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Photocatalytic Composites of Silicone Nanofi laments 
and TiO 2  Nanoparticles
 Nanoscale TiO 2  photocatalysts are key materials for convenient wastewater 
treatment and other essential cleaning processes. Immobilization of TiO 2  
nanoparticles (NPs) is thus indispensable for the facile handling and sepa-
ration of nanocatalysts as well as for minimizing their potential health and 
environmental hazards. Silicone nanofi laments are introduced as a new fl ex-
ible carrier type for titania NPs because they are compatible with a wide range 
of substrates and they display high chemical stability. TiO 2 -NPs are depos-
ited on glass slides covered with thin carpets of silicone nanofi laments in a 
single reaction step starting from TiF 4  and optimized ethanol/water ratios. 
The resulting composites are characterized using a wide range of electron 
microscopy and other analytical techniques, and their photocatalytic activity 
in the decomposition of methylene blue (MB) is superior to immobilized TiO 2  
references on plain substrates. 
  1. Introduction 

 Constant access to clean water resources is essential for the 
future of modern society, so that the development of low-cost 
and effi cient photocatalysts for wastewater treatment is an 
urgent and highly relevant research area. [  1  ]  As photocatalytic 
titanium(IV)-oxide TiO 2  is the market leader for water and 
surface cleaning processes, [  2  ]  controlling the potential environ-
mental and health hazards of TiO 2  nanoparticles (TiO 2 -NPs) is 
an important task of general interest. [  3  ]  Given that immobiliza-
tion of TiO 2 -NPs on Si-containing substrates is an elegant solu-
tion, [  4  ]  we here present a new concept: silicone nanofi laments 
grown on glass slides are introduced as a new and fl exible car-
rier prototype for nanoparticulate titania photocatalysts. 

 Over the past decades, various types of high surface area 
materials, such as mesoporous silica, [  5  ]  zeolites, [  6  ]  carbon 
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nanotubes [  7  ]  or MOFs, [  8  ]  have been devel-
oped. In addition to their application in 
separation and energy storage technolo-
gies, they also offer the opportunity of 
grafting nano-catalysts whilst preserving 
their high specifi c surface areas and activi-
ties. [  9  ,  10  ]  Some of us have recently added 
a new type of silicone carriers to this key 
compound family. [  11  ,  12  ]  Polysilsesquioxane 
nanofi laments with a length of several 
micrometers and diameters around 50 nm 
can be grown as thin carpets on a variety 
of substrates (e.g., glass, aluminum, poly-
ethylene), and they exhibit good envi-
ronmental [  13  ]  and chemical stability. [  14  ,  15  ]  
Their formation proceeds via convenient 
gas phase [  13  ]  or solvent methods. [  14  ,  15  ]  
Superhydrophobicity (water contact angle 
 >  150 ° ) is the most intriguing property 
emerging from this novel coating approach, and it results 
from the intrinsic hydrophobicity of silicone in combination 
with a high surface roughness due to the nanosized fi laments. 
According to the Cassie-Baxter theory for the wetting of rough 
surfaces, [  16  ]  roughness refl ects the high specifi c surface area 
of the material, i.e., the ratio of the accessible to the projected 
surface. Furthermore, the high surface area of the silicone 
nanofi lament carpets was exploited for the fi rst time by their 
post-functionalization with amino and carboxy groups, respec-
tively. [  17  ]  This brought forward 3D surface-bound and reusable 
ionic exchange resins with high specifi city towards oppositely 
charged proteins in combination with their strong retention. 

 To the best of our knowledge, immobilization of TiO 2 -NPs on 
the above-mentioned silicone nanofi lament carriers, or on mate-
rials offering a comparable repertoire of new surface properties 
on a variety of substrates, has not been reported to date. Fur-
thermore, many of the TiO 2  immobilization strategies reported 
hitherto leave room for optimization, as briefl y summarized in 
the following. The most direct option, i.e. immobilization of 
TiO 2 -NP photocatalysts on reactor walls, [  18  ]  frequently leads to a 
decline in performance [  19  ]  or requires the use of polymer medi-
ators. [  20  ]  Although TiO 2 -polymer composites are promising and 
offer a high tuning potential, [  21  ]  they are more diffi cult to direct 
into persistent and stable morphologies [  22  ]  than inorganic car-
riers for TiO 2  composites. Among carbon-containing inorganic 
substrates for TiO 2 -NP immobilization, [  23  ]  carbon nanotubes 
are of high interest as carrier materials, [  24  ]  but their application 
leads back to the general issue of nanotoxicity. Direct coating 
of glass substrates with TiO 2 -NPs may decrease their catalytic 
activity through Na  +   migration [  25  ]  which has preferably been 
prevented through polymer coating to date. [  26  ]  
4433wileyonlinelibrary.com
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     Figure  1 .     Synthetic route to TiO 2 -coated silicone nanofi laments.  

     Figure  2 .     Representative SEM images of silicone nanofi laments a) before 
and b) after coating with titania nanoparticles.  
 Si-doping improves the catalytic properties of TiO 2 , [  27  ]  which 
renders Si/Ti-based carrier combinations an ideal match. They 
have been implemented for silica substrates with clear-cut mor-
phologies [  4  ,  28  ]  and for less defi ned silicone-based composites. [  29  ]  

 We now introduce silicone nanofi laments for new carrier 
strategies which combine defi ned and stable fi lament mor-
phologies with fl exible silicone properties. Further advantages 
for photocatalyst composite design are the wide variety of sub-
strates which can be covered by silicone nanofi laments, and 
their coating of glass without adverse effects such as transpar-
ency losses or Na  +   leaching. In the following, we report on the 
synthesis of TiO 2 -NP/silicone nanofi lament composites grafted 
to glass slides and on their photocatalytic activity in the degra-
dation of methylene blue.  

  2. Results and Discussion 

  2.1. Coating of Glass Substrates with Silicone Nanofi laments 

 A wet chemical approach was employed to cover glass slides 
with a carpet of silicone nanofi laments as high-surface-area 
carriers for titania (TiO 2 ) nanoparticles ( Figure    1  , top). This 
synthetic pathway has been reported to afford coatings with 
superhydrophobic and superoleophobic properties on a variety 
of surfaces. [  14  ,  15  ]  In short, cleaned microscope glass slides 
were mounted in a custom built reaction chamber, which was 
backfi lled with dry toluene. In analogy to the CVD (chemical 
vapor deposition) of TCMS (trichloromethylsilane), the water 
content is crucial for the formation of the nanofi lament struc-
tures [  11  ,  13  ]  so that it was monitored via Karl-Fischer-Coulometry 
and adjusted by fl ushing the reaction chamber with humidifi ed 
or dry nitrogen, respectively. After injection, TCMS undergoes 
hydrolysis and polycondensation into silicone nanofi laments 
growing from the glass surface. In line with previous studies, 
contact angle goniometry on the functionalized glass slides 
yielded values of   θ    >  150 °  and sliding angles   α    <  10 ° . [  11–14  ]  
These superhydrophobic properties are accompanied by a high 
nanoroughness as evident from SEM images showing a fi brous 
network of highly entangled fi laments ( Figure    2  a).   

 Subsequent plasma treatment induced hydrophilic sur-
face properties, [  17  ]  thus indicating the successful introduction 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
of Si-OH groups as a prerequisite for further functionaliza-
tion. [  30  ]  This pre-treatment turned out to be indispensable for 
the deposition of titania nanoparticles (Figure S3, Supporting 
Information). We currently investigate whether this require-
ment is caused by a lack of reactive surface hydroxyl groups in 
the pristine nanofi laments or by their superhydrophobic prop-
erties. It goes without saying that the latter signifi cantly infl u-
ence the solid/liquid interface and thus the growth process of 
the nanoparticles.  

  2.2. Deposition of Titania Nanoparticles on Silicone 
Nanofi laments 

 Coating of silicone nanofi laments with fi nely dispersed titania 
nanoparticles was achieved through adjustment and optimiza-
tion of protocols based on TiF 4  as a precursor in ethanol/water 
media (Figure S2–S5, Supporting Information). [  31–33  ]  As titania 
nanoparticles are formed through a hydrolysis/condensation 
sequence at elevated temperatures (Figure  1 , bottom), reaction 
conditions were screened to selectively induce TiO 2  nanoparticle 
formation on the fi lament surface. Plasma activated substrates 
were thus immersed in solvent mixtures of varying polarity 
at different temperatures. Solvent polarity was found to be an 
important parameter: whereas no signifi cant titania particle for-
mation was observed in pure ethanol or pure water (Figure S2, 
Supporting Information), ethanol/water mixtures display suit-
able polarity for coating processes. 4:1 (v/v) mixtures of ethanol 
and water were identifi ed as the optimal solvent. Next, the reac-
tion temperature window was adjusted. Mild heating to 60  ° C 
led to successful TiO 2  coating of the silicone nanofi lament sub-
strates within one hour, whilst coating attempts at room tem-
perature did not lead to particle growth even after prolonged 
treatment for 48 h. Longer coating times at 60  ° C have an 
adverse effect, because the nanofi laments are fi nally embedded 
into a thick titania layer which closes the interfi lament gaps 
(Figure S5, Supporting Information). All in all, TiO 2  nanopar-
ticles were deposited on individual and well separated silicone 
nanofi lament carriers through 1 h of controlled hydrolysis of 
TiF 4  in a 4:1 (v/v) mixture of ethanol and water at 60  ° C. 

 SEM images of the novel composites show the homogeneous 
distribution of titania particles with an average particle size of 
50–90 nm all over their surface (Figure  2 b) so that the nanofi la-
ment substrates are embedded into a TiO 2  shell. 

 TEM investigations on individual titania nanoparticles 
revealed that they are in fact agglomerates of smaller particles in 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4433–4438
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     Figure  3 .     Representative TEM images of silicone nanofi laments a) before 
and b) after coating with titania nanoparticles. c) HRTEM image of 
titania nanoparticles with the (101) and (200) lattice planes of anatase 
indicated.  

     Figure  5 .     SAED pattern of nanocomposites after thermal treatment at 
400  ° C (left) vs. SAED pattern of commercial P25 standard (right);  d  
values are reported in Å.  
the range between 15 and 25 nm ( Figure    3  ). The lower coating 
density observed in the TEM images is probably due to the 
harsh ultrasonication treatment required for sample preparation 
which leads to separation of particles from the fi lament surface. 
This effect renders TEM and SEM images diffi cult to compare.  

 The composition of the new composite materials was deter-
mined with energy dispersive X-ray analysis (STEM-EDX) 
( Figure    4  ). While Cu signals in the EDX spectrum are clearly 
© 2012 WILEY-VCH Verlag G

     Figure  4 .     Representative EDX spectrum of silicone nanofi lament/titania 
nanoparticle composites (Cu signals arise from the sample holder) and 
sample annealed at 300  ° C showing no morphological change after 
photo catalytic degradation of methylene blue (inset).  

Adv. Funct. Mater. 2012, 22, 4433–4438
due to the sample holder, the carbon peak may indicate a partial 
contribution of the methyl groups of the silicone nanofi laments 
which is diffi cult to differentiate from sample holder signals. 
Intense O, Si and Ti peaks confi rm the presence of a composite 
with negligible residues of Na and F. This result points to the 
successful exclusion of sodium titanate as a side product and 
to minimal sodium impurities in the fi nal product. Although 
silicone nanofi lament etching by fl uoride cannot be completely 
excluded given the high Si–F binding energy, the applied reper-
toire of analytical methods does not permit a conclusion on the 
presence of covalently bound fl uorine in the carriers.  

 The crystallinity of the TiO 2  coating layer and possible 
synergistic effects between anatase and rutile are crucial para-
meters for the photocatalytic performance of the composites. [  34  ]  
Whereas SAED investigations on as-synthesized composites 
displayed only weak refl ections, their crystallinity was signifi -
cantly improved through annealing. 5 h of thermal treatment 
at 400  ° C afforded a characteristic ring-shaped diffraction pat-
tern of titania nanoparticles ( Figure    5  , left). Although charac-
teristic lattice fringes of selected anatase particles are visible in 
Figure  3 c, the bulk evaluation of refl ection intensities and posi-
tions did not permit a clear assignment to phase-pure anatase or 
rutile, respectively. This indicates the presence of a phase mix-
ture with overlay of broadened nanoparticle refl ections beyond 
the resolution limits of SAED. This hypothesis is backed by a 
comparison of the composite diffraction pattern with Degussa 
P25 as a commercial TiO 2  standard (Figure  5 , right), which has 
recently been described as a mixture of 19:81 wt% rutile and 
anatase with a crystallite size of 21 nm. [  35  ]  Generally, P25 ben-
efi ts from the interaction of rutile and anatase phases which 
renders it the benchmark for many photocatalytic studies. [  36  ]  
Agreement of experimental and P25 reference patterns indi-
cates that the silicone nanofi laments are coated by a mixture of 
4435wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  6 .     a) Photodegradation of methylene blue (MB) in the presence of 
silicone nanofi lament/titania composites under UV irradiation at 370 nm 
(black  =  self-degradation of MB; red  =  titania reference on glass support; 
green  =  pristine composite; blue  =  composites annealed at 300  ° C; cyan  =  
composites annealed at 400  ° C). b) Repeated recycling experiments for 
the photodegradation of MB under UV irradiation at 370 nm in the pres-
ence of silicone nanofi lament/titania composites annealed at 400  ° C.  
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anatase and rutile nanoparticles. However, neither powder X-ray 
diffraction experiments nor Raman spectroscopy investigations 
on bulk samples separated from glass sample holders enabled 
further phase quantifi cations due to generally low peak intensi-
ties caused by small quantities obtained from thin fi lm grafting 
on the glass slides. The formation of a rutile/anatase mixture in 
the present study is probably due to signifi cant differences of 
the TiO 2  coating procedure from previous approaches. [  32  ]  Firstly, 
an ethanol/water solvent mixture was used instead of water and 
secondly, composite formation was performed at lower temper-
atures (60  ° C) than in preceding protocols based on aqueous 
media. [  31  ,  32  ]  Furthermore, considerably smaller TiF 4  precursor 
amounts were used for composite formation, and no further 
treatments or additives were required in comparison with TiF 4 /
H 3 BO 3 -based routes. [  32  ]  All in all, this renders the newly estab-
lished preparative TiO 2  coating pathway straightforward and 
thus interesting for subsequent scale-up processes.   

  2.3. Photocatalytic Activity of Silicone Nanofi lament/Titania 
Nanocomposites 

 The photocatalytic performance of the composite fi laments was 
evaluated through monitoring the degradation of the organic 
standard test dye methylene blue (MB) under UV irradiation. 
Details on sample preparation and photoreactor setup can be 
found in the experimental section. The light source used for the 
photocatalytic experiments exhibits minimal spectral overlap 
with methylene blue (Figure S1, Supporting Information), thus 
minimizing the infl uence of dye sensitization on the activity 
of the TiO 2  containing samples. Self-degradation of MB in the 
absence of any photocatalyst remains low after 2 h (14%), and 
 Figure    6  a summarizes the absorption behavior of MB degrada-
tion experiments with composites and references.  

 In order to determine the infl uence of fi lament-related sur-
face area effects, titania nanoparticles were deposited on a glass 
support to generate a reference composite without additional 
surface roughness (Figure S6, Supporting Information). Direct 
comparisons with P25 (which displays faster degradation under 
the given conditions) are diffi cult to standardize because of the 
small amounts of TiO 2  deposited on the fi laments (cf. remarks 
in the Supporting Information). The photocatalytic perform-
ance of titania nanoparticles in the absence of silicone nanofi la-
ment carriers after 2 h was signifi cantly lower (32%) than MB 
degradation in the presence of fi brous composites (71% after 
2 h). As a result, the enhanced photocatalytic properties of the 
coated silicone nanofi laments can to a large extent be attributed 
to higher specifi c surface areas (note that precise surface area 
quantifi cations were not possible on the glass slide substrates; 
for further remarks on analytical methods cf. Supporting Infor-
mation). Annealing of the composite material at 300  ° C prior 
to photocatalytic tests further enhanced its photocatalytic effi -
ciency (81% after 2 h, cf. Figure  6 ), and maximum performance 
(89% MB degradation after 2 h) was obtained after annealing 
at 400  ° C. This can generally be attributed to improved crys-
tallinity through thermal treatment within the limited accuracy 
of SAED measurements (Figure  5 ). The material did not dis-
play morphological changes after the reaction (Figure  4 , inset; 
Figure S7, Supporting Information) and the sample annealed 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
at 400  ° C showed recyclable and stable photocatalytic activity in 
four MB photodegradation cycles (Figure  6 b).   

  3. Conclusions 

 Silicone nanofi lament carpets on glass sample holders were 
newly introduced as fl exible carriers for titania nanoparticles 
in the range between 50 and 90 nm. The silicone nanofi la-
ment/TiO 2  composites are accessible from a quick and conven-
ient one-step approach via hydrolysis of TiF 4  in ethanol/water 
mixtures. The combination of low titania nanoparticle size 
and enhanced surface area results in promising photocatalytic 
activity of the composites in MB degradation. Our approach 
opens up new photocatalytic functionalization options for a 
variety of substrates that are well compatible with silicone 
nanofi lament coatings. This renders the novel coating strategy 
a prototype approach for grafting surfaces with catalytic nano-
composites combining multiple functionalities. Moreover, the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4433–4438
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facile composite preparation strategy renders it attractive for 
both technical scale-up and for attaching other catalytically 
active species to silicone nanofi laments. Further investigations, 
e.g., immobilization of water oxidation catalysts on the fl exible 
carrier fi laments, are currently in progress.  

  4. Experimental Section 
  Materials : Trichlormethylsilane (97%, ABCR) was stored and handled 

under dry nitrogen atmosphere. TiF 4  (99%, ABCR), methylene blue 
(Fluka) and P25 (Degussa) were used as received. Ethanol p.a. (Merck) 
and anhydrous toluene (extra dry, 99.8%, ACROS) were used without 
further purifi cation. Microscope glass slides were purchased from 
Menzel Gläser and were cleaned with a 10% (v/v) aqueous solution of 
the detergent Deconex (Borer Chemie). 

  Silicone Nanofi laments : Microscope glass slides were ultrasonicated 
in Deconex solution for 15 min at 50  ° C, rinsed with deionized water 
and dried in a stream of nitrogen. The cleaned glass slides were fi xed 
in a custom made reaction chamber backfi lled with toluene (300 mL). 
The water content was monitored by Karl-Fischer-Coulometry (Mettler-
Toledo DL32) and adjusted to 125  ±  5 ppm by fl ushing with humidifi ed 
or dry nitrogen, respectively. The reaction was started by addition 
of trichloromethylsilane (100  μ L) and stirred over night at room 
temperature. Samples were rinsed with acetone, ethanol and copious 
amounts of deionized water in this order, prior to quality control of the 
coating by contact angle goniometry and scanning electron microscopy. 

  Deposition of TiO 2  : For screening experiments, silicone nanofi lament 
coated glass slides were cut into pieces of ca. 2 cm  ×  2 cm and subjected 
to an oxygen plasma for 85 s at 100 W (Femto, Diener electronic), 
followed by rinsing with water and drying in a stream of nitrogen. 
Samples were submerged in a mixture of ethanol p.a./deionized water 
(120 mL in total) in a glass beaker and equilibrated at the desired 
temperature for 10 min. TiF 4  (30 mg) was added under stirring and 
samples were withdrawn at specifi c times. For photocatalytic tests 
full glass slides (76 mm  ×  26 mm) were activated as described above. 
Subsequently, the slides were submerged in a mixture of ethanol p.a .  
(120 mL) and deionized water (30 mL). After thermal equilibration 
TiF 4  (37.5 mg) was added and the deposition was continued for 1 h at 
60  ° C. Samples were rinsed with deionized water after the deposition 
and blown dry in a stream of nitrogen. Calcination was carried out with a 
heating ramp of 1 h to the desired temperature which was held for 5 h. 

  Characterization : Contact and sliding angle measurements of 10  μ L 
drops were performed on a Contact Angle System OCA (DataPhysics, 
Germany) with a custom built tilting table and analyzed with the included 
software. Scanning electron microscopy was carried out on a Zeiss 
SUPRA 50VP. Samples were cut into small pieces and sputter coated 
twice with 10 nm of either Pt or Au/Pd to reduce charging. Electron 
microscopy images were collected using the in-lens detector at an 
acceleration voltage of 2 kV and 3 mm working distance. Transmission 
electron microscopy, electron diffraction and energy dispersive 
X-ray analysis were carried out on a FEI Tecnai G2 Spirit at 120 kV 
acceleration voltage. Approx. 1 cm 2  of glass slide was cut into pieces 
and ultrasonicated for 1 min in 0.5 mL of ethanol p.a. to separate the 
TiO 2  composites from the glass support. About 10 drops of the obtained 
solution were slowly dropped on carbon coated copper grids and dried 
under ambient conditions. 

  Photocatalytic Measurements : For methylene blue (MB) degradation 
experiments a defi ned area of 53 mm  ×  26 mm of the TiO 2 -coated 
sample was used while the remaining area of the glass slide was covered. 
The accordingly prepared sample was immersed into a quartz reaction 
vessel (thermostated by a cooling fi nger to 23  ° C) fi lled with MB solution 
(150 mL, 0.67 ppm) whilst an air fl ow (100 mL/min) ensured a constant 
O 2  concentration of the stirred suspension. 10 light bulbs (Philips PL-S 
BLB, emission maximum at 370 nm, spectrum cf. Figure S1, Supporting 
Information) were arranged around the photoreactor vessel in a circular 
fashion. After defi ned time intervals, the absorbance of samples 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4433–4438
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