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Abstract 
 

As the world faces the increasing energy demands of its growing population a 

number of novel and renewable energy sources are being investigated as 

replacement agents for conventional fossil fuel species. In this study 

SiO2/TiO2 core–shell nanofibres were synthesised and characterised using 

facile experimental procedures. The synthesized catalyst was utilized for 

photodecomposition of hexamethyldisiloxane (HMS) in biogas. The results 

obtained revealed that by the decomposition properties of the created material 

it was possible to establish a photocatalyst equipped with properties capable of 

decomposing siloxanes in biogas with high efficiency. 

Keywords: Photogradation, Photocatalyst, Siloxanes, Titaniumdioxide, 

Nanofibres  
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INTRODUCTION 

Even though the many sub-1% contaminants in biogas remain at a very low concentration, 

a number of them can prove to be very harmful. Of these impurities, two different species 

of chemicals can be identified as being of particular concern for the usage of biogas as an 

alternative to conventional fossil fuels; sulfides (and in particular hydrogen sulphide, H2S) 

and siloxanes. Hydrogen sulfide is a particularly harmful chemical impurity present in 

biogas as it remains highly toxic in concentrations as low as parts per billion and upon 

combustion can convert into highly corrosive species such as sulfur dioxide (SO2 ) and 

sulfuric acid (H2SO4 ) [1]. In the light of this, a number of studies has been undertaken in 

order to decompose hydrogen sulfide and render biogas a more viable source of 

combustible fuel [2]. Despite the importance of H2S as a contaminant in biogas it is also 

essential to consider the siloxane contaminant species present in biogas as, although only 

present in minute concentrations, it can prove fatal to mechanical systems utilizing biogas. 

One of the major issues with pure titania nanostructures has been recognised as their 

mechanical weakness to mechanical stress variations. This weakness of titania nanofibres 

signifies that the durability of a pure titania catalyst would be heavily limited and, 

furthermore, that catalysts composed of solely titania nanostructures would only supply a 

very constrained use for industrial applications, both in terms of catalyst lifetime and 

catalyst mechanical stability. As a consequence of this, the strengthening of titania 

nanostructures through the introduction of more mechanically resistant materials is a very 

attractive prospect. Indeed, such structures would allow to maintain the high photocatalytic 

activity of titania catalysts whilst overcoming the major limitations of nanostructures 

formed solely of these catalysts. 

SiO2 is an inert material that possesses many advantageous properties, amongst which a 

relatively high resistance to mechanical and thermal stress. Studies on SiO2 nanofibres have 

shown that the construction of SiO2 nanofibres through electrospinning is a relatively 

facile, and high yield procedure [3]. These synthetic advantages combined with the 

mechanical strength displayed by silica nanofibres render SiO2 an ideal candidate for the 

creation of gas purification hybrid nanostructures. The creation of SiO2/TiO2 hybrid 

nanofibres was thus chosen for the synthesis of highly catalytic gas purification devices. 

However, although SiO2 nanofibres display a number of advantages, SiO2 is not a 

photoactive material. As such, the incorporation of SiO2 nanofibres in a TiO2 nanofibre 
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mat would effectively result in a decrease in catalyst photoefficiency. This problem was 

overcome by the creation of core-shell SiO2/TiO2 structures which allowed to maintain the 

total catalyst exposed surface area in the created materials as a photoactive species whilst 

remaining mechanically strong. 

A number of different procedures have been studied allowing the creation of 

SiO2/TiO2 core-shell structures. Such procedures usually focus on the initial creation of a 

silica substrate which is then coated by titania through a series of chemical procedures [4]. 

The coating procedures are usually carried out through the immersion of a substrate into a 

precursor solution and the subsequent conversion of the precursor into the desired 

chemical species. These processes are commonly called dip-coating procedures. Dip 

coating procedures have gained a lot of interest in the formation of complex 

nanostructures due to their relative simplicity and versatility. A number of complex 

nanostructures have been synthesised by using these simple dip-coating procedures. The 

validity of these procedures for the formation of TiO2 coatings was demonstrated 

successfully by Nakamura et al, through the dip coating of silica spheres using TiO2 

precursors [4-6]. Further studies also showed validity of dip coating procedures onto 

electrospun polymer nanofibres [7]. As such, the creation of SiO2/TiO2 core – shell 

nanofibres through dip-coating procedures was chosen as a method to overcome the 

inherent disadvantages presented by pure titania nanofibres. 

 

METHODS 

Synthesis of SiO2 / TiO2 Core – Shell Nanofibre  

The synthesis for SiO2/TiO2 core-shell nanofibres proceeded through two main steps. 

Firstly SiO2 nanofibres were created through a standard electrospinning procedure and 

then the created fibres were dip coated into a titanium precursor solution. The precursor 

was finally converted into titania allowing for the final synthesis of a TiO2 shell on the SiO2 

nanofibres. 

Phosphoric acid (85% , 50µl) was added dropwise to a solution of TEOS (50 %wt) in 

deionised water and allowed to stir for 5 hours in order to create an initial SiO2 gel 

precursor. The created gel was then added to a solution of PVA (hydrolysed, 11 %wt, MW 

85000 – 124000) in deionised water and allowed to stir for a further 2 hours. Finally, the 

created solution was extruded from a stainless steel syringe needle (23 gauge) through the 
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means of a high voltage (20 kV) current applied to the needle. A syringe pump was used to 

inject the created solution into the needle at a constant rate (2 ml/h).  The created fibres 

were collected on a grounded Al rotating drum placed at a fixed distance (25cm) from the 

needle. Figure 1 shows a schematic representation of the experimental set up used for the 

nanofibre electrospinning procedure.  After the electrospinning procedure was completed, 

the created fibre mat was then removed from its substrate and placed in a furnace at 900 oC 

for 14 h in order to remove the PVA framework and create pure SiO2 nanofibres. 

 

Figure 1: Schematic representation of the experimental set up used for the synthesis of 

nanofibres 

 

The newly synthesised SiO2 nanofibres were then covered with TiO2 layers of 

controlled thickness by using a simple four step procedure. Firstly, the nanofibres were 

immersed for 30 minutes into a solution of TTiP (5 %wt) in IPA, this allowed the 

adsorption of the titanium precursor onto the surface of the silica. Secondly, in order to 

clean any non adsorbed excess from the surface of the sample, the fibres were immersed 

into an IPA solution. Thirdly, the remaining precursor adsorbed on the fibres was 

hydrolised into Ti(OH)2 by immersing the fibres into deionised water. Finally the excess 

water in the fibre mat was removed by immersing the sample in IPA. This four step 

procedure was repeated up to 10 times in order to allow for the formation of multiple 

shells on the silica nanofibres. Once the dip coating cycle was completed, the samples were 

allowed to dry in air and placed in a furnace at 550 oC for 3 hours in order to allow for the 

conversion of the titanium hydroxide into TiO2 and improve the crystallinity of the sample. 
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Photodegradation of Siloxane 

Siloxane Photodegradation  

A simple static gas reactor was used in order to verify the photocatalytic properties of the 

synthesized SiO2/TiO2 nanomaterial. 0.2 ml HMS was placed into a 115 cm3 round 

bottomed flask which was placed in a graphite bath at 130℃. This was to allow the 

siloxane to fully vaporize, after which 10 ml of the gaseous HMS in air was removed from 

the round bottomed flask using a syringe and injected into a gas tight ampoule containing 

a known mass of the photocatalyst. The glass ampoule was then placed in a UV chamber 

(Figure 2) and GC-FID sampling was used to monitor the concentration of HMS within 

the ampoule. When the HMS concentration in the ampoule became stabilized, the UV 

lights (UVa, with a spectral peak at 365 nm) were turned on. The change in concentration 

of HMS in the system was monitored until a new equilibrium was reached.  

 

 

Figure 2: Experimental set up for static gas phase HMS photodecomposition 

reactions.  

 

Further experiments were performed aimed at studying the lifetime, extended 

kinetics, and potential SiOx loading on the TiO2 catalyst. After observing loss of reactivity 

in the system, further injection of gaseous HMS in air (10 ml) was made into the airtight 

vial. A bleed needle was inserted into the ampoule during injection so as to negate 

increased pressure effects on the photocatalysts as well as to maintain a stable adsorption. 

After the injection, the concentration of HMS within the system was monitored until it 

became stable. The UV lights in the photoreaction chamber were then turned on and the 

HMS concentration was recorded until further stabilisation was reached. HMS/air 
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injections were repeated until no further HMS decomposition was observed in the 

presence of UV light. 

 

RESULTS AND DISCUSSION  

Characterization data  

The created core – shell nanostructures were analysed through scanning electron 

microscopy (JEOL-JSM 820 scanning microscope), energy dispersive x-ray spectroscopy 

and x-ray diffraction (Siemens Kristalloflex Diffraktometer using a Cu plate at a wavelength 

of 1.54Å). The use of SEM imaging allowed to ascertain that the created nanostructure 

morphology from the electrospinning procedure was indeed of fibrous nature (Figure 3A) 

and that this structure was not radically changed after the coating procedure (Figures 3B 

and 3C). It can also be seen in Figure 3C that the specific fibre morphology was very rough 

after the formation of the TiO2 coating. In a similar study on the growth of TiO2 layers on 

ZnO rods Fan et al. [8] proposed that the origin of the roughness could be attributed to 

the mismatch between the lattice of the TiO2 and its substrate which impeded the epitaxial 

growth of the TiO2 on the substrate surface. As a consequence of this the TiO2 shell 

growth is believed to occur preferentially from a number of nucleation points on the 

surface rather than grow homogeneously [8-10]. 

 

Figure 3: Electron micrographs of pure silica fibres synthesised before (A) and after (B 

and C) a TiO2 dip coating procedure involving 10 coating cycles. Figures B and C show the 

general (B) and specific (C) structures of the newly formed core – shell structures. 

It is also important to note the presence of nanocristallites in the core-shell 

nanostructured mats as can be seen in Figures 3B and 3C. These nanocrystallites are 

believed to be TiO2 impurities arising from the dip-coating procedure. Indeed, the natural 
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high surface area of a nanofibre mat renders it ideal for the trapping of solutions such as 

water or TTiP mixtures. As a consequence of this high trapping ability it is believed that the 

cleaning procedure during the formation of the TiO2 shells is insufficient for the complete 

removal of excess precursor solution. Upon contact with water the trapped excess solution 

is then converted into the observed nanocrystallite structures which become less mobile 

throughout solutions and thus remain stuck within the nanofibre mat. It is believed that the 

occurrence of these crystals would not impact significantly the photocatalytic activity of the 

created nanostructures due to their relatively low surface area and adsorption sites. These 

limited adsorption sites signify that the photodegradation of siloxane species will still occur 

mainly on the nanofibre surface, thus rendering the overall contribution of the observed 

nanocrystallites towards siloxane photodegradation, negligible. 

From the SEM micrographs of a series of core-shell nanostructured samples, it was 

possible to establish a growth profile for the thickness of the TiO2 shell in relation to the 

number of dip-coating procedures carried out on a given sample. From the growth profile 

shown in Figure 4 it can be calculated that each individual coating cycle will reliably create a 

TiO2 layer with a thickness of 20nm on the coated sample. 

 

Figure 4: Thickness of TiO2 shell coating on studied SiO2/TiO2 core – shell 

nanostructures in relation to the number of coating cycles 

 

Figure 5 shows the EDX spectrum of a created core- shell structure created after 

repeating the dip coating cycle nine times. It is possible to see clearly from Figure 5 that the 
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analysed sample exhibits both Si and Ti peaks, the Cu peaks observed arise from the 

substrate on which the fibres were laced during analysis.   

 

 

Figure 5: EDX spectrum of SiO2/TiO2 core – shell nanofibers after 9 dip coating cycles. 

The Cu peaks originate from the Cu substrate onto which the fibres were placed for 

analysis. 

Figure 6 shows the XRD spectra of a SiO2 nanofibre sample before and after the dip 

coating procedure. From Figure 6, it is possible to note that after the coating procedure, 

the pattern showing the amorphous structure of the pure SiO2 nanofibres changes to 

display the typical pattern of the anatase crystal structure of TiO2 (identified by correlating 

the JCPDS database 21-1272). The absence of the rutile phase of TiO2 is attributed the 

better stability of the anastase crystal structure which would have been formed 

preferentially during the thermal conversion of Ti(OH)2 into TiO2 [9-11]. As such, from 

Figure 6 it becomes clear that TiO2 was successfully added to the SiO2 nanofibre mats 

through the dip coating procedure. 
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Figure 6: X-ray diffraction patterns showing the amorphous nature of the created SiO2 

nanofibres (below) with respect to the same fibres after the dip-coating procedure. The 

peak observed at a 2θ value of 21.4 arises from the crystal structure of the calcite substrate 

onto which the fibres were placed during analysis. 

 

Photodegradation of Siloxanes 

As expected, during the evolution of HMS in relation to time and UV illumination in the 

presence of pure TiO2 
nanofibres, three distinct stages of events were observed. First, the 

adsorption onto the photocatalysts; second was the photoinduced desorption and lastly, 

photo-decomposition process. It can be observed from Figure 7, that upon an initial 

injection of HMS, it rapidly adsorbed onto the surface of the catalyst, which led to its 

exponential decrease in concentration. Eventually, the adsorption process reached a 

steady state, leading to a constant HMS concentration, prior to UV irradiation. 
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Figure 7: Time and UV illumination dependent evolution of HMS concentration 

in a static reactor system with pure TiO2 nanofibres. 

 

A significant increase in HMS concentration can be observed (Figure 7) upon UV 

illumination, which arises from the photoinduced desorption of HMS from the surface of 

the photocatalyst. Photoinduced desorption is known to be caused by photonic excitation 

of the catalyst surface which, becomes more repulsive as a result of the occurring 

electronic transitions [12]. Photodecomposition occurs concurrently with photoinduced 

desorption. As also seen in Figure 7, the rate of photodesorption initially remains higher 

than that of photodegradation, with an increase in HMS concentration within the system. 

However, as the rate of photodegradation outweighs that of photodesorption, the 

concentration of HMS drops rapidly.  Furthermore, as the time of photodegradation is 

extended, decline in HMS concentration in the system can be seen which, to follows an 

exponential decay as shown in Figure 8.  
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Figure 8: Evolution of HMS concentration in the presence of pure TiO2 

nanofibres in relation to time and UV illumination. 

 

Nevertheless, further extension of the time caused the rate of removal of HMS to plateau 

due to the consumption of HMS in the system (Figure 8). After undergoing an extensive 

photo-degradation, the concentration of HMS becomes low enough in such a manner that 

only a minimal amount of the siloxane will be adsorbed on the TiO2 surface ultimately 

causing an overall decrease in photocatalytic activity.  

 

Reaction Mechanism  

Ren-De Sun et al [13]. proposed the reaction scheme for the decompositions of 

siloxanes adsorbed on photoactive TiO2 shown in equations (1) to (12).  

TiO2 + hv   TiO2 + e- + h+  (1) 

OH- + h+ ·OH    (2)    

O2(ads) + e-   O2
·   (3) 

O2 + H+  HO2·    (4)   

-Si-CH3 + OH  -Si-CH2 + H2O           (5) 

-Si-CH2
· + O2  -Si-CH2OO·   (6)       

 -Si-CH2OO· + e-  -Si-CHO + OH-       (7) 

-Si-CHO + ·OH  -Si-CO· + H2O  (8)  
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-Si-CO· + O2  -Si-(CO)OO·           (9) 

-Si-(CO)OO· + H2O  -Si-(CO)OOOOH  -Si-(CO)O· + O2 + ·OH 

 (10) 

-Si-(CO)O·  -Si· + CO2        (11)   

-Si· + ·OH  -SiOH         (12) 

 

Although TiO2 photocatalysis was established as a theoretically viable mean for the 

removal of siloxanes from biogas, the created SiOx species on the TiO2 surface was seen to 

be detrimental to the longevity of the catalyst. Indeed, studies by Hay et al. [14] 

demonstrated that as the photodecomposition process was carried out for extended 

periods of time (up to 18 months of continual use) SiOx deposits were seen to form on the 

photocatalysts. At low concentrations, these deposits only lowered the photocatalytic 

efficiencies of the created filter systems but at higher concentrations, the deposited SiOx 

layer was seen to effectively act as an insulator, preventing electron mobility from the 

catalyst to surface adsorbed species, and thus effectively neutralising the catalyst [15-19].  

Nonetheless, the main limitations for the use of TiO2 as a photocatalyst for the 

removal of siloxanes from biogas are not due to the poisoning of the catalyst, an issue 

which can easily be overcome through the use of a variety of techniques [20-23], but due to 

the relatively low efficiency of this method for the removal of siloxanes in biogas.  Indeed, 

although the use of a photocatalyst for the decomposition of siloxanes would allow for a 

more facile removal technique compared to those already in use, such a system cannot yet 

withstand the intensive use required by industrial processes. These limitations, however, 

could be resolved by the use of nanostructured TiO2 materials which offer a considerable 

series of advantages compared to their macroscale counterparts. 

 

CONCLUSION 

In conclusion, it is possible to say that the initial studies presented in this study towards 

the construction of metal oxide nanocatalysts for photodegradation of siloxanes in biogas 

were successful. However, the specific control of the material morphology and its effects 

on the photocatalytic efficiency for the degradation of siloxanes in biogas are subjects that 

remain to be investigated. As such the synthesis of TiO2 nanostructures was deemed as an 
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essential progression for modern siloxane photodegradation technologies and their 

applicability in industrial situations. Electrospun nanofibres have inherent high surface area 

and facile synthesis procedures. Through the use of SEM, EDX and XRD analytical 

techniques it was possible to successfully characterise the created nanostructures and 

determine that the developed procedure allowed the synthesis of SiO2/TiO2 core – shell 

nanofibres within a narrow diameter range. SiO2/TiO2 core – shell nanofibres eliminated 

the fragility of titania nanofibres, which has been a major drawback and significantly limits 

the applicability of pure TiO2 nanofibres for industrial applications. Furthermore, the facile 

experimental technique used for the synthesis of these structures was demonstrated to 

allow for a fine control over the thickness of the TiO2 shell on the silica nanofibres. 

The ability to successfully create a controlled TiO2 shell on SiO2 is one of essential 

interest in the photodegradation of siloxanes. Indeed, one of the major issues displayed by 

TiO2 photocatalysts during the degradation of siloxane species is the poisoning of the 

catalyst. This poisoning is known to occur as a consequence of the accumulation of silica 

microscristallites on the surface which are created as a consequence of siloxane 

photodegradation. Thus, by using the coating technique presented in this work it would be 

simple to create a novel photoactive layer on poisoned catalyst surfaces, thus creating a 

facile photocatalyst regeneration technique which could be highly appealing from an 

industrial perspective. 
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