good wettability of the TiO2/SiO2 particle coatings was 

observed. 

Based on the described results, this concept of high temperature stabilization can be 

refined for pure contact passivation and extended to other material systems such as metal 

nanoparticle catalysts. 
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