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Preface 

This Special Issue of Coatings is focused on the study of different photocatalyst-based 
coatings for developing self-cleaning, air-purifying and antibacterial properties. In this case, a 
wide variety of photocatalysts (TiO2, Si-TiO2, TiO2−xNy, Ag-TiO2, Mo-TiO2, ZnO, SnO2-Ag, 
Nb2O5 and C60 fullerene) were evaluated towards the removal of different molecules. 
Similarly, substrates such as glass, silica, sapphire, polycarbonate, aluminium, stainless steel, 
concrete and mortar were included in this issue. This information certainly contributes to a better 
understanding of the photocatalytic removal of different molecules (e.g., Escherichia coli, 
Staphylococcus aureus, resazuring, rhodamine B, methylene blue, Demeton-S, 2-chloroethyl 
phenyl sulfide (CEPS) and NOx (NO and NO2)) and the coating technologies required for 
such performances. Based on these interesting results, I encourage you to read through this 
Special Issue and use the valuable information provided therein to help us move forward in 
the exciting area of photocatalytic coatings for developing air-purifying, self-cleaning, and 
antimicrobial properties. 

 

Anibal Maury-Ramirez 
Guest Editor 
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Antibiofilm Activity of Epoxy/Ag-TiO2 Polymer 
Nanocomposite Coatings against Staphylococcus Aureus and 
Escherichia Coli 

Santhosh S. M. and Kandasamy Natarajan 

Abstract: Dispersion of functional inorganic nano-fillers like TiO2 within polymer matrix is known 
to impart excellent photobactericidal activity to the composite. Epoxy resin systems with Ag+ ion 
doped TiO2 can have combination of excellent biocidal characteristics of silver and the photocatalytic 
properties of TiO2. The inorganic antimicrobial incorporation into an epoxy polymeric matrix was 
achieved by sonicating laboratory-made nano-scale anatase TiO2 and Ag-TiO2 into the industrial grade 
epoxy resin. The resulting epoxy composite had ratios of 0.5–2.0 wt% of nano-filler content. The 
process of dispersion of Ag-TiO2 in the epoxy resin resulted in concomitant in situ synthesis of silver 
nanoparticles due to photoreduction of Ag+ ion. The composite materials were characterized by DSC 
and SEM. The glass transition temperature (Tg) increased with the incorporation of the nanofillers 
over the neat polymer. The materials synthesized were coated on glass petri dish. Anti-biofilm 
property of coated material due to combined release of biocide, and photocatalytic activity under 
static conditions in petri dish was evaluated against Staphylococcus aureus ATCC6538 and 
Escherichia coli K-12 under UV irradiation using a crystal violet binding assay. Prepared composite 
showed significant inhibition of biofilm development in both the organisms. Our studies indicate that 
the effective dispersion and optimal release of biocidal agents was responsible for anti-biofilm 
activity of the surface. The reported thermoset coating materials can be used as bactericidal surfaces 
either in industrial or healthcare settings to reduce the microbial loads. 

Reprinted from Coatings. Cite as: M, S.S.; Natarajan, K. Antibiofilm Activity of Epoxy/Ag-TiO2 
Polymer Nanocomposite Coatings against Staphylococcus Aureus and Escherichia Coli. Coatings 
2015, 5, 95-114. 

1. Introduction 

Biofilms are defined as communities of microorganisms that are developed on material surfaces. 
Prevention of microbial biofilm formation over the surface of materials is a technological imperative 
in health care. Many bacteria capable of forming biofilms on abiotic surfaces are menacing problems 
in medical and industrial systems. The biofilm forming ability of the opportunistic human pathogens 
Staphylococcus aureus and Escherichia coli, is a crucial step for sustenance and growth in above 
said environments [1]. Biofilms are a major source of biofouling in industrial water systems, and 
biofilm based industrial slimes also pose major problems for various industrial processes. Biofilm 
forming microbial cells attached to any surface in a moist environment can survive and proliferate. 
Pathogenic and resilient biofilms are difficult to eradicate with conventional disinfectants [2]. The 
interest in inorganic disinfectants such as metal oxide nanoparticles (NPs) is increasing. In the last 
decade, many studies describing the photocatalytic inactivation of bacteria using doped and undoped 
TiO2 coated on different substrates have been reported, including silver doped TiO2 [3–6]. A majority 
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of these articles is focused on powder materials and thin films of TiO2 or doped TiO2. Unfortunately, 
most bare TiO2 coated films lose their efficiency of photocatalysis due to mass transfer [7,8]. 
However, only a fraction of studies deal with stemming of mass transfer of immobilized TiO2 or 
doped-TiO2 photocatalyst films. The most promising approach to overcome this disadvantage is by 
immobilization of TiO2 in the porous polymer matrix such as epoxides, the most important classes 
of compounds used in the coating industry. These epoxy composites provide thin-layer durable 
coatings having mechanical strength and good adhesion to a variety of substrates [9]. Antimicrobial 
epoxy based surface coatings of walls and floors can fight the nosocomial menace [10] in hospitals. 

The antibacterial function of a TiO2 photocatalyst is markedly enhanced even with weak UV light, 
such as fluorescent lamps and with the aid of either silver or copper, which is harmless to the human 
body [11]. TiO2 nano-fillers improve mechanical properties like crack resistance, surface 
characteristics and can also contribute to the photostability of the host material. The photostability 
and photocatalytic activity of epoxy/nano-TiO2 coatings under UV irradiation has been reported by 
Calza et al. [12]. While doping TiO2 with silver can synergistically enhance photobactericidal 
acitivity of TiO2, a considerable improvement in mechanical properties can also be achieved by 
introducing very low amount of nano-fillers into resin system [13]. In addition, photo-stability of epoxy 
resin can be improved by the presence of nano-TiO2 by its UV absorption properties [14]. Thus, 
modification of polymers with TiO2 and subsequent coupling with Ag+/Ag NP enhance the 
photocatalytic and antimicrobial property of the material. Nanoparticles are generally introduced into 
epoxy matrix using various approaches like, in situ synthesis by reacting the precursors or physical 
dispersion of pretreated nano-fillers by mechanical stirring and subsequently processed by 
ultrasonication [15,16]. Successful dispersion of nanoparticles within the polymer matrix is 
determined by factors like particle size, particle modifications, specific surface area, particle load 
and the particle morphology. 

Broadly there are two methods to impregnate a biocidal agent in order to achieve antibacterial 
polymeric materials. That is, either by introduction of aleaching biocidal agent into the polymer to 
form a composite or by covalent functionalization of the polymer with the pendent groups that confer 
antimicrobial activity. Such materials have displayed potent and broad spectrum antimicrobial  
activity [17]. The polycaprolactone-titania nanocomposites have been shown to decrease surface 
colonization of Escherichia coli and Staphylococcus aureus [18]. Similarly, introduction of (+)usnic 
acid, a natural antimicrobial agent into modified polyurethane prevented biofilm formation on the 
polymer surface by Staphylococcus aureus and Pseudomonas aeruginosa [19]. The poly(ethylene 
terephthalate) (PET) was surface functionalized with pyridinium groups possessing antibacterial 
properties, as shown by their effect on Escherichia coli [20]. Highly potent antibacterial activity 
toward both Gram-positive and Gram-negative bacteria was demonstrated by composites consisting 
of a cationic polymer matrix and embedded silver bromide nanoparticles [21]. 

There are very few empirical reports that quantitatively assess inhibition of biofilm formation on 
polymer surfaces by employing indicator dyes (crystal violet/fluorescent dye). Crystal violet 
(hexamethyl pararosaniline chloride) is such a dye, which binds proportionately to the peptidogly 
and can be a component of bacterial cell walls. It has been used by Kwasny and Opperman [22] to 
evaluate the amount of biofilm formed by staining the thick peptidoglycan layer of Gram-positive 
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bacteria, the thin peptidoglycan layer of Gram-negative bacteria. In this study, anti-biofilm activity of 
polymeric surfaces was measured by protocol adoption as described by Kwasny and Opperman with 
minor modifications. The optical density of destaining solution after washing crystal violet adsorbed 
onto biofilm was measured with a multi-well plate spectrophotometer (using a 96 well titer plate). 
The color intensity of destaining solution after washing has been shown to be proportional to the 
quantity of biofilm formed. This method makes more practical high-throughput screening of polymer 
surfaces for their antibiofilm activity. 

Metallic silver/TiO2 and silver ion doped TiO2 system in the form of films, deposition and its 
antibacterial performance in visible/UV light have been reported frequently [23–25]. To the best of 
our knowledge, there have been limited reports on the synthesis of polymers loaded with silver doped 
titania, for durable photobactericidal coatings that is compatible with many substrates to fight 
biofilms. In this work, composite materials suitable for coating was obtained by the addition of  
Ag-TiO2 nanoparticles into epoxy resin system, with the aim to achieve “in situ” formation of silver 
species by photoreduction. The antibiofilm activity of this composite system is exhibited by the 
actions of photokilling and release of biocide (Ag+/Ag0) upon contact with aqueous environment. 

2. Experimental Section 

2.1. Preparation of Nanocrystalline TiO2 and Ag-TiO2 

Ethanol 99.9%, Titanium(IV) butoxide, silver nitrate and acetic acid were of analytical grade and 
procured from Sigma Aldrich (Bangalore, India). About 1.5 wt% of Ag+ ion doped nanocrystalline 
anatase TiO2 was prepared by homogeneous hydrolysis of titanium butoxide-ethanolic solution using 
acetic acid-water as acid catalyst. The stoichiometric amount of AgNO3 was dissolved in aqueous 
acetic acid and then added drop wise into the titania sol with stirring for 30 min at room temperature, 
and allowed to stand for two days at room temperature. Undoped TiO2 gel was prepared by the same 
procedure without the addition of AgNO3. All the gels were isochronally annealed initially at 100 °C 
for 2 h then at 500 °C for 4 h. 

2.2. Nanocomposite Preparation and Coating 

The commercial grade resins, Lapox® L-12 [liquid epoxy resin based on bisphenol-A,  
(4,4'-Isopropylidenediphenol, oligomeric reaction products with 1-chloro-2,3-epoxypropane)] and 
reactive diluent, Lapox® XR-19 (Diglycidyl ether of polypropylene glycol) were procured from Atul 
Ltd., Ahmedabad, India. Diethylenetriamine (DETA) as a curative agent from Sigma-Aldrich was 
employed. The low molecular weight epoxy Lapox® XR-19, was added as diluents to lower the 
viscosity of the base resin and improve the initial physical dispersion of TiO2 in the epoxy. The 
nanocomposites were prepared as follows: (i) the resin mixture was prepared (resin + diluant); (ii) 
the resin solution was diluted with ethanol to further decrease the viscosity of the resin mixture at 
1:5 ratio; (iii) different amount of TiO2 or Ag-TiO2 was mixed into the diluted resin mixture. Then, 
the mixtures were sonicated under water bath for 30 min and degassed under vacuum. The  
resin-to-curative ratio in the material preparation at 10% of resin mixture weight was added. The 
mixtures were spin coated into the 50 mm × 12 mm (outer dia × height) size Borosil® S-Line petri 



6 
 

 

plate on flat bottom dish and allowed to dry at room temperature for 24 h. The coatings were 
postcured at 100 °C for 2 h. Six different material samples were coated—neat epoxy resin, undoped 
TiO2/epoxy composite with 1 wt% loading and Ag-TiO2/epoxy composite with 0.5, 1.0, 1.5 and  
2.0 wt% loading Figure 1. The epoxy/Ag-TiO2 composite turned pale brown indicating the formation 
of silver nanoparticles due to photoreduction. The coated substrates were sterilized by autoclaving at 
121 °C, for 15 min before the start of experiments. 

 

Figure 1. Assay petri dishes spin coated with neat epoxy, epoxy/TiO2 and epoxy/Ag-
TiO2 composites. 

2.3. Physicochemical Characterization 

Powder X-ray diffraction (PXRD) measurements were recorded by Bruker D8 Advance (Bruker 
AXS Inc., Madison, WI, USA) X-ray diffractometer with Cu K  radiation (1.5418 Å) at a 40 kV 
accelerating voltage and 30 mA. Raman measurements were performed with Renishaw Raman 
Microspectrometer (RM1000 System, Renishaw, Tokyo, Japan) of spectral resolution of 1 cm 1 and 
spatial resolution of ~2.5 nm (using 50X Objective and 514.5 nm laser line). Scanning electron 
microscopy (SEM) images were captured using a Philips XL30 CP microscope equipped with EDX 
(energy dispersive X-ray) (Philips, Eindhoven, The Netherlands). The Brunauer–Emmett–Teller 
(BET) surface area (calculated from nitrogen adsorption data) was measured on a Quantachrome 
NOVA 1000 system at 180 °C. UV-Vis diffuse reflectance spectra (DRS) were recorded using 
Analytik Jena Specord S600 spectrometer (Analytik Jena AG, Jena, Germany) (diffuse reflectance 
accessory with integrating sphere) by using BaSO4 as a reference. All the above charecterizations 
were performed for the prepared nanocrystalline TiO2 and Ag-TiO2. The thermal property of 
composite materials was investigated by differential scanning calorimetry using Mettler-Toledo 
DSC823e (Mettler-Toledo AG, Schwerzenbach, Switzerland), and scans were performed at 5 °C/min 
for each composite under nitrogen flow and Tg value was extrapolated from the curves of second run. 

2.4. Quantitative Determination of Biofilm 

Bacteria used in this study were biofilm-proficient S. aureus ATCC 6538 and E. coli K-12 strains. 
Biofilm formation was measured under static condition by adopting quantitative crystal violet (CV) 
binding assay of Kwasny and Opperman with modifications [22]. In the current study, the flat inner 
surface of glass petri dish coated with prepared composites and resin was overlaid with 4 mL of 
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sterile nutrient broth (composition is tabled in Supplementary Materials), so that the total area of the 
coating was covered. Then, 0.1 mL of logarithmic phase cultures of either E. coli or S. aureus grown 
over night to an optical density of ca. 0.1, at 595 nm in the appropriate growth media, were inoculated 
into sterile media in coated bottom plates prepared as above. Inoculated bottom plates were incubated 
in a bacteriological incubator at 37 °C under UV-A irradiation with intensity of 0.2 mW/cm2 with 

max around 365 nm (which is harmless to cause bacterial reduction), for different exposure durations. 
Later, the broth with planktonic cells was discarded by decantation. The plates were washed twice 
by gentle swirling with 2 mL of sterile phosphate-buffered saline to remove any non-adherent cells. 
Cells which remained adherent (biofilm mass) to the surface of polymer coated bottom plate were 
fixed by heating in a hot air oven at 60 °C for 60 min. Later plates were cooled to room temperature 
and stained with 1 mL of 0.06% (w/v) solution of crystal violet which was allowed to stand at room 
temperature for 5 min. Then plates were washed several times with phosphate-buffered saline to 
remove excess CV staining. Biofilm bound CV was eluted by vortexing with 1 mL of 30% acetic 
acid (destaining solution) for 10 min. The 0.2 mL aliquots of the wash solution with eluted crystal 
violet were transferred to 4 different wells of 96-well microtiter plates for the purpose of measuring 
the absorbance at 600 nm. Results were expressed as inhibition percentages of biofilm development. 
The percent inhibition of biofilm growth produced by each nanocomposite surface was calculated 
with the formula,  

( )
( )

600

600

CV OD composite1 -   100average CV OD negative control ×  (1)

where CV OD600 is OD of crystal violet destaining solution obtained at max 600 nm. The results are 
presented as the average of four individual replicates. To check the binding affinity of CV to the 
prepared composites and neat epoxy, a similar assay with 48 h of UV exposure was conducted as 
above with the plain broth which was not inoculated with bacteria. The OD of destaining solution 
when measured was found to be insignificant to interfere with the experimental results. Then, the 
resulting silver concentrations in the same plain broth were also quantified by atomic absorption 
spectroscopy (AAS) analysis, released into the exposed media by the composites of different  
Ag-TiO2 loadings. AAS analysis of released silver concentration was carried out with a 7700X 
instrumentation (Agilent, Santa Clara, CA, USA), using different standard concentrations. 

The reduction in biofilm colonization on composite was also determined in terms of CFU (colony 
forming unit), by sonicating assayed composite plate with 5 mL PBS for 5 min to remove adherent 
bacteria. The PBS suspension of released cells was then diluted appropriately, and spread on nutrient 
agar plate. The bacterial CFUs per milliliter of PBS that formed upon the medium was determined 
after incubation for 48 h at 37 °C. The experiment was repeated two times under identical conditions 
along with negative control (neat epoxy). The biofilm log reduction values were determined as 
difference between Log10 CFU/plate recovered from the treated plates and Log10 CFU/plate 
recovered from control plate (neat epoxy). Each experiment was conducted with three replications 
for each composite plates and colonies were enumerated to obtain the log reduction. 
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3. Results and Discussion 

3.1. Characterization of Materials 

Sol-gel derived nanocrystalline TiO2 were subjected to the XRD analysis to determine crystalline 
phase and crystallite size. Titania exists in three crystalline polymorphs–anatase, rutile and brookite 
forms. Among these, anatase titania has been shown to exhibit higher antimicrobial activity than the 
other two and thus pure anatase phase content is a desirable feature [26]. The PXRD of titanias 
synthesized in this work had the peaks characteristic of anatase phase Figure 2a. (JCPDS No. 21-1272). 
From the X-ray diffraction patterns, the size of anatase TiO2 materials prepared were in the 
nanometric scale Table 1. The average crystallite size was determined from the (101) plane in the 
PXRD pattern using Scherer’s formula. The calculated value of undoped TiO2 had bigger crystallite 
size while Ag-doped TiO2 showed a decrease in the crystallite size. A good correlation between the 
Raman and PXRD was also observed Figure 2b. The changes in the crystallite size of TiO2 
nanocrystals upon Ag-doping are closely correlated to the broadening and shifts of the Raman bands 
with decreasing particle size [27]. Similar observations were made for the titania sysnthesised in the 
present work. During annealing process, silver nitrate thermally decomposes into silver. Bigger ionic 
radii of Ag+ (0.75 Å) compared to Ti4+ (0.605 Å) prevents it from entering the crystal lattice of 
anatase TiO2 because of a high energy barrier. Thus, it gets distributed uniformly on the surface of 
TiO2. However, the PXRD pattern of Ag-TiO2 did not reveal any Ag or Ag-containing phases. This 
may be due to the low concentration of Ag incorporated which is below the detection limit of the 
PXRD analysis. 

Doping with Ag+ ion also resulted in increase in the BET surface area of TiO2 (48 m2/g), while 
that of undoped TiO2 showed BET surface area of 27 m2/g. Thus, large surface area to volume ratio 
of Ag-doped TiO2 was advantageous for the release of Ag+ ion. From the energy dispersive X-ray 
(EDS) analysis at two locations (see Figure 3a), done during the SEM confirms silver is dispersed 
uniformly in TiO2 host. Figure 3b shows the changes in the absorbance of Ag-doped TiO2 in 
comparison to undoped TiO2 and Degussa P 25 titania. Ag doped TiO2 (calcined in ambient air at 
500 °C) was found to have higher visible absorbance. In contrast, pure TiO2 prepared under similar 
experimental conditions, had its absorbance slightly shifted towards the visible region as compared 
to Degussa P25 titania (Figure 3b). The DRS spectra showed a characteristic absorption band at about 
500 nm, due to the surface plasmon resonance of silver [28]. Using the different absorbance onsets, 
it was found that the Ag-TiO2 had a bandgap of ~2.8 eV while both of the undoped titania samples 
had wider band gaps estimated at ~3.1 eV for TiO2 and ~3.2 eV for the Degussa P25 TiO2 sample. 
Similar observations from previous studies can be confirmed [29]. 
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Table 1. Physio-chemical properties of nanofiller, Tg, weight of coated composite 
material and amount of silver ion released. 

Composite type 

Nanocrystalline-TiO2 Epoxy-TiO2 composite 
Amount of Ag 

released by the 

composite (μg/mL) * 
Crystallite 

size (nm) 

BET surface 

area (m2/g) 

Glass transition 

temperature Tg 

(°C) 

Weight of the coated 

composite (gm) 

Neat Epoxy n/a n/a 93 1.08 Nil 

1.0 wt% Epoxy/TiO2 36 27 90 0.99 Nil 

0.5 wt% Epoxy/Ag-TiO2 18 48 94 1.09 6.6 

1.0 wt% Epoxy/Ag-TiO2 18 48 97 0.95 10.2 

1.5 wt% Epoxy/Ag-TiO2 18 48 106 1.05 14.6 

2.0 wt% Epoxy/Ag-TiO2 18 48 97 1.10 16.8 

* Concentration of silver in the exposure media as determined by Atomic Absorption Spectroscopy (AAS), after 48 h. 

 

Figure 2. (a) Powder X-ray diffraction (XRD) and (b) Raman spectra of TiO2 and Ag-TiO2. 

 

Figure 3. (a) Elemental analysis (EDS) of the silver doped TiO2 showing the presence 
of Ti and Ag species; (b) UV-Vis diffuse reflectance spectra (DRS) of Ag-doped TiO2, 
TiO2 and Degussa P25 titania. 



10 
 

 

The homogeneous distribution of nano-filler in a polymer matrix has major influence on the 
composite performance. The morphology of synthesized titania nanoparticles and their dispersion in 
epoxy matrix were examined by SEM analysis Figure 4. The primary particle size of undoped and 
silver doped titania are different, varying from nanometer to micron size for the same magnification 
as seen in SEM micrographs Figure 4a,b. The undoped sample exhibited a nanostructure consisting 
of spherical clusters with a diameter of 50–500 nm, which are extensively agglomerated with an 
average crystallite size of 36 nm. However, silver doped titania showed bigger aggregates and 
smaller segregated particles consisting of primary anatase nanocrystals of 18 nm size (Figure 4b). 
Dispersion is an important factor in determining a nanocomposite’s properties. Composites with the 
same weight percent (1 wt%) of nanofiller showed different degree of dispersion Figure 4c,d. The 
unmodified TiO2 although thoroughly distributed in the matrix, yet particles agglomerated densely 
as shown in Figure 4c giving scattered hill lock like appearance on the surface of the composite. The 
size of these agglomerates varied from nanometers to micrometers. However, the Ag-TiO2 particles 
Figure 4d, showed a lesser degree of agglomeration; interparticle distance are clearly visible between 
the TiO2 particles. This indicates that the presence of silver enable good dispersion due to the 
interaction of oxidized silver ions with surface hydroxyl groups (titanol groups, Ti–OH) of TiO2 and 
increase its wettability in apolar media like epoxy (hydrophobic polymer matrix). While Figure 4e 
shows the fractured surface of the composite, dispersion in the bulk is similar to distance between 
agglomerates as on surface. This suggests that the doped nano-fillers have better dispersion due to 
surface modifications, which improve the interactions between particles and polymer matrix. Use of 
reactive diluant also significantly reduced viscosity of epoxy resin during preparation and optimized 
the dispersion along with sonication. 

 

 

Figure 4. Scanning electron microscopic (SEM) characterization of (a) sol-gel 
synthesized TiO2; (b) 1.5 wt% silver doped TiO2; (c) 1 wt% epoxy/TiO2 composite; (d) 1 
wt% epoxy/Ag-TiO2 composite; (e) Fractured surface of 1 wt% epoxy/Ag-TiO2 composite. 
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The glass transition temperature (Tg) of the samples were determined from the tangents of DSC 
spectra as a function of temperature. The DSC curves of the neat epoxy and nanocomposites with  
1 wt% of TiO2 and Ag-TiO2 nanofiller from the second run are shown in the Figure 5a. For 
thermosetting resin glass transition temperature (Tg), values can shift due to reasons like cross-linking 
density, intermolecular interaction and chain length. The addition of nanometer sized TiO2 particles 
in epoxy resulted in increase in the Tg from 93 °C for neat epoxy to 97 °C at 1 wt% loading of  
Ag-TiO2. Whereas, Tg of composite shifts to lower temperature with undoped TiO2 (1 wt% loading) 
due to poor dispersion and agglomeration as evident in the SEM micrograph. Nanocomposites with 
Ag-TiO2 exhibited maximum Tg value at 1.5 wt% loading (107 °C) (Figure 5b). A further increase 
in the nano-filler content to 2 wt% led to the drop in the Tg value, this is due to their easy 
agglomeration arising from van der Waals attraction between particles. 

 

Figure 5. (a) DSC thermograms of neat epoxy and nanocomposites with 1 wt% of TiO2 
and Ag-TiO2; (b) Variations in Tg values of neat resin and nanocomposites at different 
wt% of TiO2/Ag-TiO2 loading. 

It can be seen from Figure 5b that the Tg value increases steadily then value drops; this 
corroborates with the trend observed by other investigators [13,30]. With our study, the degree of 
dispersion and nanofiller loading affected the shifts in Tg for epoxy/Ag-TiO2 composites. The size, 
loading and dispersion state of the nanofillers are the factors that impact the glass-transition 
temperature. The Tg value increases due to polymer chain-filler (organic-inorganic interfacial 
contact) that are immobilized by cohesive interactions at the interface of nanofiller in the bulk of the 
material. On the other hand, higher loading of nanofiller or their agglomeration can result in mobile 
moieties within the matrix which significantly decrease the glass transition temperature. Very high 
Tg values are not achievable by room temperature curing agents, and the composites reported here 
can find their applications at temperature conditions below their Tg. These synthesized epoxy 
composites may be cross linked by means of any conventional hardener at room temperature, without 
the decomposition of incorporated biocides. 
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3.2. Antibiofilm Activity on the TiO2 and Ag-TiO2 Nanocomposite Coatings 

Antibacterial epoxy coatings for antibiofilm properties were tested against S. aureus and E. coli 
under static conditions in glass petri dish with UV-A irradiation, on the surfaces of TiO2 and  
Ag-TiO2 composites (both with 1 wt% loading). Both S. aureus and E. coli were able to form biofilm 
on neat epoxy resin surface (negative control) and composites, i.e., biofilm formation was 
independent of the underlying composite substrates. In the absence of TiO2, epoxy resin showed 
higher growth of biofilm than that of epoxy/TiO2 composite. Anti-boifilm activity appeared to 
increase significantly for Ag-TiO2 composite. 

The biofilm inhibition by composites does not seem to be restricted to specific strains or growth 
conditions; E. coli and S. aureus varied in their ability to produce biofilm on the surface of the 
composites as shown in Figure 6. In all assays, the amount of crystal violet eluted from E. coli 
biofilms was lower than that of S. aureus biofilms, because E. coli, being a Gram negative organism 
binds lesser dye than Gram positive organisms like S. aureus. The OD600 of CV eluates from both 
biofilms was in the range of 0.121 to 2.8. Among the bacterial pathogens, E. coli was more 
susceptible for biofilm inhibition than S. aureus on these surfaces. 

 

Figure 6. Spectrophotometric analysis (OD600) of solubilized crystal violet of E. coli and  
S. aureus biofilm at 18 h irradiation time on the surfaces of TiO2 and Ag-TiO2 composite 
with similar loading (1 wt%). 

To confirm the activity of TiO2/Ag-TiO2 on the surface of nanocomposite for the photokilling, we 
conducted the experiments under both dark and irradiated conditions as shown in Figure 7, and we 
found that higher inhibition of biofilm under irradiated conditions as shown in Figure 7b. The  
Ag-TiO2 composite (1 wt%) showed 24% and TiO2 composite (1 wt%) showed 6% biofilm inhibition 
of E. coli after 18 h of incubation in the dark as shown in Figure 7a. For the same conditions with 
UV irradiation E. coli biofilm showed 56% inhibition for epoxy/TiO2 and 77% inhibition for 
epoxy/Ag-TiO2, while that of S. aureus biofilm showed 43% and 67% ihibition, for epoxy/TiO2 and 
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epoxy/Ag-TiO2 composites respectively. It is, therefore, the bactericidal activity of silver on biofilm 
that is rendered more likely in the absence of photokilling by Ag-TiO2 with the dark experiment data. 
However, enhanced antibiofilm response of Ag-TiO2 composite under UV irradiation can be 
attributed to the silver surface plasmon band favoring UV light absorption along with nanometer 
sized silver particles which exhibited a striking degree of synergy. The antibacterial feature was 
diminished for epoxy/TiO2 composite in the dark experiment. However, the bare TiO2 particles 
which are non-photo-activated on the surface also supported minor antibacterial activity, even in the 
dark. This is due to direct attack of cells upon contact with TiO2 nanoparticles which disrupt the 
integrity of the bacterial membrane [31,32]. This is also in agreement with reported experimental 
findings by Gogniat et al. [33] who also showed a loss of bacterial culturability after contact with 
TiO2 nanoparticles even in the dark. These data show that the nature of epoxy resin makes it suitable 
host for dispersion of photocatalyst like TiO2 for bacteriacidal activity. 

 

Figure 7. Mean values of quadruplicate experiments showing percent inhibition of  
E. coli and S. aureus bio-film formation on epoxy/TiO2 and epoxy/Ag-TiO2 composite  
surfaces calculated relative to the neat epoxy (negative control), under (a) dark and (b) 
UV irradiated conditions. 

The release of the antimicrobial species (Ag+, Ag0 and ROS) from a composite occurs due to the 
interaction of the diffused water molecules with TiO2 and dispersed silver within the matrix during 
UV exposure; upon submerging it in the culture media [34,35]. Silver ions resident within the metal 
oxide nanofiller can diffuse to the surface of the epoxy matrix. The leaching of Ag+ ions was 
confirmed by AAS analysis of the bacterial media from blank experiments (without inoculums as 
explained in the experimental section). The Ag+ ion concentration of the same media was determined 
by atomic absorption spectrophotometer (AAS), which strongly suggests Ag+/Ag0 are associated 
noncovalently with cross-linked polymeric host and has leached to aqueous medium. By AAS 
analysis, the silver concentration (Ag+/Ag0) in the exposed media for the different epoxy/Ag-TiO2 
composite, showed a nonlinear increase that approached a maximum for the composite with 2.0 wt% 
of Ag-TiO2 loading Table 1. 

The valence band “electrons” can be excited to the conduction band (e  
cb), leaving positive “holes” 

in the valence band (h+ 
vb) to form an e /h+ couple that react with aqueous environment and oxygen, to 
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generate reactive oxygen speces (ROS) such as OH. , HO2.  and O2. , which are responsible for the 
mechanistic photo-biocidal activity [36,37].The photoexcitation of non-leachably associated TiO2 
occurs when it absorbs light equal to or greater than band-gap energy near-ultraviolet light region. 
While Ag NP and Ag+ could act as efficient electron scavengers, and significantly enhanced the 
visible light responsiveness of TiO2 to generate more oxygen free radicals by improving the quantum 
efficiency of a charge pair generated [35]. At the same time, these oxygen species can reduce Ag+ 
ions to form Ag nanoparticles. The smaller Ag+ ions can easily penetrate the cell wall and thus can 
hasten antimicrobial activity. 

The attack of Ag+ on disulfide or sulfhydryl (thiol) groups present in the membrane protein result 
in formation of stable S–Ag bond with –SH groups thus inhibiting enzyme-catalyzed reactions and 
the electron transport chain that are necessary for biofilm formation [38]. We speculate that the outer 
membrane of the bacterial cell is attacked by photocatalytic oxidation enabling the antimicrobial 
metal ions/particles to diffuse to interior of the cell thus becoming much more lethal to the bacterium. 
Thus, capability of photoactiveTiO2 and leachable silver in destabilizing the biofilm matrix is 
enhanced by synergistic approach. 

3.3. Effect of Exposure Duration on Formation of S. Aureus and E. Coli Biofilms 

Figure 8 shows OD600 values of eluted dye solution by E. coli and S. aureus for different duration 
of exposure (6 h, 9 h, 12 h, 15 h, 18 h, 20 h, 22 h and 24 h) of neat epoxy, epoxy/TiO2 (1 wt%) and 
epoxy/Ag-TiO2 (1 wt%). The biofilm ODs presented are averages of four independent experiments. 
Time course studies showed bactericidal ability of prepared composite surface up on contact and 
effectiveness in restraining bacterial biofilm formation. S. aureus biofilm formation response to time 
increased gradually, but it declined over a longer incubation period. It is plausible that this is due to 
biosorption of minerals and metals by microbial biofilms from the environment with which they are 
in contact [39,40]. When higher levels of silver is reached or with chronic exposure, it should be 
possible to limit the ability of the biofilm biosorption capacity, silver would then inhibit biofilm 
formation during prolonged exposure.  

 

Figure 8. Growth curve for biofilm formation on neat resin, epoxy/TiO2 and epoxy/Ag-
TiO2 composite of (a) E. coli and (b) S. aureus. 
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3.4. Effect of Ag-TiO2 Loading on Biofilm Inhibition 

The results showed that biofilm formation was highly inhibited in a dose dependent manner as 
shown in Figure 9. Increasing the load of Ag-TiO2 resulted in shorter inhibition time i.e., antibiofilm 
activity of composite is directly proportional to Ag-TiO2 loading. Exposure of the composite with 
1.5 wt% Ag-TiO2 for 24 h. resulted in a inhibition of 100% (as per crystal violet binding assay) of 
both E. coli and S. aureus. The higher activity of these composites against E. coli a Gram-negative 
bacterium is attributed to its thinner peptidoglycan cell wall compared to S. aureus a Gram-positive 
bacterium. Complete inhibition of biofilm was achieved with 24 h of irradiation time with composite 
of Ag-TiO2 with 1.5 wt% loading, in case of both E. coli and S. aureus (see Figure 9a,b).The 
antibacterial activity could also have effect on planktonic bacteria due to silver that has diffused to 
media from the matrix. The bactericidal efficacy of these composite is through the diffusion of 
photogenerated ROS and Ag+ particles (acting as a leaching biocide) to the surface from the bulk of 
the polymer where such species/particles attack proteins and membrane lipids in bacterial cell wall. 
The driving force for silver particle diffusion is determined by a concentration gradient, which forms 
between the bulk of the composite material and the surface. The diffusion behavior depends on 
several factors including the structure of the material, environmental osmolarity and temperature. 

We have quantified the silver release characteristics at 37 °C for the composites loaded with the  
0.5 wt% to 2.0 wt% Ag-TiO2 filler Table 1. And observed that non linear increase in the release of 
silver on increase of Ag-TiO2 loading. The total released silver from the coatings was 6.6 to  
16.8 g/mL (16.8 ppm) after 48 h by epoxy/Ag-TiO2 composites in the culture media without 
inoculum. From this observation it can be concluded that all the Ag-TiO2 containing composites can 
have antibacterial activity even in the dark due to release of silver. However, presence of UV light 
will hasten the bactericidal activity of the composite due to photogeneration of ROS. Similar 
observations were made by Akhavan and Ghaderi [41] who investigated bactericidal activity of the 
anatase-TiO2, the Ag thin film and the Ag-TiO2/anatase-TiO2 nanocomposite thin film against E. coli 
at dark and under UV exposure. In addition, they found superior antibacterial activity of  
Ag-TiO2/anatase-TiO2 nanocomposite thin film under the UV irradiation due its photocatalytic 
capability when compared to non-photocatalytic bare Ag and TiO2 films and the silver ions released 
by Ag-TiO2/anatase-TiO2 nanocomposite thin film became saturated after 20 days at ~2 nM/mL. It 
is also possible to regulate the release of silver to the desired concentration by varying the nano-filler 
load incorporated into polymer composites and by tuning Ag-TiO2 structure/composition during the 
sol-gel incorporation process. Antibiofilm activity of these composite remained unchanged at least 
for 5–6 cycles when we challenged during experiment through replications, this is due to continuous 
and uniform diffusion of the antimicrobial agents (ROS and silver species). 
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Figure 9. Biofilm inhibitory effect of Ag-TiO2 loading (dose response) after 6, 24 and 
48 h of irradiation on (a) E. coli and (b) S. aureus. 

3.5. Quantitative Comparisions 

There is no general consensus evolved for the comparison of efficiency of antibacterial activity 
of polymers surfaces between the research groups. However, most studies on antibacterial activity  
are interpreted by the number of surviving colony forming unit CFU/mL 1 or per unit area.  
Kubacka et al. [42], studied the antibacterial effect of isotactic polypropylene (iPP) polymeric matrix 
incorporated with anatase-TiO2 against Pseudomonas aeruginosa (Gram negative) and Enterococcus 
faecalis (Gram positive). They reported a maximum reduction by ca. 8–9 log in 30 min in case of  
P. aeruginosa. Francolini et al. [19] evaluated the effect of (+)-usnic acid incorporated into modified 
polyurethane surfaces on the biofilm forming ability of S. aureus. After three days postinoculation, 
they found culturable biofilm cell concentration of S. aureus on the untreated polymer was 7.3 log10 
CFU/cm2 compared to 0.9 log10 CFU/cm2 on the (+)-usnic acid-containing polymer. Cen et al. [20] 
introduced pyridinium groups at 15 nmol/cm2 on the surface of poly(ethylene terephthalate) (PET) 
film and demonstrated its bactericidal effect against Escherichia coli. Jansen et al. introduced silver 
ions by plasma-induced grafting onto polyurethane films which was found to reduce adherent viable 
bacteria from initial 104 cells/cm2 to zero within 48 h [43]. Jiang et al. [44] coated silver on silicon 
rubber substrates and showed decline in number of L. monocytogenes cells post 6 h. After 12 h, there 
was a reduction of over 2-log10 CFU/chip, and no viable bacteria were detected on both types of 
silver-coated SR after 18 and 24 h. Sambhy et al. [21] demonstrated antibacterial activity of 
composites consisting of poly(4-vinyl-N-hexylpyridinium bromide) (NPVP) embedded with silver 
bromide nanoparticles. They observed no biofilm formation on 1:1 AgBr/21% NPVP-coated surfaces 
after 72 h when incubated for 24–72 h with P. aeruginosa suspension (107 CFU/mL) in LB broth. 
Pant et al. [45] have demonstrated the ability to eliminate up to 99.9% of pathogenic bacteria on the 
surface of siloxane epoxy system containing quaternary ammonium moieties. In another work 
involving epoxy system, Perk et al. [46] observed fungicide, carbendazim supported on poly 
(ethylene-co-vinyl alcohol) and epoxy resin coating showed the antifungal activity contingent upon 
release from their polymer supports. 
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Coatings and thin films based on titania photoctalysts (Ag+-doped TiO2/Ag-TiO2/TiO2) that kills 
microbes under UV and visible light illumination, also have been actively investigated in recent 
years. Studies by Necula et al. [47], with TiO2-Ag composite coating prepared by plasma electrolytic 
oxidation on implantable titanium substrate, showed the ability to completely kill methicillin-resistant 
S. aureus (MRSA) within 24 h. In yet another investigation by Necula et al. [25], they examined the 
ion release and antibacterial activity of porous TiO2-Ag coating on biomedical alloy disk. Each 
evaluated samples could release 20.82 and 127.75 μg of Ag+ per disk and showed markedly enhanced 
killing of the MRSA inoculums with 98% and >99.75% respectively within 24 h of incubation, while 
their silver free counterpart sample allowed the bacteria to grow up to 1000-fold. The non-cumulative 
release of silver ions of 0.4 ppm, 0.26 ppm and 0.005 ppm for 1 h, 24 h and 7 days respectively after 
immersion in water, from nanometer scale Ag-TiO2 composite film was demonstrated by Yu et al. [34] 
and they also reported that 0.4 ppm released silver from Ag-TiO2 composite film is sufficient to cause 
almost 100% killing of E. coli when exposed to UV for 1 h. Studies by Jamuna-Thevi et al. [48], 
reported nanostuctured Ag+ doped TiO2 coatings deposited by RF magnetron on stainless steel, with 
overall Ag+ ion release measured between 0.45 and 122 ppb. They also noted that at least 95 ppb Ag+ 
ion released in buffered saline was sufficient for 99.9% of reduction against S. aureus after 24 h of 
incubation. Biological activity of silver-incorporated bioactive glass studies conducted by 
Balamurugan et al. [49] assessed in vitro antibacterial bioactive glass system elicited a rapid 
bactericidal action. Antimicrobial efficacy of these silver-incorporated bioglass suspension at 1 
mg/mL for E. coli was estimated to be >99% killing, and the amount of Ag+ released from  
silver-incorporated glass was up to 0.04 mM after 24 h. In yet another study involving silver ions 
release by Liu et al. [35], the amount of silver released form the mesoporous TiO2 and Ag/TiO2 
composites was measured to be 1.6 × 10 8 mol after 20 days. The photo-bactericidal activity on 
composite films was extremely high and displayed bactericidal activity even in the dark; they further 
reported that the survival rate was only 9.2% in the dark, and the E. coli cells were totally killed in 
UV light. Sun et al. [50] reported killing of bacteria on Ag-TiO2 thin film, even in the absence of UV 
irradiation against S. aureus and E. coli with significant antibacterial rate about 91% and 99% after 
24 h respectively due to release of silver, and the concentration of silver ions released from the  
Ag-TiO2 film was 0.118 g/mL during 192 h. Akhavan [51], reported that a concentration of 2.8 to 
2.5 nM/mL completely killed 107 CFU/mL E. coli with visible light response photocatalytic  
Ag-TiO2/Ag/a-TiO2 material in 110 min. However, in most of the cases reports are based on 
planktonic studies and the release of silver is dependent upon the method employed for coating, 
thickness, conditions for gradient formation and silver source used. Nevertheless, release of silver 
ions frombare Ag/TiO2 composite layers reported above, obtained by methods viz., impregnation, 
deposition and nano-coatings gradually diminish over the time. 
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Bacterial biofilms are often more difficult to eradicate unlike planktonic cells. Until now,  
there have been very few reports that shown to resist biofilm formation on titania based  
polymer-nanocomposites. In one such study, Kubacka et al. [52] have demonstrated photocatalysis 
using ethylene-vinyl alcohol copolymer (EVOH) embedded with Ag-TiO2 nanoparticles (ca.  
10 2 wt%) that showed outstanding resistance to biofilm formation by bacteria and yeast, upon 
ultraviolet (UV) light activation. In the present study, although the release kinetics of silver was not 
established but comparing to above studies which established the antimicribial threshold 
concentration of silver and efficacy of killing with different bare Ag-TiO2 (Ag/Ag-TiO2 nanofilms), 
the polymer composite system reported here which released 6.4 to 16.8 g/mL of silver seems 
adequate [53], when the overall biocidal ability (to prevent bacterial attachment) of the composite 
during 48 h period in combination with radical-mediated photocatalytic action. Practically, the added 
strengths of the polymer-based Ag-TiO2 nanocomposite coatings as compared to bare TiO2/Ag-TiO2 
coatings are its wear stability, flexibility, permeability and optical properties. 

But the main objective of the disinfection technology in ensuring microbiological safety is to; set 
a standard for achieving a required logarithm of reduction of the microbial consortia. The microbial 
cells, which are not inactivated by the antimicrobial coatings adhering onto the testing surface over 
the different irradiation time, were able to grow on the agar plates. Quantifying their reduction in 
number (for quantitative assessment) of surviving CFU on a bactericidal surface compared with  
a non-bactericidal (neat epoxy) surface revealed reduction of microbial cells. In the present study, 
epoxy/Ag-TiO2 with 1.0 wt% loading was found to cause a reduction of CFU on agar plates by 
approximately 6-log in case of E. coli and the same effected ca. 4-log reduction in case of S. aureus 
after 48 h of incubation, while epoxy/TiO2 with 1.0 wt% loading exhibited lesser inhibition of biofilm 
formation, see Table 2. 

There was an initial slower decrease in bacterial load by all the composites, i.e., below 1-log 
reduction observed up to 18 h exposure followed by a rapid microbial decrease up to 6-log in 48 h 
for both 1.0 wt% of TiO2 and Ag-TiO2 loaded epoxy composites. Incomplete inhibition of biofilm 
formation was observed with lesser Ag-TiO2 loading, but complete inhibition of both E. coli and S. 
aureus was possible for composites with above 1.5 wt% of Ag-TiO2 after 24 h with UV irradiation. 
Strikingly, for the composite coating with 2.0 wt% epoxy/Ag-TiO2 showed highest antibiofilm 
effectiveness with 1-log reduction in 18 h, i.e., the shortest period with maximum inhibition. In 
addition, after 48 h of irradiation against both S. aureus and E. coli with very few surviving CFUs 
and complete inhibition (biofilm formation) and 7-log reduction was observed, relative to that in 
control plates as shown in Table 2. However, the present study results take into consideration only 
biofilm phase inhibition, and the obtained concentrations of range 6.4–16.8 μg/mL (ppm) Ag+ is very 
high (many times above minimum biocidal concentration levels) to radically prevent microbial cell 
viability. The polymer-based nanocomposite reported here obtained by dispersion of the Ag-TiO2 
nanoparticles into epoxy manifest a real potential as photobiocidal coatings in a wide variety of 
settings that prevents biofilm formation by a wide range of Gram-positive and Gram-negative bacteria. 
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Table 2. Different nanocomposite materials and their antibiofilm efficacy for 18 and 48 h 
irradiation time. 

Composite type 
E. coli (G ve) S. aureus (G+ve) 

% Inhibition a Log10 Reduction b % Inhibition a Log10 Reduction b 
% Biofilm inhibition and Log CFU reduction after 18 h 

1wt% Epoxy/TiO2 57.2 (±1.5) 1.0 (±0.03) 46.0 (±1.4) 1.0 (±0.02) 

1wt% 
Epoxy/AgTiO2 

77.0 (±1.4) 1.0 (±0.02) 68.5 (±2.0) 1.0 (±0.02) 

2wt% 
Epoxy/AgTiO2 

90.0 (±1.3) 1.0 (±0.2) 90.0 (±1.4) 1.0 (±0.03) 

% Biofilm inhibition and Log CFU reduction after 48 h 
1wt% Epoxy/TiO2 90.0 (±1.0) 1.0 (±0.2) 63 (±0.9) 1.0 (±0.2) 

1wt% 
Epoxy/AgTiO2 

100 6.0 (±0.18) 99.9 (±0.1) 4.0 (±0.11) 

2wt% 
Epoxy/AgTiO2 

100 7.0 (±0.19) 100 7.0 (±0.2) 

a Percent reduction in biofilm formation as determined by Crystal Violet assay; b Mean value ± SD for the group Log10 

reduction in CFU/plate. 

4. Conclusions 

The investigation relates the preparation of antibiofilm composite coatings containing both 
photocatalytic non-leaching Ag-doped TiO2 and leaching silver biocide for production of potent 
oxidants (ROS) and silver species at the surface. The antimicrobial activity of these composite 
surfaces was quantified based on the inhibition of biofilm formation using crystal violet assay, which 
can be adopted more conveniently in high-throughput experiments. These antimicrobial materials 
are capable of killing microorganisms upon contact by inhibiting the biofilm formation in the aqueous 
environments. Both epoxy/TiO2 and epoxy/Ag-TiO2 nanocomposites exposed to UV irradiation 
exhibited antibiofilm activity against S. aureus (Gram-positive) and E. coli (Gram-negative). 
Although the optimal antimicrobial conditions remain to be fully established, the results highlight a 
better antibiofilm activity of Epoxy/Ag-TiO2 compared to Epoxy/TiO2. The role of different silver 
species could be that Ag+ as an active species found to enhance the catalytic activity, in contrast, Ag0 
species showing strong antibacterial activity. This material may find potential applications in 
designing self-disinfecting surfaces, especially for hospitals and food industries where hygiene is a 
high priority. 
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Antibacterial Activity of TiO2 Photocatalyst Alone or in 
Coatings on E. coli: The Influence of Methodological Aspects 

Thomas Verdier, Marie Coutand, Alexandra Bertron and Christine Roques 

Abstract: In damp environments, indoor building materials are among the main proliferation 
substrates for microorganisms. Photocatalytic coatings, including nanoparticles of TiO2, could be a 
way to prevent microbial proliferation or, at least, to significantly reduce the amount of 
microorganisms that grow on indoor building materials. Previous works involving TiO2 have already 
shown the inactivation of bacteria by the photocatalysis process. This paper studies the inactivation 
of Escherichia coli bacteria by photocatalysis involving TiO2 nanoparticles alone or in transparent 
coatings (varnishes) and investigates different parameters that significantly influence the antibacterial 
activity. The antibacterial activity of TiO2 was evaluated through two types of experiments under UV 
irradiation: (I) in slurry with physiological water (stirred suspension); and (II) in a drop deposited on a 
glass plate. The results confirmed the difference in antibacterial activity between simple 
drop-deposited inoculum and inoculum spread under a plastic film, which increased the probability of 
contact between TiO2 and bacteria (forced contact). In addition, the major effect of the nature of the 
suspension on the photocatalytic disinfection ability was highlighted. Experiments were also carried 
out at the surface of transparent coatings formulated using nanoparticles of TiO2. The results showed 
significant antibacterial activities after 2 h and 4 h and suggested that improving the formulation would 
increase efficiency. 

Reprinted from Coatings. Cite as: Verdier, T.; Coutand, M.; Bertron, A.; Roques, C. Antibacterial 
Activity of TiO2 Photocatalyst Alone or in Coatings on E. coli: The Influence of Methodological 
Aspects. Coatings 2014, 4, 670-686. 

1. Introduction 

Indoor air pollution is a serious public health concern and a major cause of morbidity and  
mortality worldwide. In Europe, the total disease burden due to indoor air is about two million 
DALY (disability-adjusted life year) a year [1]. In 2006, the World Health Organization (Regional 
Office for Europe) started to draw up guidelines for indoor air quality [2] and addressed the three 
causes of indoor pollution that were most relevant for public health [3]: 

- Biological indoor air pollutants (damp and mold) [4]; 
- Chemical indoor air pollutants (selected products) [5]; 
- Pollutants from indoor combustion of fuels (in progress). 

The presence of microbial populations in damp indoor environments is one of the main causes of 
the degradation of indoor air quality and contributes to Sick Building Syndrome [6,7]. In Northern 
Europe and North America, the prevalence of mold contamination in buildings is estimated at 
between 20% and 40% [8]. Among the hundreds of microbial species that can be found in indoor 
environments [9–11], some are listed as potentially pathogenic species by the French High Council 
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for Public Health and the France Environment Health Association [8,12,13]. Various studies have 
reported associations of mold growth with respiratory diseases in buildings, especially damp and 
water-damaged buildings [14]. Microorganisms may produce contaminants, i.e., aerial particles, 
such as spores, allergens, toxins and other metabolites, that can be serious health hazards to 
occupants [15–23]. Frequent exposure to these contaminants can lead to various health troubles, 
including irritations and toxic effects, superficial and systemic infections, allergies and other 
respiratory or skin diseases [13,23–26]. Sick Building Syndrome has extensive economic and social 
impact [27–29]. A number of researchers have already pointed out that indoor building materials can 
become major sites of microbial growth when promoting conditions, such as high humidity and 
nutrient content, are present [30]. These conditions are easily satisfied in water-damaged buildings, 
damp buildings and badly-insulated buildings. Results from earlier studies have revealed that various 
microorganisms, including potentially pathogenic species, are detected on building materials [30]. 

A substantial amount of literature has been published on the effect of photocatalytic TiO2 
nanoparticles on microorganisms [31–34]. These studies show that the photocatalytic process in 
water is effective against a wide range of organisms, such as algae, viruses, fungi and bacteria. It 
should be noted that the different tests were carried out in aqueous slurry or with aqueous inoculum 
(sprayed or dropped), emphasizing the major role of water in the microorganism photo-killing 
process. In addition, TiO2 nanoparticles can be used as (I) powder, usually dispersed in aqueous 
slurry or (II) film/coating applied to various substrates. Several works have highlighted very high 
bactericidal efficiency on different microorganisms: around 3 log after 30 min [35] and 6 log after  
90 min [36] on E. coli, approximately 8 log after 90 min on mutans streptococci [37], etc. However, 
studies reporting such efficiencies used relatively strong light intensity, close to 10 W/m2, and 
sometimes even beyond intensities in everyday use, up to 500 W/m2, with photon wavelengths 
usually between 300 and 400 nm [38–40]. To our knowledge, no study reports such inactivation 
values with weaker light intensity, closer to a passive photocatalytic device. The efficiency of 
photocatalytic disinfection is attributed to the oxidative damage mainly induced by reactive oxygen 
species (ROS), such as O2 , H2O2 and HO . These reactive oxygen species are produced by redox 
reactions between adsorbed species (such as water and oxygen) and electrons and holes 
photo-generated by the illumination of TiO2. On the basis of studies on Escherichia coli, OH radicals 
were assumed to be the major cause of the bactericidal effect [41,42], although direct oxidation by 
“holes” (h+) from the valence band on the TiO2 surface is also highlighted in some works [43,44]. 
Regarding the process of degradation, the authors agree that the outer membrane,  
if present (Gram-negative bacteria), is the first barrier and, once it is damaged, the cytoplasmic 
membrane is attacked. The loss of cytoplasmic membrane integrity, which is involved in the process 
of cellular respiration, leads to the death of the cell. 

This work is a preliminary study on transparent coatings formulated using TiO2 nanoparticles to 
fight against microbial proliferation in indoor conditions. As such, the first step of our work was to 
explore the different parameters influencing the efficiency of TiO2 nanoparticles when used alone for 
disinfection, i.e., before being included in coatings. The aim of the paper was to emphasize the 
different factors determining disinfection efficiency and to show that the various performances 
reported in the literature should be correlated with experimental parameters. Passive devices in the 
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form of semi-transparent photocatalytic coatings, easy to apply to the building material surfaces, are 
also considered. 

Our previous investigations have already shown the efficiency of semi-transparent coatings on the 
abatement of NOx and VOC in air under various environmental conditions (Relative Humidity—RH, 
concentration of polluting gas, etc.) [45,46]. Such coatings consisted of ultra-light varnishes 
formulated using nanoparticles of TiO2, acrylic resin and silicates as the inorganic binder. The results 
obtained in air purification point out the interest of testing these transparent coatings for the 
photocatalytic disinfection of microorganisms. However, the coatings were found to be inefficient 
against green algae colonization in accelerated tests [47]. Regarding TiO2 nanoparticles alone, very 
good antibacterial performance is sometimes reported for photocatalytic TiO2, but may be related to 
very specific experimental conditions that are not representative of the natural conditions to be 
considered for passive devices. Three sets of experiments were carried out to highlight different 
factors determining the extent to which Escherichia coli, a Gram-negative bacterium, was 
inactivated by TiO2 photocatalysis: (1) the activity of TiO2 in the dark allowed the photocatalytic 
effect to be dissociated from the physical effect; (2) the deposited drop experiment was carried out to 
evaluate the influence of forced conditions between bacteria and particles; and (3) the stirring 
experiment, which was easier to carry out for the kinetics evaluation, enabled the effect of the 
suspension to be estimated. 

We also highlight some of the issues to be faced in the formulation of such a product, for example 
the inclusion of nanoparticles within a binder matrix (acrylic resin here), which can act as a mask 
against UV absorption and/or can react with photogenerated radicals. 

2. Materials and Methods 

2.1. Cultivation of Bacteria 

Escherichia coli CIP 53126 was obtained from Institut Pasteur Collection, Paris, France. The 
strain was preserved at 80 °C in Eugon medium supplemented with 10% glycerol. Before each 
experiment, bacterial cells were pre-cultured on a nutrient agar slant. They were then transferred to a 
trypticase soy agar and incubated at a temperature of 36 °C ± 1 °C for 16 to 24 h. In addition, one 
plastic loop of bacteria was transferred to a fresh trypticase soy agar and incubated at a temperature 
of 36 °C ± 1 °C for 16 to 20 h prior to the test. For testing, one plastic loop of bacteria was dispersed 
evenly in a small amount of 1/500 nutrient broth (NB) [48] or of sterile distilled water, depending on 
the test, and the bacterial cell content of the suspension for inoculation was adjusted to about 108 
cells/mL with a spectrophotometer (640 nm). The cell suspension was then 10-fold steps diluted, and 
1 mL of each dilution was incorporated in trypticase soy agar to determine the number of CFU/mL. 
The test suspensions were prepared by 10-fold dilutions. 

2.2. Antibacterial Activity of TiO2 in the Dark 

TiO2 nanoparticles (KRONOClean 7050) were suspended in 1/500 NB [48] at the concentration 
of 13.9 g/L. Eleven milliliters of the suspension were then deposited onto a sterile Petri dish, so that 
the total area of the inside part of the dish was covered. The Petri dishes were placed in a sterile flow 
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hood for air drying until the water had totally evaporated. A film of TiO2 was visible at the bottom. 
Then, 11 mL of the inoculum (between 8 × 104 and 2 × 105 cells/mL) were deposited on the TiO2 
film, and the Petri dishes were covered with a lid [48]. After a fixed time (0 and 24 h), the lid was 
removed, the bottoms of the Petri dishes were gently scraped with a plastic loop in order to remove 
any adhered cells and 1 mL of the suspension was collected and diluted in phosphate buffer. Control 
samples were studied in Petri dishes without TiO2. 

One-mL quantities of the appropriate dilutions were then dropped into distilled sterile water and 
filtered on cellulose ester filters (  = 0.45 m) in order to separate bacterial cells from nanoparticles. 
The filters were then deposited on trypticase soy agar and incubated at a temperature of 36 °C ± 1 °C 
for 40 to 48 h. After incubation, the number of viable cells was estimated in CFU/mL. 

2.3. Deposited-Drop Experiment 

To avoid damage by UV irradiation alone [49], the maximum UV intensity was maintained at  
2.5 W/m2. Previous tests with higher UV intensity had shown total drying of the inoculum during the 
experiment and led to the inactivation of bacteria in control samples. The light intensity was 
measured on the samples using a UV-A radiometer (Gigahertz-Optik, GmbH Türkenfeld, Germany) 
in the 310–400 nm range. 

Various configurations were studied: samples under UV irradiation (TiO2-bearing samples and 
control specimen without TiO2) and samples kept in the dark (TiO2-bearing samples and control 
specimen without TiO2). All tests were carried out in triplicate. The data shown are the average of 
triplicates, with the corresponding standard errors. 

2.3.1. With TiO2 Powder 

The experiment was based on the standards JIS Z 2801 (Japanese Industrial Standard) and  
ISO 27447 [48,49]. TiO2 nanoparticle powder (KRONOClean7050–anatase) was suspended in 9 mL 
of 1/500 NB [48], and 1 mL of the bacterial suspension (Section 2.1) was added. Final concentrations 
were 1 g/L for TiO2 and between 8 × 104 and 2 × 105 CFU/mL for bacteria. The bacterial suspension 
(Section 2.1) without TiO2 was used as a control. Then, 0.4 mL of the inoculum were instilled onto a 
Pyrex Petri dish designed so that an external ring could receive 2 mL of a supersaturated saline solution 
(KNO3) to maintain 90% RH and was covered with a Pyrex lid (Figure 1). The Petri dishes were placed 
in a sterile flow hood and illuminated with an 8-W black-light bulb. After a few minutes, the TiO2 
nanoparticles were observed to have sedimented at the bottom of the drop. 

A Soybean Casein Lecithin Polysorbate 80 Medium, also known as SCDLP broth, was prepared in 
sterile distilled water as recommended in standard JIS Z 2801 [48], using casein peptone, soybean 
peptone, sodium chloride, disodium hydrogen phosphate, glucose, lecithin and Tween 80. 
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Figure 1. Schematic illustration of the deposited-drop experiments with TiO2 powder 
and TiO2 semi-transparent coatings (a) and stirring experiment (b). 

 
(a) (b) 

After different contact times (2 h, 4 h, 6 h), the suspension was washed out with the appropriate 
amount of SCDLP broth and with sterile glass beads (d = 4 mm). When necessary, the washed-out 
suspension was diluted X times in a phosphate buffer, so that it contained 30 to 300 cells per mL.  
For each sample, 1 mL of the appropriate dilution was dispensed into two sterilized Petri dishes with 
15 to 20 mL of trypticase soy agar (TSA) and incubated at a temperature of 36 °C ± 1 °C for 40 to 48 
h. After incubation, the number of viable cells was estimated in terms of CFU. The overall procedure 
was also systematically carried out immediately after inoculation (t = 0 h) to validate the test. The 
antibacterial activity was then calculated as the difference between the average logarithm of the 
number of viable bacteria on the control without TiO2 and the average logarithm of the number of 
viable bacteria on the TiO2 sample: 

( ) ( ) 2

2

TiO
TiO controrl

controrl

log log log
N

A N N
N

= − =  (1)

where, A: antibacterial activity; NTiO2: average number of CFU on TiO2 sample at time t; Ncontrol: 
average number of CFU on control sample at time t. 

The test was then repeated with a transparent film (9–10 cm2) gently placed on the inoculum 
before irradiation in order to increase the probability of contact between bacteria cells and TiO2 
nanoparticles (forced contact). 

2.3.2. With TiO2 Semi-Transparent Coating 

The deposited-drop experiment was repeated with semi-transparent coating formulated using 
TiO2 nanoparticles as an antibacterial product: TiO2 powder (KronoClean 7050, KRONOS/Société 
Industrielle du Titane, Paris, France) and TiO2 dispersion (Kronos type 7454, trial product, 
KRONOS/Société Industrielle du Titane, Paris, France). The coating formulation included water and 
acrylic based on the work of Martinez et al. [46], as shown in Table 1. Sterilized cover-glasses  
(26 × 76 mm2) were covered with the coatings by instilling 1 mL, so that the total area of each glass 
was coated. The cover-glasses were then placed under a sterile flow hood for air drying. After drying, 
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the semi-transparent coatings with TiO2 powder (STC-SP (with silicates), STC-P) were gently 
sanded with fine sandpaper in order to prevent the possible inclusion of nanoparticles in the binder. 
The semi-transparent coatings with TiO2 in aqueous suspension (STC-A) were pre-aged by 
irradiating them with UV light (2.5 W/m2) for 80 h. The amount of TiO2 was estimated at 2.5 mg/cm2 
for samples coated with TiO2 powder (STC-SP, STC-P) and 0.63 mg/cm2 for samples coated with 
TiO2 aqueous suspension (STC-A). In order to evaluate the possible inclusion of nanoparticles in the 
binder of STC-A, samples were also prepared with water and TiO2 aqueous suspension, without 
acrylic resin (STC-A2). For each test sample, corresponding controls were prepared in the same way 
with water and acrylic resin, but without TiO2. 

Table 1. Formulation of semi-transparent coatings. STC: semi-transparent coating. 

STC-SP STC-P STC-A STC-A2 
Water Water Water Water 

Acrylic resin (7.5 
wt%) 

Acrylic resin (12 wt%) Acrylic resin (2 wt%) – 

TiO2 powder 
(KronoClean 7050) 

TiO2 powder 
(KronoClean 7050) 

TiO2 in aqueous 
suspension (Kronos trial 

product 7454) 

TiO2 in aqueous suspension 
(Kronos trial product 7454)

Silicates (12.5 wt%) – – – 

The inoculation suspension (of Section 2.1) was diluted to make the concentration of inoculum  
8 × 104 to 2 × 105 CFU/mL. The coated cover-glasses were placed over the internal ring of the Pyrex 
Petri dishes shown in Figure 1. Relative humidity was maintained with 2 mL of the supersaturated 
saline solution (KNO3) deposited in the external ring of each dish. Then, 0.4 mL of the inoculum 
were instilled on each coated cover-glass, and a transparent plastic film was applied, spreading the 
inoculum over a surface area of 10 cm2. The Petri dishes were then covered with a Pyrex lid  
(Figure 1), placed in a sterile flow hood and illuminated with an 8-W black-light bulb. 

After different contact times (2 h, 4 h, 6 h), the cover-glasses were recovered with sterile pliers 
and placed in plastic Petri dishes for wash-out. The wash-out of bacteria cells and the following 
procedures for CFU counting were repeated as in Section 2.3.1. 

2.4. Stirring Experiment 

For the stirring experiment; TiO2 nanoparticles (KronoClean7050) were suspended in a sterile 
beaker in 27 mL of 1/500 NB or sterile distilled water; depending on the test; and 3 mL of the cell 
suspension were added to make the final test suspension. Final concentrations of the suspension were 
1 g/L for TiO2 and 7 × 104 to 1 × 105 CFU/mL for bacteria. A suspension of bacterial cells without TiO2 
was prepared as a control. The beakers (test sample and control) were placed in a sterile flow hood; 
covered with a Pyrex lid and illuminated with an 8-W black-light bulb at a light intensity of 5 W/m2. 

An aliquot of 1 mL was taken from each beaker every 30 min during 4 h and, when necessary, 
diluted in phosphate buffer before inclusion in trypticase soy agar as in the deposited-drop 
experiment. Controls were also carried out without TiO2 and in the dark, with/without TiO2. The data 
presented are the average of three experiments with the corresponding standard errors. 
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To assess the influence of the nature of the water during the experiment, two solutions were used: 
1/500 nutrient broth and sterile distilled water. The two conductivities of the solutions were 
compared using a conductivity meter before the test. At room temperature (~21 °C), the 
conductivities were 4.437 mS/m for 1/500 NB and 1.1 mS/m for distilled water. 

3. Results and Discussion 

3.1. Effect of TiO2 in the Dark 

Figure 2 shows the bacterial concentration of E. coli cells after 0 and 24 h of contact with TiO2 
nanoparticles (11 mL inoculation of air-dried TiO2 film in Petri dishes). From these data, an increase 
can be seen in the number of CFUs for control samples (+2.25 ± 0.06 log) and a decrease in the 
number of CFUs for TiO2 samples ( 0.91 ± 0.14 log). The corresponding antibacterial activity, 
calculated from Equation (1), is 3.22 ± 0.14 log. It is therefore likely that the activity of TiO2 on  
E. coli in the dark is correlated with a growth inhibitory effect as a major pathway and a bactericidal 
effect as a minor pathway. These results highlight the physical impact on E. coli cells induced by 
contact with TiO2 nanoparticles, without regard to the photocatalytic process. This also agrees with 
earlier observations by Liu et al. [50] and Gogniat et al. [38], which showed a loss of bacterial 
culturability after contact with TiO2 nanoparticles in the dark. A study by de Niederhãusen and  
Bondi [51] on the self-cleaning of Ag-TiO2-coated ceramic tiles also showed significant antibacterial 
activity for 24 h in the dark. 

Interestingly, we detected no difference in the CFU counts between bacterial suspensions with 
TiO2 (1 g/L and 10 g/L) and a control bacterial suspension (without TiO2) after direct plating of  
2 × 1 mL on TSA and 48 hours’ incubation (data not shown). It seems possible that the physical 
damage sustained is not sufficient to kill bacterial cells when they are growing in a nutrient-rich 
culture medium. Such a “neutralizing” effect of culture media is current with antiseptic and 
disinfectant molecules, which highlights the impact of test conditions on efficiency evaluation. 

Figure 2. Bacterial concentration after 24 h with TiO2 nanoparticles in the dark. Mean ± 
SE, n = 3. 
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3.2. Free Surface Drop Deposit vs. Forced Contact between Bacteria and Nanoparticles 

The antibacterial activities of TiO2 nanoparticles on E. coli during the deposited-drop experiment 
are presented in Figure 3. No activity was detected for samples kept in the dark for 6 h under normal 
testing conditions (A). The bacterial reduction reached 0.92 ± 0.09 log after 6 h of irradiation (A). 

Figure 3. Antibacterial activity of TiO2 as a support under UV irradiation ( 2.5 W/m2):  
(A) standard conditions; (B) after application of a transparent plastic film on the 
inoculum. Mean ± SE, n = 3. 

 

Since the bactericidal effect induced by photocatalysis of TiO2 nanoparticles depends on many 
factors, such as the amount [35,37,52–55] and the crystalline nature [39,55–57] of TiO2, the 
irradiation time and intensity [35,52,55,58] and the inoculum concentration [42,53,59], it is 
reasonable to assume that the dispersion of TiO2 particles and bacteria (low probability of contact) 
and the very low light intensity used in our experiment (2.5 W/m2 in order to avoid any UV-damage) 
could be major factors explaining the low activity observed after 6 h of irradiation. Various studies 
from the literature show intensities of over 10 W/m2 and antibacterial activities on E. coli easily 
greater than 3 log after 90 min of irradiation [39,40,42,60]. 

Following the application of a transparent film (9 cm2) onto the inoculum, a significant increase in 
the antibacterial activity was observed. As shown in Figure 3B, the activity was 3.74 ± 0.1 log after 6 h 
under UV irradiation and 0.27 ± 0.03 log after 6 h in the dark. 

The present findings seem to support the idea that reducing the distance between bacterial  
cells and TiO2 nanoparticles enhances the photocatalytic disinfection process. This also agrees with 
earlier research highlighting the importance of the contact between bacterial cells and the  
surface of TiO2 [39–41,43,44,50,61–63]. In addition to the oxidative stress induced by reactive 
oxygen species (ROS) on bacterial cells, contact with the TiO2 surface leads to the direct oxidation of 
cells by photogenerated holes, which also reduces the recombination of charges inside the  
photocatalyst [38,43,44,64]. Moreover, it has been suggested that direct contact and adsorption on  
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TiO2 nanoparticles cause (I) a loss of membrane integrity [38,50,61] and possibly (II) a process of 
phagocytosis of the nanoparticles by the cells (the findings of Cai et al. [64] must be interpreted with 
caution in this paper, because they focused on HeLa cells and not bacterial cells.) [64], both leading 
to the reduction of the number of cultivable cells, if not to cell death. These results also agree with the 
findings of other studies that have highlighted the major role of surface radicals compared to free 
radicals in photocatalytic disinfection [40,41,62]. 

3.3. Influence of the Nature of the Solution for Suspension 

The results obtained from the stirring experiment are presented in Figure 4. For TiO2 samples, both 
inactivation curves consist of two steps: the first with a very low inactivation rate followed by the 
second with a higher inactivation rate. In addition, the second rate appears to be the same for both 
distilled water and 1/500 NB. It is likely that 1/500 NB acts as a retarding agent of the photocatalytic 
disinfection process. 

Figure 4. Survival of E. coli cells vs. irradiation time at ~5 W/m2 with the standard error 
of three experiments. Mean ± SE, n = 3. 

 

The present finding is in full agreement with the inhibitory effect of various ions and organic 
compounds on photocatalytic disinfection, which is widely reported in the literature [34,37,56,65,66]. 
The presence of ions and organic compounds can reduce the efficiency in different ways: 

- Competition between ions, compounds and bacteria for the adsorption on the TiO2  
surface [37,38,56,65,67]; 

- The ROS mobilized by ions and compounds cannot oxidize bacterial cells [65]; 
- Aggregates of organic compounds could create a barrier filtering UV. 

According to Dunlop et al. [56] and Sunada et al. [42], the low rate of inactivation in the first step 
may be due to the preliminary attack of the outer membrane of cells by ROS. 
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During this first step, the damage sustained by the outer membrane may be insufficient to kill 
bacteria: they can recover from the damage and re-grow once they are plated in agar media [42,56]. 
After some time, degradation of the outer membrane enables reactive species to penetrate, which 
induces damage, leading to the death of the bacterial cells (second, higher rates on the curves of 
Figure 4). This hypothesis has also been considered by other researchers [58,68]. Mitoraj et al. [68] 
explained this “incubation period” as the time for the concentration of photogenerated ROS to 
increase to a level that is harmful to bacteria. 

Another possible explanation for the first step with the low inactivation rate is proposed by  
Gogniat et al. [38]. In their works, they observed the two-stage curve only in a sodium phosphate 
solution and not in a NaCl-KCl solution. They hypothesized that the change of adsorption properties 
of TiO2 when illuminated led to a photo-desorption of ions previously adsorbed on its surface. Thus, 
the time taken for the photo-desorption process explains the low inactivation rate observed during the 
first minutes of the experiment [38]. 

Interestingly, the third step observed in earlier studies [58,68–70] and consisting of strong 
attenuation of the bacterial inactivation was not observed here. One of the hypotheses suggested is that 
photocatalytic inactivation is built up by bacterial growth after a certain period of time [69]. It can be 
supposed that bacterial growth in pure water is slowed down or stopped. Further investigations in 
1/500 NB after longer times could show similar attenuation of the inactivation rate. 

Some authors have compared efficiencies between scattered and fixed TiO2 [71–73]. Pablos et al. [72] 
observed a higher inactivation rate at the beginning of the reaction with fixed TiO2. They suggested 
that damage was uniformly distributed over the whole cell wall in slurries, whereas it was more 
concentrated on small areas with fixed TiO2, requiring smaller amounts of radicals to achieve 
inactivation. However, they observed similar times for total inactivation of bacteria (E. coli) for both 
implementations (fixed and scattered). On the other hand, Gumy et al. [40] found higher inactivation 
efficiency with suspended TiO2 than with TiO2 coated on a fibrous web and suggested that particles 
dispersed in slurry would provide more surfaces for the adsorption of bacteria. In addition, 
inactivation of bacteria has been observed in the presence of TiO2 nanoparticles in the dark, 
suggesting that phenomena other than photocatalytic processes can explain inactivation [50,61]. 
Although the complete process is not perfectly understood yet, the overall literature points to the 
importance of the contact between bacteria and TiO2 for improving disinfection efficiency, 
suggesting both chemical and physical influences. 

In their work, Gomes et al. [71] also reported a higher inactivation rate in slurry than with TiO2 
supported on Ahlstrom paper. They suggested that such results could be explained by competitive 
reactions of TiO2 with the organic matter released by the paper during the experiment. Accordingly, 
the presence of ions and/or organic compounds in the slurry/inoculum considerably reduced the 
efficiency by reacting with ROS and being adsorbed on TiO2 in place of bacterial cells [38,65]. These 
works also raised the problem of TiO2 coatings in which the organic matter from the binder can 
monopolize photogenerated radicals and, thus, lead to a decrease in disinfection efficiency. 
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3.4. Semi-Transparent Coating 

Figure 5 presents the experimental data on the antibacterial activity of semi-transparent coatings 
formulated with silicate and TiO2 powder (STC-SP). Surprisingly, antibacterial activity was also 
observed on samples kept in the dark. A quick estimation of the pH of the inoculum with indicator 
paper showed a pH around 11–12, far too high for E. coli survival. It is then reasonable to assume that 
the antibacterial activity detected on STC-SP samples was not induced by the photocatalytic process, 
but by the silicates, making the inoculum strongly basic. Results from sample coatings without 
silicate (STC-P) showed no activity after eight hours’ irradiation and no activity after 8 h in the dark. 
Possible explanations are that photogenerated radicals may have reacted with the binder instead of 
with bacteria or that the inclusion of nanoparticles within the binder may have prevented UV 
absorption and physical damage by contact. Moreover, the use of TiO2 powder without a dispersing 
agent may lead to the formation of aggregates, reducing the surface available for reaction. 

Figure 5. Antibacterial activity of SCT-SP coatings under UV irradiation ( 2.5 W/m2) 
and in the dark. Mean ± SE, n = 3. 

 

Figure 6 presents the antibacterial activity obtained with STC-A and STC-A2. The activity 
reaches 1.49 ± 0.47 log for STC-A and 1.54 ± 0.13 log for STC-A2 after four hours’ irradiation. The 
observed increase of antibacterial activity, compared to SCT-P in which no activity was detected, 
could be attributed to the use of the TiO2 dispersion. Nanoparticles, stabilized by the dispersing 
agent, may have provided more active sites for the photocatalytic process. Moreover, the smaller 
amount of acrylic resin within STC-A and STC-A2 (2%) may have reduced the inclusion of TiO2 
nanoparticles compared to SCT-P. The similar activities observed on STC-A (with acrylic resin) and 
on STC-A2 (without acrylic resin) seem to confirm this hypothesis. Further investigations on the 
formulation of these coatings along with observations of nanoparticle distribution in the binder will 
be helpful in the development of antibacterial products for building materials. 
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Figure 6. Antibacterial activity of STC-A and STC-A2 coatings under UV irradiation  
( 2.5 W/m2). Mean ± SE, n = 3. 

 

4. Conclusions 

This paper has examined the effect of TiO2 photocatalyst on E. coli in terms of antibacterial 
activity by carrying out two different tests (a drop deposited on a photocatalytic substrate and a 
stirring experiment in a TiO2-bearing suspension). 

Some general effects reported in the literature concerning the photocatalytic disinfection process 
have been observed. 

- Prolonged contact (24 h) in the dark leads to significant antibacterial activities, potentially 
explained by a combination of the direct contact (I) bactericidal effect and the (II) growth 
inhibiting effect. 

- Reducing the distance between nanoparticles and bacteria significantly increases the 
inactivation of E. coli by non-photocatalytic effects (direct contact) and the photocatalysis 
disinfection process. 

- The presence of ions and organic compounds in the suspension during the test delays  
the inactivation. 

In addition, the transparent coatings tested showed significant antibacterial activities under low UV 
irradiation. The results suggest that improving the formulation, i.e., varying the proportions of the 
components, could increase the efficiency of coatings. In a broader framework, further experimental 
investigations will be conducted on the resistance of this coating to fungal proliferation and on the 
protection it affords against the formation of microbial biofilms. 
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Tin Oxide-Silver Composite Nanomaterial Coating for  
UV Protection and Its Bactericidal Effect on Escherichia coli 
(E. coli) 

Gil Nonato C. Santos, Eduardo B. Tibayan, Gwen B. Castillon, Elmer Estacio,  
Takashi Furuya, Atsushi Iwamae, Kohji Yamamoto and Masahiko Tani 

Abstract: SnO2-Ag composite nanomaterials of mass ratio 1:4, 2:3, 3:2 and 4:1 were fabricated and 
tested for toxicity to E. coli using the pour-plate technique. The said nanomaterials were mixed with 
laminating fluid and then coated on glass slides. The intensity of UVA transmitted through the coated 
glass slides was measured. Results revealed that the 1:4 ratios of SnO2-Ag composite nanomaterials 
have the optimum toxicity to E. coli. Furthermore, the glass slides coated with SnO2 nanomaterial 
showed the lowest intensity of transmitted UVA. 
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4, 320-328. 

1. Introduction 

Glass materials in windows tend to act as good media for the growth and multiplication of 
microorganisms. The chemical constituents that are absorbed and deposited on glass windows 
provide nutrition to microorganisms; and thereby promote their growth [1]. The growth of 
microorganisms on the glass materials causes innumerable problems such as stains [2] and 
unacceptable odor [3] which is detrimental to human health [4]. It is therefore important to develop 
glass or glass coating materials with antimicrobial properties to protect the health of the populace.  

On the other hand, it is known that ultraviolet radiation in the wavelength range of 280 to 320 nm, 
which is referred to as UVB, is harmful to the human skin. It causes sunburn, stains, or even skin 
cancer [5]. UVA, of wavelength range of 320–400 nm is harmful as well, causing skin aging and 
wrinkling (photoaging). It also causes photocarcinogenesis due to its ability to penetrate the dermal 
layers, unlike UVB which is absorbed by the epidermis [6]. The science and technology of protecting 
people against the harmful effects of UV radiation had received increasing interests most especially 
to countries with tropical climate wherein incidences of heat wave occurs [7]. Tinted glass windows 
are commonly used in buildings and vehicles to protect people from UV rays. However, the use of 
tints which are too dark is prohibited by law enforcement agencies since the use of such tints have 
been increasingly used in criminal activities [8–11]. It is therefore important to develop glass that is 
not tinted but is able to allow enough visible light to pass through. In this study, tin oxide-silver 
(SnO2-Ag) composite nanomaterials were fabricated. Toxicity of the nanomaterials to E. coli 
bacteria was tested. The nanomaterials were mixed with laminating fluid. The mixtures were  
then coated on glass slides and allowed to dry. The ability of the coated glass slides to block UVA 
was monitored. 
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2. Experimental Section 

2.1. Preparation of Nanoparticles 

The raw materials used were Sigma Aldrich (St. Louis, MO, USA) Ag powder with 99.99% 
purity and <45 m grain size and Merck SnO2 powder of 99% purity with <5 m grain size. The 
horizontal vapor phase crystal growth technique (HVPG) was used in the fabrication of SnO2 
nanomaterials, Ag nanomaterials, and SnO2-Ag composite nanomaterials. In the said technique,  
35 mg of SnO2, Ag, and mixtures of SnO2 with Ag powders at 1:4, 2:3, 3:2, and 4:1 mass ratio were 
placed into an ultrasonically clean closed-end quartz tubes with inner diameter of 8.5 mm, outer 
diameter of 11 mm, and length of 220 mm. The tube was evacuated using the Thermionics High 
Vacuum System with a vacuum pressure of 10 6 Torr which was sealed on the other end using by an 
Oxy-LPG gas mixture blow torch. The sealed quartz tubes were then placed in a Thermolyne 
horizontal tube furnace and were baked at a temperature of 800 °C with growth time of 6 h and ramp 
time of 80 min. 

2.2. Characterization of Nanoparticles 

The surface and elemental analysis of the SnO2 nanomaterials, Ag nanomaterials, and SnO2-Ag 
composite nanomaterials were carried out using JEOL SEM 5310 scanning electron microscope and 
Oxford EDX System, respectively. The pour-plate technique was then utilized to confirm the 
antimicrobial properties of the nanomaterials. In the said technique, E. coli bacterial solutions of 10 4 
dilution factor were prepared through serial dilution from 0.5 Macfarland based standard solution.  
2 mm of the said solutions were then poured into 6 opened quartz tubes. One quartz tube contained 
Ag nanomaterials, one quartz tube contained SnO2 nanomaterials, while the other four tubes 
contained SnO2-Ag nanomaterials of varying ratio of 1:4, 2:3, 3:2, and 4:1. Two additional quartz 
tubes were used, one containing Ag powder and another containing SnO2 powder, in order to 
compare the effect on the bacterial activity of the bulk powders and nanomaterials. The quartz tubes 
containing the bacterial solutions were then shaken. One hundred microliters of the bacterial solution 
from each quartz tube was poured in separate sterile petri dishes. A 9 mL sterile and cold nutrient 
agar medium was then poured into each petri dish containing the bacterial solutions. The contents 
were thoroughly mixed and allowed to solidify. The dishes were then incubated at 35 °C for 24 h 
before comparing the colonies grown on each petri dish.  

2.3. Characterization of Coatings 

In performing the UVA test, 1 mg of Ag nanomaterials, SnO2 nanomaterials, SnO2-Ag composite 
nanomaterials, Ag powder, and SnO2 powder were each mixed with 3mL of laminating fluid. Clean 
glass substrates were then coated with the nanomaterials-laminating fluid mixtures via the drip 
method. The UV optical properties of the coated glass slides were examined using the PASCO UVA 
light sensor in conjunction with an OMNI PAR 38 Flood 120 W lamp light source. 
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3. Results and Discussion 

3.1. Surface Morphology and Elemental Composition of the Nanomaterials 

Figure 1 shows the SEM images of (a) silver, (b) tin oxide, and (c,d) silver tin oxide nanomaterials 
grown at 800 °C with growth time of 6 h. The micrographs revealed the presence of nanoparticles, 
wires, and cotton-like structures grown in random directions. 

Table 1 exhibits the atomic and elemental composition of the SnO2-Ag composite nanomaterials 
at 1:4 ratio, 2:3 ratio, 3:2 ratio and 4:1 ratio. The resulting elemental and atomic composition 
confirmed the presence of Ag, Sn, and O in the composite nanomaterials. 

Figure 1. SEM images of nanomaterials (a) silver; (b) tin oxide; and (c,d) silver tin oxide. 

(a) (b) 

(c) (d) 

3.2. Antimicrobial Activity 

The two controls used in the study are shown in Figure 2a,b. Figure 2a shows an agar plate 
without any bacterial colony. Instead of adding bacterial solution to the sterile petri dish, only 
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distilled water was poured into it. On the other hand, Figure 2b shows an agar plate with several 
bacterial colonies seen as tiny white spots. 

Table 1. Energy-dispersive X-ray spectroscopy (EDX) analysis of SnO2-Ag 
nanomaterials at 1:4 mixture, 2:3 mixture, 3:2 mixture, and 4:1 mixture. 

Ratio Element Elem% Atom% 

1:4 

O 24.75 69.70 
Ag 45.84 19.14 
Sn 29.71 11.16 

Total 100.00 100.00 

2:3 

O 34.00 78.94 
Ag 20.27 4.37 
Sn 45.73 16.69 

Total 100.00 100.00 

3:2 

O 36.30 84.75 
Ag 10.38 3.18 
Sn 53.32 12.06 

Total 100.00 100.00 

4:1 

O 20.83 66.02 
Ag 3.59 1.69 
Sn 75.58 32.29 

Total 100.00 100.00 

It can be seen in Figure 3 that there are fewer CFUs on the agar plate with Ag nanomaterials 
compared to the agar plate with the bulk Ag powder. Likewise, there are fewer CFUs on the agar 
plate with the SnO2 nanomaterials than on the agar plate with bulk SnO2 powder. This is consistent 
with the finding of Espulgar and Santos [12] that the antimicrobial property of bulk material was not 
only carried over but was enhanced by its nanomaterial counterpart. 

Figure 4 shows that there are fewer CFUs for the agar plate with the 1:4 ratio of SnO2-Ag 
composite nanomaterials as compared to the 2:3, 3:2, and 4:1 ratio of SnO2-Ag composite nanomaterials. 

Figure 2. Agar plates used as control for comparison: (a) Agar plate without bacteria;  
(b) Agar plate with bacteria. 

 
(a) (b) 
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Figure 3. Comparison on colony forming units (CFU) between (a,c) powder and  
(b,d) nanomaterial on (a,b) Ag and (c,d) SnO2. 

 
(a) (b) 

 
(c) (d) 

Figure 4. Agar plates containing mixtures of bacterial solution and nanomaterials of 
different ratio: (a) 1:4; (b) 2:3; (c) 3:2; (d) 4:1. 

 
(a) (b) 

 
(c) (d) 



46 
 

 

Table 2 summarizes the result of the antibacterial test where the number of CFU after 24 h of 
incubation was shown. It can be seen that Ag is more toxic to E. coli than SnO2 and that the 
nanomaterials are more toxic than their bulk form. Also, it can be observed that as the percentage of 
Silver increases over tin oxide, the CFU number decreases. This is consistent with the observation 
that Ag is more toxic to E. coli than SnO2. Moreover, results reveal that the 1:4 ratio of tin oxide and 
silver composite nanomaterials exhibits the greatest antimicrobial effect among the other ratios and 
material composition. Such a finding is consistent with previous reports [13,14] that the combination 
of Ag and a metal oxide may lead to an increase in bactericidal effect. 

Table 2. Colony forming units (CFU) vs. material composition. 

Material CFU 
Ag powder 59 

Ag nanomaterial 18 
SnO2 powder 500 

SnO2 nanomaterial 35 

SnO2-Ag composite  

1:4 ratio 9 
2:3 ratio 19 
3:2 ratio 20 
4:1 ratio 31 

E. Coli 149 

The mechanisms of the bactericidal effect of silver and silver nanoparticles (NPs) were discussed 
in different studies according to literature [15]. A study proposed that silver NPs can be attached to 
the surface of the cell membrane disturbing the permeability and respiration functions of the cell [4]. 
Smaller silver NPs having large surface area that are available for interaction would be more 
bactericidal than the larger silver NPs [16]. Moreover, it is possible that silver NPs will not only 
interact with the surface of membrane but can also penetrate inside the bacteria [17]. 

3.3. UVA Analysis of the Samples 

Before the UVA transmission measurement was obtained, samples were first prepared by mixing 
1 mg of Ag nanomaterials, SnO2 nanomaterials, SnO2-Ag composite nanomaterials, Ag powder, and 
SnO2 powder with 3 mL of laminating fluid. Clean glass substrates were then coated with the 
nanomaterials-laminating fluid mixtures via the drip method. The coated glass slides were air dried 
and were later exposed to an OMNI PAR 38 Flood 120 W lamp light source. The relative intensity vs. 
time graph was obtained using a PASCO UVA light Sensor and was plotted using PASCO’s Data 
Studio real time graph software. The graphs obtained are shown in Figure 5. As can be seen in the 
figure, the relative intensity was reduced when the glass slide was coated with the laminating fluid 
mixed with silver and tin oxide bulk powder. The basis for the decrease in intensity is that the 
material’s surface was opaque and blocks UV light. On the other hand, the glass slide coated with the 
laminating fluid mixed with 4:1 ratio of tin oxide and silver nanomaterials had the least transmission 
for UVA and was transparent to visible light.  
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Figure 5. Graph of relative intensity of UVA vs. time graph of tin-oxide, silver, mass 
ratio of tin oxide silver nanocomposite material, glass slide, and without glass slide.  

 

4. Conclusions 

The HVPG technique was found to be effective in fabricating tin oxide and silver nanomaterials. 
The antimicrobial test shows that reducing the size of the sample to its nano form increases its 
toxicity to E. coli bacteria. Moreover, the glass slides coated with the laminating fluid mixed with tin 
oxide nanomaterial exhibits excellent UV blocking properties.  
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The Effect of Tween® Surfactants in Sol-Gel Processing for 
the Production of TiO2 Thin Films 

Ann-Louise Anderson and Russell Binions 

Abstract: Titanium dioxide thin films were deposited using a Tween® surfactant modified  
non-aqueous sol-gel method onto fluorine doped tin oxide glass substrates. The surfactant 
concentration and type in the sols was varied as well as the number of deposited layers. The as 
deposited thin films were annealed at 500 °C for 15 min before characterisation and photocatalytic 
testing with resazurin intelligent ink. The films were characterised using scanning electron 
microscopy, atomic force microscopy, X-ray diffraction, Raman spectroscopy and UV-Vis 
spectroscopy. Photocatalytic activity of the films was evaluated using a resazurin dye-ink test and 
the hydrophilicity of the films was analysed by water-contact angles measurements. Characterisation 
and photocatalytic testing has shown that the addition of surfactant in varying types and concentrations 
had a significant effect on the resulting thin film microstructure, such as changing the average particle 
size from 130 to 25 nm, and increasing the average root mean square roughness from 11 to 350 nm. 
Such structural changes have resulted in an enhanced photocatalytic performance for the thin films, 
with an observed reduction in dye half-life from 16.5 to three minutes. 

Reprinted from Coatings. Cite as: Anderson, A.-L.; Binions, R. The Effect of Tween® Surfactants in 
Sol-Gel Processing for the Production of TiO2 Thin Films. Coatings 2014, 4, 796-809. 

1. Introduction 

Semiconductor materials are of long standing research interest due to their practical applications 
as photocatalysts for environmental remediation, with specific focus on titanium dioxide owing to 
its durability and high performance. Titanium dioxide has been used consistently as the photocatalyst 
of choice to address a variety of environmental problems, and has been shown to be particularly 
effective when utilised as a thin film coating, specifically in self-cleaning glass [1], antimicrobial 
applications [2], and for water-splitting to produce hydrogen [3]. A multitude of approaches are used 
to produce TiO2 thin films, including sol-gel [4] and hydrothermal routes [5], as well as vapour 
deposition methods, such as chemical vapour deposition (CVD) [6], physical vapour deposition 
(PVD) [7] and more recently, aerosol-assisted CVD [8] and electric field assisted CVD [9]. 

Of all the deposition methods mentioned, sol-gel remains one of the most popular routes for 
producing TiO2 thin films due to its low cost, experimental simplicity and easy scale-up ability.  
Sol-gel also enables direct control of particle homogeneity during the particle growth phase, and as 
a result it is a particularly popular strategy for simple modification of thin films for the properties 
listed above. There has been a great variety of research focused on process modification that 
encourages specific morphological control within the resulting thin films [10]. Typically, sol-gel 
methods have been modified with the addition of block co-polymer templating agents [11] or  
non-ionic surfactants, such as Triton X-100 [12]. Previously we have reported the use of Brij® 
surfactants in a non-aqueous sol-gel process to produce TiO2 thin films with an increased average 
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particle size and increased surface roughness, whereby such structural changes led to an increase in 
the photocatalytic activity of produced TiO2 thin films [13]. The use of such non-ionic surfactants in 
sol-gel processing is a commonplace strategy for the direct control of particle size and shape during 
the growth phase for the enhancement of resulting properties [14,15]. Due to their amphiphilic nature, 
surfactants act as pore-directing agents that can enable the production of highly porous materials 
with specific pore size and structure. A wide variety of surfactants have been used in sol-gel 
processing for TiO2 thin film production including Brij® surfactants [14,16], Triton™ X-100 [17], 
Pluronic triblock copolymers [14,15] and Tween® 20 [18], which has been used in this investigation 
in comparison with Tween® 40. 

This paper focuses on the use of Tween® 20, 40 surfactants in a modified non-aqueous sol-gel 
method to investigate the effect of surfactant type and concentration on the subsequent microstructure 
and functional properties of TiO2 thin films. 

2. Experimental Details 

2.1. Sol Synthesis 

All chemicals were purchased from Aldrich and used without further purification. Two variations 
of Tween® non-ionic long chain surfactants were used as pore directing agents for sol-gel processing; 
Tween® 20 and Tween® 40. Each surfactant was added in varying concentrations as listed in Table 1. 
Preparation of the TiO2 sol involved initial incorporation of the surfactant into the solvent, 
isopropanol (69 mL) with vigorous stirring until a homogeneous suspension was obtained. 
Acetylacetone (0.61 mL) was then added dropwise with continuous stirring, to act as a stabilising 
agent in order to control the speed of the hydrolysis and subsequent condensation reactions. The 
titania precursor, titanium tetraisopropoxide (TTIP, 6 mL) was then added dropwise to the solution 
with continuous stirring. The resulting transparent solution was stirred for a further 30 min before 
adding acetic acid (6.86 mL) dropwise. The solution was stirred for an additional 30 min, and then the 
sol was ready for use in dip-coating. The molar ratio of surfactant/TTIP/acetylacetone/isopropanol/acetic 
acid was R 0.2:0.06:9:0.04, where the surfactant concentration R was varied from 0 to 0.0006 mol·dm 3. 
Sols were typically transparent, pale yellow in colour, homogeneous and stable for several weeks. 

2.2. Sol-Gel Dip-Coating 

A homemade dip-coating apparatus was used to prepare the TiO2 thin films on glass substrates  
(F-SnO2, 1.5 cm × 6 cm, Pilkington-NSG, St Helens, UK). The substrates were dip-coated into the 
sol with a controlled removal speed of 2.8 cm/min. The number of dips was varied to include samples 
with one to three layers by repeating the number of dips. Before each additional layer was added, the 
substrates were left under a fume hood for 30 min to allow the solvent to evaporate. After dip-coating, 
the samples were left overnight under a fume hood to evaporate any remaining solvent. Samples 
were annealed using a Carbolite Type 301 programmable furnace (Carbolite, Hope, UK) at 500 °C 
for 15 min with a ramp rate of 288.15 K·min 1. 
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Table 1. Sol gel names with surfactants used and relevant concentrations with number 
of layer and annealing temperature and times. 

Surfactant Sol name No. of layers 
Concentration of 

surfactant (mol·dm 3) 
Annealing temperature 

and time 

Nil A 
1 

0 500 °C/15 min 2 
3 

Tween® 40 

B 
1 

0.0006 500 °C/15 min 2 
3 

C 
1 

0.0003 500 °C/15 min 2 
3 

Tween® 20 

D 
1 

0.0006 500 °C/15 min 2 
3 

E 
1 

0.0003 500 °C/15 min 2 
3 

2.3. Materials Characterisation 

The thin film samples produced were characterised and analysed using a range of instruments. 
SEM images were produced using an FEI Inspect F Scanning Electron Microscope (SEM) (FEI, 
Hillsboro, OR, USA) to investigate thin film microstructure, surface morphology, and film thickness 
from sample cross sections. ImageJ 1.48 [19] software was used to determine the average particle 
size from SEM images. Atomic Force Microscopy was used to determine the surface roughness of 
the thin films and analysis was completed using NT-MDT NTEGRA (Zelenograd, Moscow, Russia). 
Semi-contact mode imaging was performed under ambient conditions in air using silicon tips  
(Acta-20-Appnano ACT tapping mode with aluminium reflex coating, Nanoscience Instruments, 
Chicago, IL, USA) with Resonant Frequency of 300 kHz and Spring constant of 40 N·m 1. Scan 
resolution of 256 samples per line. Images were processed and analysed by the offline software Nova 
1.0.26.1443. X-ray Diffraction (Panalytical, Spectris, Egham, UK) was used to determine the 
crystalline phases of the TiO2 thin films, using a Panalytical X’Pert Pro diffractometer in a glancing 
angle (  = 3°) mode using a CuK  X-ray source (K 1 = 0.1540598 nm; K 2 = 0.15444260 nm. The 
diffraction patterns were collected over 10°–70° with a step size of 0.03° and a step time of  
1.7 s·point 1. Raman Spectroscopy was used for further determination of crystalline phases and 
impurities using a Renishaw (Wooton-under-Edge, UK) Raman system 1000 with helium neon laser 
of wavelength 514.5 nm. Contact angle measurements were used to determine the hydrophilicity of 
the thin film surfaces, by measuring the contact angle of deionised water before and after 30 min of 
UV irradiation with a 254 nm UV lamp (2 × 8 W-254 nm Tube, Power: 32 W), and a Goniometer 
Kruss DSA100 drop shape analyser (Kruss, Hamburg, Germany). Band gaps were determined using 
the Tauc method [20].  
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2.4. Resazurin Intelligent Ink for Photocatalytic Testing 

Intelligent ink based on the dye Resazurin (Rz) was used to determine the photocatalytic activity 
of the TiO2 thin films. This dye is commonly used as an indicator ink for the determination of 
photocatalytic activity due to its novel photo-reductive mechanism that can be monitored visually 
through a colour change from blue to pink upon degradation, and also quantitatively by following 
the degradation of the resazurin peak over time using UV-Vis spectroscopy (Perkin Elmer, Waltham, 
MA, USA) [21]. The ink was sprayed onto the TiO2 surface and the degradation of the dye monitored 
before and after UV irradiation at 365 nm. The intelligent ink was made from deionized water  
(40 mL), hydroxyethyl cellulose polymer (3 g, 1.5 wt.% aqueous solution, Aldrich, Poole, UK), 
glycerol (0.3 g, Aldrich) and Resazurin (4 mg, Aldrich). The samples were sprayed with the ink 
solution using an aerosol spray gun and subsequently irradiated at a distance of 15 cm with a 365 nm 
UV lamp (2 × 8 W-365 nm Tube, Power: 32 W) at incremented times so that the photocatalytic 
degradation could be monitored closely. For spray coating the glass substrates were mounted on a 
sheet of paper and placed vertically on a wall in a fume hood as previously reported by  
Kafizas et al. [21], the thin film surface was coated in stages by spraying the substrate horizontally 
from left to right in short even steps, to ensure coverage of the entire substrate. This process was 
repeated several times until a pale blue coating was clearly visible. The resulting UV-Vis 
spectroscopy data was normalised utilising additional data collected using a blank glass substrate 
coated with the intelligent ink without a TiO2 thin film, and a clean glass substrate without a TiO2 
thin film. The half-life could then be found from the normalised data to give the values quoted in 
Table 2. 

3. Results and Discussion 

The TiO2 thin films produced by the surfactant-assisted sol-gel method described were 
transparent, covering the entire surface of the area of glass that was dipped and showed evidence of 
birefringence. All films produced exhibited good adherence to the substrate after annealing, and 
passed the scotch tape test. The average thickness of TiO2 thin films produced varied within the range 
of 42–220 nm, whereby the thinnest film at 42 nm was a one layer sample produced from a sol-gel 
solution that did not contain any added surfactant, and the thickest film, 220 nm was a three layer 
sample produced from a sol-gel solution with 0.003 mol·dm 3 of Tween® 20 surfactant added. The 
thickness of films produced was found to vary depending on the surfactant and concentrations used 
during processing, as well as the number of layers. The thin film thicknesses are shown in Table 2, 
where it can be seen that on average the thickness of the film increases with consecutive number of 
dips, as expected as this increases the number of layers of TiO2 on the surface. Single layer samples 
varied between 70–200 nm, two layer samples were within the thickness range of 110–210 nm, and 
three layer samples varied between 130–220 nm. 
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Table 2. Samples prepared via sol-gel using different types and concentrations of 
Tween® surfactant, and annealed at 500 °C for 15 min. A = no surfactant; B = Tween® 
60 (6 × 10 4 mol·dm 3); C = Tween® 60 (4 × 10 4 mol·dm 3); D = Tween® 60  
(2 × 10 4 mol·dm 3); E = Tween® 40 (6 × 10 4 mol·dm 3); F = Tween® 40 (4 × 10 4 mol·dm 3); 
G = Tween® 20 (6 × 10 4 mol·dm 3); H = Tween® 20 (4 × 10 4 mol·dm 3). Numbers in 
sample name represent number of layers. Particle sizes marked with asterisks (*) denote 
agglomeration within the thin film. Contact angle measurements are given with standard 
deviation values. 

Sample 

name 

Contact 

angle (°) 

before UV 

Contact 

angle (°) 

after UV  

Average particle 

size with average 

deviation (nm) 

Average root 

mean square 

roughness (nm) 

Average thin 

film thickness 

(nm) 

Photocatalytic 

half-life for Rz 

(min) 

Indirect band 

gap (eV) ±0.05

A1 38.06 ± 9 14 ± 1 130 ± 30 9 42 11 2.9 

A2 49.59 ± 5 6.94 ± 1 130 ± 28 11 78 16.5 3.1 

A3 39.17 ± 2 7.42 ± 5 40 ± 32  17 91 9.5 3.2 

B1 48.81 ± 2 4.69 ± 2 55 ± 33 318 180 – 3.2 

B2 51.97 ± 1 8.67 ± 8 28 ± 21 196 170 5 3.2 

B3 62.21 ± 1 7.78 ± 1 28* ± 21 209 210 – 3.0 

C1 45.42 ±3  4.2 ± 2 39 ± 40 296 200 – 3.2 

C2 36.66 ± 1 6.3 ± 4 29 ± 37 135 110 3 3.2 

C3 61.72 ± 7 55.5 ± 1 46 ± 17 254 190 – 3.2 

D1 37 ± 1 6.31 ± 2  40 ± 33 293 110 – 3.2 

D2 36.61 ± 2 3.23 ± 1 25 ± 21 350 160 4 3.2 

D3 47.3 ± 7 4.55 ± 2 40 ± 28 366 180 – 3.1 

E1 33.71 ± 9 7.94 ± 1 41 ± 39 144 120 – 3.15 

E2 36.82 ± 4 3.83 ± 1 35 ± 37 191 210 3 3.15 

E3 34.35 ± 9 4.55 ± 2 26 ± 18 181 220 – 3.15 

Furthermore, the addition of surfactant was found on average to produce thicker thin films. For 
example, the three layer sample without surfactant, A3 had a thickness of 130 nm, whereas three 
layer samples produced with surfactant ranged in thickness depending on the type and concentration 
used; 180–220 nm, as shown in Table 2. The addition of surfactant increases the viscosity of the 
original sol-gel solution, and further increasing the surfactant concentration causes additional 
viscosity within the sol-gel, so the resulting thin films are thicker [12].  

The thin film microstructure can be analysed using the SEM images, whereby it was found that 
all variants explored; the addition of different surfactants, variation in the number of dips, and the 
annealing temperature, all influenced the morphology of the TiO2 thin films produced as shown in 
Figures 1–3. These variations within the sol-gel processing used were also found to significantly 
affect the photocatalytic and wetting properties of the thin films. Surfactant addition was found to 
alter the morphology of the TiO2 thin films produced, as seen in the SEM images in Figures 1–3. In 
comparison to the thin films produced without surfactant, as in Figure 1, those films produced with 
the addition of Tween® surfactants (Figures 2 and 3) show less agglomeration, greater particle 
definition and exhibited a wider particle size range within samples. 
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Figure 1. SEM Images of samples prepared via sol-gel. A = no surfactant; numbers 
represent number of layers. Samples were annealed at 500 °C/15 min. 

 

Figure 2. SEM Images of samples prepared by sol-gel with decreasing concentration of 
Tween® 40 surfactant. B = 0.0006 mol·dm 3; C = 0.0003 mol·dm 3; numbers represent 
number of layers. Samples were annealed at 500 °C/15 min. 

 

3.1. Surfactant Influence on the Morphology of Thin Films 

The addition of Tween® surfactants was found to exhibit a range of effects on the morphology of 
the thin films produced, depending on the concentration and type of surfactant used. Surfactant 
addition was found to decrease average particle size, from 130 nm for two layer samples produced 
without surfactant, to as low as 25 nm for two layer samples produced with Tween® 20 surfactant at 
the higher concentration of 6 × 10 4 mol·dm 3. The smaller particle sizes as listed in Table 2 are 
attributable to the role of the surfactant during the sol-gel growth phase, whereby the surfactant 
orients itself around growing titania particles restricting their growth to produce smaller particles. In 
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addition, the samples produced with the addition of surfactant show greater particle definition and 
less agglomeration compared to the samples produced without surfactant (Figures 1–3) whereby the 
particles are also more angular due to the surfactant restricting their growth in a random way. This 
reduced particle size and enhanced particle definition increases the resulting surface area to volume 
ratio within the TiO2 thin film sample. This leads to improved functional properties, such as improved 
photocatalytic activity, which has been shown for Brij® type surfactants in a previous study [13]. For 
example, samples produced without surfactant showed a photocatalytic half-life for the degradation 
of resazurin ink ranging from 9.5 to 16.5 min for the three-layer and two-layer sample respectively. 
Those samples produced with Tween® surfactant exhibited half-lives ranging from 3 to 5 min for 
two layer samples. This decrease in half-life is attributable to the reduced average particle size, as 
well as the increased surface roughness of surfactant enhanced thin films as shown in Table 2, which 
both result in an overall increased surface area to volume ratio. This enables better adsorption of the 
resazurin dye to the thin film surface, and a greater surface area upon which the photocatalytic 
reaction can occur. 

Figure 3. SEM Images of samples prepared by sol-gel with decreasing concentration of 
Tween® 20 surfactant. D = 0.0006 mol·dm 3; E = 0.0003 mol·dm 3; numbers represent 
number of layers. Samples were annealed at 500 °C/15 min. 

 

3.2. Influence of Surfactant Addition on Average Surface Roughness of Thin Films 

Surfactant addition has been found to increase the root mean square surface roughness of thin 
films by up to 180 nm, as sample A2 (produced without surfactant) has an average root mean square 
surface roughness of 11 nm, compared with sample B2 (produced with 0.006 mol·dm 3 of Tween® 40) 
which has an average surface roughness of 196 nm. This large increase in surface roughness is a 
result of the morphological changes within the thin film that have been described, whereby the 
particles produced with surfactant are smaller and also more angular in shape due to the surfactant 
obstruction during the sol-gel growth phase.  



60 
 

 

In addition, when the concentration of the surfactant is decreased from 6 × 10 4 mol·dm 3 to  
4 × 10 4 mol·dm 3, as in samples D to E, the root mean square surface roughness decreases, whereby 
sample D2 exhibits the highest surface roughness of 350 nm, and E2 has a surface roughness of 191 
nm. Further root mean square surface roughness values are given in Table 2. This increased surface 
roughness in the samples with increased concentration of surfactant can be explained by the effect 
of the surfactant as it surrounds the titania particles during the growth phase. When the surfactant 
concentration is reduced, as from sample D2 to E2, the growing particles are less restricted in their 
growth, meaning they can grow larger and more spherical, as can be seen in the SEM images D2 to 
C2 in Figure 3. This is reflected in the particle sizes, whereby sample D2 has an average particle size 
of 25 nm and E2 has an average particle size of 35 nm. However, it should be noted the role of 
agglomeration between particles present in sample D2, which also has had an effect to increase the 
surface roughness of the thin film. Those samples produced without surfactant have a reduced root 
mean square surface roughness in the range of 9–17 nm. There is no significant change in surface 
roughness depending on which surfactant type is used, however generally it is found that an increased 
concentration of surfactant increases the surface roughness. A 3D representation of the thin film 
surface roughness of samples produced with different surfactant types and concentrations are shown 
in Figure 4. 

Figure 4. AFM 3D representation of thin film surface. (a) A2 (no surfactant); (b) B2 
(Tween® 40, 0.006 mol·dm 3); (c) C2 (Tween® 40, 0.003 mol·dm 3); (d) D2 (Tween® 
20, 0.006 mol·dm 3); (e) E2 (Tween® 20, 0.003 mol·dm 3).  

(a) (b) 

(c) (d) 

(e) 
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3.3. Influence of Number of Layers on Thin Film Morphology  

As previously discussed, by increasing the number of consecutive dips and thereby the number of 
layers within the TiO2 thin film samples, the average thickness was increased as expected. It has been 
found that by increasing the number of layers within TiO2 sol-gel, the crystallite size decreases, as 
the individual single layer thickness increases, owing to the mechanism of growth as additional layers 
adhere to previous layers [22]. The addition of surfactant produces individual thicker layers, due to 
the increased viscosity of the sol as the surfactant coordinates around titania particles. As a result, 
the samples produced with surfactant are on average much thicker, with the increased concentrations 
of surfactant producing thicker. The addition of surfactant also made individual layers thicker, due 
to the increased viscosity within the thin film aiding the “sticking” of subsequent layers to the initial 
layers, which in turn resulted in thicker films overall. Thickness measurements were made using 
side-on SEM images, and are listed in Table 2. For example, sample A1 produced without surfactant 
and one layer, has a thickness of 42 nm, and can be compared to the one layer samples produced with 
addition of surfactant; B1, C1, D1 and E1 which have average thin film thicknesses of 180, 200, 110 
and 120 nm respectively. In addition, as the thin film thicknesses increases with the number of layers, 
the particle size is also found to increase, whereby the smaller crystallites formed in the increasingly 
thicker layers bind together to form agglomerated particles, as specifically observed in samples C3 
and D3, whereby the average particle size is 46 and 40 nm respectively. Agglomeration is also found 
to occur between the TiO2 layers, whereby the initial layers can act as particle nucleation sites, for 
example sample B3 shows increased agglomeration owing to the higher concentration of Tween® 40 
surfactant used, as seen in Figure 2. 

The effect of number of layers on the root mean square surface roughness of the thin films does 
not have a consistent trend between samples, as seen in Table 2. Typically increasing the number of 
layers would be expected to increase the surface roughness of samples due to irregular adhesion 
between layers where different sized particles are placed on top of one another. However, most 
samples show a decrease in surface roughness from one layer to three layers, e.g. Sample B1 (318 nm), 
sample B2 (196 nm), and sample B3 (209 nm). This is likely to be the result of particles agglomerating 
between layers as they adhere to one another, leading to a smoother top surface overall.  

3.4. Crystalline Phase Identification of TiO2 Thin Films 

A typical XRD diffraction pattern of the TiO2 thin films deposited on F:SnO2 coated glass 
substrate is shown in Figure 5. The thin films deposited were thinner than the F:SnO2 layer (~400 nm) 
so breakthrough to the substrate was observed for all samples. The samples showed peaks 
representing a mixture of anatase, the preferred crystal phase in the [101] plane, as well as rutile, 
which is the more thermodynamically stable phase and was present in the [211] plane. The presence 
of the brookite phase was also observed in the [121], [221] and [203] planes. This mixture of phases 
is commonly observed in the production of TiO2 derived thin films [2,8], and it is believed that the 
sol-gel method described herein has resulted in the production of largely amorphous TiO2 thin films 
which cannot be detected by XRD. For further determination of the TiO2 phase, Raman spectroscopy 
was used, whereby a typical spectrum is shown in Figure 6. All samples gave strong Raman bands 
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centred at 147, 395, 513 and 642 cm 1, with a weaker band centred at 198 cm 1, all of which are 
attributable to anatase titanium dioxide indicating that whilst there is poor long range order, anatase 
predominates over a short range [23]. 

Figure 5. XRD pattern for sample B (3 layers) produced with 6 × 10 4 mol·dm 3 Tween® 
40 surfactant and annealed at 500 °C/ 15min. Red assigned peak denotes presence of 
anatase in the [101] plane. Blue peaks denote presence of brookite, and black peak 
denotes presence of rutile. Peaks denoted with an asterisk are from the casserite substrate. 
This diffraction pattern was the same for samples A, C, D and E.  

 

Figure 6. Typical Raman spectrum obtained for all samples. This spectra was for  
sample B3 annealed at 500 °C for 15 min. Peaks match the reference spectra for TiO2 
anatase [23]. 
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3.5. Wetting Behaviour of Thin Films 

All TiO2 thin film samples produced exhibited UV induced hydrophilicity in varying degrees, as 
seen by the reduction in contact angle of deionised water on the TiO2 surface after 30 min UV 
irradiation shown in Table 2. Some samples that were produced with surfactant exhibited 
superhydrophilicity whereby the contact angle dropped to below 5° after UV irradiation, such as 
sample D2 and E2, which both had contact angles after 30 min UV irradiation which were around 
3°. As these samples were produced with the lighter weight surfactant, Tween® 20, the effects on 
particle growth were that slightly larger and more spherical particles were grown in comparison to 
samples B and C, as the surfactant was not as bulky when surrounding titania particles during growth, 
therefore were not as obstructing. This can be seen in the SEM images and is also reflected in the 
particle sizes as shown in Table 2.  

3.6. Photocatalytic Properties of Films 

The sol-gel derived thin films all demonstrated photocatalytic activity for the degradation of 
resazurin intelligent ink. The addition of surfactant was found to increase the photocatalytic activity 
of the thin films as shown in Table 2 and Figure 7. The samples prepared without surfactant, samples 
A1–A3 exhibited half-lives in the range of 9.5–16.50 min. In contrast, the samples produced with 
surfactant had half-lives ranging from 3 to 5 min. The fastest half-lives observed were for samples 
C2 and E2, which both had a half-life of 3 min for resazurin degradation. This indicates that the 
addition of Tween® 40 or Tween® 20 surfactant in the lowest concentration (0.003 mol·dm 3) has a 
beneficial effect on the thin film microstructure and morphology, such that the functional properties 
are improved for photocatalytic activity. The photocatalytic activity is attributed to the surfactant 
role as the particles grow within the sol-gel. The surfactant acts as a spacer between growing titania 
particles that enables great control over their size and shape, preventing agglomeration. The particles 
produced as a result are angular and smaller in size (average size for C2 29 nm, compared to 130 nm 
for A2). This modified morphology results in an increased surface area to volume ratio upon which 
the organic dye can be adsorbed and photocatalytically degraded.  

It has been widely acknowledged that photocatalytic activity can be influenced and enhanced by 
a number of factors, and within this study it has been found that a combination of factors, particularly 
morphology and surface roughness have caused significant changes to the photocatalytic properties 
of the thin films produced. For example, all samples produced with surfactant exhibit a much higher 
average surface roughness, which can be seen morphologically in the SEM images (Figures 2 and 3) 
where particles are more angular and a variety of sizes, and also in the 3D AFM images in Figure 4. 
Samples prepared without surfactant showed a surface roughness ranging from 9 to17 nm, 
attributable to the poor definition of the larger, more spherical particles ranging in size 40–130 nm. 
In contrast, samples prepared with Tween® surfactants showed average surface roughness values 
ranging from 135 to 366 nm, with much more angular and variable sized particles ranging from 25 
to 55 nm as their average size. The increased surface roughness enables an increased surface area to 
volume ratio, and as described enables greater absorption of the dye on the surface, and an increased 
area for the photocatalytic reaction to take place. 
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Figure 7. Normalised decrease in absorption of resazurin peak at 630 nm with UV 
irradiation (365 nm) over time for samples: Blank; A = no surfactant; B = Tween® 40, 
0.006 mol·dm 3; C = Tween® 40, 0.003 mol·dm 3; E = Tween® 20, 0.003 mol·dm 3. 
Sample D has been removed for graph clarity.  

 

4. Conclusions 

TiO2 thin films which were photocatalytically active were deposited using a non-aqueous 
modified sol gel method with the addition of two Tween® type surfactants at different concentrations. 
The addition of surfactant was found to reduce the photocatalytic half-life of the reazurin dye from 
16.5 to 3 min for a sample deposited from a sol that contained Tween® 40 or 20 surfactant in a 
concentration of 3 × 10 4 mol·dm 3. The improved photocatalytic activity is attributed to the angular 
shape of particles, as well as a smaller average particle size range and increased root mean square 
surface roughness, indicating a greater surface area for catalysis to occur upon. 
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Photocatalytic Activity and Stability of Porous
Polycrystalline ZnO Thin-Films Grown via a Two-Step
Thermal Oxidation Process
James C. Moore, Robert Louder and Cody V. Thompson

Abstract: The photocatalytic activity and stability of thin, polycrystalline ZnO films was studied.

The oxidative degradation of organic compounds at the ZnO surface results from the ultraviolet

(UV) photo-induced creation of highly oxidizing holes and reducing electrons, which combine with

surface water to form hydroxyl radicals and reactive oxygen species. Therefore, the efficiency

of the electron-hole pair formation is of critical importance for self-cleaning and antimicrobial

applications with these metal-oxide catalyst systems. In this study, ZnO thin films were fabricated

on sapphire substrates via direct current sputter deposition of Zn-metal films followed by thermal

oxidation at several annealing temperatures (300–1200 ◦C). Due to the ease with which they can

be recovered, stabilized films are preferable to nanoparticles or colloidal suspensions for some

applications. Characterization of the resulting ZnO thin films through atomic force microscopy and

photoluminescence indicated that decreasing annealing temperature leads to smaller crystal grain size

and increased UV excitonic emission. The photocatalytic activities were characterized by UV-visible

absorption measurements of Rhodamine B dye concentrations. The films oxidized at lower annealing

temperatures exhibited higher photocatalytic activity, which is attributed to the increased optical

quality. Photocatalytic activity was also found to depend on film thickness, with lower activity

observed for thinner films. Decreasing activity with use was found to be the result of decreasing

film thickness due to surface etching.

Reprinted from Coatings. Cite as: Moore, J.C.; Louder, R.; Thompson, C.V. Photocatalytic

Activity and Stability of Porous Polycrystalline ZnO Thin-Films Grown via a Two-Step

Thermal Oxidation Process. Coatings 2014, 4, 651–669.

1. Introduction

Zinc oxide (ZnO) is a highly useful and practical wide bandgap semiconducting material with

a broad range of applications, including self-cleaning and anti-fogging surfaces, sterilization, gas

sensing, energy production and environmental purification [1–4]. Specifically, ZnO efficiently

absorbs ultraviolet (UV) light and has surface electrical properties sensitive to the environment at

the interface, with device applications that include gas sensors, photovoltaic cells, light emitting

diodes and photocatalysts [1,5–10]. The photocatalytic effects of ZnO are being exploited for

use within self-cleaning paints, in environmental remediation applications and prophylactics with

nanoparticle and colloidal suspensions demonstrating high photodegradation efficiency for organic

compounds [11]. Thin films have received recent interest due to their reusability and transparency,

which is essential for applications, such as self-cleaning glass and antimicrobial coatings on
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solid surfaces and flexible plastics [12–14]. Transparent ZnO films could also find use as

fingerprint-resistant barriers on touch screen devices, such as cell phones and tablet computers.

Many environmental pollutants are organic in nature, and many proposed methods of

environmental decontamination involve oxidation of the organic pollutants [15]. However, using

semiconductor photocatalysts to oxidize and remove such pollutants from the local environment has

many advantages over alternative methods [16]. ZnO materials in particular are nontoxic and present

little additional harm to the environment in which they are used, contrary to most other methods

of decontamination. However, there is some concern about the dissolution of ZnO particles and

resulting Zn toxicity in marine environments [4,17]. Furthermore, ZnO photocatalysts do not need

to be re-activated after undergoing photoinduced oxidation and reduction reactions. Conversely,

activated carbon, a popular choice for water purification, requires expensive and potentially polluting

reactivation [18].

Another traditional means of decontamination involves microorganisms, such as bacteria, which

biologically degrade toxic organics [18]. However, these processes occur at a much slower rate

compared to photocatalytic oxidation by semiconductors, such as ZnO, and are inefficient at

concentrations below parts-per-million (ppm) levels, while ZnO photocatalysts have been shown

to oxidize pollutants present in extremely low concentrations. Additionally, many pollutants can

also be toxic to the microorganisms themselves, reducing their catalytic activity with time. ZnO

photocatalysts degrade most organic pollutants non-selectively, though their stability is a topic of

study [19].

Extensive work has gone into investigating the photocatalytic properties of ZnO nanoparticles

and colloid suspensions [20,21]. For environmental remediation purposes, nanoparticle powders are

particularly effective, since they can be readily mixed with the contaminated solution and have a high

surface area. However, separating the catalyst from solution is challenging, which makes their use

in these applications potentially cost-prohibitive [22]. As mentioned, Zn toxicity is also a concern

for these systems, especially if allowed to remain in the environment. Fujishima et al. suggest that

the nanofilm form of these semiconductors is preferable to particles for use in fluid decontamination

exactly because the nanoparticles need to eventually be collected and removed from the fluid [23,24].

There has been little discussion in the literature concerning the sorts of structural and

photophysical properties that can directly affect photocatalytic activity for film-based catalysts.

As an example, whether degradation occurs predominantly due to reaction with free-radicals

or directly with the holes themselves is controversial, with some groups even proposing a

predominant electron-based catalytic pathway on ZnO single-crystal surfaces [23,25]. For

surface-based applications, challenges exist with nanoparticle-based films, such as adhesion and

optical transparency [26]. Nanoparticles do have a high surface area per volume, which increases

the number of available surface states to serve as reaction sites. However, increased crystallinity

associated with larger particle sizes typically results in greater optical efficiency and, therefore, higher

electron-hole pair production efficiency [23,27,28]. Many applications of decontamination using

semiconductor photocatalysts involve the Sun as a practical source of UV illumination, although

only 2%–3% of solar radiation will induce semiconductor-catalyzed oxidation [29]. Accordingly, the
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photodegradation efficiencies of the semiconductor photocatalysts designed for these uses need to be

optimized in order to be of practical use. Both high surface area and optical efficiency are required

for high photocatalytic activity with metal-oxides. For TiO2 and ZnO thin, polycrystalline films,

a decrease in grain size typically results in increased surface roughness and surface area; however,

small grain size typically also corresponds to an increase in deep-level defects that lower the number

of photo-induced holes at the surface available for catalysis [28]. These competing mechanisms must

be balanced.

In previous work, we have found that thin (<200 nm) ZnO films grown via thermal oxidation of

Zn-metal at relatively low temperature (300 ◦C) result in high surface roughness with low deep-level

defects [14,28]. Increasing surface-level Zn interstitials could also result in greater catalytic activity

and a favorable shift in wavelength into the visible spectrum. We have also found that significant

blue emission associated with Zn interstitials near the surface and very little deep-level emission

from bulk-related defects can be obtained via tailoring of the films thickness and grain size, resulting

in a potential increase in photocatalytic activity due to a favorable balance of features [28,30].

In this study, we measure the photocatalytic activity and stability of thin, polycrystalline ZnO

films fabricated on sapphire substrates via direct current (DC) sputter deposition of Zn-metal films,

followed by thermal oxidation at several annealing temperatures. In particular, we describe growth

parameters that result in highly porous, polycrystalline films demonstrating high surface roughness

while simultaneously exhibiting a high excitonic-to-green emission ratio. We also investigate the

time-dependent stability of these films.

In Section 2, we describe the process by which films have been fabricated and characterized, and

we discuss the method used for determining catalytic activity. In Section 3, we discuss the resulting

morphological, structural and optical properties of the fabricated films. In Section 4, we discuss

surface catalysis pathways and the reaction kinetic models used to describe the catalytic activity of

these films. Finally, in Section 5, we discuss the balance between crystal grain size and the optical

efficiency that affects the photocatalytic activity of polycrystalline ZnO films.

2. Experiment

Zinc films where deposited on c-plane sapphire substrates via direct current sputter deposition.

Metallic Zn targets were obtained commercially and had a purity of 99.99%. Before deposition,

substrates were cleaned via immersion in acetone, ultrasonically cleaned in methanol and rinsed in

deionized water. The chamber base pressure was maintained between 1.0 × 10−5 and 2.5 × 10−5

mbars. A gate valve between the chamber and the pump was utilized as a throttle to maintain an

Ar pressure of approximately 2 × 10−2 mbars. Sputtering power was maintained between 10 and

20 W with the substrate located approximately 10 cm from the sputter source. Deposition times

ranged from 15 to 40 min, resulting in film thicknesses between 100 nm and 600 nm as measured

via the AFM profile and reflectometry. Thermal oxidation of the Zn metal films was carried out in

an air-ambient muffle furnace. For all samples, Zn films were initially annealed at 300 ◦C for 9–24

hours to ensure complete oxidation. Some films were then re-annealed for 1 hour at 600 ◦C, 900 ◦C

and 1200 ◦C.
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Zinc oxide films were characterized via X-ray diffraction (XRD), atomic force microscopy

(AFM) and photoluminescence (PL). Structural properties of the ZnO films were measured using

Cu-Kα radiation in the range from 30◦ to 50◦. The morphology of the films was determined via

dynamic-mode AFM using an Anfatec Level AFM and approximately 300 kHz resonant aluminum

backside silicon tips. Photoluminescence spectra were obtained at room temperature using a HeCd

laser as an excitation source and a power of P = 0.3 W/cm2. UV illumination was provided by a

deuterium lamp.

Following morphological and optical characterization, the photocatalytic activities of the films

were characterized by measuring the degradation of Rhodamine B dye (rhoB) in solution. RhoB

was used to simulate an organic environmental contaminant, because its concentration in solution

can be accurately measured spectrophotometrically. Oxidized rhoB products do not absorb visible

light, so the concentration and the resulting absorbance of the rhoB solutions decrease as the rhoB is

oxidized by the ZnO photocatalysts. The overall photocatalytic activities of the materials therefore

correlate to the rate of change in the concentration of the rhoB solutions as measured by UV-Vis

spectrophotometry.

The UV-Vis spectrophotometer was first calibrated in order to determine the relationship between

absorbance measurements and rhoB concentrations. This was accomplished by measuring the

absorbance of known concentrations of rhoB and constructing a calibration curve from the resulting

measurements (not shown). The concentrations in the rest of the experiment were then calculated

from the absorbance measurements. The linear range of the absorbance-concentration relationship

was determined to be between 1 and 8 ppm rhoB, so an initial concentration of 8 ppm rhoB in solution

was used for the photodegradation experiments.

Each ZnO thin film was incubated in an 8 ppm rhoB solution while irradiated with UV light at

a constant power density of 80 μW/cm. The absorbance of the solution was taken after 10, 20, 30,

45, 60, 90, 120, 150 and 180 min of UV irradiation at the peak absorbance wavelength (553 nm) for

maximum sensitivity, and the corresponding rhoB concentration was calculated using the equation

of the rhoB calibration curve. In order to account for differences in the surface areas of the films, the

total change in concentration of rhoB at each time interval was divided by the specific surface area

of the film and plotted against the time of UV irradiation.

3. Film Growth and Characterization

As described earlier, greater catalytic activity is expected with high surface roughness and high

optical efficiency. In this section, we discuss the morphology, structure and optical properties of the

ZnO thin films under study. Specifically, we describe the morphological and structural evolution with

annealing temperature and film thickness, concentrating on crystal grain sizes and surface roughness.

We also describe how growth parameters affect the optical properties of the films. In particular, we

discuss the relative excitonic emission efficiency and yellow-green band emission.
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3.1. Morphology and Structure

The evolution of the surface morphology with increasing annealing temperature for 200 nm-

and 600 nm-thick ZnO films is shown in the AFM images presented in Figure 1a–e. As shown in

Figure 1a, the as-grown zinc film demonstrates a high surface roughness and approximately 100-nm

diameter protrusions. Figure 1b,c shows the surface morphology of resulting 600 nm-thick ZnO

films annealed at 300 ◦C and 600 ◦C. Figure 1d,e shows the surface morphology of the resulting

200 nm-thick ZnO films annealed at 300 ◦C and 600 ◦C. For both thicknesses, there is very

little change in the underlying characteristics between zinc-metallic films and ZnO films annealed

at 300 ◦C; however, surface roughness is observed to increase, and protrusions grow in size by

approximately 50 nm. This is consistent with previous studies, where Gupta et al. show that the

preferred orientation of ZnO thermally oxidized on glass can depend on the Zn film texture and

oxidizing agent [31]. For 600 nm-thick films, an increase in surface roughness is observed with

increasing temperature (Figure 1b,c). Interestingly, at temperatures above 600 ◦C and a thickness of

600 nm, long vertically-aligned nanorods are visible, which is consistent with previous studies [32].

For a 200 nm-thick films, a decrease in protrusion diameter and surface roughness is observed with

increasing temperature (Figure 1d,e). Nanorods are not seen for the thinner films annealed at any

temperature. For both film thicknesses, there is little change in surface morphology observed at

higher temperatures (not shown). Specifically, the protrusion size does not significantly change.

Grain size was characterized by both AFM and XRD. For films having thicknesses between

400 nm and 600 nm, grain size was observed to increase with increasing annealing temperature from

300 ◦C to 1200 ◦C. Interestingly, for films having thicknesses between 100 nm and 200 nm, grain

size decreased with increasing temperature up to a certain point. Figure 1d,e shows a decrease in the

protrusion diameter from approximately 150 nm to approximately 100 nm at annealing temperatures

of 300 ◦C and 600 ◦C, respectively, with no further significant change in size as the temperature

was further increased. Grain size, as determined by the full width at half maximum in the XRD

spectra (not shown), was also found to decrease with increasing temperature up to 600 ◦C, with

relatively small increases at higher temperatures, which is consistent with AFM measurements. This

observation appears inconsistent with some reports in the literature for thermally-oxidized ZnO

films [33,34]. This discrepancy may be the result of differences in studied temperature regimes,

the variations in film thickness and/or our two-step thermal annealing process, where metallic zinc

films are all initially oxidized at low temperature. Furthermore, our metallic zinc films display a

significantly different texture and larger initial particle size in comparison to films grown via other

methods, which has been shown to affect resulting film morphology and structure [31].

3.2. Optical Properties

Figure 2 shows the PL spectra of ZnO films with a thickness of (a) 600 nm and (b) 200 nm

thermally annealed at various temperatures. The spectra for the 600 nm-thick films all show

asymmetric broad bands in the yellow-green region, with no significant yellow-green emission

observed for the 200 nm-thick films. For all thicknesses, a more narrow band in the UV is observed,
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which is associated with excitonic emission; however, the 200-nm film demonstrates an asymmetric

and broad band in the blue-UV region at higher temperatures. For all thicknesses, the strongest

UV excitonic emission is observed at low temperature, with decreasing UV emission observed with

increasing annealing temperature. Interestingly, for thinner films, increasing temperature results in

a significant redshift (0.15 eV) in the UV excitonic peak and an asymmetrical peak broadening.

This change in UV peak position could be explained by a corresponding shift in bandgap energy,

which would be consistent with transmission studies of ZnO films grown via the sol-gel method and

previous studies of thermally annealed Zn films [28,35]. Wu et al. and Dijken et al. both demonstrate

that an increase in particle size should result in a redshift in energies, which appears inconsistent with

our results, since in this temperature and thickness regime, we see a decrease in grain size [36,37].

However, these studies discuss systems where quantum size effects become relevant, and the particle

sizes in this study are sufficiently large, such that the shift in bandgap cannot be explained via a

similar mechanism. Jain et al. speculate that this red shift is the result of an increase in interstitial

zinc atoms, which we demonstrated to be the case in a previous study [28,35].

Figure 1. AFM topography images of (a) Zn-metal films before oxidation (grayscale

range = 200 nm) and the resulting polycrystalline ZnO films after annealing in ambient

air; Six hundred nanometer-thick films annealed at (b) 300 ◦C (grayscale range = 500 nm)

and (c) 600 ◦C (grayscale range = 1000 nm). Two hundred nanometer-thick

films annealed at (d) 300 ◦C (grayscale range = 300 nm) and (e) 600 ◦C (grayscale

range = 250 nm).

As shown in Figure 2, 600 nm-thick films demonstrate increasing yellow-green band intensity

with increasing annealing temperature when compared to UV emission. This can be attributed to

a rapid increase in V+
o and O−

i ion centers at high temperatures [34,36]. In contrast, 200 nm-thick

films demonstrate little green and yellow band emission at any temperature (Figure 2b). Deep level

emission is attributed to bulk defects; therefore, it is possible that decreased bulk volume results in

the formation of relatively fewer deep-level states. If green and yellow emission results from the
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recombination of a delocalized electron close to the conduction band with a deeply trapped hole in

the V+
o and O−

i centers in the bulk, respectively, then a decrease in film thickness would decrease the

bulk with respect to the depletion region, resulting in weaker bulk-related, deep-level emission [36].

Reaction kinetics could also contribute, with thinner films having shorter diffusion paths for reactive

oxygen species during oxidation [38]. Thin films would therefore demonstrate fewer V+
o and O−

i ions

at any annealing temperature, as observed.

Figure 2. PL spectra of ZnO films grown at 300 ◦C, 600 ◦C, 900 ◦C and 1200 ◦C at

thicknesses of (a) 600 nm and (b) 200 nm. For thicker films, increasing green band

emission relative to UV emission is seen with increasing temperature. Thinner films

demonstrate little green band emission; however, a significant redshift in UV emission

and asymmetrical band broadening is observed at higher temperatures.

For thin films at high temperatures, the asymmetric and broad UV excitonic emission bands

result from increasing blue emission and corresponding decreasing UV emission [28]. As shown in

Figure 2b, the PL spectra for the 200 nm-thick film exhibited the most dramatic blue band emission

and very low green band emission at all temperatures. Wang et al. found that the intensities of the

green and yellow cathodoluminescence peaks were strongly affected by the width of the free-carrier

depletion region near the surface [34]. They argue that single ionized oxygen vacancies exist only

in the bulk, so the magnitude of the depletion region in relation to the bulk directly affects the

intensity of the green emission in the cathodoluminescence spectrum. It has been suggested that blue

emission results from zinc interstitials found in the depletion region, so an approximately 400-nm

blue emission should only be observed in a sample with a wide depletion region relative to the bulk.

Otherwise, deep-level green emission will dominate [28,39,40]. Therefore, the emergence of blue

emission with decreasing film thickness results from a low ratio of the bulk to the depletion region.

Temperature and grain size also contribute to the PL spectra, since no blue emission is observed

for 200-nm films annealed at 300 ◦C (see Figure 2b). As discussed, we observe a larger grain size via

XRD and AFM for 200-nm films annealed at 300 ◦C, resulting in a larger bulk to depletion region

ratio, which could contribute to the weaker blue emission. Furthermore, thinner films have shorter

diffusion paths for reactive oxygen species during oxidation, and lower temperatures slow the Zn/O2

reaction. This results in fewer zinc interstitials, which would manifest as weaker blue emission and

a red shift in both blue and UV emissions, as is observed.
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For photocatalysis applications, thin ZnO films show significant promise due to their potential

for balancing high optical quality with high surface roughness. In particular, 200 nm-thick

films annealed at low temperature (300 ◦C) demonstrate a high UV-to-green emission ratio with

relatively high surface roughness. Low-temperature annealed 600-nm thick films also show strong

excitonic photoemission combined with a tall protrusion height within the porous film structure,

which could result in greater effective surface area for photochemical reactions. In this study,

we investigate photocatalysis with these thin films, because they show the most promise for high

photocatalytic activity.

4. Surface Catalysis and Reaction Kinetics

Metal-oxide semiconductors use light energy to catalyze oxidation-reduction reactions via

electron-hole pair production at the material surface [41,42]. The photogenerated holes on the

semiconductor surface have a high oxidation potential, while the photogenerated electrons have a

high reduction potential [19,23]. Several types of aqueous reactions catalyzed by electron-hole pairs

lead to the formation of the hydroxyl radicals and reactive oxygen species that are directly responsible

for the oxidative degradation of organic compounds. One of these reactions involves the oxidation of

water (H2O) by a hole (h+) into hydrogen ions (H+) and a hydroxyl radical (O∗):

h+ +H2O → 2H+ +O∗ (1)

Another reaction involves the reduction of molecular oxygen (O2) into a superoxide radical (O−∗
2 ) by

a photogenerated electron (e−):

e− +O2 → O−∗
2 (2)

The superoxide radical can be further reduced by another electron and then paired with two H+ ions

to form hydrogen peroxide (H2O2):

O−∗
2 + e− + 2H+ → H2O2 (3)

The hydrogen peroxide can then be reduced by an electron to form hydroxyl radicals:

e− +H2O2 → OH− +OH∗ (4)

By these reactions, either the electrons or the holes of the photogenerated electron-hole pairs can

produce hydroxyl and superoxide radicals that can subsequently degrade organic compounds [19,23].

It has also been proposed that the electrons or holes themselves may be responsible for at least some

of the degradation of organics. Whether degradation occurs predominantly due to reaction with

free-radicals or directly with the holes themselves is controversial, with some groups even proposing

a predominant electron-based catalytic pathway on ZnO single-crystal surfaces [23,25]. Most likely,

however, a large combination of chemical reactions involving various intermediates ultimately leads

to the degradation of the organic compounds, which complicates the mathematical descriptions of

the rates at which the overall degradation occurs [19].
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Simplified mathematical descriptions of the degradation reactions have been used to

experimentally quantify and compare photocatalytic activities. For most purposes, especially when

the concentration of the contaminant is less than 10 ppm, the reaction can be considered first order,

meaning that the time t rate of change in concentration c of the contaminant, dc/dt, follows the

general relationship:

− dc

dt
= kc (5)

where k is the rate constant [19]. This equation has been modified for solid photocatalysts to account

for the surface area of the photocatalyst and the intensity of the incident light, as follows:

− dc

dt
= kcAS

√
I (6)

where I is the intensity of light used and AS is the total surface area of the photocatalyst [23]. The

solution to this differential equation is as follows:

c(t) = c0e
−ktAS

√
I (7)

where c0 is the initial concentration of the contaminant. In order to make the concentration-time

relationship linear, the equation can be rewritten as the integrated rate law, as follows:

ln
c

c0
= −ktAS

√
I (8)

When the natural log of the normalized concentration c/c0 is plotted as a function of time, the rate

constant k can be easily determined from the slope of the linear best-fit. The rate constant is the figure

of merit referred to in the literature for quantitative comparisons of photocatalytic activity [19].

Zero- and half-order rate laws have also been used to describe the photocatalyst degradation

reactions. In particular, the half-order rate law has been shown to more accurately model

photocatalytic reactions on metal-oxide surfaces, most likely due to the combination of zero- and

first-order chemical reactions involved in photodegradation [19]. The differential and integrated

forms of the half-order rate law are as follows:

− dc

dt
= AS

√
Ikt1/2 (9)

and:

c1/2(t) = c
1/2
0 − AS

√
I
k

2
t (10)

respectively. In this study, we calculate (c1/2 − c
1/2
0 )/AS and plot this as a function of the UV

irradiation time, with the half-order rate constant determined from the slope of the linear best-fit.

While the light intensity is a factor in calculating the rate constant, the same light intensity was used

for each experiment in this study, and its effect on the rate of each reaction can be negated.
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5. Results

In this section, we discuss the photocatalytic activity of the fabricated ZnO thin films and its

dependency on the annealing temperature and film thickness. We also discuss the stability of these

films with continued use by investigating the time-dependence of the photocatalytic activity. As

described in Section 3, the annealing temperature and film thickness have been shown to affect

both the surface roughness and the efficiency of electron-hole pair production, which have been

shown to affect photcatalysis. Furthermore, surface degradation of ZnO with exposure to aqueous

environments has been reported, which could affect the long-term stability of ZnO thin films with

respect to photocatalysis [4,17].

5.1. Reaction Order

Figure 3a,b shows that concentrations of rhoB fit to the first- and half-order integrated rate

law, respectively, for increasing annealing temperature and constant 200 nm-thick films. Half-order

reaction kinetics (Equation (10)) better approximate the overall degradation reaction than the more

commonly applied first-order rate law (Equation (8)), as indicated by the higher coefficient of

determination (R2) values for the linear fits (shown in Table 1). The orders of the individual reactions

that ultimately lead to the degradation of organic compounds, such as rhoB by semiconductor

photocatalysts, vary between zero and one, depending on the reaction. When these reactions are

coupled, the order of the overall reaction is somewhere between zero and one, and so the best

approximation is most likely to be the half-order rate law [19]. For reasons of simplicity and

uniformity between studies, the first-order rate law has commonly been applied to quantify the

photocatalytic activities of semiconductor photocatalysts. However, because the half-order rate law

is a better and more logical approximation, the photocatalytic activities were calculated in this study

using the half-order integrated rate law (Equation (10)).

Figure 3. Concentrations of rhoB fit to the (a) first order and (b) half-order integrated rate

law for varying annealing temperature (300–900 ◦C). The best fit curves are indicated by

the solid lines, with the slope of the best fit curves representing the photocatalytic activity.

The control consists of degradation measurements made in the absence of catalyst films.
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Table 1. Regression statistics for first- and half-order reaction kinetics.

Annealing Temperature (◦C) R2 1st order R2 half-order

300 0.999 0.856

600 0.998 0.887

900 0.993 0.886

However, it should be noted that the order of the overall reaction is determined by which

reaction types predominate at any given moment, which itself is dependent on a multitude of factors.

One factor that determines the predominant reaction that is taking place at any given moment

is the concentration of the various molecules involved in the degradation reactions, which varies

significantly over time. The order of the overall reaction can thus change over the course of the

photocatalysis experiment due to decreasing concentrations of rhoB or increasing concentrations

of free radicals and peroxides in solution. The change in overall reaction order is apparent from

inspection of Figure 4, which is a semi-log plot representing the first-order rate law. The semi-log

concentration is linear during the first 60 min of irradiation time and significantly non-linear

thereafter, suggesting a change in overall reaction order. Therefore, there is a limit to the ability

of the reaction to follow any integrated rate law with time, which is not necessarily a result of the

catalyst film itself. For studies involving long-term film stability, activities are measured in shorter

60–120-min time intervals before the rhoB solution is replenished.

Figure 4. Semi-log plot of rhoB concentration with time. Within the first 60 min of

irradiation, first-order reaction kinetics fit the observed degradation as indicated by the

solid line. However, the change in overall reaction order is apparent after the first 60 min.

5.2. Photocatalytic Activity and Annealing Temperature

As shown in Figure 3b, the half-order photocatalytic activity decreases with increasing annealing

temperature, as indicated by the decreasing slope of the best-fit lines with increasing temperature. A

control measurement was made, which consisted of a sapphire substrate without a ZnO film incubated

in an 8-ppm rhoB solution, while irradiated with UV light (hollow squares, Figure 3b). We observed
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no difference in photodegradation between rhoB solutions alone and rhoB solutions with immersed

sapphire, suggesting that the substrate plays no significant role in the degradation of the rhoB. It

is clear that some degradation of rhoB occurs as a result of UV illumination alone. To determine

the contributions to degradation by the ZnO films and, therefore, the photocatalytic activity of the

films, we subtract the control curve from measurements made in ZnO-incubated solution, with the

resulting slope of the best-fit representing the photocatalytic activity of the metal-oxide films. The

photocatalytic activities of 200 nm-thick ZnO films determined from half-order kinetics are reported

in Table 2.

The activity of the films annealed at 600 ◦C was reduced by 20% compared to the films annealed

at 300 ◦C, and the activity of the 900 ◦C annealed films was reduced by 30% compared to the

600 ◦C annealed films. Interestingly, this is the same proportional reduction as is observed for

peak PL excitation and annealing temperature, as shown in Figure 2b. This suggests that excitation

efficiency, specifically in the excitonic band, can significantly affect the photocatalytic activity

of metal-oxide films.

Table 2. Photocatalytic activity at various annealing temperatures.

Annealing temperature (◦C) Photocatalytic activity (ppm1/2mm−2min−1)

300 (57± 1)× 10−6

600 (31± 1)× 10−6

900 (10± 1)× 10−6

Since PL excitation is directly correlated to electron-hole pair formation on the semiconductor

surface, the films with higher optical quality have higher rates of electron-hole pair formation.

Furthermore, the oxidation and reduction reactions that lead to the degradation of rhoB and

other organic compounds by the semiconductor photocatalysts are dependent on the availability

of electrons and holes on the surface of the semiconductor, so the optical quality of the films is

the most important factor in the photocatalyzed degradation by the semiconductor, at least when

morphological features are similar.

The effective surface area on the nano-scale should also affect the photocatalytic activities of the

films, though the precise extent of its significance has been difficult to determine for metal-oxides

due to the connection between optical properties and grain size, surface roughness and other

morphological properties [43]. Since the films annealed at 300 ◦C in this study have larger grain

sizes than those annealed at higher temperature, their surface area is effectively smaller, resulting in

lower rates of contact with molecules in solution and ultimately leading to potentially lower reaction

rates, as well. However, this was not observed, and we speculate that this change in grain size

with increasing temperature was too small to have a significant contribution to the photocatalytic

activity. Furthermore, there is no observed change in grain size with increasing annealing temperature

past 600 ◦C, while significant reductions in photocatalytic activity are still observed, suggesting that

optical properties dominate the contribution to activity in this case.
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5.3. Photocatalytic Activity and Film Thickness

Figure 5a shows the half-order concentration curves for films annealed at 300 ◦C and having

thickness varying from 200 to 600 nm. Again, a control measurement was made, which consisted

of a sapphire substrate without a ZnO film incubated in an 8-ppm rhoB solution while irradiated

with UV light (hollow squares, Figure 5a). We subtracted the control curve from measurements

made in ZnO-incubated solution (filled triangles, diamonds, squares and circles in Figure 5a), with

the resulting slopes of the best-fit representing the photocatalytic activities of the metal-oxide films.

The half-order photocatalytic activities are plotted as a function of film thickness in Figure 5b and

are shown in Table 3. An approximately linear increase in photocatalytic activity is observed with

increasing film thickness, as shown via the solid line in Figure 5b.

In the previous section, we investigated photocatalytic activity with film annealing temperature

while keeping film thickness constant. For increasing annealing temperature, there was a significant

decrease in photoemission efficiency, but little change in overall surface morphology, at least with

respect to the observable height of ZnO grain protrusions, as seen in Figure 1d,e. In this section, we

discuss the photocatalytic activity as a function of film thickness with constant annealing temperature.

A comparison of the excitonic peaks for films annealed at 300◦C at a thicknesses of 600 and 200 nm

shows no significant difference in excitonic photoemission efficiency with thickness, as seen in

Figure 2a,b, respectively. However, inspection of the AFM images shown in Figure 1b,d indicates a

doubling in the observable ZnO grain protrusion height when going from 200 to 600 nm-thick films.

Figure 5. Half-order concentration curves for films annealed at 300 ◦C and having

thicknesses varying from 200 to 600 nm. Data is fit to the half-order integrated rate

law, with the curves of best-fit shown as the solid lines.

The significant increase in protrusion height could explain the increase in photocatalytic activity

with increasing film thickness. As mentioned, the effective surface area on the nano-scale may

also affect the photocatalytic activities of the films, though the precise extent of its significance

has been under question [43]. The polycrystalline nature of our films results in approximately

100–150 nm-diameter ZnO columns that protrude upward from the surface, with an inter-column

spacing on the order of 10–20 nm. Increasing the height of these columns results in an effective

increase in surface area, resulting in higher rates of contact with molecules in solution and ultimately
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leading to higher reaction rates. The observed increase in green and yellow band emission with

thicker films appears to have no effect on the photocatalytic activity of the films. Therefore, as

expected, the excitonic photoemission efficiency and effective surface area of the catalytic material

are the main contributors to activity. For films grown via a two-step thermal annealing process, low

temperature annealing combined with relatively thick films results in materials demonstrating greater

photocatalytic activity, due mainly to high optical quality and the porous nature of the morphology.

Table 3. Photocatalytic activity at various film thicknesses.

Film thickness (nm) Photocatalytic activity (ppm1/2mm−2min−1)

100 (21± 1)× 10−6

200 (47± 1)× 10−6

300 (57± 1)× 10−6

400 (67± 1)× 10−6

500 (97± 1)× 10−6

600 (127± 1)× 10−6

5.4. Film Stability

To determine film stability, we looked at the evolution of the photocatalytic activity over long

periods of time (up to two days of continuous incubation). The order of the overall reaction can

change over the course of the photocatalysis experiment due to decreasing concentration of rhoB

or increasing concentrations of free radicals and peroxides in solution, which could manifest as

a decrease in activity. We are interested in the photocatalytic activity of the films, so activity

was determined via rhoB concentration measurements over one-hour intervals. The rhoB solution

was replaced after each interval to ensure sufficient concentrations of rhoB and relatively low

concentrations of free radicals and peroxides.

Figure 6 shows the photocatalytic activity as a function of time for a ZnO film having a

thickness of 600 nm and annealed at a temperature of 300 ◦C. The photocatalytic activity decreases

approximately linearly over 50 hours until reducing to zero. Interestingly, after 50 hours of continued

incubation, the morphology of the sample is consistent with the morphology of the sapphire substrate

(not shown), suggesting that the cause of the observed decreasing activity is the degradation of

the ZnO film. During the incubation period, ZnO at the interface dissociates, forming Zn+ and

O− ions that leave the film structure and enter the solution. This is consistent with reports in the

literature concerning the stability of bulk and thin-film ZnO in contact with aqueous solutions [4,17].

Preferential etching should occur at termination sites, such as at the tips of ZnO grain protrusions seen

in Figure 1b. This results in a slow decrease in film thickness as the reactions take place. As shown in

the previous section, when the photoemission efficiency is similar, the predominant contributor to the

photocatalytic activity is the specific surface area and, in the context of this study, the film thickness.
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Therefore, the photocatalytic activity decreases with time due to surface etching of the film, resulting

in decreasing film thickness.

Figure 6. Photocatalytic activity as a function of time for a ZnO film having a

thickness of 600 nm and annealed at a temperature of 300 ◦C. Measurements where made

spectrophotometrically over one-hour increments, with the rhoB solution being replaced

after each one-hour measurement.

6. Discussion

Extensive work has gone into investigating the photocatalytic properties of ZnO nanoparticles

and colloid suspensions [20]. However, separating the catalyst from solution is challenging,

which makes their use in these applications potentially cost-prohibitive [22]. As mentioned, Zn

toxicity is also a concern for these systems, especially if allowed to remain in the environment.

Fujishima et al. suggest that the nanofilm form of these semiconductors is preferable to particles

for use in fluid decontamination exactly because the nanoparticles need to eventually be collected

and removed from the fluid [23,24]. There has been little discussion in the literature concerning

the sorts of structural and photophysical properties that can directly affect photocatalytic activity for

film-based catalysts. For the porous polycrystalline films discussed in this study, both optical and

morphological properties have been shown to significantly affect the photodegradation of organics at

the interface.

Polycrystalline films demonstrating high surface roughness and with small crystal grain size

do typically have a high effective surface area, which increases the number of available surface

states to serve as reaction sites. The concern with respect to the engineering of effective

metal-oxide-based catalysts, though, is that the decreased crystallinity associated with these surfaces

typically results in reduced optical efficiency and, therefore, lower electron-hole pair production

efficiency [23,27,28]. Both high surface area and optical efficiency are required for high

photocatalytic activity with metal-oxides. For TiO2 and ZnO thin, polycrystalline films, a decrease

in grain size typically results in increased surface roughness and surface area; however, small grain

size typically also corresponds to an increase in deep-level defects that could lower the number of

photo-induced holes at the surface available for catalysis [28]. These competing mechanisms must

be balanced. Thermal oxidation of Zn-metal films at low annealing temperatures applied over many
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hours results in a balance between high effective surface area and optical quality. Furthermore,

the porous nature of these films results in increased effective surface area with increased film

thickness, without a corresponding decrease in optical quality, at least with respect to electron-hole

pair production efficiency.

However, a significant problem with metal-oxide systems, such as ZnO, is long-term stability.

The most photoactive films discussed in this study decrease in effectiveness by 50% in approximately

24 hours. There is also some concern about the dissolution of ZnO particles and resulting Zn toxicity

in marine environments [4,17]. Although most of the work on ZnO dissolution has been with respect

to nanoparticles and colloid suspensions, there is increasing evidence that Zn toxicity should be a

concern for film-based systems and even for the interface of the single-crystal bulk [4,25]. Continued

work needs to be done to find metal-oxide systems that exhibit high catalytic activity and that are

passivated from preferential etching at termination sites, resulting in increased stability.

7. Conclusions

In summary, the photocatalytic activity and stability of thin, polycrystalline ZnO films was

studied. The oxidative degradation of organic compounds at the ZnO surface results from the

ultraviolet (UV) photo-induced creation of highly oxidizing holes and reducing electrons, which

combine with surface water to form hydroxyl radicals and reactive oxygen species. Therefore, the

efficiency of electron-hole pair formation is of critical importance for self-cleaning and antimicrobial

applications with these metal-oxide catalyst systems. In this study, the lower annealing temperature

of the fabricated ZnO thin films resulted in decreased protrusion size and specific surface area, as well

as increased UV excitonic emission. The films oxidized at lower annealing temperatures exhibited

higher photocatalytic activity, which is attributed to the increased optical quality. Photocatalytic

activity was also found to depend on film thickness, with lower activity observed for thinner films

due to a decrease in effective surface area. Decreasing activity with use was found to be the result of

decreasing film thickness due to preferential surface etching.
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Tuning the Photocatalytic Activity of Anatase TiO2 Thin 
Films by Modifying the Preferred <001> Grain Orientation 
with Reactive DC Magnetron Sputtering 

Bozhidar Stefanov and Lars Österlund 

Abstract: Anatase TiO2 thin films were deposited by DC reactive magnetron sputtering on glass 
substrates at 20 mTorr pressure in a flow of an Ar and O2 gas mixture. The O2 partial pressure (PO2) 
was varied from 0.65 mTorr to 1.3 mTorr to obtain two sets of films with different stoichiometry. 
The structure and morphology of the films were characterized by secondary electron microscopy, 
atomic force microscopy, and grazing-angle X-ray diffraction complemented by Rietveld refinement. 
The as-deposited films were amorphous. Post-annealing in air for 1 h at 500 °C resulted in 
polycrystalline anatase film structures with mean grain size of 24.2 nm (PO2 = 0.65 mTorr) and 22.1 nm 
(PO2 = 1.3 mTorr), respectively. The films sputtered at higher O2 pressure showed a preferential 
orientation in the <001> direction, which was associated with particle surfaces exposing highly 
reactive {001} facets. Films sputtered at lower O2 pressure exhibited no, or very little, preferential 
grain orientation, and were associated with random distribution of particles exposing mainly the 
thermodynamically favorable {101} surfaces. Photocatalytic degradation measurements using 
methylene blue dye showed that <001> oriented films exhibited approximately 30% higher 
reactivity. The measured intensity dependence of the degradation rate revealed that the  
UV-independent rate constant was 64% higher for the <001> oriented film compared to randomly 
oriented films. The reaction order was also found to be higher for <001> films compared to randomly 
oriented films, suggesting that the <001> oriented film exposes more reactive surface sites. 

Reprinted from Coatings. Cite as: Stefanov, B.; Österlund, L. Tuning the Photocatalytic Activity of 
Anatase TiO2 Thin Films by Modifying the Preferred <001> Grain Orientation with Reactive DC 
Magnetron Sputtering. Coatings 2014, 4, 587-601. 

1. Introduction 

Photocatalytic and superhydrophillic thin films of anatase TiO2 have attracted large research 
interest since the early 1970s and find application as self-cleaning, anti-fogging and anti-bacterial 
coatings [1–5]. Due to their intrinsic beneficial physical properties, TiO2 films are suitable for 
architectural coatings, and commercially available self-cleaning glasses, tiles, cement, porcelain 
based on TiO2 already exist [6–8]. 

There are a number of ways to deposit TiO2 onto a glass substrate, including chemical methods 
such as dip-coating using sol-gel techniques [9], spray-pyrolysis [10], and atomic layer deposition [11]. 
Physical deposition techniques such as magnetron sputtering are industrial up-scalable technologies 
which allow for fast and controlled deposition of films with good optical and mechanical properties [12]. 
An added possibility for DC magnetron sputtering deposition of anatase TiO2 is that the film 
textured can be controlled, and preferred orientated film growth in the <004> direction has been 
reported with improved photocatalytic properties [13]. 
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Typically, the surfaces of TiO2 nanocrystals are dominated by the stable {101} facets, with only 
a small amount of {001} facets, leading to a truncated bipyramidal shape [14,15]. The {001}  
facets have two times higher surface energy than {101} facets, but is expected to exhibit higher 
reactivity [16]. Ab initio calculations show that water dissociates on the (001) surface, while it only 
adsorbs molecularly on the (101) [17]. Altering the preparation conditions it was found that TiO2 
nanoparticles made by solvothermal synthesis can be prepared with altered <001>/<101> facet 
ratio [18–20]. In several studies it was reported that this led to an improved photocatalytic activity 
for the degradation of a number of liquid and gas-phase contaminants [21–23]. There are much 
fewer studies on sputter deposited TiO2 films. It has been reported that sputtered TiO2 films on 
biased substrates alter the texturing and preferred orientation depending on bias voltage, leading to 
an improved photodegradation rate of acetaldehyde as a function of increasing orientation [24]. 
Other reports show that changing total pressure [25], and O2 partial pressure [26] may also affect 
film growth and preferential orientation of anatase films. 

In the present study, we present results on the effect of preferred crystal grain orientation on the 
photocatalytic reactivity of anatase TiO2 films prepared by DC magnetron sputtering. The preferred 
grain orientation is shown to be related to the partial pressure of O2 in the reaction chamber. The 
effect of orientation on their photocatalytic properties was investigated. Both the apparent rate 
constant and intensity dependence of the photo-oxidation of methylene blue dye in liquid phase was 
studied. Our results show that even though the apparent reaction rate of the oriented films is higher, 
the increase in orientation does not affect the intensity dependence of the photo-degradation rate. 

2. Experimental 

2.1. Deposition of TiO2 Anatase Thin Films 

Anatase TiO2 thin films were deposited by reactive DC magnetron sputtering on microscope 
slides glass substrates (Thermo Fischer Scientific, Waltham, MA, USA) using a Balzers UTT400 
sputter system [27]. Two 5 cm diameter Ti targets (99.99% purity, Plasmaterials, Livermore, CA, 
USA) were used for deposition, and positioned 13 cm from the center of the sample holder, which 
was rotated at approximately 3 rpm, as described elsewhere [28]. Ar and O2 gases (both with 
99.997% purity) were supplied using mass flow controllers. The Ar flow rate was set to  
60 mL·min 1 and the total pressure in the chamber was adjusted to 20 mTorr, and kept constant in 
the experiment, yielding approximately the same kinetic energy of the ions impinging on the 
substrate and thus facilitate inter-comparisons between fabrication conditions. The O2 flow rate was 
varied in the experiments and two flow rates were employed, 2 mL·min 1 and 4 mL·min 1, 
respectively, corresponding to an O2 partial pressure of PO2 = 0.65 mTorr and PO2 = 1.3 mTorr in the 
sputtering chamber. One extra sample was deposited at intermediate O2 pressure PO2 = 0.95 mTorr  
(3 mL·min 1) to confirm the dependence of physical properties on PO2 (see Table 1), but this film was 
not studied further here. The plasma was created by a DC power supply set to constant current mode at 
0.75 A yielding 212 W direct power at PO2 = 0.65 mTorr O2, and 245 W at PO2 =1.3 mTorr O2. 

At each O2 partial pressures a total of 5 samples were sputtered. One sample with a size of  
25 mm × 25 mm for X-ray diffraction measurements, and two batches consisting of two samples 
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each deposited on larger substrates (50 mm × 25 mm, covered with a mask, thus limiting the coated 
area to 45 mm × 20 mm, or 900 mm2) for the photo-catalytic experiments. Both sets of films were 
deposited for 35 min resulting in film thicknesses of 574 and 664 nm for the films sputtered at  
PO2 = 0.65 and 1.3 mTorr O2, respectively, as determined by surface profilometry (Bruker 
DektrakXT, Karlsruhe, Germany). The slight increase in sputtering rate from 16.4 to 19 nm·min 1 
is likely to be due to the higher sputtering power obtained at 1.3 mTorr. The as-deposited samples 
were amorphous. To transform them into polycrystalline anatase they were calcined for 1 h at 500 °C. 
The temperature was ramped at 5 °C·min 1 and the samples were left to cool overnight. 

2.2. Structural and Morphological Characterization 

The film structure was investigated by grazing-incidence X-ray diffraction (GIXRD) employing 
a Siemens D5000 diffractometer equipped with parallel-beam optics and 0.4° Soller-slit collimator 
(Bruker AXS, Karlsruhe, Germany). The grazing angle was set to 0.5° and the diffractograms were 
collected with 5 s integration time and 0.05° resolution. 

The film morphology was measured with scanning electron microscopy (SEM) using a 
FEI/Philips XL-30 environmental SEM microscope equipped with a field-emission gun (FEI, 
Hillsboro, OR, USA), and operated in Hi-Vac mode at 10 kV accelerating voltage.  

The surface morphology was measured with atomic force microscopy (AFM) using a PSIA 
XE150 SPM/AFM (Park Systems Corp., Suwon, Korea) operating in non-contact mode in air at 
room temperature. Silicon ACTA cantilevers (AppNano, Mountain View, CA, USA) with 30 nm 
thick Al coating were used. The tip radius reported by the manufacturer was between 6 and 10 nm. 
Images were obtained at 1 Hz scanning rate over an area of 1000 nm × 1000 nm with a resolution 
of 256 pixels × 256 pixels.  

2.3. Optical Measurements 

Spectrophotometry using a Perkin-Elmer Lambda 900 spectrophotometer equipped with a 150 mm 
BaSO4 coated integrating sphere was employed to optically determine the optical constant and film 
porosity. Transmission and reflectance spectra were recorded between 300 and 800 nm. 

2.4. Photocatalytic Measurements 

Photodegradation experiments of methylene blue (MB) dye in solution were used to quantify the 
photocatalytic activity of the two TiO2 thin films with different preferred grain orientation. They 
will be referred to as sample “<101>” corresponding to the sample with 2% <001> orientation (i.e., 
almost randomly oriented grains dominated by <101> facets), and sample “<001>” with 25% 
<001> orientation. The experiments with MB were performed in a liquid-phase reactor employing 
in situ laser colorimetry for chemical analysis of the MB concentration employing a  = 365 nm 
diode laser, as described in detail elsewhere [29]. A standard 4 W UV tube (  = 365 nm) was used 
as a light source, positioned above the sample and attached on a stand, allowing for the distance 
between the tube and the reaction cell to be changed, as well as the illumination intensity. The 
intensity of the UV tube measured with a calibrated thermopile detector (Ophir, North Andover, 
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MA, USA) was 2.44 mW cm–2 at the UV tube’s wall. Using the linear-source spherical emission 
(LSSE) model, the intensity distributions at the position of the film in the reactor was estimated to 
be 0.38 mW cm 2. 

Samples were placed on a sample holder at the bottom of the reaction cell, which was filled with 
100 mL of distilled water and circulated with a magnetic stirrer. Background absorption in the 
reactor was measured, and then 1 mL of 100 ppm MB stock solution was added, leading to an 
initial concentration of 0.99 ppm. The system was allowed to reach equilibrium during a time 
period of 40 min allowing adsorption-desorption equilibrium between reactor walls and sample to 
be obtained. The MB concentration was measured in situ every 2 min during this equilibration and 
the increase of the laser signal at  = 365 nm (due to MB adsorption in the reactor) was used to 
determine that equilibration was reached. 

3. Results and Discussions 

3.1. Film Structure and Morphology 

It is evident from the diffractograms shown in Figure 1a that the as deposited films are 
completely amorphous. In contrast the heat-treated films consist only of anatase phase (Figure 1b). 
The different ratio between the <101> and <004> peaks in the two samples (<004> is here referred 
to as the <001> direction using conventional Miller indexing) suggests that they are textured and 
have different preferential orientation. To gain further insight, the diffractograms were Rietveld 
refined [30] using the PowderCell package [31] and compared with anatase crystallographic  
files [32]. The preferential orientation was approximated with the March-Dollase model [33], as 
implemented in PowderCell. This model is appropriate for films sputtered under rotation because it 
implies a cylindrical texturing symmetry. Rietveld refinement showed that the films consisted of 
polycrystalline anatase grains with mean crystallite size of 24.2 nm at PO2 = 0.65 mTorr, and 22.1 
nm at PO2 = 1.3 mTorr. The <004> March-Dollase (MD) parameter was found to be 0.966 in the 
former case (Rp = 5.9, Rexp = 3.49) and 0.637 in the latter (Rp = 5.7, Rexp = 2.94). Using the 
Zolotoyabko equation [34], the MD parameters were converted into percentages of preferred 
orientation, viz. 
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where <hkl> is the degree of preferential orientation in the <hkl> direction in % and r<hkl> is the MD 
parameter calculated for this direction. The results from this analysis showed 2% preferential 
<001> orientation for the film sputtered at PO2 = 0.65 mTorr, while 25% preferential orientation 
was found for the film sputtered PO2 =1.3 mTorr. The 2% oriented film thus corresponds to almost 
randomly oriented grains, yielding a stronger <101> peak, due to the high relative abundance of 
these crystal planes in the equilibrium anatase structure. Since the measurements were done at a 
grazing angle of 0.5° only the topmost 165 nm of the films are penetrated (and the information 
depth is even less). Thus, we can safely assume that the structure of the surface structure is 
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consistent with the results from the GIXRD measurements. Considering a mean crystallite size of 
approximately 20 nm this implies that only a thin layer corresponding to 8 “particle layers” are 
probed. Below we refer to the sample sputtered at PO2 = 0.65 mTorr to the <101> sample, and the 
one sputtered at PO2 =1.3 mTorr to the <001> sample. 

Qualitative comparison of the Ti K  and O K  peaks ratio from EDX showed that the heat 
treated samples have the same stoichiometry. For each partial O2 pressure the ratio between the Ti 
and O peak was approximately constant at 0.65, confirming that the calcination in air oxidizes the 
substoichiometric films to an equilibrium structure (Table 1). Corresponding data for as-deposited 
films showed varying results due to bleaching (indicating gradual re-oxidation) of the films in the 
course of EDX analysis. 

The SEM images shown in Figure 2 show that the films are composed of densely packed 
spherically shaped particles. No significant difference was observed between the two sets of films 
prepared at different O2 pressures. Cross section images were obtained at 30° tilting angle and 
showed a dense film structure with no evidence of columnar growth. 

Figure 1. XRD diffractograms of post-annealed (a) non-oriented and (b) <001> 
oriented films (the intensity ordinates for the two samples are shifted and given in 
arbitrary units). Photographs of the corresponding as-deposited films are shown on as 
insets on the right. 
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Figure 2. Scanning electron microscope micrographs showing top-view and cross 
sections (taken at 30° angle of incidence) of the post-annealed films sputtered at (a,c) PO2 = 
0.65 mTorr, and (b,d) PO2 = 1.3 mTorr. 

 

It is apparent from the AFM images (Figure 3) that the surface morphology appears similar to 
the results from SEM. The raw data was treated to correct for Z-scanner error in the Y direction and 
exported as numerical values for statistical treatment in the R environment [35] using homemade 
scripts. Two surface morphology parameters were calculated: the root mean square (rms) surface 
roughness, Rq, and the average surface roughness wavelength, q, where the latter is defined as 

2 q
q

q

R
=

Δ
 (2)

where q is the rms surface slope, defined as 
2

1

1
1q

N

Z
N x−

ΔΔ =
− Δ

 (3)

where Z is the change in height for every tip movement; x, in the x direction. The data for both 
Rq, q and q were averaged for each of the 256 scan lines, then over the trace and retrace images, 
and then for three different measurements at random positions over the sample surface. Typical 
images for both films are shown in Figure 3. The rms surface roughness was estimated to be  
Rq = 1.31 ± 0.04 nm and 1.41 ± 0.04 nm, respectively, for the films sputtered at PO2 = 0.65 and  
1.3 mTorr. The q values were determined to be q = 0.105 ± 0.003 nm and 0.123 ± 0.004 nm, 
respectively, which yielded an average surface wavelength of q = 77.9 ± 4.03 and 73.9 ± 3.72 for 
films prepared at PO2 = 0.65 and 1.3 mTorr, respectively. Based on these results we can conclude 
that the films are smooth and are similar for the two sets of films, with slightly larger surface 
roughness and surface roughness wavelength for the preferentially <001> oriented films (within 
8%). The physical properties of the anatase TiO2 thin films are compiled in Table 1. 
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Figure 3. Atomic force microscopy (AFM) micrographs for the films with (a) 2% and  
(b) 25% <001> orientation. 

 

Table 1. Thin film deposition parameters and their effect on the physical properties of 
three samples deposited at similar conditions, but at different partial O2 pressure, PO2. 

Deposition parameters and physical properties
PO2 = 0.65 
mTorr  

PO2 = 0.95 
mTorr 

PO2 = 1.30 
mTorr 

Total pressure (mTorr) 20 
Total flow (mL·min 1) 62 63 64 

O2 flow (mL·min 1) 2 3 4 
Ar flow, (mL·min 1) 60 60 60 

Sputtering power (W) 212 224 245 
Sputtering rate (nm·min 1) 16 17 19 

Stoichiometry of post-annealed films  
(from EDX, expressed as IO K /ITi K ) 

0.652 0.650 0.645 

Morphology  
Thickness, d (nm) 574 579 664 

AFM rms roughness (nm) 1.3 1.1 1.4 
Crystallographic properties 

March-Dollase (MD) parameter 0.966 0.810 0.637 
Preferential <004> orientation, % 2 12 25 

Mean crystalline size (nm) 24.2 26 22.1 
Optical properties 

Refractive index, n 2.23 2.15 2.04 
Packing density (Pullker), % 88 84 79 

Optical bandgap, Eg (eV) 3.32 3.29 3.29 

3.2. Optical Measurements 

Spectrophotometry was employed to determine the optical constants and film porosity. The 
corresponding transmittances at 500 nm were measured to be 74% and 41%, respectively, for the  
as-deposited films, with the lower value for the films prepared at low PO2, which appear dark, 
almost black (Figure 1a, inset). After calcination the reflectance increased to about 70%–80% for 
all films, and they all became transparent with a slight visible tint due to light interference. 
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The optical constants and thicknesses of the two sets were determined using the envelope 
method suggested by Swanepoel [36]. The maxima and minima of the interference fringes at the 
transmittance spectrum were fitted with a set of spline functions, enveloping the spectrum, as 
depicted in Figure 4. The refractive index was then calculated using Equation (4). 

( )
1

1 2
2 2 2n N N s= + −  (4)

where s is the refractive index of the substrate and N is defined as 
2 12
2

M m

M m

T T sN s
T T

− += +  (5)

where TM and Tm are the maximum and minimum of the transmittance at a given wavelength. The 
refractive index of the substrate was calculated using  

1
21 1 1s

T T
= + −  (6)

where T is the transmittance measured at a given wavelength. For our glass substrates s was 
determined to be s = 1.39. The refractive indices were determined from the averaged refractive 
index over all visible maxima and minima, expect the ones near the bandgap, where the 
transmittance starts to decrease, and the error becomes larger. The average refractive indices for 
films sputtered at PO2 = 0.65 and PO2 = 1.3 mTorr obtained in this manner were determined to be  
n = 2.23 and n = 2.04, respectively, and did not vary much over the wavelength region depicted in 
Figure 4. Hence, the reported values of n were determined as an average of the positions marked 
with a dashed line in Figure 4. 

Figure 4. Transmittance spectra for a (a) non-oriented film, and (b) <001> oriented 
film. Positions of maxima and minima of T used in the analysis of the optical data, as 
well as average T over the visible wavelength region, are denoted by dashed lines. 
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The thickness of the samples was determined using Equation (7): 

( )
1

1 12
m m

m m m m

d
n

+

+ +

=
−

 (7)

where m, m+1 and nm, nm+1 are the wavelength and the corresponding refractive index calculated 
by means of Equation (4) for any consecutive pair of maxima or minima in the UV-Vis 
transmittance spectra. The thicknesses calculated by means of Equation (7) were calculated to be  
d = 591 and 739 nm, respectively, for PO2 = 0.65 and 1.3 mTorr, in good agreement with the results 
obtained from profilometry. 

Changes in the refractive index are most likely to be associated with changes in sample porosity 
due different deposition conditions. The packing densities, , of the two samples were therefore 
estimated using the Pulker equation [37]. 

2 2

2 2

1 2
2 1

f f b

b f b

n n
n n

− += = ⋅
+ −

 (8)

where  is the packing density of the sample; f and b the film and the bulk density of the material; 
and nf and nb the sample and bulk refractive index, respectively. The packing densities, 
corresponding to the measured refractive indices were determined to be 0.88 and 0.79, respectively, 
for the samples sputtered at PO2 = 0.65 and 1.3 mTorr, respectively, which corresponds to a 
difference in porosity of about 10%, i.e., a slightly increasing porosity with larger PO2, i.e., a similar 
trend as for the surface roughness. 

The optical bandgap, Eg, of the two films were calculated from the special absorption according 
to Hong et al. [38] 

1 1ln R
d T

−=  (9)

where d is the thickness, T is the transmittance and, R the reflectance. 
Since anatase TiO2 is an indirect bandgap semiconductor, a plot of  as a function of photon 

energy, E = h , should yield a linear dependence assuming parabolic band dispersion. This is a 
good approximation close to Eg (E > Eg). A linear region is discerned for both films in the region 
~3.4 to ~3.6 eV, and extrapolation yields Eg  3.3 eV for both samples in fair agreement with 
tabulated data of bulk anatase TiO2 (Eg = 3.2 eV). Corresponding Tauc plots of  versus E are 
shown in Figure 5. 

3.3. Photocatalytic Properties 

Figure 6a,b show the results of the photocatalytic measurements. From the adsorption isotherms 
thus obtained the MB saturation coverage was determined, and found to be 8.17 ± 0.6 × 10 3 

mol·cm 2 for the <101> sample and 8.29 ± 0.8 × 10 3 mol·cm 2 for the <001> sample, i.e., an 
increase of 1.5% for the latter film. This is much smaller than the 10% increase in porosity inferred 
from analysis of the optical data described in Section 2.3, suggesting that the difference in porosity 
is related to pores inside the film structure which are inaccessible for the MB adsorption. Control 
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experiments in a reactor containing uncoated glass substrates show that MB adsorption on reactor 
surfaces, other than TiO2 film, is about 12% of the initial concentration. 

Figure 5. Tauc plots of  vs. photon energy, E, and least square linear fit of data for 
films with (a) no orientation and (b) preferential <001> orientation. In both cases the 
optical bandgap was estimated to be 3.3 eV. 

 

After MB equilibration the UV lamp was switched on and the photodegradation of MB was 
measured by the increasing colometric signal. The photodegradation of MB was modeled as a  
pseudo-first order reaction with the apparent rate k , viz.: 

d
d
C k t
t

′= −  (10)

or 

0

ln C k t
C

′− =  (11)

where C0 is the initial concentration of MB (after 40 min equilibration); C is the concentration at time t. 
Figure 6b shows a plot of Equation (11) for a <101> and a <001> film. The apparent rate constants 
averaged over a set of four samples from each batch were determined to be k <101> = 0.99 ± 0.09 × 10 3 

min 1 and k <001> = 1.29 ± 0.17 × 10 3 min 1, corresponding to an increase of k  by approximately 
30% for the preferentially <001> oriented films compared to randomly oriented films. 

The effect of UV intensity on the photocatalytic rate for the two sets of films was investigated. 
Repeated experiments were performed where the distance between the sample and the UV light 
source was systematically varied. It was changed from 8.5 cm, which is the closest distance, 
limited by the height of the reaction cell, up to 13.5 cm, 18.5 cm and 23.5 cm, yielding UV 
intensities at the sample position of 0.382 mW·cm 2, 0.158 mW·cm 2, 0.085 mW·cm 2 and 0.053 
mW·cm 2, respectively. The dependence of the rate constant of the UV light intensity was fitted 
using Equation (12): 

k k I′′=  (12)

where k  is the intensity independent rate constant, k is the apparent rate constant, I is the UV light 
intensity, and  is the reaction order by light intensity. 
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Figure 6. (a) Adsorption of methylene blue dye as a function of time, and (b) semi-
logarithmic plot of the normalized MB concentration, C, as a function of UV irradiation 
time over <001> and <101> TiO2 films. The gray line denotes the amount of dye 
adsorbed by reaction cell walls and uncoated glass slide in blank experiments. 

 

Figure 7 shows the effect of UV intensity on the photodegradation rate with different degree of 
preferential <001> orientation. In each case the experiments were conducted using four different 
samples. It was found that the increased orientation changes the way the catalyst is affected by the 
intensity of UV light. The less-oriented sample <101> showed an almost UV intensity independent 
rate constant for MB photodegradation with a rate constant k <101> = 1.19 × 10 3 min 1 and reaction 
order of  = 0.18. In contrast the <001> sample yielded a rate constant of k <001> = 1.95 × 10 3 min 1 
and a reaction order of  = 0.42. Thus the UV independent rate constant k  is 64% larger for the 
<001> oriented film. Again, this cannot be accounted for by a larger exposed surface area (higher 
porosity of surface roughness) as shown by the microscopy data, the estimates of film porosity, and 
surface coverage of MB. Instead it must be attributed to an intrinsic higher reactivity for the 
preferentially <001> oriented films. Mills and coworkers have reported that for thick, porous 
catalysts the rate constant, the intensity dependence can be divided into three regions [39]. The first 
region, at very low intensities, where the rate increases linearly with light intensity; a second 
region, at medium light intensities, where a square root dependence is observed, and a third region, 
at high intensities, where photon flux no longer limits the photo-degradation rate, and rate becomes 
independent of further increase of the light intensity. We can conclude from our measurements that 
for the randomly oriented grains dominated by {101} surfaces, the photo-degradation rate is not 
limited by UV intensity (with an almost constant rate as a function of UV intensity,  = 0.18). 
Given that our films are thin and non-porous with undeveloped surface (based on the AFM 
measurements) we assign this to a small number of reactive sites and/or exposure of reactive sites 
with low reactivity. In contrast, for the preferentially <001> oriented films, we find  = 0.42, which 
suggests that these films have a larger number of reactive sites and/or expose a larger fraction of 
more reactive sites (Table 2). 
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Figure 7. Methylene blue photo-degradation rate as a function of UV intensity for (a) a 
randomly oriented (<101>) TiO2 film, and (b) a preferentially <001> orientated TiO2 
film. The dashed line is a guide to the eye.  

 

Furthermore, the UV intensity independent rate constant points to a total increase of activity by 
61%. This is a dramatic increase, keeping in mind that the XRD analysis points to only 25% of the 
crystallites, oriented in the <001> direction (which does not directly translate to 25% increase of 
surface {001} coverage). For comparison, Yang et al. [40] demonstrated a novel synthesis of 
colloidal catalyst with 70% exposed highly-reactive {100} facets. Compared to Degussa P25 it 
showed 3-fold increase in the photo-oxidation rate of MB, which is similar to our results. 

Table 2. Kinetic parameters for the photocatalytic degradation of MB for the samples  
with <001> preferential orientation, and with dominant <101> orientation (randomly 
oriented grains). 

Samples 
Orientation 

<101> (random) <001> 
Apparent rate constant, k <hkl> (×10 3 min 1) 0.986 ± 0.09 1.286 ± 0.17 

Intensity independent rate constant, k <hkl> (×10 3 min 1) 1.19 1.95 
UV intensity reaction order, a 0.18 0.42 

4. Conclusions 

We have demonstrated that by purposefully adjusting the partial oxygen pressure in the 
sputtering chamber, reactive DC magnetron sputtering can be used to control the amount of 
preferential <001> orientation in TiO2 thin films. The increased orientation was shown to lead to 
increased photocatalytic activity, which was attributed to exposure of a larger fraction of exposed 
reactive {001} facets at the film surface. The films with higher orientation also responded more 
strongly to changes in the intensity, yielding a significantly higher (64%) UV-independent 
photodegradation rate constant. Moreover, the reaction order was found to be almost independent 
of intensity for the <101> films (  = 0.18), while it was  = 0.42 for the preferentially oriented 
<001> films, suggesting that the preferentially <001> oriented films expose more reactive sites. 
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Photocatalytic TiO2 and Doped TiO2 Coatings to Improve  
the Hygiene of Surfaces Used in Food and  
Beverage Processing—A Study of the Physical and  
Chemical Resistance of the Coatings 

Parnia Navabpour, Soheyla Ostovarpour, Carin Tattershall, Kevin Cooke, Peter Kelly, 
Joanna Verran, Kathryn Whitehead, Claire Hill, Mari Raulio and Outi Priha 

Abstract: TiO2 coatings deposited using reactive magnetron sputtering and spray coating methods, 
as well as Ag- and Mo-doped TiO2 coatings were investigated as self-cleaning surfaces for beverage 
processing. The mechanical resistance and retention of the photocatalytic properties of the coatings 
were investigated over a three-month period in three separate breweries. TiO2 coatings deposited 
using reactive magnetron sputtering showed better mechanical durability than the spray coated 
surfaces, whilst the spray-deposited coating showed enhanced retention of photocatalytic properties. 
The presence of Ag and Mo dopants improved the photocatalytic properties of TiO2 as well as the 
retention of these properties. The spray-coated TiO2 was the only coating which showed 
light-induced hydrophilicity, which was retained in the coatings surviving the process conditions. 

Reprinted from Coatings. Cite as: Navabpour, P.; Ostovarpour, S.; Tattershall, C.; Cooke, K.; Kelly, P.; 
Verran, J.; Whitehead, K.; Hill, C.; Raulio, M.; Priha, O. Photocatalytic TiO2 and Doped TiO2 
Coatings to Improve the Hygiene of Surfaces Used in Food and Beverage Processing—A Study of 
the Physical and Chemical Resistance of the Coatings. Coatings 2014, 4, 433-449. 

1. Introduction 

In aquatic environments, microorganisms have a tendency to attach to surfaces along with organic 
and inorganic soil. For example in breweries, microorganisms have been shown to accumulate on 
sterile stainless steel surfaces within hours after the start of production [1]. 

Consumer demand is driving the development of a new group of more sensitive beverages with 
less alcohol, hop substances, and preservatives; however, these products are more prone to spoilage 
than are traditional drinks [2]. There are numerous operations involved in making beer. Each stage 
has a level of cleanliness that needs to be achieved and fouling is encountered at each stage [3]. 
Attachment of primary colonizers to stainless steel has been shown to be increased by sugars and 
sweeteners [1]. Thus removal of these deposits is essential since conditioning of a surface may be 
followed by biofilm formation. Biofilms on bottling plant surfaces are considered as serious sources 
for potential product spoiling microorganisms in the brewing industry [4]. Further, Fornalik [5] noted 
that minor fouling organisms resistant to cleaning in place (CIP) may become more resistant with 
time. Rheological studies indicated that increasing the temperature of the deposit generated a more 
elastic deposit which may decrease cleanability [3]. Thus, regular daily cleaning is needed. The 
following media are usually used in the cleaning process in brewing industry: water and steam, 
peroxide and alcohol based disinfectants, alkaline and acidic detergents and organic solvents [6,7]. 
There are however numerous drivers for a revision of CIP operations including the need to minimise 
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utility usage (energy and water) and production downtime, minimisation of waste and greenhouse 
gas (GHG) emissions, and the need for product safety and quality [3]. 

One way to reduce cleaning costs and to improve process hygiene could be to use self-cleaning 
and antimicrobial coatings which can prevent the attachment of microorganisms and soil, or facilitate 
their efficient removal in the cleaning process. 

TiO2 is a widely used semiconductor. It has many different applications in optics [8], the  
environment [9], photovoltaics and solar cells [10,11], self-cleaning [12,13] and antimicrobial 
coatings [14]. In the self-cleaning and antimicrobial applications, the intended mechanism of action 
is often photocatalytic; in which the action of light on the TiO2 coating generates active species that 
may be detrimental to microbes. For these applications, thin TiO2 films with submicron thicknesses 
are usually employed. Several studies have been carried out to investigate the effect of crystal 
structure on the photocatalytic performance of TiO2. Whilst some studies have found a higher 
activity of the anatase form [15,16], others have reported the mixed phase anatase/rutile to show a 
better photocatalytic performance [17]. Comparative studies of single phase anatase and rutile TiO2 
have concluded that the photocatalytic activity is dependent on the reaction being studied and 
different kinetics and intermediaries may be produced in each case [18,19]. As the surfaces used in 
the food and beverage industries are exposed to adverse environments (contact with water and 
beverages, cleaning solutions, abrasive wear during cleaning), scratch and corrosion resistance play 
important roles in their mechanical durability and chemical stability. Hence, it is important to satisfy 
several requirements, including good adhesion to the substrate, the retention of high activity and 
resistance to chemicals. 

The adhesion of any film to its substrate is one of the most important properties of a thin film. The 
level of adhesion depends on the force required to separate atoms or molecules at the interface 
between film and substrate. The adhesion of a film to the substrate is strongly dependent on the 
chemical nature, cleanliness, and microscopic topography of the substrate surface [20]. The presence of 
contaminants on the substrate surface may increase or decrease the adhesion depending on whether 
the adsorption energy is increased or decreased, respectively. Also the adhesion of a film can be 
improved by providing more nucleation sites on the substrate, for instance, by using a fine-grained 
substrate or a substrate pre-coated with suitable materials. Of the deposition processes available, 
magnetron sputtering has been shown to produce well adhered and uniform coatings over wide  
areas [11]. In this process, the adhesion of the film to the substrate can be improved by ion-cleaning 
of the substrate prior to the coating deposition as well as additional ion bombardment during coating 
deposition which improves adhesion by providing intermixing on an atomic scale [21]. 

It has been shown throughout the literature that the chemical and structural properties of the  
active film have a profound impact on the overall photocatalytic performance. Photocatalytic 
performance is influenced by film characteristics including; composition, bulk and surface structure and 
nanostructure, atomic to nanoscale roughness, hydroxyl concentration, and impurity concentration (e.g., 
Fe and Cr) [22–25]. 

The work described in this paper investigates the chemical and mechanical durability, wettability 
and the retention of photocatalytic activity of selected coatings after being placed in different 
brewery process environments, in this case bottle/can filling lines in three Finnish breweries. 
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2. Experimental Section 

2.1. Preparation of Coated Surfaces 

The substrate material for all coatings was stainless steel AISI 304 2B (75 × 25 × 1.6 mm3). 
Coatings were produced using either closed field unbalanced magnetron sputtering (CFUBMS) [21] 
or by spray-coating with a TiO2 sol. Table 1 shows the coatings produced. 

Table 1. Preparation method of coated surfaces. 

Code Coating Deposition Method 
T1 TiO2 Reactive magnetron sputtering 
T2 TiO2-Ag (low) – 
T3 TiO2-Ag (high) – 
U1 TiO2 Reactive magnetron sputtering + heat treatment 
U2 TiO2-Mo – 
MC TiO2 Spray-coated with TiO2 sol 

Coatings T1–T3 were deposited using reactive magnetron sputtering in a Teer Coatings UDP 450 
coating system. One titanium target (99.5% purity) was used for the deposition of TiO2. Argon 
(99.998% purity) was used as the working gas and oxygen (99.5% purity) as the reactive gas. The 
working pressure was 1 mbar. Ag (99.95% purity) was used as the dopant. Advanced Energy 
Pinnacle Plus pulsed DC power supplies were used to power the titanium magnetrons and bias the 
substrates. An Advanced Energy DC power supply was used to power the silver target. 10–30 substrates 
were ultrasonically cleaned in acetone prior to loading into the chamber in order to remove surface 
contaminants. The substrates were aligned on a flat plate parallel to the surface of the metal targets at 
a distance of 150 mm from the target plane. A high rotational speed of 10 rpm was applied to the 
substrates to ensure enhanced mixing of silver and titanium within the coatings rather than the 
preferential formation of multilayer coatings. The substrates were ion-cleaned for a period of 20 min 
prior to the coating deposition using a bias voltage of 400 V and a low current of 0.2–0.35 A on the 
targets. The coatings were deposited at a bias voltage of 40 V. A thin layer of Ti was initially 
deposited as the adhesion layer prior to the introduction of oxygen to the deposition chamber. The 
amount of oxygen was controlled using an optical emission monitor, using conditions known to 
produce stoichiometric TiO2 [26]. A pulsed-DC power of 2.5 kW was used on the Ti target at 
frequency 50 kHz and a duty of 97.75% (in synchronous mode). A continuous DC power of 70 W in 
the case of T2 and 150 W in the case of T3 was applied to the Ag target to vary the dopant content. 
The deposition rate was 17–22 nm/min depending on Ag content and coatings with thickness of 
0.8–1 μm were produced. No additional heating was used during the coating process and the 
temperature did not exceed 200 °C during the process. 
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U1 and U2 coatings were deposited using reactive magnetron sputtering in a Teer Coatings UDP 
450 coating system as described above. Two opposing magnetrons were fitted with titanium targets 
and one with the Mo dopant metal target (99.5% purity). The magnetrons with the titanium targets 
were in the closed field configuration and driven in pulsed DC sputtering mode using a dual channel 
Advanced Energy Pinnacle Plus supply at a frequency of 100 kHz and a duty of 50% (in synchronous 
mode). The Mo metal target was driven in a continuous DC mode (Advanced Energy MDX). The Ti 
targets were operated at a constant time-averaged power of 1 kW and the dopant target was operated 
at 180 W. Stainless steel samples were mounted on a substrate holder, which was rotated between the 
magnetrons at 4 rpm during deposition. The target to substrate separation was 8 cm. The titanium and 
Mo targets were cleaned by pre-sputtering in a pure argon atmosphere for 10 min. Deposition times 
were adapted to obtain a film thickness of 0.8–1 μm (deposition rate was 7.5 nm/min). The sputtered 
films were post deposition annealed at 600 °C for 30 min. in air. 

Coating MC was prepared by spray-coating with a proprietary water-based TiO2 sol using the 
following method. This transparent, neutral sol contained 2% TiO2 (as anatase). Degreased stainless 
steel coupons were fixed to aluminium panels (approximately 150 × 100 mm2). The panels with 
attached coupons were accurately weighed. The TiO2 sol (0.2–0.3 g) was sprayed onto the 
aluminium panel with the attached coupons in a slow, steady motion, sweeping the panel in 
horizontal stripes from top to bottom, using a Badger Airbrush 200-3 model spray kit (Badger 
Air-Brush Co., Franklin Park, IL, USA). After air-drying for at least 15 min, the spraying procedure 
was repeated until 0.8–1.0 g/m2 of TiO2 sol was delivered to the surface. After air-drying overnight, 
the aluminium panel with the attached stainless steel coupons was re-weighed to give an accurate 
measurement of the weight per area of the coating. 

2.2. Wettability 

Water contact angle measurement is a practical tool to determine the wettability of a surface. 
Contact angle values were measured using a Digidrop instrument. At least two drops were measured 
for each surface and the measurements averaged. Measurements were conducted after exposure in 
light, either SUNTEST CPS+ (xenon arc, filtered with special window glass, 550 W/m2 across the 
irradiance range 320–800 nm) or UVA light (Philips blacklight, 10–12 W/m2 across the irradiance 
range 350–400 nm), or after storage in the dark. 

2.3. Adhesion of Coatings 

The scratch and wear resistance of the coatings were assessed using a Teer ST3001 scratch–wear 
tester (Teer Coatings Ltd, Droitwich, UK) [27]. The coated surfaces were evaluated using a 
Rockwell diamond tip (radius 200 m). A load rate of 100 N·min 1 and a constant sliding speed of 
10.0 mm·min 1 were used with the load increasing from 10 to 40 N. The scratch tracks were 
examined using a Cambridge Stereoscan 200 scanning electron microscope (Cambridge 
Instruments, Cambridge, UK) in order to detect any flaking. 
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2.4. Photocatalytic Characterization of Coatings 

The photocatalytic activities of the coatings were analyzed using the methylene blue (MB) 
degradation assay under UV and fluorescent light sources. In brief, MB solutions were made up to an 
initial concentration of 0.0105 mMol·L 1. Photocatalytic surfaces were placed in 10 mL of the MB 
solution and irradiated at an integrated power flux of 40 W/m2 with two 15 W UV lamps (365 nm 
wavelength). Tests were also carried out using two 15 W fluorescent tubes in place of the UV tubes 
to simulate typical lighting environments. The integrated power flux to the coatings with the 
fluorescent tubes was 64 W/m2, of which the UV component (300–400 nm) was 13 W/m2. A 10 cm 
distance between the light source and MB solution was used. Samples of the MB solution were taken 
before testing and at 1 hour intervals up to a total of 5–8 h. and analyzed using a UV-Vis 
spectrophotometer (Perkin Elmer, Waltham, MA, USA). Spectra were taken in the range of 650–668 nm 
and the height of the absorption peak in this region was monitored. 

A graph of peak height absorbance against irradiation time, which has an exponential form was 
generated. An index of photocatalytic activity (Pa) was defined by comparing the degradation rate of 
the MB solution in contact with the coated surfaces to the rate for an irradiated MB solution with no 
coating present. The equation below was used to calculate the photocatalytic activity of each of the 
films. Two parameters were defined: PaUV for UV irradiation and PaFL for fluorescent light 
irradiation [28]. 

0
e1 e

mx
cxPa C

−
−= −  (1)

where C0 = peak height at time = 0; C0e mx = decay rate of methylene blue; C0e cx = decay rate of 
methylene blue in contact with photocatalytic coating. 

2.5. Process Tests 

Coated stainless steel pieces were placed on process surfaces within three breweries for a period 
of three months. Figure 1 shows an example of samples in location. Details of the location of test 
pieces in each brewery are given in Table 2. There was no special provision of lighting for the 
photocatalytic coatings; the process test took place under the usual brewery conditions of lighting, 
with coupons receiving varying amounts of light depending on their position in each machine. 
Furthermore, all samples underwent the normal process conditions and cleaning regimes used in 
each brewery which included acid and alkaline cleaning chemicals such as acetic acid and sodium 
hydroxide, ethanol, steam and mechanical brushing. For each coating, two replicates were used in 
each of the breweries. Additionally, two replicates were retained as controls and were kept in the 
dark for the same period. After three months, each replicate was cut into six sections. The mechanical 
durability, photocatalytic activity and wettability were evaluated each on two of these sections. 
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Figure 1. Samples in location at Brewery B. 

 

Table 2. Coatings evaluated in process tests (for a period of three months). 

Coating Control Brewery A 1 Brewery B 2 Brewery C 3 

TiO2 (T1) T1-R1 T1-R2 T1-1 T1-2 T1-3 T1-4 T1-5 T1-6 
TiO2-Ag (low) (T2) T2-R1 T2-R2 T2-1 T2-2 T2-3 T2-4 T2-5 T2-6 
TiO2-Ag (high) (T3) T3-R1 T3-R2 T3-1 T3-2 T3-3 T3-4 T3-5 T3-6 

TiO2 (U1) U1-R1 U1-R2 U1-1 U1-2 U1-3 U1-4 U1-5 U1-6 
TiO2-Mo (U2) U2-R1 U2-R2 U2-1 U2-2 U2-3 U2-4 U2-5 U2-6 

TiO2 (MC) MC-R1 MC-R2 MC-1 MC-2 MC-3 MC-4 MC-5 MC-6 
1 Filler table of beer canning machine; 2 Seamer of beer canning machine; 3 Filler table of a water and soft 
drinks PET line, inclined 10°. 

3. Results and Discussion 

This work compared three TiO2 surfaces: as-deposited and heat-treated coatings deposited by 
reactive magnetron sputtering (T1 and U1, respectively), and a spray-coated TiO2 (MC). Two 
dopants (Ag and Mo) were also investigated. Ag was used as it is a well-known antimicrobial 
material which could impart additional antimicrobial functionality to the coating. Mo was used as a 
dopant to reduce the band gap of TiO2 in order to improve the visible light activity of TiO2. Mo-TiO2 
has been reported to shift the band gap of TiO2 by 0.20 eV [28]. The photoactivity and mechanical 
properties of the surfaces were studied for the as-prepared coatings and those having undergone 
process conditions. The effect of the process conditions on the properties of the coatings  
was investigated. 

3.1. As Prepared Coatings 

SEM and EDX were used to analyze the topography and dopant concentration (as atomic percent 
of total metals) in the as-prepared doped coatings. Ag-TiO2 and Mo-TiO2 surfaces showed small 
submicron sized particles which were characterized by EDX as silver rich phases, suggesting that the 
dopant separated from the matrix TiO2. The silver content was 0.50 ± 0.05 at% in T2 and 30.0 ± 3.1 at% 
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in T3. The Mo content in U2 was 7.0 ± 0.8 at %. The structure of coatings was analysed using XRD 
(Figure 2). The as-deposited TiO2 coating (T1), showed an anatase structure. Ag-TiO2 coatings 
showed strong silver peaks. The heat treated TiO2 and Mo-TiO2 (U1 and U2) showed anatase and 
rutile peaks as well as monoclinic -TiO2 which were very strong in the case of the doped coating. 

Figure 2. Microstructure of coatings as evaluated using XRD, (a) as deposited TiO2 and 
Ag-TiO2 coatings (T1–T3 ); and (b) TiO2 and Mo-TiO2 coatings after heat treatment (U1 
and U2) (S—substrate, An—anatase, Ru—rutile). 

 
(a) (b) 

Figure 3 shows the photocatalytic activity for the as-prepared coatings and compares these values 
with those obtained for Pilkington Activ™ as a standard commercial product. As can be seen, all 
coatings showed high photocatalytic activity. In the case of T3, a change was also observed in the 
colour of the solution. This was thought to have been caused by leaching of silver from the surface. 
SEM analysis of the coating was performed before and after immersion in water for 2 h and showed 
the presence of microparticles on the surface which EDX confirmed to be silver (Figure 4). The silver 
microparticles in the as deposited coating were embedded in the matrix. Immersion in water resulted 
in the silver particles to protrude from the surface and EDX showed a reduction in the silver content, 
confirming that silver was indeed diffusing out of the coating. 
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Figure 3. Photocatalytic activity of the as-deposited coatings and comparison with a 
commercially available photocatalytic surface (Pilkington Activ™). 

 

Figure 4. SEM micrographs of T3, (a) as deposited coating; and (b) after being under  
water for 2 h. 

  
(a) (b) 

Mechanical resistance of the coatings was analyzed using scratch testing. Figure 5 shows the 
scratch tracks of the coatings after production, as observed using the SEM. Coatings T1–T3 and MC 
showed excellent adhesion to the stainless steel substrate and no flaking was observed around the 
scratch tracks. Slight flaking was observed in U1 and U2, which was localized to the area 
immediately next to the scratch track. This may have been caused by the lack of a Ti adhesion layer 
in these coatings or due to the stresses applied to the coating during annealing. Given the destructive 
nature of the scratch test and the high load levels used in this test, all coatings were deemed to show 
sufficient mechanical resistance for use on food and drinks processing surfaces. 
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Figure 5. Progressive load scratch tracks of (a) T1; (b) T2; (c) T3; (d) U1; (e) U2 and (f) MC. 

(a) (b) (c) 

(d) (e) (f) 

3.2. Properties of the Surfaces after Process Tests 

Visual inspection of the coatings after the three months process trial and their comparison with the 
control surfaces showed that all coatings prepared by magnetron sputtering (T1, T2, T3, U1 and U2) 
were physically present, although some color changes were apparent (Figure 6). The TiO2 sol coating 
(MC) appeared to be still present after the process test at Brewery C but was at least partially 
removed at the other two breweries. It was noticeable that many of the surfaces were heavily soiled, 
particularly those that had been on trial at Breweries A and B. 

Figure 6. Images of coupons after the three month brewery trial. See Table 2 for  
sample descriptions. 
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3.3. Mechanical Durability of the Coatings 

The results of scratch adhesion tests performed on samples after the process trial confirmed the 
observations made on the appearance of coatings. Representative results are shown in Figure 7. 
T1–T3 coatings showed good adhesion with no flaking after the process studies. U1–U2 coatings 
showed some flaking, which in most cases was confined to the area immediately next to the scratch 
track. Some of the samples, however, showed a more widespread flaking. This was most likely 
caused by the lack of a Ti base layer, which can enhance the adhesion of TiO2 to the stainless steel 
substrate or alternatively could be a result of the heat treatment. The MC coating from Breweries A 
and C showed some flaking near the scratch track. Samples removed from Brewery B showed no 
flaking. EDX analysis of these samples showed a Ti peak which had been greatly reduced compared 
to that of the control samples, suggesting that the coating had been heavily worn. This could be due to 
the different cleaning regimes, e.g., chemicals and scrubbing methods used in the different breweries, 
with some conditions exceeding the chemical and mechanical resistance of the coating. 

Figure 7. SEM micrographs showing the scratch tracks of coatings before and after 
process tests at Brewery C. 

 

3.4. Composition of the Coatings 

EDX results showed that the Ag content in T2 remained fairly constant. T3 showed a high level of 
Ag leaching possibly caused due to the poor dispersion and segregation of Ag within the coating as 
was seen from the SEM image of this coating (Figure 3). U2 showed a fairly constant concentration 
of Mo, except that in the areas where coating had been partially removed, it was not possible to 
measure the relative concentration of Mo in the coatings due to the weak signal and overlapping of 
the emission lines from the coating with those from the substrate (Table 3). 
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Table 3. Concentration of dopant as analysed using EDX (error in the measurements was ±10%). 

Coating As Deposited 
Control Brewery A Brewery B Brewery C 

R1 R2 1 2 3 4 5 6 
TiO2-Ag (low Ag) (T2) 0.5 0.5 0.2 0.1 0.3 0.6 0.7 0.1 
TiO2-Ag (high Ag) (T3) 30.0 32.0 34.0 1.8 1.6 9.2 1.1 3.6 10.3 

TiO2-Mo (U2) 7.0 7.3 7.2 – – – 8 8.1 8.0 

3.5. Photocatalytic Properties 

Figure 8 shows the photocatalytic activity of the coatings under fluorescent and UV irradiation. 

Figure 8. Photoactivity of TiO2 and doped TiO2 coatings under UV (blue bars) and 
fluorescent light (red bars) irradiation. (a) T1; (b) T2; (c) T3; (d) U1; (e) U2; (f) MC. 

(a) (b) 

(c) (d) 

(e) (f) 
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A loss of activity for T1–T3 coatings under UV light following the brewery trials was seen to 
varying degrees. The lower content TiO2-Ag surface (T2) retained the most activity with the 
exception of samples received from Brewery C. A greater loss of photocatalytic properties of the 
higher doped Ag coatings was seen, possibly due to the leaching of silver during the process studies. 
The controls also lost activity following three months storage in the dark compared to the 
as-deposited samples (UV light). Similar results were seen when photocatalytic activity was assessed 
under fluorescent light. Comparison of the photocatalytic properties of U1 and U2, showed that the 
addition of Mo to the heat-treated TiO2 surface increased its photocatalytic activity under UV and 
fluorescent light and this remained the case following the process studies. Photoactivity was largely 
retained for Mo-doped surfaces from all breweries with the exception of one of the two samples 
received from Brewery B. TiO2 alone retained some of its photoactivity to varying degrees when 
irradiated with UV, although values between the duplicate samples differ. Less activity was shown 
under fluorescent light exposure, as expected and controls also showed lower photocatalytic activity 
compared to the as-deposited samples. Compared to the controls stored in the dark, the MC TiO2 
surfaces retained much of their photocatalytic activity, with the exception of samples received from 
Brewery B (under UV), where scratch test and EDX results had shown very little coating had been 
left on the substrate surface after the trial. As a small area of the substrate remained uncoated during 
the spray coating process, duplicate samples were not available in the case of MC surfaces. 

The differences in photocatalytic activities of the surfaces received from the breweries could be 
due to the position of the samples and the cleaning regimes used. Work by others has shown that 
canning machines were markedly less prone to accumulation of microorganisms than bottling 
machines which use recycled glass bottles [1]. Further, it has been suggested that horizontal surfaces 
were prone to microbial accumulation and should be avoided in constructions as much as possible. 
Biofilm formation has also been shown to occur on certain surfaces despite daily cleaning and 
disinfection [1]. Thus, deposits formed by reaction processes or microbes usually cannot be wholly 
removed with water from stainless steel [29]. Various cleaners may have different success. In a 
surface test without soil a hypochlorite-based disinfectant was shown to be effective after an 
exposure of 10 min against all the microbes tested whereas an isopropanol-based cleaning agent was 
effective against all the vegetative cells tested [30]. In the presence of soil, hypochlorite was effective 
against Listeria monocytogenes and Pseudomonas aeruginosa [30]. The nature of clean may also 
affect efficacy. At 30 and 50 °C water rinsing at the flow velocities investigated could remove up to 
85% of a yeast deposit. At a water rinsing temperature of 70 °C, less yeast deposit could be removed 
overall [3]. If surfaces were soiled with chemical residue and not cleaned sufficiently, it is possible 
that this may have an effect on photocatalytic activity. Conversely over aggressive cleaners might 
damage the surface, as noted previously. 

3.6. Wettability 

Photo-induced hydrophilicity is often associated with photocatalytic TiO2 coatings [31]. Large 
differences in the wettability of TiO2 coatings after irradiation by light or after storage in the dark are 
believed to be due to the generation of hydrophilic radicals on the TiO2 surface by the action of light. 
Measurement of contact angle had been found to be an effective and easy method of detecting the 
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presence of the TiO2 sol coating, MC. In addition, it is expected that the contact of contaminants with 
the surface is enhanced in the case of hydrophilic surfaces, resulting in an increase in the effect of the 
photocatalyst. Thus water contact angle measurements were made on each test coupon listed in Table 
3 to help determine the presence and activity of each coating. 

Contact angles were firstly measured for the coupons immediately on unpacking (dark), and then 
after 20 hours irradiation. It was noticeable that many of the coupons were heavily soiled so a portion 
of each sample was cleaned by wiping with 2-propanol on a soft cloth and then with water. Contact 
angles were re-measured after 20 h. under UVA light, and again after 6–7 days in the dark. The 
results are shown in Figures 9–11. 

Figures 9–11 show that for most coatings, the effect of light on the wettability was more 
pronounced in the case of the reference surfaces than those having undergone the processing 
conditions. This may indicate changes in the coating activity resulting from the exposure to the 
cleaning chemicals etc. used during the processing. 

Figure 9. Water contact angle measurements for (a) TiO2 (T1); and (b) TiO2-Ag (low) 
(T2) coupons after three-month Brewery Trial. 

  
(a) (b) 

Figure 10. Water contact angle measurements for (a) TiO2-Ag (high) (T3) and (b) TiO2 
(U1) coupons after three month Brewery Trial. 

  
(a) (b) 

For the TiO2 sol coating, MC, the two coupons sited at the Brewery C showed similar wettability 
to the control sample (MC-R2), after cleaning, both in the dark and the light. Visual inspection of the 
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coupons sited at the other two breweries showed that the coating was wholly or partly removed from 
these coupons, and the contact angle measurements reflect this loss of coating (Figure 11b). Contact 
angle values on blank stainless steel surfaces after cleaning were 70°–80°. 

Figure 11. Water contact angle measurements for (a) TiO2-Mo (U2); and (b) TiO2 (MC) 
coupons after three month Brewery Trial (Coated area of MC-R1 was too small to test). 

  
(a) (b) 

4. Conclusions 

TiO2 coatings were deposited either using reactive magnetron sputtering, both with and without 
subsequent heat treatment, or prepared by spray coating. Photocatalytic activity, determined by 
methylene blue degradation, was high under UV irradiation. The coatings were also active under 
fluorescent irradiation. Doping of magnetron sputtered TiO2 with Ag- (0.5 at%) and Mo- (7 at%) 
increased the activity under fluorescent light. High Ag loading (~30%) had a detrimental effect on 
the fluorescent light induced photoactivity, possibly due to the replacement of Ti atoms in the TiO2 
matrix with Ag. The coatings were placed in three different breweries for three months. The 
magnetron sputtered TiO2 surfaces which had not undergone heat treatment showed the best 
mechanical resistance, whilst the spray coated TiO2 and Mo-TiO2 showed the best retention of 
photoactivity. Irradiation of the coatings resulted in an increase in wettability, but the spray-coated 
TiO2 was the only coating showing light-induced hydrophilicity after the process trial. 

This work presented the potential of magnetron sputtered TiO2 and doped TiO2 coatings for 
surfaces used in food and beverage processing where there is a requirement for robust coatings. 
Selection of the optimum deposition parameters and dopants can lead to coatings which retain 
photoactivity and are durable in harsh processing conditions. The use of spray coatings is preferred 
on surfaces which do not experience severe mechanical wear and abrasion. 
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Photocatalytic Properties of Nb/MCM-41 Molecular Sieves: 
Effect of the Synthesis Conditions 

Caterine Daza Gomez and  Rodriguez-Paez 

Abstract: The effect of synthesis conditions and niobium incorporation levels on the photocatalytic 
properties of Nb/MCM-41 molecular sieves was assessed. Niobium pentoxide supported on MCM-41 
mesoporous silica was obtained using two methods: sol-gel and incipient impregnation, in each case also 
varying the percentage of niobium incorporation. The synthesized Nb-MCM-41 ceramic powders were 
characterized using the spectroscopic techniques of infrared spectroscopy (IR), Raman spectroscopy,  
X-ray diffraction (XRD), and transmission electron microscopy (TEM). The photodegradation 
capacity of the powders was studied using the organic molecule, methylene blue. The effect of both 
the method of synthesis and the percentage of niobium present in the sample on the photodegradation 
action of the solids was determined. The mesoporous Nb-MCM-41 that produced the greatest 
photodegradation response was obtained using the sol-gel method and 20% niobium incorporation. 

Reprinted from Coatings. Cite as: Gomez, C.D.; Rodriguez-Paez, J.E. Photocatalytic Properties of 
Nb/MCM-41 Molecular Sieves: Effect of the Synthesis Conditions. Coatings 2015, 5, 511-526. 

1. Introduction 

A photocatalyst is a material able to absorb light efficiently and thereby induce a chemical  
reaction [1]. In the 1970s, the photo-response of solid materials became a very important research 
topic due to the potential applications of this phenomenon in new technologies. This led to 
heterogeneous photocatalysis encouraging unique developments with applications in alternative 
energy, organic synthesis and environmental treatment [2], with semiconductor compounds being 
most widely used for this purpose. Of these, TiO2 and TiO2-based materials have by far been the 
most attractive economically: they are authoritative photocatalysts also because they are nontoxic 
and offer among other advantages ready availability, chemostability, and reusability. Other inorganic 
semiconductors have been successfully used as photocatalysts, principally in environmental 
heterogeneous photocatalysis. These include CdS, WO3, SnO2, -Fe2O3, AgNbO3 and SrTiO3 [3]. 
Basically, when such semiconductor photocatalysts absorb light, electronic excitation occurs that can 
be used in chemical or electrical processes. 

During all this time, knowledge in disciplines such as photochemistry, catalysis and 
semiconductor physics has grown and allowed a deeper understanding of the phenomenon of 
photocatalysis, which depends mainly on the interaction of radiation with the solid and its surface 
reactivity [4]. The basic concepts underlying the phenomenon of photocatalysis have been obtained 
from studies done on photocatalytic systems employing microcrystalline (bulk) semiconductor 
photocatalysts. Recently, nanotechnology has opened up exciting new possibilities to develop more 
efficient photocatalysts [5]. This modernization of photocatalysis and nanophotocatalysis has been 
encouraged by progress that has been made in the physics and chemistry of nanoscale semiconductor 
particles exhibiting quantum size effects, i.e., a dependence on the fundamental properties of these 
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nanosized particles. The phenomenon of quantum confinement, which these nanoparticles exhibit, 
favors changes in the electronic, optical, photochemical and photocatalytic properties of 
nanocrystalline semiconductors [6,7]. 

Much work has been published in the last two decades related not only to colloidal semiconductors 
but to other types of nanostructure materials, including: nanocrystalline powders, coupled 
nanocomposites, nanocrystalline films, mesoporous semiconductors, etc. Clearly, although 
nanoparticle semiconductors have high surface energy compared to bulk semiconductors, they tend 
to reduce surface tension by aggregation. In order to prevent or delay aggregation and counter the 
coarsening of the nanocrystals, a stabilizer or surfactant is added during synthesis that is adsorbed 
on them, thereby reducing surface tension and creating a steric or electrostatic barrier. In addition, 
this characteristic shown by the nanoparticles can be used to create a new class of photocatalysts 
with a porous structure [8]. For this, surfactant type compounds are introduced during synthesis in 
suitable concentrations, not so much to prevent aggregates from forming but to form a nanoporous 
structure in the aggregates. As photocatalysts, mesoporous materials have a number of advantages, 
including: (1) a high value of specific surface area and nanometer pore size; (2) prolonged substrate 
retention; (3) migration of photogenerated charge carriers through the adjacent semiconductor 
nanoparticles, and an accumulation at their points of contact, and (4) high possibility of repeat light 
reflectance encouraging a greater absorption of light [9]. The benefits of these mesoporous structures 
are illustrated by the titania nanophotocatalysts in the photocatalytic oxidation of dyes [10], oxidative 
disruption of the cell membranes of E. coli bacteria [11] and carbon dioxide reduction to  
methanol [12], among others. Specifically, mesoporous ZnO [13], CeO2 [14] and Co3O4 [15] have 
all exhibited high photocatalytic activity in the destruction of dyes when compared with  
non-porous nanopowders. 

Specifically, considering mesoporous niobium compounds, in one of the first works where the 
mesoporous niobium-containing silicate of MCM-41 was synthesized, the results of X-ray diffraction 
and transmission electron microscopy confirmed that this material exhibited an ordered mesoporous 
structure that could be altered by applying external pressure (∼50 MPa) [16]. According to these 
researchers, the niobium-containing MCM-41 structure is mechanically less stable than pure silica 
MCM-41. The mesoporous molecular sieves were then modified with ammonium and copper cations 
and tested in several catalytic reactions [17]. An important result of this study showed that 
mesoporous NbMCM-41 was an attractive catalyst for the selective oxidation of thioethers to 
sulphoxides with H2O2 owing to its high activity and to the presence of Nb-O  species in the 
framework [18]. Recently, mesoporous Nb2O5 was used as a photocatalyst instead of the 
nanocrystalline niobium oxide compound, and its quantum yield of hydrogen evolution from aqueous 
methanol solutions increased by a factor of 20 [19]. When the mesoporous Nb2O5 samples were 
loaded with nanoparticles of Pt, Au, Cu and NiO, their photocatalytic activity increased such that the 
rate of H2 evolution from an aqueous methanol solution under UV irradiation changed, being higher 
for the Pt-loaded niobium oxide catalysts [20]. Another important application of Nb2O5 
photocatalysts has been the oxidation of organic compounds in aqueous media [21]. This involves 
natural and synthetic Nb2O5 being placed initially in the presence of hydrogen peroxide and 
methylene blue [22] and in another study niobium pentoxide was modified by doping it with 
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molybdenum or tungsten and then treated with H2O2, significantly increasing the photocatalytic 
activity of this compound in the oxidation of methylene blue dye [23]. 

This article reports obtaining Nb/MCM-41 molecular sieves by using two synthesis methods:  
the traditional incipient impregnation method and the sol-gel process. After characterizing the 
synthesized powders, their photodegradation capacity was evaluated using methylene blue as a 
pattern compound. Finally, also with regard to their photodegradation capacity, the effect of the 
synthesis method for the Nb/MCM-41 photocatalysts was determined, together with that of the 
niobium content in the different samples. 

2. Experimental Procedure  

2.1. Synthesis of Different Molecular Sieves 

2.1.1. Nb2O5 Synthesis Supported on MCM-41 through the Sol-Gel Method (Nb-MCM-41-Solgel)  

A total of 8.8 g of N-cetyl-N,N,N-trimethylammonium bromide (Merck, Darmstadt, Germany) 
were dissolved in a solution of 208 mL of deionized water and 96 mL of aqueous ammonia solution 
(25% w/w, Merck, Darmstadt, Germany) at 35 °C. A total of 40 mL of TEOS (98% purity, Aldrich®, 
San Luis, MO, USA) and an aqueous solution of ammonium tris(oxalate) complex of niobium(V) 
(CBMM, Araxá, Minas Gerais, Brazil) were slowly added under agitation to this clear solution, in 
0.1 M of oxalic acid; the amounts of niobium oxalate aggregated were 0.4756, 0.9512, and 1.4268 g to 
obtain niobium percentages of 10%, 20%, and 30%, respectively, in the mesoporous silica material. 
Thereafter, the system was agitated for three hours and the gel aged at room temperature for 24 h in 
a sealed container. The precipitate was filtered, washed with 600 mL of deionized water, and air 
dried at room temperature. Finally, to eliminate the organic matter, it was calcined at 550 °C for eight 
hours. The procedure previously described was carried out taking into account its simplicity, 
reproducibility, and the infrastructure currently available in the laboratory. Certainly, the aim in 
future would be to incorporate further stages, used to good effect by other researchers, in order to 
optimize the characteristics of the end product.  

2.1.2. Nb2O5 Synthesis Supported on MCM-41 through the Incipient Humidity Impregnation 
Method (Nb/MC-41-ImpHum) 

Impregnation was carried out using 10 mL of an aqueous solution of niobium oxalate in 0.1 M of 
oxalic acid with which 1.1034 g of the MCM-41 material were impregnated, drop by drop, until the 
whole solid was humid; the amount of niobium oxolate aggregated was 0.4756, 0.9512, and  
1.4268 g to obtain niobium percentages of 10%, 20%, and 30%, respectively, in the mesoporous 
silica material. The humid solid was air dried at 60 °C and, thereafter, calcined at 550 °C for 6 h. 

2.2. Characterization of Photocatalysts 

The synthesized solids were micro-structurally characterized using: X-ray diffraction (XRD), 
Fourier Transformed Infrared Spectroscopy (FTIR), Raman spectroscopy, and transmission electron 
microscopy (TEM). To perform the IR spectroscopy analysis, the solid was homogenized with 
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spectroscopic grade potassium bromide (99%, Fischer, Pittsburgh, USA) in an agate mortar. The 
mixture was subjected to pressure through a 318 stainless steel die until forming a translucent pellet. 
The sample was analyzed with a Nicolet IR-200 infrared spectrophotometer equipped with 
EZOMINIC 32 software. A total of 32 scans were conducted at a resolution of 16 cm 1/s. For the 
XRD study of the powder samples, a PANalytical X’Pert Pro X-ray diffractometer was used with 
Bragg Brentano geometry, equipped with CuK  (  = 1.5406 Å) radiation source, operating with  
45 mA current and voltage of 45 kV. Powder X-ray diffraction patterns (PXRD) were registered 
within the 1 to 10° interval, as well as between 10° and 70°, in 2 , at 0.5 °/min scan rate. The samples 
were observed with transmission electron microscopy (Jeol 1200 EX, JEOL, Pleasanton, CA, USA) 
with an electron beam electric potential acceleration of 80 kV. Raman spectra were obtained through 
EZRaman-N and ProRaman-L-905 (Enwave Optronics, Irvine, USA) Raman analyzers coupled to a 
Leica DM300 microscope (with a Leica objective that has a magnification/numerical aperture ratio of 
40×/0.65), using excitation laser sources of 905 nm (maximum power 400 mW). The 
adsorption/desorption of nitrogen was carried out at 196 °C in a Micromeritics ASAP 2010 
(micromeritics, USA). The samples were previously treated under high vacuum at 150 °C for 12 h. 
Finally, elemental composition was determined by SEM-EDX in a Stereoscan 440 Leica microscope 
(Leica Microsystems, Mannheim, Germany) equipped with an energy dispersive X-ray (EDX) 
elemental analysis system. 

2.3. Photocatalytic Activities  

2.3.1. Adsorption Kinetics 

To determine the characteristics of the dye adsorption equilibrium on the molecular sieves, a study 
was conducted on their adsorption kinetics. For this purpose, 10 mg were taken of each of the solids 
synthesized and these were dispersed in 200 mL of methylene blue solution with a concentration of 
50 ppm, at room temperature, under continuous agitation and complete darkness. Thereafter, every 
10 min, aliquots of this suspension were extracted and their spectra were taken, considering the 
maximum absorbance of the methylene blue at 665 nm using a UV-Vis spectrophotometer 
(Spectronic Genesys 6); this procedure was repeated over a total time of 60 min. Then, through 
mathematical calculations and using the calibration curve method, the quantity in milligrams of 
methylene blue milligrams adsorbed on the solids was determined; the curve for the “q” coefficient 
(mg of methylene blue adsorbed/mg of the photocatalyst) as a function of time was obtained. This 
permitted determining the time interval the system should be kept in continuous agitation prior to 
turning on the UV lamps to determine the photodegradation capacity of suspended Nb/MCM-41 solids. 

2.3.2. Photodegradation Effect 

To establish the photodegradation capacity of the synthesized solids, methylene blue powder 
(C16H18N3Cl S) was taken as the reference organic molecule to be degraded. This powder was 
dissolved in distilled water at a concentration of 55 ppm and 200 mL were taken from the resulting 
solution and poured into a 250-mL precipitation glass. Then, 10 mg of the synthesized powders were 
weighed and added to the methylene blue solution. The mixture was agitated for the time determined 
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from the adsorption kinetics to eliminate or reduce as much as possible the adsorption effect, and 
then transferred to a “solar simulator” constructed in the laboratory. The suspension was placed in 
the simulator and the UV lamps (Phillips TUV 15 W lamps, maximum intensity at 254 nm, Phillips, 
Lausanne, Switzerland) turned on to begin the photodegradation process. During this process, the 
system was maintained at a continuous agitation of 500 rpm/min, taking samples periodically every 
5 min. The samples were placed in a small quartz container and placed in the UV-Vis 
spectrophotometer to obtain the system’s absorbance value at a wavelength of 665-nm; identical 
steps were followed for the photolysis test, but using only the methylene blue solution. Upon 
determining the absorbance, the suspension was again poured into the precipitation glass. This 
process was repeated every 5 min, until minute 20, and then every 10 min until minute 60. Finally, 
the methylene blue percentage degradation over time curve was obtained with respect to the 
calibration curve. The photodegradation effect was determined by employing a laboratory designed 
photo-reactor. Monitoring of the disappearance of methylene blue in the solution was carried out 
using UV-Vis spectroscopy. 

3. Results and Discussion 

3.1. Characterization of Solids 

The FTIR spectrum of Nb-MCM-41 materials is shown in Figure 1, where bands are observed 
between 1400 and 400 cm 1 due to the fundamental vibrations of the mesoporous structure. A large 
band around 3450 cm 1 and a band at ~1630 cm 1 correspond to O–H stretching and surface water [24]. 
The bands at ~1230, ~1080, and ~810 cm 1 are assigned to Si–O symmetric and asymmetric stretch 
vibrations; the band at ~460 cm–1 is characteristic of silica compounds and corresponds to O–Si–O 
group stretching [25].This infrared spectrum was the same independent of the procurement method 
and percent incorporation of niobium. 

Raman spectroscopy characterization permits to determine, to a certain degree, the  
incorporation of niobium pentoxide onto the MCM-41 mesoporous structure. The lack of a neat 
Raman band in the spectrum at ~680 cm 1—corresponding to niobium oxide polyhedra symmetric 
stretching modes—or bands between 200 and 300 cm 1—assigned to flexion modes of Nb–O–Nb 
bonds [26]—would indicate a lack of Nb2O5 crystalline nanoparticles on the silica structure. Bearing 
this in mind, it can be observed in Figure 2 that the Raman band at ~680 cm 1 is present in most of 
the solids analyzed, except for the mesoporous solids with 10% niobium synthesized through the  
sol-gel method, Figure 2d, and with 20% niobium obtained through the incipient impregnation 
method, Figure 2b, which indicates that most of the niobium added was incorporated into the silica 
structure [26]. However, in the other solids the presence of this band indicates that not all the niobium 
added was incorporated into the silica, but that a certain percentage of it was leached. Though the 
increase occurring in the background of the Raman spectra, Figure 2b,d, can be associated with the 
fluorescence of organics present in the sample [27], due to the presence of carbon in the sample as it 
was found in the images of SEM-EDS (Figure 3), however the carbon content is small. 
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Figure 1. Infrared spectrum of Nb-MCM-41 sample. 

 

 

Figure 2. Raman spectrum of Nb-MCM-41 through the incipient impregnation method 
(a), (b), and (c), and through the sol-gel method (d), (e), and (f). 
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In order to verify the niobium concentration on the surface of the MCM-41 mesoporous structure, 
EM-EDS analysis was conducted, shown in Figure 3. 

 

 

Figure 3. SEM-EDS photograph of Nb-MCM-41 (a) 20%-Nb-MCM-41, (b) 30%-Nb-MCM-
41 powders obtained through the sol-gel method and (c) 20%-Nb-MCM-41 powder 
obtained through the incipient impregnation method. 

The Nb-MCM-41 powders obtained through the sol-gel method showed a greater distribution of 
niobium on the surface. In those obtained by the incipient impregnation method, however, the 
niobium distribution was not homogeneous. 

The Nb-MCM-41 materials obtained using the incipient impregnation method (Figure 4) produces 
an X-ray diffractogram characteristic of MCM-41, which contains four peaks at low angles, as noted 
in the figure; the first of these is the most intense peak, appearing around 2  = 2°, corresponding to 
Miller index (100). Other lower-intensity reflections appear between 3° < 2  < 10°, corresponding 
to Miller indexes (110) and (200), which verifies a hexagonal symmetry of the structure [24,25,27]; 
the X-ray diffractogram is the same independent of the percentage of niobium incorporated. This 
result is similar to that obtained by Ziolek and Nowak [16]. 
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Furthermore, observing the complete diffractogram between 10° and 90°, Figure 4b, similar for 
all samples impregnated with Nb, two ridges are observed in the regions where, normally, the peaks 
characteristic of Nb2O5 are located, so that these samples may contain crystals of this oxide forming. 
Regarding the solids obtained using the sol-gel method, these produce a diffractogram (Figure 5) that 
differs from the typical MCM-41structure, given that it does not show this structure’s characteristic 
peaks. However, these solids show peaks at low angles, which could indicate that a mesoporous 
structure is being obtained, but not an MCM-41 type structure. 

 

Figure 4. X-ray diffractogram of Nb-MCM-41 obtained using the incipient impregnation 
method to (a) in the region of low angles, and (b) in the high-angle region. 

These diffraction patterns are different from those obtained by Ziolek and Nowak [16] in that the 
mesoporous Nb-MCM-41 synthesized by the sol-gel method should show a different pore structure. 
Given the similarity of the XRD patterns of Figure 5 to the small-angle XRD patterns of the 
mesoporous Nb samples synthesized by Chen et al. [19] that showed obvious peaks between  
0.58 and 1.58 and no other peak at higher degrees, it can be concluded that these came from a less 
ordered mesoporous structure and that the d value of each mesoporous sample would lie between 7.7 
and 14.9 nm. 

Moreover, observing the full diffractogram between 10° and 90°, Figure 5b, similar for all the 
samples synthesized using different concentrations of Nb precursor, this is similar to that of Figure 4b, 
so that it is possible these samples also contain in their structure some forming Nb2O5 crystals. 

To corroborate the mesoporous structure, the N2 adsorption and desorption isotherms are shown 
in Figure 6. This analysis allowed to determine of the Nb-containing mesoporous MCM-41 solid 
along with large surface areas after the incorporation of niobium to the structure of the silica. As the 
load increases niobium, surface area decreases as expected (Table 1). 
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Figure 5. X-ray diffractogram of Nb-MCM-41 obtained through the sol-gel method with 
10%, 20% and 30% of niobium. 

 

Figure 6. N2 adsorption and desorption isotherms of 20% Nb-MCM-41 obtained through  
(a) sol-gel and (b) incipient impregnation methods, respectively. 

However, although the samples exhibited a mesoporous phase, which was corroborated using 
DRX at low angles, their hysteresis loop is different compared to that of MCM-41, possibly through 
the formation of species on the surface of the pores from the niobium, which leads to a “plugging” 
of the channels, and which was reflected in the narrowness of the hysteresis loop area [28], as well 
as decreasing both the surface area and pore size. This plugging would be generated by the synthesis 
methods used to obtain the samples of interest. In the case of impregnation of the MCM-41, it is very 
likely that niobium species are deposited, during the impregnation process, in the pores of the 
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substrate (MCM-41), plugging them and causing a reduction in the hysteresis loop (see Figure 6b). 
In the case of the samples synthesized by sol-gel, after forming the micelles and adding the organic 
Nb precursor (ammonium oxalate), it is possible that due to its nature, some of it is distributed within 
the micelles (lyophobic area) and remains there throughout the process of synthesis, leading finally 
to plugging of the pores and thus a reduction of the hysteresis loop (Figure 6a). Clearly, on increasing 
the concentration of Nb precursor, a greater plugging of the pores can be expected, and a reduction 
in their size, as shown in Table 1. 

Table 1. Textural properties of mesoporous solids synthesized in this work. 

Sample 
Mass 

(g) 
BET Surface 
Area (m2/g) 

Correlation 
Coefficient 

Pore 
Volume 
(cm3/g) 

Pore Size 
(nm) 

Pore 
Type 

20% Nb-MCM-41  
sol-gel method 

0.3896 
684.1391 

 ± 24.5850 
0.9967814 0.618766 2.61 Mesopore

30% Nb-MCM-41  
sol-gel method 

0.0659 
496.8287  
± 10.1249 

0.9993733 0.458849 2.42 Mesopore

20% Nb-MCM-41 
incipient 

impregnation method 
0.0441 

836.4673  
± 41.6990 

0.9924810 0.610336 2.44 Mesopore

The TEM micrographs for the Nb-MCM-41 solids obtained through the incipient impregnation 
method (Figure 7) should not present optimal pore distribution, mainly because these solids were 
calcined again following impregnation with the niobium precursor, which would generate some loss 
of organized structure. 

 

Figure 7. TEM micrographs corresponding to Nb-MCM-41 mesoporous solids obtained 
using the incipient impregnation method with 30% niobium. 

The TEM micrographs corresponding to Nb-MCM-41 mesoporous solids synthesized using the  
sol-gel method are also shown in Figure 8, illustrating that pore distribution is uniform, which 
indicates that the pore size for these solids ranges between 2 and 10 nm. These transmission electron 
micrographs are typical of mesoporous structures, according to several reports [29]. 
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Figure 8. TEM micrographs corresponding to Nb-MCM-41 mesoporous solids obtained 
using the sol-gel method with niobium percentages of (a) 10%, (b) 20%, and (c) 30%. 

3.2. Adsorption Kinetics and Results of Photodegradation Effect  

The methylene blue adsorption kinetics corresponding to mesoporous solids are shown in Figure 
9. These curves show marked differences in dye adsorption rates obtained by the solids, depending 
on the methodology used in the incorporation of niobium, as well as on the percentage of this cation 
on the mesoporous silica MCM-41. The solids with the highest dye adsorption capacity were those 
containing 10% Nb, obtained through the sol-gel method, and 20% Nb obtained using the incipient 
impregnation method. This result indicates that greater uniformity of niobium distribution on the 
surface of the mesoporous solid guarantees higher adsorption efficiency, as indicated by the Raman 
spectra (Figure 2). 

Further, solids with higher adsorption capacity did not show leaching or formation of Nb2O5 
clusters. What is evident in the adsorption kinetics (Figure 9) is that the Nb percentage does not 
notably affect dye adsorption. 
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Figure 9. Adsorption kinetics of Nb-MCM-41 mesoporous solids obtained using the sol-
gel (a) and impregnation method (b) (Factor q: mg methylene blue adsorbed/mg 
photocatalyst). 

Although all the solids exhibit nearly the same total adsorption capacity, the behavior of the 
curves, as shown in Figure 9, is different, leading to the conclusion that the adsorption mechanisms 
were different. This could be due, in the main, to the differences in the microstructure of the samples, 
since as seen in the XRD at low angles, they clearly show a different mesophase, which could be 
closely related to the diffusion of the reagents. It is necessary, in future, to carry out a careful study 
to learn more about the mechanisms of adsorption as regards these samples and relate them to their 
characteristics (Table 1). 

The process of photodegradation of methylene blue brought about by the Nb/MCM-41 
mesoporous solids synthesized in this work is illustrated in Figures 10 and 11. The results show that 
for both methods of Nb incorporation, solids with 20% Nb showed a better photodegradation 
response. By comparing the curves, it is evident that the solid obtained using the sol-gel method 
showed a much higher degradation percentage than the solid obtained using incipient impregnation, 
with comparative figures of 60.6% and 16.7%, respectively (Figures 10 and 11). 

Additionally, considering these results, and taking into account those of the Raman spectroscopy 
(Figure 2), it can be concluded that better niobium dispersion on the silica leads to a reduced 
photodegradation effect. In other words, although the uniform incorporation of niobium on 
mesoporous silica favored adsorption capacity, this condition notably diminished the 
photodegradation effect. This is not the case in the samples containing 10% Nb, where the reverse is 
true, i.e., better niobium dispersion over the mesoporous silica indicates a greater photodegradation 
effect. This shows that it is necessary to conduct more systematic studies on both the niobium 
percentages in the sample and the uniformity of niobium dispersion, in the context of the effect of 
these on photodegradation capacity. Despite the fact that the 30% Nb-MCM-41 sample contains 
more niobium, as was determined in SEM-EDS, it may be that some of the Nb is not available to 
take part in photocatalysis, for example the Nb can be deposited in the zeolite porosities. 
Furthermore, as the amount of niobium in photocatalysts is increased, the surface area decreases, 
which indicates that there are fewer active sites available. 
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What is indeed evident in the results obtained is that the solids synthesized using the sol-gel 
method presented a greater photodegradation response than those obtained using the incipient 
impregnation method (Figures 10 and 11). This behavior could be justified considering that the pores 
observed in the TEM micrographs (Figure 8) of solids from the sol-gel method are more uniform 
than those observed in the incipient impregnation samples. This characteristic would provide a bigger 
surface area in the former samples, improving the photocatalytic process. 

 

Figure 10. Degradation percentage of methylene blue, in function of irradiation  
time (sol-gel method). 

 

Figure 11. Degradation percentage of methylene blue vs. irradiation time (incipient 
impregnation method). 

The photocatalysts studied in this work can be considered, mainly those obtained by impregnation 
as a result of their behavior and the results obtained, as another type of photocatalyst, i.e.,  
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“single-site photocatalyst”. In general, this single-site photocatalysis contains isolated polyhedral 
coordination transition metal oxides such as the oxides of Ti4+, V5+, Cr6+ and Mo6+ as active sites [30]; 
in this study, Nb5+ oxide. These species were designed on a mesoporous molecular MCM-41 surface 
and were considered to be highly dispersed at the atomic level on its surface (mainly in the samples 
obtained by impregnation) or within the frameworks and to be well-defined active sites. These local 
structures of our single-site Nb photocatalysts could explain the results obtained using Raman 
spectroscopy (Figure 2) and the behaviour of photocatalysts in the reduction of methylene blue 
(Figures 10 and 11). The photocatalytic properties of single-site photocatalysts Nb-MCM-41 could 
be attributed to the ligand to metal charge transfer (LMCT) process of the isolated niobium oxide 
with tetrahedral coordination. Under light irradiation, the charge transfer excited triplet state of 
niobium oxide was formed and electron-hole pairs were localized in close proximity to its  
photo-excited states [30]. Single-site photocatalysts exhibit unique and fascinating photocatalytic 
performances based on the reactions of specific photo-excited species. This process cannot be carried 
out on bulk photocatalysts [30]. Finally, the method of synthesis is clearly important in obtaining the 
single-site photocatalyst Nb-MCM-41 and for its functionality. 

4. Conclusions 

Regarding Nb-MCM-41 synthesis, the solids synthesized using incipient impregnation show a 
hexagonally ordered MCM-41 type mesoporous structure, as observed in the X-ray diffractograms. 
Solids obtained by the sol-gel method, meanwhile, did not present this type of structure. However, the 
mesoporosity of the systems is evident in the transmission electron micrographs that indicate a 
mesoporous-type ordered structure, although the family to which they correspond would still need to 
be determined. 

Using incipient impregnation, better dispersion was observed on the silica, given that for up to 
20% of incorporation, no Nb2O5 leaching was observed. This method thus shows greater advantages 
for niobium incorporation in silica. As such, greater dispersion appears to generate a less 
homogeneous pore size and a reduced photodegradation effect. 

The Nb-MCM-41 mesoporous solids synthesized using the sol-gel method gave a greater 
photodegradation response than those synthesized through the incipient impregnation method. The 
highest effectiveness in photodegradation of the methylene blue molecule was obtained with the 
mesoporous solid synthesized through the sol-gel method, at a level of 20% Nb. This suggests that it 
is important to determine the structure obtained through the sol-gel method, to understand better the 
interaction between silica and niobium and the resulting effect on photodegradation. The results 
obtained in this study reiterate the importance of the method of synthesis used to obtain the 
mesoporous materials on their functionality. 
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Evaluation of Photocatalytic Properties of Portland Cement 
Blended with Titanium Oxynitride (TiO2 xNy) Nanoparticles 

Juan D. Cohen, Germán Alberto Sierra-Gallego and Jorge I. Tobón 

Abstract: Photocatalytic activity of Portland cement pastes blended with nanoparticles of titanium 
oxynitride (TiO2 xNy) was studied. Samples with different percentages of TiO2 xNy (0.0%, 0.5%, 1%, 
3%) and TiO2 (1%, 3%) were evaluated in order to study their self-cleaning properties. The presence of 
nitrogen in the tetragonal structure of TiO2 was evidenced by X-ray diffraction (XRD) as a shift of 
the peaks in the 2  axis. The samples were prepared with a water/cement ratio of 0.5 and a 
concentration of Rhodamine B of 0.5 g/L. After 65 h of curing time, the samples were irradiated with 
UV lamps to evaluate the reduction of the pigment. The color analysis was carried out using a 
Spectrometer UV/Vis measuring the coordinates CIE (Commission Internationale de l’Eclairage) L*, 
a*, b*, and with special attention to the reddish tones (Rhodamine B color) which correspond to a* 
values greater than zero. Additionally, samples with 0.5%, 1%, 3% of TiO2 xNy and 1%, 3% of TiO2 
were evaluated under visible light with the purpose of determining the Rhodamine B abatement to 
wavelengths greater than 400 nm. The results have shown a similar behavior for both additions under 
UV light irradiation, with 3% being the addition with the highest photocatalytic efficiency obtained. 
However, TiO2 xNy showed activity under irradiation with visible light, unlike TiO2, which can only 
be activated under UV light.  

Reprinted from Coatings. Cite as: Cohen, J.D.; Sierra-Gallego, G.; Tobón, J.I. Evaluation of 
Photocatalytic Properties of Portland Cement Blended with Titanium Oxynitride (TiO2 xNy) 
Nanoparticles. Coatings 2015, 5, 465-476. 

1. Introduction 

Nanotechnology has become a very important research topic in recent years for the scope and 
variety of applications in almost all fields of engineering. Mainly though, it has been important in 
the development of new materials. For example, nanotechnology has been implemented in the study 
of building materials in order to improve the mechanical properties and give the materials other 
additional properties. In these studies, the addition of carbon nanotubes to reduce fissures and 
improve mechanical properties [1], as well as the insertion of nanoparticles of silica (n-SiO2) [2] and 
iron oxide (Fe2O3) for the sealing of nanopores [3] has been highlighted. Other types of features have 
been given to cement, when broadband semiconductor nanoparticles are added, such as the 
decontaminating of air, and the self-cleaning in buildings, through photocatalytic activity [4]. These 
properties are obtained, for example, when photocatalytic reactions are performed in the 
nanoparticles interface incorporated in the cementitious matrices. These reactions are defined as 
electrochemical processes by absorption of radiant energy (UV light) within the photocatalyst, which 
is usually a semiconductor with broadband [5]. When photons of a required wavelength (photons 
with energy higher than the band gap of the photocatalyst), are absorbed by the photocatalyst, 
electrons from the valence band are promoted to the conduction band crossing through the band gap 
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(forbidden region for electronic states), and electron-hole pairs are generated. These pairings carry 
opposed free charges in the absence of an electric field, and recombine rapidly (in approximately of 
30 ns), releasing excess energy, mainly as heat [6]. If there are previously adsorbed chemical species 
in the catalyst surface, recombination is prevented and redox reactions occur between these species 
and the photogenerated pairs. In this case, the electrons ( ) react with oxidizing agents, and the holes 
(+) react with reducing agents. Photocatalysis is normally effected under aerobic conditions, (when 
oxygen acts as an acceptor species) and will react with the electrons (e ) to form a superoxide radicals 
(O2• ). In turn, the water is used as a reducing agent, and it will react with the holes (h+) to form 
hydroxyl radicals (OH•) [5]. The following Equations (1)–(3) correspond to the reactions carried out 
in the photocatalyst interface: 

 (1)

 (2)

  (3)

Studies with photocatalytic cements have been performed mostly by adding TiO2 nanoparticles, 
and UV radiation as a photon source. The use of TiO2 is due to its low toxicity and high stability 
compared to other semiconductors studied for this application (ZnO, CdS, WO3) [6]. The NOx 
abatement has been evaluated for cement pastes added with TiO2 nanoparticles at different ratios of 
rutile and anatase [7]. In this same way, there has been reported the mineralization of different VOCs 
(Volatile Organic Compounds) by means of building materials added with TiO2 [8]. The self-cleaning 
ability in these kind of cements is evaluated by standard UNI 11259, using Rhodamine B as an 
organic dye. In this case, important results have been obtained with mortars and cement pastes, using 
TiO2 as addition [9–11]. The Rhodamine B is selected for evaluating this property in cements, mainly 
because it is very soluble in water, its discoloration can be followed by colorimetry and it has little 
sensitivity to the alkalinity of cementitious materials [10]. Additionally, the rhodamine B has 
polycyclic aromatic hydrocarbons in its chemical structure, compounds that are usually found as 
pollutants in urban environments. On the other hand, it is known that the main weakness of these 
cements is given by the nature of TiO2, which is only activated in the presence of UV light. The 
wavelengths in the UV region of the solar spectrum correspond to a low percentage and, thus, there 
is minimal use of stimulus of light when implementing these cements into a real life scenario. An 
alternative though, according to the research performed by Asahi, is to modify the photocatalyst with 
impurities to improve the efficiency of the process. This research found that the presence of nitrogen 
in the structure of TiO2 as substitution by oxygen creates Ti–N bonds and electronic states in 
forbidden energy levels [12,13]. This anionic partial substitution increases the range of the solar 
spectrum absorbed [14]. In this case, nanoparticles of TiOxNy can absorb wavelengths between 365 
nm and 500 nm [15,16]. An approach of the behavior of these nanoparticles in building materials 
was done by mixing nano-TiO2 xNy with calcium carbonate (CaCO3). This blend reduced the 
concentration of NOx and 2-propanol between 360 and 436 nm [17]. The addition of nano-TiO2 xNy 
to the cement is entirely unknown; therefore, the main objective of this research is to discuss the 
behavior of these nanoparticles in the cement and obtain a construction material with a self-cleaning 
property in the presence of UV and visible light. 
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2. Experimental Section 

2.1. Raw Materials 

Samples were prepared using commercial Portland white cement type I from the Colombian 
company Cementos Argos. The Titanium Oxynitride (TiO2 xNy) and Titanium Dioxide (TiO2), 
commercial references were provided by Chinese NaBond Technologies Co. (Shenzhen, China) and 
German companies Evonik-Degussa (Essen, Germany), respectively. In turn, according to the 
manufacturer, the TiO2 xNy has 22% Nitrogen in its structure. The Rhodamine B was provided by 
the Colombian enterprise Codim. Table 1 shows the specifications of each nanoparticle and the 
crystalline phases and semi-quantitative estimations using X-ray diffraction (XRD, Phillips X’pert). 

Table 1. Characteristics of nanoparticles added. 

Sample BET* (m2/g) Dv.50* (nm) Crystalline phases (%) ** 

P25 (TiO2) 50 ± 15 21 
Anatase 87 
Rutile 13 

TiO2 xNy 31 30 
Anatase 84 
Rutile 16 

*According to the manufacturer’s specifications; ** Semi-quantitative estimation by XRD. 

2.2. Preparation and Evaluation of the Samples 

Samples were prepared into disc-shaped specimens of white cement paste with a 1.62 cm diameter 
and a 0.3 cm thickness. Deionized water was used for a water/cement ratio of 0.5. Previously, the 
nanoparticles were added in the mixed water and dispersed using a superplasticizer (Plastol HR-DF), 
provided by the company Toxement in Colombia. The dispersant agent was used with 19% by weight 
relative to the nanoparticles. Afterwards, this suspension was sonicated with 90 W and 35 kHz 
frequency (VWR® Symphony™ 97043-992) for 15 min [18]. Samples were prepared with three 
different percentages of cement content, for TiO2 xNy 0.5%, 1%, 3%. Other samples were prepared 
with two levels of TiO2, 1% and 3%. After, the samples were cured in a wet room for 65 h. 
Additionally, samples were prepared with 0.5%, 1%, 3% of TiO2 xNy, and another set with 1% and 
3% of TiO2, in order to evaluate the Rhodamine B abatement in visible light. Following the 
provisions of the standard [19], the pastes were immersed in water with Rhodamine B for one hour, 
at a concentration of 0.5 g/L in order to ensure a uniform color for each sample. The samples were 
irradiated with UV light using lamps emitting a wavelength spectrum between 350 and 400 nm 
(Phillips, Amsterdam, The Netherlands, Actinic BL TL-D(K), 30 W). In order to evaluate the behavior 
of the samples in visible light, a fluorescent lamp was used with a wavelength spectrum between 410 
and 560 nm (Lite-Way, C13101, 24 W). The samples were irradiated to 20 W/m2 ± 0.3 for the UV 
experimental setup, as set out in the standard [19]. For the setup with visible light, the samples were 
irradiated to 10 W/m2 ± 0.5. For this setup, the height between the lamp and the samples was 
determined using a radiometer (PMA 2210, Solar Light Co., Philadelphia, PA, USA) coupled to a 
probe to detect wavelengths between 400 and 700 nm (LDC 21300, Solar Light Co., Philadelphia, 
PA, USA). To determine the color coordinates CIE (Commission Internationale de l’Eclairage) 
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L*a*b* [20], a UV/Vis Spectrometer was used (BWTEK Inc., Newark, NJ, USA, GlacierTM X, 
BTC112E), coupled with a probe for measuring reflection and backscatter (Ocean Optics,  
QR200-7-UV-VIS) and a support to hold it at 45° angle to the samples (Ocean Optics, Dunedin, FL, 
USA, RPH-1). 

3. Results and Discussion 

3.1. X-ray Diffraction (XRD) 

Figure 1 corresponds to diffractograms of TiO2 xN and TiO2, highlighting anatase and rutile 
phases. The shifting of peaks to the left is evidence of an enlargement of the unit cell, demonstrating 
the insertion of nitrogen atoms into the crystalline structure. Since the TiO2 usually has oxygen 
vacancies that introduce localized states of Ti+3 [6], it is possible to insert some impurities that are 
compatible and dope the catalyst to improve performance. In this case, the nitrogen (N 3) is likely to 
enter into the structure for having an atomic radius and electronegativity similar to O 2. In this 
manner, the nitrogen supplies the anionic deficiency. Precisely, it is the nitrogen inserted in the 
interstices as a substitution of oxygen, which induces occupied electronic states on intervals known as 
the forbidden energy band (band gap) [13]. This process can facilitate the formation of electron-hole 
pairs, using stimuli such as electromagnetic radiation of wavelengths greater than 400 nm. 

 

Figure 1. X-ray diffractogram (XRD) of Aeroxide P25 (TiO2) vs. TiO2 xNy; phases 
anatase (A) and rutile (R).  

3.2. Transmission Electron Microscope (TEM) 

TEM images of nanoparticles of TiO2 and TiO2 xNy, are reported in Figure 2. Both have almost 
the same distribution of phases, according to the diffractogram XRD viewed above. The anatase with 
a hexagonally shaped rounded, has a size about 20 nm (Figure 2a), while rutile shows a hexagonally 
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shape and a size about 60 nm for TiO2 (Figure 2a). In Figure 2b, TiO2 xNy nanoparticles have an 
overall size of about 30 nm.  

 

Figure 2. TEM images for nanopowders: (a) Aeroxide P25 (TiO2) [11]; (b) TiO2 xNy 
(NaBond Technologies Co., Shenzhen, China). 

3.3. Abatement of Rhodamine B 

The Rhodamine B degradation mechanism passes through two di erent pathways; the first being 
the deethylation process and the second being the destruction of the chromophore structure [21]. 
Such a dual mechanism seems to depend on the nature of the light in the photoinduction. Under  
UV-Vis conditions, there is no selectivity and the destruction of the chromophore is also involved during 
the degradation. [22]. Additionally, the results obtained during discoloration of the samples are 
observed in Figure 3, where a* is defined as the change in coordinate a* during the exposure time 
of the samples to UV light; being the initial hue at t = 0 and the final coordinate of the same sample 
at time t as shown below: 

  (4)

In this case, the coordinate a* corresponds to a reddish hue for positive values, according the  
color-order system specified by the Commission Internationale de l’Eclairage [20]. The highest 
photoactivity was observed for samples with a 3% addition of TiO2 xNy and TiO2, as similarly 

reported by other works [10,11]. The control samples were also evaluated, to determine the catalytic 
reactions by photolysis or by temperature.  
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Figure 3. Change in a* during five hour exposure to UV light with different addition 
percentages of TiO2 xNy and TiO2 for samples at 65 h of curing age. 

There is a difference between the specimens with 3% of TiO2 facing the other samples was 
observed, and the values of 0.5% of TiO2 xNy were similar to the samples with 1% of TiO2. It is noted 
that 0.5% of TiO2 xNy showed a more significant change than 1% of TiO2 xNy; this behavior can be 
explained in two ways. The first explanation is that the action of the hydrated products forms a layer 
around nano- TiO2 xNy, which protects nanoparticles from abrasion and may decrease the 
photocatalytic activity [23]. Here, the nanoparticles act as nucleation sites in cement hydration 
increasing the accumulation of hydration products [24]. The second way is that the decrease in 
photocatalytic activity is explained by re-agglomeration of nanoparticles in the matrix of the cement 
as a consequence of low dispersion. This occurs also in the samples with 3% of TiO2 xNy, but the 
generation of active sites seems to be a more important factor in this case; therefore, the abatement 
of Rhodamine B is improved. Even with this information, it is necessary to find other evidence, such 
as the generation of hydration products and the relationship of them with the content of nanoparticles 
in the cement and the photoactivity, in future works in order to ratify this hypothesis.  

In order to determine a percentage of decrease of color, the photocatalytic efficiency coefficient 
( ) was calculated and is defined as:  

 (5)

where A(a0*) corresponds to an ideal state in which the initial coordinate remains constant during tf  
time, as established by Equation (6), and A(a*) the area under the real curve of a*, as observed in  
Equation (7) [10]. 

 (6)

  (7)

Figure 4 shows the photocatalytic efficiency coefficients of the samples (cured 65 h) after 5 h of 
UV irradiation. Coefficients greater than those obtained for control samples (0%), are considered 
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photocatalytic reactions and are products of the interaction between photons and the nanoparticles of 
photocatalyst. Otherwise, these coefficients are considered as other kinds of interactions, such as 
photolysis or thermolysis. It is noted, that all the additions showed photocatalytic activity and 
efficiency above the standard sample. In addition, a similar coefficient between the samples with 
0.5% of TiO2 xNy and 1% TiO2 xNy was observed, different to results obtained in another research [11]. 
As explained above, this could be due to the re-aglomeration effect of the nanoparticles in the matrix 
cementitious. Similarly, a uniform performance of TiO2 3% was observed for TiO2 xNy 3%. 

 

Figure 4. Photocatalytic efficiency Coefficient ( ) for samples in UV light with different 
addition percentages of TiO2 xNy and TiO2 for samples at 65 h of curing age,  control 
sample,  TiO2 xNy,  TiO2. Error bars are standard deviation. 

Some samples were evaluated as well in visible light. In Figure 5, the comparison between 
samples of TiO2 xNy with 0.5%, 1%, 3% and TiO2 with 1%, 3% for the change in a* versus 
exposure time is shown. It is noted that TiO2 did not show photoactivity in visible light, mainly 
because of its wide band gap that only lets the electrons jump to the conduction band by stimuli of 
wavelengths below 400 nm. 

Additionally, the photocatalytic efficiency coefficient for these samples was calculated. In  
Figure 6, the comparison between coefficients for samples with 0.5%, 1%, 3% of TiO2 xNy, and 1%, 
3% of TiO2, including control samples are reported. TiO2 samples obtained values below the samples 
with 0%. The minimal change in a* is attributed to other mechanisms, not to photocatalytic reactions. 
When percentages equal or below are obtained in comparison with the control sample (0%), there is 
no evidence of photocatalytic interactions; therefore, the change in hue is attributed to photolysis and 
thermolysis reactions. It is possible that TiO2 nanoparticles create a shielding effect in the samples, 
blocking photonic absorption in the pigment and preventing photolysis reactions. 
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Figure 5. Change in a* during 5 h exposure to visible light with different addition 
percentages of TiO2 xNy and TiO2 for samples at 65 h of curing age.  

Table 2. Standard deviation of samples with TiO2 xNy in visible light. 

Sample % TiO2 xNy L0* a0* b0* L* a* b* E Variance a* Standard Deviation a*

A1 0 64.60 67.90 35.17 80.33 58.71 23.45 21.65 
0.000648 0.025455844 

A2 0 68.84 69.94 34.39 79.30 58.75 22.75 19.24 

B1 0.5 66.15 68.09 35.43 81.79 57.55 23.25 22.47 
5.5677845 2.359615329 

B2 0.5 63.429 67.77 33.7 79.59 54.213 23.807 23.3 

B1 1 67.405 49.809 32.181 82.102 40.085 14.098 25.24 
3.1777205 1.782616195 

B2 1 69.915 50.46 34.871 81.559 42.606 16.775 22.905 

C1 3 75.51 63.207 31.92 83.163 40.038 14.787 29.81 
0.2628125 0.512652416 

C2 3 74.202 60.164 32.178 77.017 40.763 15.653 25.63 

Table 3. Standard deviation of samples with TiO2 in visible light. 

Sample % TiO2 L0* a0* b0* L* a* b* E Variance a* Standard Deviation a*

D1 1 77.189 56.42 33,115 88.339 50.988 21.831 16.76 
0.006728 0.082024387 

D2 1 74.513 57.788 33,322 64.162 51.104 21.06 17.38 

E1 3 71.784 63.023 37,562 70.132 58.578 26.049 12.45 
8.602952 2.933078928 

E2 3 73.469 63.501 37,292 79.723 62.726 27.142 11.94 

The tables above show some data of the samples evaluated in visible light. Standard deviation was 
calculated for a* coordinate in all the samples. At the same time, the E was calculated. This 
represents the change in color that is defined as the difference between two points of values, in the 
Euclidean sense [20]. The higher the E, the higher the change in color. E is defined as: 

  (8)

It is noteworthy that the band gap of TiO2 corresponds to 3.2 eV per atom; therefore, to do the 
electronic jump from the valence band to the conduction band and generate redox species, it is 



143 
 

 

necessary to induce the particles and a suitable stimulus in terms of light or energy photons located 
in the range of near ultraviolet (UVA). On the other side, the inclusion of nitrogen atoms in the 
structure of TiO2, as mentioned above, causes a decrease in the band gap, achieving the previously 
stated electronic jump more easily. In this form, it is possible to have photocatalytic activity in 
wavelengths between 400 nm and 700 nm. This can be observed in specimens with 3% of TiO2 xNy 
that showed a percentage above the others. Samples with a low percentage of TiO2 xNy showed low 
photoactivity, possibly due to the characteristics of the nanoparticles used. It is possible that 
commercial nano-TiO2 xNy has a low doping degree of nitrogen and, for this reason, it requires high 
percentages in order to improve the efficiency. These results show that it is possible to obtain cements 
photoactivated with a self-cleaning property in visible light, but it is necessary to evaluate them in 
other conditions. 

 

Figure 6. Photocatalytic efficiency Coefficient ( ) for samples in Visible light with 1%, 
3% TiO2 xNy and 1%, 3% TiO2 for samples at 65 h of curing age,  control sample,  
TiO2 xNy,  TiO2. Errors bars are standard deviation. 

4. Conclusions 

The addition of TiO2 xNy nanoparticles to cement gives the ability to abate organic compounds 
present on the cementitious matrix, thus giving cement the attribute of being able to destroy 
contaminants by irradiating them with visible and UV light. With the best performance, samples with 
3% TiO2 xNy showed a similar behavior to 3% TiO2 samples under UV irradiation. On the other 
hand, the results under visible light were different; the samples with TiO2 did not show photocatalytic 
activity. In turn, these samples obtained a minimal abatement of dye by reactions of photolysis or 
thermolysis, and, possibly, a shielding effect was observed that prevented the photonic absorption in 
the pigment. In addition, the specimens with 3% of TiO2 xNy obtained the highest photoactivity, and 
the samples with 1% of TiO2 xNy showed a similar behavior to the control samples. 
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Cements with added TiO2 xNy nanoparticles show potential to be applicable in the construction of 
photocatalytic structure, which can take advantage of much of the solar spectrum and artificial 
lighting for the degradation of organic pollutants present in these. 
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Transparent, Adherent, and Photocatalytic SiO2-TiO2 
Coatings on Polycarbonate for Self-Cleaning Applications 

Sanjay S. Latthe, Shanhu Liu, Chiaki Terashima, Kazuya Nakata and Akira Fujishima 

Abstract: Photocatalytic TiO2 coatings are famously known for their excellent self-cleaning 
behavior, where very thin water layer formed on the superhydrophilic surface can easily wash-off 
the dirt particles while flowing. Here we report the preparation of the optically transparent, 
adherent, highly wettable towards water and photocatalytic SiO2-TiO2 coatings on polycarbonate 
(PC) substrate for self-cleaning applications. The silica barrier layer was applied on UV-treated PC 
substrate before spin coating the SiO2-TiO2 coatings. The effect of different vol% of SiO2 in TiO2 
and its influence on the surface morphology, mechanical stability, wettability, and photocatalytic 
properties of the coatings were studied in detail. The coatings prepared from 7 vol% of SiO2 in 
TiO2 showed smooth, crack-free surface morphology and low surface roughness compared to the 
coatings prepared from the higher vol% of SiO2 in TiO2. The water drops on this coating acquires a 
contact angle less than 10° after UV irradiation for 30 min. All the coatings prepared from different 
vol% (7 to 20) of SiO2 in TiO2 showed high transparency in the visible range. 

Reprinted from Coatings. Cite as: Latthe, S.S.; Liu, S.; Terashima, C.; Nakata, K.; Fujishima, A. 
Transparent, Adherent, and Photocatalytic SiO2-TiO2 Coatings on Polycarbonate for Self-Cleaning 
Applications. Coatings 2014, 4, 497-507. 

1. Introduction 

TiO2 is one of the most widely researched photocatalytic semiconductor materials to date. When 
irradiated with UV light, TiO2 can decompose the organic pollutants present on its surface, and in 
addition the surface turns to be highly hydrophilic [1]. Water spread out instantaneously by 
forming a thin layer on the superhydrophilic TiO2 thin films and steadily carries away dust particles 
from the surface while flowing (Figure 1). Photocatalytic superhydrophilic thin films with excellent 
self-cleaning properties are receiving much research attention worldwide because such smart 
surfaces can save time and reduce maintenance costs [2]. Today, the optically transparent, 
superhydrophilic and photocatalytic TiO2 thin films are finding increasing industrial applications. 
Many reports on application of self-cleaning TiO2 thin films on glass substrates are available in the 
literature [3–6]. An attractive soft polymer material, polycarbonate (PC) has great demand in the 
optical industry. PC can replace heavy glass in the optical and electronic industries in the coming 
future due to its extremely low weight, durability, low-cost, and optical transparency [7]. Many 
attempts have been made to improve the scratch resistance and UV degradation property of the PC 
by coating the surface by numerous photocatalytic materials with suitable binders. 
  



Figure 1. Schematic showing the self-cleaning phenomena on superhydrophilic surface.  

 

Hwang and coworkers [8] have prepared mechanically durable and optically transparent  
organic-inorganic SiO2-TiO2 nanocomposite coatings on PC by simple spray coating. The coating 
solution was prepared by incorporating nanosized TiO2 sol into the silica polymeric sol. This 
nanocomposite coating also protected PC from photo-degradation under UV illumination. Lam et al. [9] 
reported the comparative study on the influence of NaOH etching and UVC irradiation on the 
mechanical stability of the TiO2 thin films prepared on PC. They observed adherent TiO2 film on 
UVC irradiated PC than NaOH treated PC due to increase in –OH and –COOH groups on the 
UVC-treated PC. However, the strong hydrophilic, antifogging, photocatalytic and self-cleaning 
properties were observed on the TiO2 film coated on NaOH treated PC. Recently, Razan Fateh et al. 
have prepared optically transparent, highly hydrophilic, mechanically stable and photocatalytic 
TiO2/SiO2 [7,10], and TiO2/ZnO coating [11] on PC for self-cleaning applications. In the present 
research work, we prepared transparent, adherent, highly wettable and self-cleaning SiO2-TiO2 
coating on PC by simple spin coating. The coating showed faster wettability switching (hydrophilic 
to superhydrophilic) after 30 min. of UV irradiation. The effect of different vol% of SiO2 sol in 
TiO2 and its influence on the surface morphology, mechanical stability, wettability, and 
photocatalytic properties of the coatings were studied in detail. 

2. Results and Discussion 

2.1. Surface Microstructure, Roughness and Chemical Composition of the Coatings 

The surface morphologies of the coatings prepared with different vol% of SiO2 in TiO2 are 
shown in Figure 2. The SiO2-TiO2 coating prepared with 7 vol% of SiO2 in TiO2 showed uniform, 
crack-free and smooth morphology (Figure 2a). However, significant cracks on the entire coating 
surface were observed with increase in SiO2 concentration in TiO2 (Figure 2b–d). Some small 
cracks were started to appear on the coating prepared from 10 vol% of SiO2 in TiO2 (Figure 2b), 
and these cracks goes bigger with increase in vol% of SiO2. For the coating prepared with 20 vol% 
of SiO2 in TiO2, the cracks on the surface were abundant and coating material was popped out 
detaching from the substrate (Figure 2d). In the case of sol-gel coated films, during drying process, 
the capillary forces might have generated which provides cracks on the surface [12]. The surface 
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roughness of the coatings were also studied (Figure 3). The SiO2-TiO2 coating prepared with 7 vol% 
of SiO2 in TiO2 showed the surface roughness of 67 nm (Figure 3a), whereas the surface roughness 
increases drastically to 98, 191 and 287 nm for the coating prepared from 10, 15 and 20 vol% of SiO2 
in TiO2 (Figure 3b–d), respectively. This drastic increase in surface roughness may due to the 
increased density of cracks on the coating surface. 

Figure 2. Field Emission Scanning Electron Microscope (FE-SEM) images of the 
coatings prepared from (a) 7; (b) 10; (c) 15; and (d) 20 vol% of SiO2 in TiO2. 

 
Figure 3. 3D Laser microscope images of the coatings prepared from (a) 7; (b) 10; (c) 
15; and (d) 20 vol% of SiO2 in TiO2. 

 



Figure 4 shows the FT-IR spectra of the coating prepared from 7 vol% of SiO2 in TiO2. The 
peaks observed in between 500 and 900 cm 1 can be attributed to the characteristic vibrational modes 
of TiO2 [13]. A peak observed near 954 cm 1 is associated with Si-O-Ti vibration [14]. The absorption 
peak at 1118 cm 1 confirms Si-O-Si linkage [14]. The absorption peaks near 3342 and 1630 cm 1 
can be attributed to the presence of stretching and bending vibrations of hydroxyl groups, 
respectively [15]. 

Figure 4. FT-IR spectra of the coatings prepared from 7 vol% of SiO2 in TiO2. 

 

2.2. Superhydrophilic, Photocatalytic and Optical Properties of the Coatings 

The wettability transition of the SiO2-TiO2 coating after UV illumination was studied. The 
prepared SiO2-TiO2 coatings were illuminated by UV light (365 nm, 2 mW/cm2). The UV 
illumination creates structural changes in TiO2 (transformation of Ti4+ sites to Ti3+ sites) [16] and 
oxidizes the organic contaminants present on the surface of TiO2, which effectively transforms 
the wettability of the TiO2 surface towards more hydrophilic [17]. This is called as photo-induced 
hydrophilicity on TiO2 surface [18]. The water contact angles (WCA) on the coatings before and 
after exposure to the UV light were measured. The water drop volume of 5 μL was used to measure 
the water contact angles on the coating surface. The effect of UV exposure time on the wettability 
of the coatings was also studied. Figure 5 shows the wettability of the coatings prepared from 7 and 
20 vol% of SiO2 in TiO2, before and after UV irradiation. Before UV illumination, the coating 
prepared from 7 and 20 vol% of SiO2 in TiO2 showed the WCA of 23° and 28°, respectively. After 
UV illumination of 30 min, the water drop immediately spread on the surface and the WCA 
drastically decreased to 8° on the coating prepared from 7 vol% of SiO2 in TiO2 and even for 
longer UV illumination time (5 h), the WCA remained in the range of 7°. The coating prepared 
from 20 vol% of SiO2 in TiO2 also showed decrease in WCA in the range of 10°, after longer UV 
illumination time. This slightly higher WCA in case of the coating prepared from 20 vol% of SiO2 
in TiO2 is due to relatively high surface roughness provided by significant density of cracks present 
on the surface. Even after placing the UV irradiated coatings in dark for 3 months, the coatings 
showed stable wetting properties with WCA measured well below 10°. Figure 6 shows the optical 
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photograph of water drops on bare PC substrate and the coating prepared from 7 vol% of SiO2 in 
TiO2 after 30 min. UV irradiation. Some of the water drops were colored blue using Methylene 
Blue for better visualization of water drops. The water drops on bare PC substrate maintain the 
contact angle of ~84°, whereas the water drops spreads on UV irradiated SiO2-TiO2 coating, 
confirming high affinity towards the water. In the case of SiO2-TiO2 coatings prepared by  
Fateh et al. [7], it needed more than 700 h of UV (A) irradiation to switch the wettability of the 
coatings in the superhydrophilic range. 

Figure 5. Wetting properties of the coatings prepared from 7 and 20 vol% of SiO2 in 
TiO2 (Insets shows the shape of water drops on coatings).  

 

Figure 6. Optical photograph of water drops on bare PC substrate (a) and coating 
prepared from 7 vol% of SiO2 in TiO2 after 30 min. UV irradiation (b). 

 

The TiO2 is famously known for its excellent photocatalytic property, as it can degrade organic 
contamination under the illumination of UV light. We studied the photocatalytic degradation of the 
ODS monolayers after UV light illumination (365 nm, 2 mW/cm2) by means of water contact angle 
measurements. At first, the bare PC substrate and coating prepared from 7 vol% of SiO2 in TiO2 



were irradiated with UV light (365 nm, 2 mW/cm2) for 1 h to make them superhydrophilic and 
hydrophobic ODS self-assembled monolayers (SAMs) were applied on them through vapor phase. 
To employ ODS SAMs on the surface, 2 mL of ODS in beaker was kept in the closed metal box 
containing the samples at 100 °C for 24 h. After application of ODS SAMs on the surface, the 
WCA on bare PC substrate and coating prepared from 7 vol% of SiO2 in TiO2 showed 95° and 50°, 
respectively (Figure 7). The ODS treated bare PC showed almost no change in WCA after 120 min 
of UV illumination, whereas the coating prepared from 7 vol% of SiO2 in TiO2 showed  
significant decrease in WCA as a function of UV illumination time and the surface becomes 
superhydrophilic after 120 min of UV illumination (Figure 7) confirming photocatalytic 
degradation of the ODS monolayers. 

Figure 7. Wettability change on octadecyltrichlorosilane (ODS)-treated SiO2-TiO2 
coatings under UV illumination.  

 

Optical transparency is prerequisite for the application of self-cleaning coating on transparent 
glass or plastic surface. Figure 8 shows the optical transmission of SiO2-TiO2 coatings prepared on 
the PC substrate from different vol% of SiO2 in TiO2. All the coatings are highly transparent and 
showed the optical transmittance values above 85% over the entire visible wavelength range. The 
optical transmission was gradually decreased from 89% to 85% with an increase in SiO2 
concentration in TiO2. The increased surface roughness is responsible for the slight loss in optical 
transmission in the visible range. The SiO2-TiO2 coatings prepared by Hwang et al. [8] showed an 
optical transmission of ~87%, whereas all the coatings prepared by Fateh et al. [7,10] showed an 
optical transmission of >92%. 
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Figure 8. Optical transmission spectra of the SiO2-TiO2 coatings.  

 

2.3. Mechanical Properties of the Coatings 

The mechanical durability of the coatings is a very important criterion for industrial 
applications. The mechanical stability of the prepared SiO2-TiO2 coatings is depicted in Figure 9. 
The bare PC substrates get easily scratched at the applied force of less than 4.2 mN. For the coating 
prepared from 7 vol% of SiO2 in TiO2, the coating material was removed at the applied force of 
~16.1 mN (Figure 9a), whereas this force was decreased to 12.2, 10.9 and 9.8 mN for the coating 
prepared from 10, 15 and 20 vol% of SiO2 in TiO2 (Figure 9b–d), respectively. The smooth,  
crack-free morphology and lower surface roughness on the coating resulted in the stable and 
adhesive coating on the PC substrate. Even rubbed by the fingers, the coating material was not 
easily removed. This is ascribed to the formation of an intermediate layer connecting the TiO2 
nanoparticles and the silica network. However, in the case of the coating prepared from higher 
concentration of SiO2 in TiO2, due to significant cracks and increased surface roughness, the 
coating material could be removed at relatively lower applied force. 



Figure 9. Adhesion test performed on the coatings prepared from (a) 7; (b) 10; (c) 15; 
and (d) 20 vol% of SiO2 in TiO2. 

 

3. Experimental Section 

3.1. Materials 

Tetraethylorthosilicate (TEOS) and Octadecyltrichlorosilane (ODS) were purchased from Sigma 
Aldrich (St. Louis, MO, USA). Ethanol (99.5%) and nitric acid (69%) were purchased from Wako 
Pure Chemical Industries Ltd. (Kanto region, Japan). PC substrates (ECK, 100UU) were bought 
from Sumitomo Bakelite Co. Ltd. (Akita, Japan). The commercially available TiO2 nanoparticle 
solution (NRC-300C) was purchased from Nippon Soda Co. Ltd. (Tokyo, Japan). 

3.2. Self-Cleaning Coating on PC Substrates 

PC substrates are known to be hydrophobic in nature and so the adhesion is not strong between 
the coating material and the PC substrate [19]. The hydrophobic nature of PC substrates can be 
transformed to strongly hydrophilic by UV irradiation due to occurrence of photo-Fries reaction on 
the surface [20]. At first, PC substrates were gently cleaned by using detergent and water and kept 
for ultrasonication in double distilled water for 30 min. After drying at room temperature, the PC 
substrates were illuminated by UV light (365 nm, 2 mW/cm2) for 2 h. The PC substrates can 
photocatalytically degrade, if the TiO2 coating is applied directly on the PC substrates. For this 
reason, the sol-gel processed silica layer was applied on the PC substrates prior to TiO2 coating. A 
silica sol was prepared by adding 1.5 mL TEOS in 4 mL ethanol and this mixture was hydrolysed by 
adding 3 mL of double distilled water with 1 mL of nitric acid. This alcosol was stirred overnight 
and spin-coated on UV-treated PC substrates at 2000 rpm. This silica coating was annealed at 100 °C 
for 2 h. The above prepared silica sol was mixed at different vol% (7, 10, 15 and 20 vol%) in 
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commercially available TiO2 nanoparticle solution and spin-coated on SiO2 pre-coated PC 
substrates with 2000 rpm and annealed in oven at 110 °C for 6 h. No change in PC substrate was 
observed after annealing at 110 °C, however for annealing above 120 °C, PC substrate start to bend 
in irregular shape due to softening. The schematic of coating preparation steps are shown in Figure 10. 

Figure 10. Schematic showing coating preparation steps. 

 

3.3. Characterization Techniques 

The surface morphology was studied by Field Emission Scanning Electron Microscope (FE-SEM, 
JEOL, JSM-7600F; Tokyo, Japan). The surface roughness of the prepared coatings was evaluated by 
laser microscopy (KEYENCE, VK-X200 series; Itasca, IL, USA). The chemical composition was 
studied by Fourier transform infrared spectroscopy (FT-IR, JASCO, FT/IR-6100; Tokyo, Japan). 
The water contact angles (WCA) were measured at six different locations on same sample by using 
contact angle meter (KYOWA, Drop Master; Saitama, Japan) and average value is reported as a 
final contact angle value. The optical transmission of the coatings was measured by UV-VIS 
spectrophotometer (JASCO, V-670; Tokyo, Japan). The coatings were illuminated by UV light 
(365 nm, 2 mW/cm2). The UV lamps were purchased from TOSHIBA (FL10BLB; Tokyo, Japan) 
and assembled with proper electric supply inside the wooden box covered by thick black cloth. The 
adhesion of the coating material on PC substrate was checked at five different spots by using 
Scratch tester (Nano-Layer Scratch Tester, CSR-2000; Rhesca, Tokyo, Japan). The adhesion of the 
coatings on PC substrate and the maximum force required to remove the coating material was 
calculated. The cantilever was moved from right to left side in contact with the coating surface. 
The force was gradually increased while moving towards left side. The maximum force at which 
the coating material was removed from the PC substrate was noted as critical force to damage the 
coating. The optical photographs were recorded using Canon Digital Camera (G 15 series).  

4. Conclusions 

The mechanically durable, optically transparent, photocatalytically active and superhydrophilic 
SiO2-TiO2 coatings are successfully prepared on PC substrates for self-cleaning applications. The 
uniform, crack-free coatings prepared from 7 vol% of SiO2 in TiO2 showed higher optical 
transmission in the visible range, strong superhydrophilicity and good scratch resistance properties. 



Such coatings can be applied on light-weight window and door polycarbonates for excellent self-
cleaning applications. 
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Self-Cleaning Photocatalytic Polyurethane Coatings 
Containing Modified C60 Fullerene Additives 

Jeffrey G. Lundin, Spencer L. Giles, Robert F. Cozzens and James H. Wynne 

Abstract: Surfaces are often coated with paint for improved aesthetics and protection; however, 
additional functionalities that impart continuous self-decontaminating and self-cleaning properties 
would be extremely advantageous. In this report, photochemical additives based on C60 fullerene 
were incorporated into polyurethane coatings to investigate their coating compatibility and ability to 
impart chemical decontaminating capability to the coating surface. C60 exhibits unique photophysical 
properties, including the capability to generate singlet oxygen upon exposure to visible light; 
however, C60 fullerene exhibits poor solubility in solvents commonly employed in coating 
applications. A modified C60 containing a hydrophilic moiety was synthesized to improve 
polyurethane compatibility and facilitate segregation to the polymer–air interface. Bulk properties of 
the polyurethane films were analyzed to investigate additive–coating compatibility. Coatings containing 
photoactive additives were subjected to self-decontamination challenges against representative 
chemical contaminants and the effects of additive loading concentration, light exposure, and time on 
chemical decontamination are reported. Covalent attachment of an ethylene glycol tail to C60 
improved its solubility and dispersion in a hydrophobic polyurethane matrix. Decomposition 
products resulting from oxidation were observed in addition to a direct correlation between additive 
loading concentration and decomposition of surface-residing contaminants. The degradation 
pathways deduced from contaminant challenge byproduct analyses are detailed. 

Reprinted from Coatings. Cite as: Lundin, J.G.; Giles, S.L.; Cozzens, R.F.; Wynne, J.H. 
Self-Cleaning Photocatalytic Polyurethane Coatings Containing Modified C60 Fullerene Additives. 
Coatings 2014, 4, 614-629. 

1. Introduction 

Chemical toxicants such as pesticides and toxic industrial chemicals have the potential to 
contaminate material surfaces for extended periods of time. Often the natural attenuation of toxic 
substances through evaporation and degradation in ambient environments occurs slowly due to low 
vapor pressure, poor solubility, and resistance to hydrolysis [1]. Due to this persistence, surfaces on 
which toxic chemicals reside pose human exposure risks that require application of decontamination 
solutions to completely render a surface safe. However, decontamination solutions and procedures 
are cumbersome, expensive, and often damaging to the contaminated substrate [2]. 

Polymeric coatings are typically applied to many surfaces to improve aesthetics and  
provide corrosion or weathering protection; therefore, they provide an ideal substrate to incorporate 
coating additives to impart continuous self-decontaminating behavior at the surface and reduce 
subsequent contamination. A minimal loading concentration of additive is ideal so that the  
properties beneficial for the originally intended purpose of the polymer coating are maintained. 
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Specifically, polyurethanes are of the broadest interest owing to their properties such as chemical 
resistance and durability [3]. 

Several recent research developments have investigated the incorporation of novel reactive 
additives into various urethane coating formulations in attempts to create coatings that self-decontaminate. 
Antimicrobial coatings have been successfully created by imparting additives such as nonionic 
biocides [4], quaternary ammonium biocides [5,6], surface concentrating biocides [7], functionalized 
coatings [8,9], and antimicrobial peptides [10]. While these are successful biocidal additives, less 
success has been achieved in chemical decontaminating coatings. One reason is that additives for 
chemical decontamination are limited to only a few modes of action such as absorption, hydrolysis, 
and oxidation. Of these, oxidation offers the greatest potential to completely detoxify a broad 
spectrum of chemical contaminants [11]. 

C60 fullerene molecules have also been observed to exhibit intriguing photochemical properties, 
including oxidative capabilities, which hold exciting potential for development of a 
self-decontaminating coating [12–15]. Upon exposure to visible light, C60 fullerene is first excited to 
its singlet state C60 (1C60), which then through intersystem crossing (ISC), forms the triplet state 
species of C60 (3C60). 3C60 has a lifetime on the order of μs whereas 1C60 exhibits a lifetime of several 
ns [12,16–18]. This triplet state species of fullerene has the ability to convert ground state triplet 
oxygen (3 g ) into singlet oxygen (1 g), a reactive oxygen species (ROS) [13,19]. The combination 
of a high quantum yield [13] and low rate of degradation of C60 fullerene by ROS [12] make this 
molecule extremely attractive as a photo-active coating additive. 

Extensive studies have been conducted to analyze and characterize the photosensitivity of C60 in 
solution with varying degrees of success [16,19–24]. Various photosensitizers have been shown to 
exhibit antimicrobial activity when incorporated into polyurethane coating systems under specific 
conditions [25–27]. Similarly, antiviral systems have successfully been developed with the 
incorporation of fullerene as a solid-phase photosensitizer into biological fluid [28]. Recently, 
fullerenes modified with intercage constituents have displayed a remarkable ability to produce 
singlet oxygen as well as antimicrobial activity in polymeric adhesive films [29]. However, insertion 
of intercage constituents into fullerenes introduces additional cost and complexity that may be 
avoided by utilizing neat C60. 

Incorporation of C60 fullerene into polymer matrices has been investigated for applications 
ranging from photovoltaics [30] to augmentation of polymer mechanical properties [31]. Covalent 
incorporation of C60 fullerene into polymers offers controlled distribution and reduced leaching, 
albeit often at the sacrifice of photoactivity [32,33]. In contrast, non-covalent incorporation of C60 
fullerene offers simplified formulation and unaffected photophysical properties [34]. Furthermore, 
non-covalent incorporation of an amphiphilic fullerene species affords the potential for surface 
segregating photoactive additives. While synthetic modification of C60 into an amphiphilic species 
most likely will affect the photophysical properties of C60, increased concentration of a photoactive 
additive at the surface of a polymer due to its amphiphilic character should improve the 
decomposition of surface-residing chemical contaminants. 
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It can be assumed that when incorporated into a polymer matrix, the photoactivity of fullerene 
may be reduced due to a lack of molecular oxygen available to the fullerene molecule if it is 
encapsulated into the bulk of the polymeric coating. However, if one is able to overcome this 
limitation, significant activity should remain at the coating–air interface. It should then be expected 
that the production of ROS would result and subsequently react with any contamination that may be 
on the surface. Furthermore, an amphiphilic additive that automatically segregates to the polymer–air 
interface during a film cure would improve decontaminating efficiency. The hypothesis proposed 
herein is that the fullerene contained in the coating produces singlet oxygen from the atmosphere by 
the aforementioned mechanism and subsequently reacts with undesired contamination analytes that 
are present on the surface. If such analytes are hazardous, such as the case of pesticides or chemical 
warfare agents, then the action of the additive in the coating should reduce the hazard and 
subsequently present a surface free from contamination. 

2. Experimental Section 

2.1. Materials 

All purchased chemicals were reagent grade and were used without further purification. The 
purchase of 2-chloroethyl phenyl sulfide was made at Sigma–Aldrich (St. Louis, MO, USA). 
Demeton-S was purchased from Chem Service (West Chester, PA, USA). Refined C60 fullerene was 
purchased from MER Corporation (Tucson, AZ, USA). 

2.2. Synthesis of EO3–C60 

Covalent attachment of triethylene glycol monomethyl ether to C60 fullerene through azide 
addition was performed following a previously described method [35]. Product was confirmed by 1H 
NMR performed in CDCl3 on a Bruker 300 MHz nuclear magnetic resonance spectrometer with a 
TMS internal standard. Characterization data is consistent with that previously reported [35]. 

2.3. Polymer Preparation 

A commercial polyurethane resin, Tecoflex EG-100A (Lubrizol Advanced Materials, Inc., 
Gastonia, NC, USA), was employed to investigate behavior of additives in controlled polymer 
solutions. Polymer solutions were prepared (0.1 g polymer in 1 mL chloroform), to which 
photoactive additives, C60 and EO3–C60, were incorporated. After addition of additives, the solutions 
were vigorously vortexed to ensure complete mixing. After allowing for air bubbles to escape, 
polymer solutions were poured out into aluminum pans, loosely covered, and allowed to dry. Films 
with final additive concentrations of 0.25, 0.5, 1.0, 2.5, and 5.0 wt% were prepared. 

2.4. Coating Characterization 

Free coatings were peeled from aluminum backing and weighed prior to analysis on a TA Instruments 
(New Castle, DE, USA) DSC Q20 differential scanning calorimeter. Under a nitrogen flow of  
50 mL/min, the DSC was first equilibrated to 70 °C. The temperature was then ramped from 70 °C 
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to 170 °C at a rate of 20 °C/min. The procedure was repeated for a second scan with a ramp rate of  
10 °C/min. Glass transition temperature (Tg) measurements were calculated based on the second scan 
using Universal Analysis 2000 software. The second scan was used for this value to eliminate any 
contamination of entrapped volatile and low molecular weight byproducts, as well as demonstrate 
hysteresis. Thermogravimetric analysis (TGA) was performed on a TA Instruments Q50 TGA 
employing heating rates of 10 °C/min under a N2 atmosphere. A Thermo Scientific Nicolet 6700 
FTIR (Thermo Scientific, Waltham, MA, USA) equipped with a diamond crystal ATR attachment 
was utilized for film analysis. Diffuse reflectance was utilized in the characterization of neat C60 and 
EO3–C60. X-ray diffraction measurements were performed using a Rigaku SmartLab X-ray 
Diffractometer (XRD, Rigaku, Tokyo, Japan). The SmartLab XRD was equipped with a Cu anode 
operating at 3 kW generating Cu K  radiation. Measurements were taken with Bragg–Brentano 
Optics and a D/Tex Detector for 2-Theta measurements from 15° to 40°. 

Contact angle measurements were performed using a VCA Optima by AST Products, Inc. 
(Billerica, MA, USA) employing the sessile drop technique. Triple-distilled water was employed as 
a probe liquid, of which at least three replicate measurements were made for each sample. 3D laser 
confocal microscopy was performed on an Olympus LEXT 3D measuring laser microscope 
OLS4000. Surface roughness measurements were performed employing an 80 μm cutoff  
wavelength ( c). 

2.5. Contaminant Challenge 

The prepared films were subjected to surface decontamination challenges against the chemical 
analytes presented in Figure 1, Demeton-S (1) and 2-chloroethyl phenyl sulfide (CEPS) (2), across a 
range of simulated environmental conditions. In general, a 2.0 μL micropipette was used to apply  
1.0 μL of analyte to each sample (2 cm2) placed in a transparent Eppendorf tube. Each Eppendorf 
tube was then sealed and allowed to incubate for determined period of time in controlled conditions 
(darkness or simulated daylight). For photochemical reactions, a custom-built temperature controlled 
photochemical reactor equipped with five F8T5D fluorescent bulbs emitting broad spectrum visible 
light (Figure 2) at 10,000 lux intensity was employed, which simulates overcast daylight exposure. 
All contaminant challenges, including photochemical challenges, were performed at 20 °C. After 
which, residual analyte and degradation byproducts were extracted from polymer films with 1 mL of 
acetonitrile solution containing 12.1 mM tetrahydronaphthalene as an internal standard. Samples were 
then placed into a 1.5 mL GC auto-sample vial with PTFE septa top and analyzed immediately. In 
addition to simulant work being performed in a fume hood, personal protective equipment consisting 
of nitrile gloves, lab coat, chemical safety goggles were employed at all times during handling of 
chemical simulants. 
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Figure 1. (1) Demeton-S; (2) S-vinyl degradation product; (3) CEPS; and (4) vinyl  
phenyl sulfoxide. 

 

Figure 2. Emission spectrum of custom-built photochemical reactor. 

 

Gas chromatography/mass spectroscopy (GC/MS) was employed to quantify analyte degradation. 
The GC/MS system consisted of an Agilent 7890A gas chromatograph equipped with an Agilent 
5975C mass selective detector operating in electron ionization mode and an Agilent 7693A 
autoinjector. The column utilized was an Agilent HP-5MS (5% phenyl) methylpolysiloxane film. 
The carrier gas was helium with a flow rate of 1 mL·min 1. The injection volume was 1 μL with a 
split injection ratio of 20:1. The temperature program has an initial temperature of 100 °C for one 
minute, then 25 °C per min ramp to 130 °C followed by a 15 °C per min ramp to 250 °C with a one 
minute post run hold at 300 °C. The injection temperature, MS quad temperature, and source 
temperature were 300, 150 and 230 °C, respectively. The solvent delay was set at 1.5 min and detector 
was set to scan a mass range of 20 to 350 m/z. Prior to comparison, GC/MS results were normalized by 
dividing the analyte peak area by the peak area of the internal standard, tetrahydronaphthalene. 

3. Results and Discussion 

3.1. Additive–Polymer Compatibility 

Additive–polymer compatibility and the effects of photoactive additive incorporation on Tecoflex 
film properties were investigated with a variety of methods. ATR-IR analysis was performed to 
investigate the effect of C60 incorporation on infrared signature and probe the chemical composition 
of the polymer film. ATR-IR analysis confirmed that the low loading concentrations employed in 
this study allowed the chemical signature of polymer film to be maintained despite increasing 
concentrations of C60 and EO3–C60. 
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Effects of additive incorporation on Tecoflex films on thermal stability were investigated with 
TGA. The incorporation of C60 and EO3–C60 into Tecoflex films each resulted in an increased 
thermal stability (Table 1). The incorporation of EO3–C60 in Tecoflex resulted in increased thermal 
stability (temperature at 10% loss) that scaled linearly with loading concentration. The increase in 
initial thermal stability suggests that stabilizing intermolecular interactions are occurring between 
EO3–C60 and Tecoflex polymer. Generally, the incorporation of C60 into Tecoflex demonstrated a 
moderate increase in thermal stability. A weak inverse relationship was observed with increased 
loading of C60 and thermal stability, as opposed to the direct relationship of EO3–C60 loading. This 
suggests that with increased loading concentration, additional C60 aggregates to other C60 instead of 
interacting with polymer matrix. Additionally, the lessened effect on thermal stability upon C60 
incorporation compared to EO3–C60 indicates that EO3–C60 interacts more strongly than C60 with 
Tecoflex polymer matrix. The greater favorable interactions between EO3–C60 and Tecoflex results 
from compatibility between the ethylene oxide tail of EO3–C60 and the ether regions of the butane 
diol constituents of the Tecoflex monomer. 

Table 1. Thermal properties of Tecoflex films. 

Tecoflex Film 10% Loss (°C) Mass Remaining (%) * 
Control 300.55 0.2727 

0.5% C60 314.99 1.463 
1.0% C60 311.07 2.561 
2.5% C60 307.38 6.574 
5.0% C60 309.86 11.25 

0.25% EO3–C60 312.61 0.6591 
0.5% EO3–C60 319.44 0.7918 
1.0% EO3–C60 325.63 1.513 

* At 600 °C. 

TGA analysis also indicated that incorporation of C60 into Tecoflex resulted in greater ultimate 
mass remaining than those loaded with EO3–C60. The alkoxy moiety of the EO3–C60 is susceptible to 
thermal degradation at a greater temperature than the fullerene cage of C60. Therefore, each 
comparable loading concentration of C60 (720 g/mol) and EO3–C60 (881 g/mol) contains a 1.22-fold 
molar excess of C60 to EO3–C60. Thus, the thermal degradation of the alkoxy tail of EO3–C60 below 
600 °C results in only 82% remaining of the total loaded EO3–C60. Considering this, at 600 °C, there 
should be approximately a 1.5× excess remaining mass % of C60 relative to EO3–C60 at comparable 
loading concentrations. Indeed, such an excess was observed upon comparison of the 1 wt% loadings. 

Interestingly, the ultimate wt% for each Tecoflex film containing additives was greater than the 
additive wt% loading concentration (Table 1). The amount of mass remaining from the thermal 
degradation of Tecoflex films containing C60 at 600 °C corresponded to approximately double the 
C60 loading concentration. This indicates one of two possibilities: a quantity of Tecoflex polymer is 
strongly adhered to the surface of C60 fullerene through intermolecular forces that require greater 
than 600 °C to dissociate or aggregation of C60 results in thermally stabilized Tecoflex polymer 
trapped within the aggregate. However, the lower thermal degradation onset temperature of Tecoflex 
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films containing C60 rather than EO3–C60 revealed that intermolecular interactions were stronger for 
EO3–C60. The difference between the final mass remaining and loading concentration decreased with 
increased additive loading concentration of both C60 and EO3–C60, suggesting that with increased loading 
concentration, additional intermolecular C60 aggregation occurs instead of C60–polymer matrix 
interactions. The deviation was greater for C60 than it was for EO3–C60, indicating that aggregation is 
more prominent in C60 than EO3–C60. 

DSC was performed on all Tecoflex films to investigate effects of additive incorporation on glass 
transition temperature (Tg). The way in which additive incorporation affects Tg can afford insight into 
intermolecular interactions between the additive and polymer. Increase in Tg resulting from additive 
incorporation indicates increased intermolecular interactions that limit polymer mobility [36]. 
Unmodified Tecoflex exhibits a glass transition that spans a broad temperature range. Incorporation 
of additives, both C60 and EO3–C60, result in minor and insignificant effects on Tg, thus indicating 
that the integrity of the coating was preserved. 

For both neat C60 and Tecoflex films containing higher concentrations of C60, an endothermic 
transition was observed in the DSC thermograms at approximately 14 °C. The magnitude of the 
endothermic peak increases corresponding to C60 concentration (Figure 3). This endotherm 
corresponds to the phase transition of C60 crystals from simple cubic orientation ordering to 
face-centered cubic structure upon heating through the transition temperature [37,38]. The presence 
of this transition from Tecoflex films indicates a crystalline phase of C60 fullerene. C60 can only be in 
a crystalline phase when multiple fullerene molecules are in contact with one another, or aggregated, 
in a regular, repeated order. A polymeric film in which C60 fullerene was completely dispersed would 
not exhibit such crystalline phase transition. Furthermore, endotherm corresponding to the simple 
cubic to face-centered cubic phase transition was absent in the DSC analysis of neat EO3–C60 and the 
Tecoflex films containing EO3–C60. Therefore, aggregation, or at least the formation of crystallites, 
of C60 is inhibited by the covalent modification of C60 with ethylene oxide tails. Furthermore, the 
amphiphilic character of the EO3–C60 improves solubility of the additive in the Tecoflex solution and 
facilitates increased molecular dispersion of the additive throughout the polymer matrix. 

X-ray diffraction analysis (Figure 4) confirmed crystallinity observed via DSC. Diffraction peaks 
corresponding to the (220), (331), (222), and (420) peaks of crystallized C60 were observed in the 
Tecoflex films containing unmodified C60 additive. The intensity of diffraction peaks increased with 
increased loading of C60 from 0.5 to 5.0 wt%. In contrast, control Tecoflex and Tecoflex loaded with 
EO3–C60 displayed only a broad peak resulting from the amorphous polymer. Therefore, C60 
aggregates into crystals in Tecoflex matrix, while EO3–C60 is well dispersed. 
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Figure 3. Comparison of DSC thermograms for Tecoflex films containing C60 and neat C60. 

 

Figure 4. XRD patterns of Tecoflex films containing additives. 

 

Water contact angle measurements were performed on Tecoflex films containing C60 and 
EO3–C60, the results of which are shown in Figure 5. Addition of C60 in Tecoflex resulted in minor 
increases in water contact angle in loadings up to 2.5 wt% and ultimately a minor decrease at 5 wt% 
C60 loading. Correspondingly, the surface roughness of Tecoflex films increased with increased C60 
loading. On the other hand, loading of EO3–C60 in Tecoflex resulted in a significant decrease in water 
contact angle accompanied with a linear increase surface roughness to a greater degree than C60. 
Therefore, comparison of contact angle and surface roughness indicates that surface roughness plays 
an insignificant role in the water contact angle, despite previous evidence to the contrary [39]. Thus 
the affect that additive loading has on water contact angle must result from the additive’s effect on 
the surface energy of Tecoflex, instead of imparted surface roughness. 
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Figure 5. Water contact angle (a) and surface roughness (b), Sq, of Tecoflex films 
loaded with C60 and EO3–C60. 

 

The covalent attachment of ethylene glycol moiety to C60 results in a molecule with amphiphilic 
character, i.e., a surfactant. When incorporated into a solution of hydrophobic Tecoflex, the 
amphiphilic EO3–C60 has the potential to orient its hydrophilic moiety at the polymer–air interface in 
order to minimize solvophobic interactions between hydrophilic ethylene oxide and hydrophobic 
Tecoflex matrix. Indeed, a linear decrease in contact angle was observed between 0.25 and 1.0 wt% 
loadings of EO3–C60. Considering that the highest loading (5%) of C60 in Tecoflex resulted in 
decrease in water contact angle of only 4°, the significant decrease in water contact angle (increase in 
hydrophilicity) of 10° at only 1 wt% loading of EO3–C60 indicates that the additive is concentrated at 
the surface of the polyurethane film. 

3.2. Decontamination Challenges 

Decontamination challenges were employed to investigate the capability imparted by photoactive 
additives C60 and EO3–C60 onto Tecoflex films to automatically decompose surface-residing 
contaminants. Two chemical compounds, Demeton-S and CEPS, were employed as representative 
contaminants of organophosphorous and sulfide-based pesticides. The prepared films were first 
subjected to decontamination challenges consisting of 18 h contaminant residence time. 

Figure 6 presents results from a 4 g/m2 Demeton-S decontamination challenge in which extracted 
Demeton-S (normalized by the tetralin internal standard) is plotted against additive loading 
concentration. No correlation was observed between C60 loading concentration in Tecoflex films and 
Demeton-S reduction. Furthermore, reduction of Demeton-S on C60 exhibits similar trends in both 
dark and light conditions. Tecoflex films containing EO3–C60 exhibit increased reduction of 
Demeton-S compared to films containing C60 in dark conditions; however, decomposition of 
Demeton-S did not directly correlate with additive loading. Tecoflex films exposed to light that 
contained EO3–C60 exhibit direct correlation between reduction of Demeton-S and EO3–C60 loading 
concentration. From this, it is proposed that different modes of action for Demeton-S degradation are 
occurring between Tecoflex films containing C60 and EO3–C60, thus necessitating decomposition 
byproducts analysis. 
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Figure 6. Demeton-S recovered from Tecoflex films after 18 h residence in dark (a) and 
daylight (b) conditions. 

 

Byproduct analysis of the 18 h Demeton-S decontamination challenges were performed for 
further insight into possible modes of action. In addition to reduction in Demeton-S, significant 
byproducts were detected at a retention time of 4.1 min which corresponds to vinyl oxidation product 
(S-vinyl) (2). Byproduct concentration, normalized with the internal standard, is plotted against 
loading concentration in Figure 7. It is apparent that increased C60 loading leads to decreased 
production of 2 in both dark and light conditions, whereas increasing concentration of EO3–C60 
loading results in increasing production of 2. Unmodified C60 is more reactive than EO3–C60, 
especially at low concentrations; however, increased concentration of C60 does not result in increased 
decomposition, most likely due to self-quenching resulting from high C60 proximity from 
aggregation in the polymer matrix. Qualitative observation indicated that poor solubility of C60 in 
chloroform facilitates the formation of C60 aggregates, in which the probability of self-quenching 
between C60 molecules is increased. 

For Tecoflex films containing C60, comparable amounts of 2 were detected from decomposition of 
Demeton-S on films that resided in dark and light conditions for 18 h (Figure 7a). From this, it 
appears that photoactivity against Demeton-S is not occurring in the Tecoflex films containing 
unmodified C60. If photoactivity was occurring, then a greater amount of 2 would be observed on the 
films exposed to light than in darkness. It has been previously demonstrated that C60 fullerene can 
behave as an electron acceptor (Lewis acid) toward sulfides [40]. Thus, the electron acceptor 
behavior of C60 in Tecoflex may facilitate the cleavage of the S–C bond (Figure 8) resulting in the 
elimination product 2. 
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Figure 7. Detected S-vinyl product (shown as normalized ratio of S-vinyl peak area to 
tetralin peak area) from Tecoflex films loaded with C60 (a) and EO3–C60 (b) over an 18 h 
Demeton-S challenge. 

 

Figure 8. Hypothesized Lewis acid catalyzed sulfide elimination. 

 

On the other hand, photoactivity was apparent from byproduct analysis in the films loaded with  
EO3–C60 (Figure 7b). In fact, the photoactivity of EO3–C60 continued to increase with increasing 
concentration indicating that the ethylene oxide moieties, by improving solubility, help to diminish 
aggregate facilitated self-quenching. In contrast to the films containing C60, an absence of 
Demeton-S decomposition on Tecoflex films containing EO3–C60 in dark conditions was observed. 
This is likely the result of decreased Lewis acid character upon the covalent attachment of the 
ethylene oxide moiety. 

The combination of photoactivity and oxidation products detected from Tecoflex films containing 
EO3–C60, and documented capability of fullerene species to photogenerate singlet oxygen [41] has 
led to the proposed mode of action for Demeton-S decomposition on films containing EO3–C60 
exposed to visible light presented in Figure 9. The photoactive species embedded in the polymer 
matrix is first photosensitized upon the absorption of visible light. Subsequent transfer of energy 
from photosensitized EO3–C60 to ambient atmospheric oxygen results in the formation of singlet 
oxygen (1O2). The photogenerated singlet oxygen, a ROS, then oxidizes the peripheral sulfur of 
Demeton-S that is residing on the coating surface in proximity to the photosensitized additive. The 
sulfoxide then undergoes  elimination resulting in the Demeton-S vinyl degradation product (2) and 
unstable sulfenic acid, which quickly self-condenses to form the corresponding thiosulfanate. 

In addition to decontamination challenges against Demeton-S, Tecoflex films loaded with 
photoactives were also subjected to CEPS decontamination challenges. An 18 h decontamination 
challenge was initially performed for each sample in both dark and light conditions. Despite minor 
differences in the amount of CEPS decomposed, significant differences in byproduct formation were 
observed to be dependent on the conditions in which the sample resided. 
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Figure 9. Proposed oxidation mechanism of Demeton-S and the formation of elimination 
product from photogenerated singlet oxygen. 

 

GC-MS analysis afforded the detection of a notable degradation product of CEPS from the 
Tecoflex films containing photoactives that resided in daylight conditions. Mass spectra analysis 
determined that the degradation product was vinyl phenyl sulfoxide (4), an oxidation byproduct of 
CEPS (Figure 1). Furthermore, 4 was not detected from coatings that resided in dark conditions. 
Figure 10 presents normalized concentrations of 4 detected in the reaction extract from Tecoflex 
films loaded with C60 and EO3–C60 after an 18 h residence time of CEPS. Production of 4 from 
Tecoflex films decreases with increasing C60 loading concentration. This is attributed to increasing 
C60 aggregation with increased C60 loading concentration due to poor solubility and incompatibility 
with the polyurethane matrix, as previously demonstrated via DSC and XRD. The increase in 
aggregation effectively limits the available surface area of C60 available for both singlet oxygen 
generation and contact with the contaminant. Additionally, singlet oxygen quenching is known to 
occur between proximal C60 molecules in high concentration, such as in aggregates and crystallites [42]. 

In contrast to the effects observed resulting from C60 loading concentration, the generation of 4 
increased with increasing EO3–C60 concentration in Tecoflex from 0.25 to 1.0 wt%. This direct 
correlation of EO3–C60 loading and generation of 4 can only result from minimized self-quenching 
due to good dispersion of EO3–C60. These trends support those that were observed in the Demeton-S 
decontamination challenge. 

Figure 10. CEPS byproduct resulting from residence on Tecoflex films of several 
additive concentrations following exposure to daylight conditions for 18 h. 

 

From the above 18 h study, 1 wt% loadings of C60 and EO3–C60 were down-selected for an 
expanded time-dependent CEPS decontamination challenge over the course of 165 h in daylight 
conditions (Figure 11). Figure 11a displays concentration of CEPS extracted from samples over a 
165 h residence time period. Each of the films subjected to the challenge exhibited rapid decrease in 
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CEPS concentration over the first 48 h. This is attributed to inherent attenuation of CEPS as this 
behavior was observed on the two controls, a Teflon film and unmodified Tecoflex. C60 and EO3–C60 
films differentiate from the controls at time points beyond 48 h, after which the degradation rates of 
CEPS on the controls decrease drastically. In contrast, the C60 and EO3–C60 Tecoflex films exhibit 
continued linear degradation of CEPS beyond 48 h. This behavior is explained by two separate 
degradation mechanisms occurring simultaneously. First, the attenuation mechanism, which is 
initially at a high rate, dominates the first 48 h of degradation. Beyond 48 h, attenuation rate slows to 
an extent such that the secondary mechanism, photo-oxidation, dominates the overall reaction rate 
and thus becomes apparent. 

Byproduct analysis (Figure 11b) confirms linear increase of oxidation product (4) over time on 
films containing photoactive additives. Tecoflex films containing C60 and EO3–C60 each exhibited a 
linear relationship between production of oxidation product and residence time, while oxidation was 
not detected from the controls. The detection of oxidation products only from samples that are 
exposed to light, that contain either C60 or EO3–C60, and dependent on the concentration of C60 and 
EO3–C60 indicates that a photo-mediated oxidation process is facilitating the oxidation of CEPS. 

In consideration of the data presented herein and the known singlet oxygen generation potential of 
C60 fullerene, a proposed mode of action for CEPS oxidation is presented in Figure 12. Similar to the 
mechanism proposed for the oxidation of Demeton-S, the photoactive in Tecoflex generates singlet 
oxygen upon exposure to light. Singlet oxygen oxidizes the S atom to sulfoxide, which then through 
an elimination mechanism produces a vinyl sulfoxide with HCl as a byproduct. In contrast to the 
mechanism proposed for Demeton-S, the oxygen remains on the same byproduct molecule as sulfur. 
This is due to the stability of the sulfenic acid leaving group in Demeton-S decomposition compared 
to the instability of the potential hypochlorite byproduct in CEPS oxidation. 

Figure 11. Concentration of CEPS recovered from samples over a 165 h residence (a) 
and normalized vinyl phenyl sulfoxide degradation product (b). 

 

Figure 12. Potential pathway of sulfide oxidation followed by dehydrohalogenation  
of CEPS. 
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4. Conclusions 

Several insights were gained upon the incorporation of C60 and EO3–C60 into Tecoflex films. The 
detection of the phase transition from simple cubic to face-centered cubic structure at approximately  

14 °C, subsequent confirmation with XRD, and the decreased reactivity against simulants at 
increased C60 loading concentrations provide evidence of C60 aggregation in Tecoflex films. 
Conversely, no such evidence was observed to indicate that EO3–C60 was aggregating in Tecoflex 
films. Therefore, the covalent attachment of ethylene glycol tail to C60 results in an additive that 
exhibits improved solubility and dispersion in the hydrophobic polyurethane matrix of Tecoflex. 

Surface decontamination challenges demonstrated the self-cleaning capability of Tecoflex films 
containing C60 and EO3–C60 additives. Decomposition products resulting from oxidation were 
observed in addition to a direct correlation between additive loading concentration and 
decomposition of surface-residing contaminants. Through correlation of trends observed from 
Demeton-S and CEPS decontamination challenges and byproduct analysis, modes of action were 
proposed for the decomposition pathways of both contaminants on the surface of polyurethane films. 
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Recent Photocatalytic Applications for Air Purification  
in Belgium 

Elia Boonen and Anne Beeldens 

Abstract: Photocatalytic concrete constitutes a promising technique to reduce a number of air 
contaminants such as NOx and VOC’s, especially at sites with a high level of pollution: highly 
trafficked canyon streets, road tunnels, the urban environment, etc. Ideally, the photocatalyst, 
titanium dioxide, is introduced in the top layer of the concrete pavement for best results. In addition, 
the combination of TiO2 with cement-based products offers some synergistic advantages, as the 
reaction products can be adsorbed at the surface and subsequently be washed away by rain. A first 
application has been studied by the Belgian Road Research Center (BRRC) on the side roads of a 
main entrance axis in Antwerp with the installation of 10.000 m² of photocatalytic concrete paving 
blocks. For now however, the translation of laboratory testing towards results in situ remains critical 
of demonstrating the effectiveness in large scale applications. Moreover, the durability of the air 
cleaning characteristic with time remains challenging for application in concrete roads. From this 
perspective, several new trial applications have been initiated in Belgium in recent years to assess the 
“real life” behavior, including a field site set up in the Leopold II tunnel of Brussels and the 
construction of new photocatalytic pavements on industrial zones in the cities of Wijnegem and Lier 
(province of Antwerp). This paper first gives a short overview of the photocatalytic principle applied 
in concrete, to continue with some main results of the laboratory research recognizing the important 
parameters that come into play. In addition, some of the methods and results, obtained for the 
existing application in Antwerp (2005) and during the implementation of the new realizations in 
Wijnegem and Lier (2010–2012) and in Brussels (2011–2013), will be presented. 

Reprinted from Coatings. Cite as: Boonen, E.; Beeldens, A. Recent Photocatalytic Applications for 
Air Purification in Belgium. Coatings 2014, 4, 553-573. 

1. Introduction 

Emission from the transport sector has a particular impact on the overall air quality because of its 
rapid rate of growth: goods transport by road in Europe (EU-27) has increased by 31% (period 
1995–2009), while passenger transport by road in the EU-27 has gone up by 21% and passenger 
transport in air by 51% in the same period [1]. The main emissions caused by motor traffic are 
nitrogen oxides (NOx), hydrocarbons (HC) and carbon monoxide (CO), accounting for respectively 
46%, 50% and 36% of all such emissions in Europe in 2008 [2]. 

These pollutants have an increasing impact on the urban air quality. In addition, photochemical 
reactions resulting from the action of sunlight on NO2 and VOC’s (volatile organic compounds) lead 
to the formation of “photochemical smog” and ozone, a secondary long-range pollutant, which 
impacts in rural areas often far from the original emission site. Acid rain is another long-range 
pollutant influenced by vehicle NOx emissions and resulting from the transport of NOx, oxidation in 
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the air into HNO3 and finally, precipitation of (acid) NO– 
3 with harmful consequences for building 

materials (corrosion of the surface) and vegetation. 
The European Directives [3] impose a limit to the NO2 concentration in ambient air of maximum 

40 μg/m³ NO2 (21 ppbV) averaged over 1 year and 200 μg/m³ (106 ppbV) averaged over 1 h. These 
limit values gradually decreased from 50 and 250 in 2005 to the final limit in 2010. 

Heterogeneous photocatalysis is a promising method for NOx abatement. In the presence of 
UV-light, the photocatalytically active form of TiO2 present at the surface of the material is activated, 
enabling the abatement of pollutants in the air. The translation from laboratory results to real cases is 
starting. Different applications are implemented in Belgium in order to see the influence of the 
photocatalytic materials on real scale and to determine the durability of the air purifying capacity 
over time.  

In the first part of this paper, the principle of photocatalytic concrete will be elaborated, followed 
by a description of the past laboratory research indicating important influencing factors for the 
purifying process. Next, an overview of the results regarding the first pilot project in Antwerp [2] is 
given, and finally, the different applications in Belgium that have recently been finished, will be discussed. 

2. Photocatalytic Concrete: Purifying the Air through the Pavement 

A solution for the air pollution by traffic can be found in the treatment of the pollutants as close to 
the source as possible. Therefore, photocatalytically active materials can be added to the surface of 
pavement and building materials [4]. Air purification through heterogeneous photocatalysis consists 
of different steps: under the influence of UV-light, the photoactive TiO2 at the surface of the material 
is activated. Subsequently, the pollutants are oxidized due to the presence of the photocatalyst and 
precipitated on the surface of the material. Finally, they can be removed from the surface by the rain 
or cleaning/washing with water, see Figure 1. 

Figure 1. Schematic of photocatalytic air purifying pavement. 

 

Heterogeneous photocatalysis with titanium dioxide (TiO2) as catalyst is a rapidly developing 
field in environmental engineering, as it has a great potential to cope with the increasing pollution. 
Besides its self-cleaning properties, it is known since almost 100 years that titanium dioxide acts as a 
photo-catalyst that can decompose pollutants under UV radiation [5]. The impulse for the more 
widespread use of TiO2 photocatalytic materials was further given in 1972 by Fujishima and  
Honda [6], who discovered the hydrolysis of water in the presence of light, by means of a TiO2-anode 
in a photochemical cell. In the 1980s, organic pollution in water was also decomposed by adding TiO2 
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and under influence of UV-light [7]. The application of TiO2, in the photo-active crystalline phase 
anatase, as air purifying material originated in Japan in 1996 (e.g., [8]). Since then, a broad spectrum 
of products appeared on the market for indoor use as well as for outdoor applications. Regarding 
traffic emissions, it is important that the exhaust gases stay in contact with the active surface during a 
certain period. The street configuration, the speed of the traffic, the speed and direction of the wind, 
all influence the final reduction rate of pollutants in situ. 

In the case of concrete pavement blocks [9,10], the anatase is added to the wearing layer of the 
pavers which is approximately 8 mm thick. In the case of cast-in-place concrete pavements, the TiO2 
is added in the top layer (40 mm thick). The fact that the TiO2 is present over the whole thickness of 
this layer means that even if some surface wear takes place, for example by traffic or weathering, new 
TiO2 will be present at the surface to maintain the photocatalytic activity (in contrast to the abrasion 
of a coating or dispersion layer for instance). The use of TiO2 in combination with cement leads to a 
transformation of the NOx into NO– 

3 , which is adsorbed at the surface due to the alkalinity of the 
concrete [11]. Thus, a synergetic effect is created in the presence of the cement matrix, which helps 
to effectively trap the reactant gases (NO and NO2) together with the nitrate salt formed. 
Subsequently, the deposited nitrate can be washed away by rain or washing with water. In addition, 
these nitrates pose no real threat towards pollution of body waters because the resulting 
concentrations in the waste water are very low, even below the current limit values for surface and 
ground water [12]. 

Special attention is given here to the NO and NO2 content in the air, since they are for almost 50% 
caused by the exhaust of traffic and are at the base of smog, secondary ozone and acid rain formation 
as indicated above. The photocatalytic oxidation of NO is usually assumed to be a surface reaction 
between NO and an oxidizing species formed upon the adsorption of a photon by the photocatalyst, 
e.g., a hydroxyl radical, both adsorbed at the surface of the photocatalyst [13]. It has been shown by 
various authors that the final product of the photocatalytic oxidation of NO in the presence of TiO2 is 
nitric acid (HNO3) while HNO2 and NO2 have been identified as intermediate products in the gas 
phase over the photocatalyst [2,4,11,13,14]. The resulting reaction pathway of the photocatalytic 
oxidation of NO has been discussed in several publications e.g., [2,4,13–16] most of which proposed 
the photocatalytic conversion of NO via HNO2 to yield NO2, which is subsequently oxidized by the 
attack of a hydroxyl radical to the final product HNO3: 

NOads + OHads  HNO2ads (1) 

HNO2ads + OHads  NO2ads + H2Oads (2) 

NO2ads + OHads  HNO3ads (3) 

Here, all nitrogen compounds adsorbed at the photocatalyst surface are assumed to be in equilibrium 
with the gas phase. 

Until now, UV-light (in the UV-A spectrum) was necessary to activate the photocatalyst. 
However, recent research indicates a shift towards the visible light [17], for instance by doping the 
TiO2 with transition metal ions or non-metallic anionic species, or forming reduced TiOx. These 
techniques introduce impurities and defects in the band gap of TiO2 thereby increasing the amount of 
visible light that can be absorbed and used in the photocatalytic process. This means that applications 
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in tunnels and indoor environments become more realistic. Especially the application in tunnels is 
worth looking at due to the high concentration of air pollutants at these sites. One of the projects in 
Belgium is focusing on this subject [18]. 

3. Laboratory Results: Parameter Evaluation 

Different test methods have been developed to determine the efficiency of photocatalytic 
materials towards air purification. An overview is given in [11]. A distinction can be made by the 
type of air flow; in the flow-through method according to ISO 22197-1 [19], the air, with a 
concentration of 1 ppmV of NO, passes once-only over the sample which is illuminated by a 
UV-lamp with light intensity equal to 10 W/m² in the range between 300 and 400 nm, as illustrated in 
Figure 2. Afterwards, the NOx (= sum of NO and NO2) concentration is measured at the outlet and the 
reduction (in %) is calculated. It is also worth to note here that within Europe actions are underway to 
harmonize and develop new standards for photocatalyis [20]. In any case, the test procedure used for 
the current results is still based on the existing ISO standard. 

Figure 2. (a) Schematic and (b) photo of measurement set-up based on ISO 22197-1:2007 
[19] at Belgian Road Research Center (BRRC). 

(a) (b) 

The pre-treatment of the samples in the laboratory can be important to obtain reproducible results 
and mainly depends on the type of base material (e.g., concrete or paints). A typical test scheme 
according to the ISO standard is presented in Figure 3, where the following steps are applied to the 
sample: 0.5 h at 1 ppmV NO concentration, no light—5 h exposure to an air flow of 3 L/min with 1 
ppmV NO and UV-illumination—0.5 h with UV-illumination and no exposure. A small increase 
with time of the NOx concentration is visible due to the deposit of the NO– 

3  at the surface. 
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Figure 3. Typical result obtained in the laboratory following the standard ISO test procedure. 

 

The influence of different important test parameters affecting the photocatalytic reaction has been 
investigated before [2] such as temperature, light intensity, relative humidity, contact time 
(controlled by surface area, flow velocity, height of air flow, etc.). For instance, the effect of relative 
humidity of the ingoing air is illustrated in Figure 4 for different materials including cementitious 
(concrete, mortar) and other (paint) substrates. Clearly, for cementitious materials the reduction of 
the NOx concentration in the outlet air decreases with increasing relative humidity (RH, %), an 
observation which was also found by other authors [21]. This probably has to do with the fact that the 
water in the atmosphere plays a role in the adhesion of the pollutants at the surface and with the 
competition effect that can arise between water molecules and NOx in the ambient air with increasing 
RH. For paints (acidic environment) though, it has been noticed that there is an optimum in RH 
where a maximal efficiency is obtained. Anyway, relative humidity proves to be an important 
limiting factor for photocatalytic applications in humid areas like Belgium. Temperature on the other 
hand, was found to have no significant influence on the NOx reduction within the ambient  
range (5–25 °C). 

Figure 4. Effect of relative humidity on photocatalytic efficiency for different materials. 

 

In general, it can be stated that the efficiency towards the reduction of NOx (in %) increases with a 
longer contact time (larger surface area, lower air velocity, smaller height of air flow, higher 
turbulence at the surface), a lower relative humidity (for cementitious materials) and a higher 
intensity of incident light. These are the conditions at which the risk of ozone formation in summer is 
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the largest: higher sun light intensity, no wind and no rain. At these days, the photocatalytic reaction 
will be more pronounced. 

4. Pilot Project in Antwerp 

An important issue is the conversion of the results obtained in the laboratory to real applications. 
In order to see the influence of photocatalytic pavements in “real conditions”, a first pilot section of 
10.000 m² of photocatalytic pavement blocks was constructed in 2004–2005 on the parking lanes of a 
main axe in Antwerp [2]. Figure 5 depicts a view of the parking lane, where the photocatalytic 
concrete pavement blocks have been applied. Only the wearing layer (upper 5–6 mm) of the blocks 
contains anatase TiO2 mixed in the mass of the concrete layer. The exact composition could not be 
given by the manufacturer (Marlux, Tessenderlo, Belgium) at that time in view of confidentiality. In 
spite of the fact that the surface applied on the Leien of Antwerp is quite important, one has to notice 
the relatively small width of the photocatalytic parking lanes in comparison with the total street:  
2 × 4.5 m versus a total width of 60 m. 

Figure 5. Separate parking lanes at the Leien of Antwerp with photocatalytic pavement blocks. 

 

In order to check the durability of the photocatalytic efficiency, pavement blocks were taken from 
the lane after different periods of exposure and measured in the laboratory with and without washing 
of the surface. Some of the results are presented in Figure 6. They indicate a good durability of the 
efficiency towards NOx abatement. The deposition of pollutants on the surface leads to a decrease in 
efficiency which can be regained after washing. Recently repeated measurements in 2010 indicate 
that even after more than five years of service life, the photocatalytic efficiency of the pavers is still 
present [22]. 

Besides the tests in the lab, on site measurements were also carried out. Since no reference 
measurements without photocatalytic material (prior to the application) exist, the interpretation of 
these results is rather difficult. Especially the influence of traffic, wind speed, light intensity and 
relative humidity are playing an important role. Detailed results can be found in [2]. In brief, the field 
measurements suggested a decrease in NOx concentration at the sites with photocatalytic materials, 
where a levelling out of the pollution peaks is visible. In any case, precaution has to be taken with the 
interpretation of data since these results are momentary and limited over time. However, at least, they 
gave an indication of the efficiency of the photocatalytic pavement materials in situ, and a basis to 
work on for future applications. 
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Figure 6. NOx reduction measured on two pavement blocks, before (hatched) and after 
(colored) washing the surface, taken on different locations (house nr. 30, 35, 37, 42, 48, 
53) and at different times at the Amerikalei in Antwerp. 

 

5. Recent Photocatalytic Applications in Belgium 

Since the first application in Antwerp (2004–2005), much progress has been made within the 
photocatalytic research area. Newer, better and more efficient materials are constantly being 
developed, and action is more and more broadened also to visible light responsive materials [17]. 
This also led to new trial applications in which people have tried to establish the relation between the 
results in the laboratory and the real effect on site, see e.g., [23–25]. In this section an overview is 
given of two such recent projects in Belgium which were implemented in collaboration with  
the BRRC. 

5.1. Life+ Project PhotoPAQ 

The European Life+ funded project PhotoPAQ [18] was aimed at demonstrating the usefulness of 
photocatalytic construction materials for air purification purposes in an urban environment. Eight 
partners from five different European countries participated in the project.  

In this framework, an extensive three-step field campaign was organized in the Leopold II tunnel 
in Brussels, from June 2011 till January 2013 [26,27]. A photocatalytic cementitious coating material  
(TX Active® white Skim Coat from CTG Italcementi Group) was applied on the side walls and roof 
(total area of about 2700 m²) of a tunnel section of about 160 m in length in one of the tunnel tubes 
directing to the city center. The air-purifying product was activated by a dedicated UV lighting 
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system (including Supratec “HTC 241 R7s” light bulbs from Osram, see Figure 7). More details can 
be found in [26,27]. 

Figure 7. Application of the photocatalytic product and installation of the UV lamps in 
the Leopold II tunnel in Brussels, in the framework of PhotoPAQ. 

 

Possible advantages of purifying the tunnel air may be, obviously, cleaner air to breathe, with a 
potentially reduced need of ventilation, but also (and maybe mainly) a reduction of the pollution 
impact of tunnel exhaust on the city air quality. During the field campaigns, the effect of the 
photocatalytic coating on the air pollution (including NOx, VOC’s, particulate matter, CO, etc.) 
inside the tunnel section was rigorously assessed. 

The PhotoPAQ consortium mobilized a large panel of up-to-date instrumentations, installed in the 
tunnel for several weeks, aiming at characterizing the levels of pollution in this section of the 
Leopold II tunnel, with and without the air-purifying product (Figure 8). 

Figure 8. Full characterization of the air quality inside the tunnel test section during the 
PhotoPAQ campaigns.  
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However, in contrast to first estimations based on laboratory studies, the results indicated no 
observable reduction of the pollution level, i.e., the reduction of nitrogen oxides (NOx, one of the 
major traffic related air pollutants) is below 2%, which is the experimental uncertainty of the 
measurements.  

A severe de-activation of the photocatalytic material was observed inside the highly trafficked 
and strongly polluted Leopold II tunnel. In conjunction, final UV lighting intensity (only 2 W/m² 
UV-A) was below the targeted values (above 4 W/m²), which led to too low levels for proper 
activation inside the polluted tunnel environment. Another negative condition was the high wind 
speed (up to 3 m/s) inside the tunnel, limiting the contact time between pollutants and the active 
surface. Finally, January 2013 turned out to be an unusually wintry period causing cold and humid 
conditions inside the tunnel, with relative humidity ranging from 70% to 90%, which also reduces the 
activity of the photocatalytic material as shown before. Thus, all these issues together resulted in a 
reduction of the activity of the photocatalytic surfaces inside the harsh environment of the Leopold II 
tunnel, by a factor of 10 compared to the theoretical expectations. More details about the set-up and 
results of these extensive field campaigns inside the Leopold II tunnel are presented elsewhere [26,27]. 

Nevertheless, combining the knowledge gained during these campaigns and the laboratory based 
investigations performed by the PhotoPAQ consortium, numerical simulations (with the 
commercially available general purpose Computational Fluid Dynamics code ANSYS CFX®) were 
performed in order to estimate the possible best-case abatement of pollutants.  

These calculations indicate that, under the best case scenario (proper level of UV light intensity 
higher than 4 W/m², relative humidity below 50%, and limited pollution to avoid passivation), the 
reduction of the NOx concentration may be expected to attain: 

- ±3% for the 160 m long test section;  
- ±12% for the entire Leopold II tunnel (ca. 3 km), if not affected by ventilation. 

Despite the fact that the results were not as expected, the Leopold II field campaigns conducted by 
the PhotoPAQ team proved to be a unique real world and fully comprehensive assessment of the 
effect of photocatalytic air-purifying (road) construction materials on air pollution inside a tunnel 
environment. Based on the extensive experimental data set gathered and numerical model 
calculations, a valuable tool for extrapolation can be provided to estimate the expected pollution 
reduction in other urban tunnel sites, also for use by non-experts [18].  

5.2. INTERREG Project ECO2PROFIT  

The broad environmental sustainability project ECO2PROFIT dealt with the reduction of the 
emission of greenhouse gases and sustainable production of energy on industrial estates in the 
frontier area between Flanders and Holland. To reach these goals, several tangible demonstration 
projects were carried out on industrial sites in Belgium and the Netherlands. BRRC was involved in 
two such projects: “Den Hoek 3” in Wijnegem and “Duwijckpark” in Lier (both near Antwerp). 
Here, the regional development agency POM Antwerp was aiming to use a double layered concrete 
for the road construction, with recycled concrete aggregates in the bottom layer and photocatalytic 
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materials (TiO2) in the top layer, using photoactive cements and/or coatings. That way, air purifying 
and CO2 reducing concrete roads could be built which are both innovating and energy efficient. 

For these recently completed applications (2010–2011) BRRC was asked to set-up an elaborate 
testing program in the lab to help optimize the air purifying performance of the top layer, without 
interfering with other properties of the concrete (workability, strength, durability etc.). In the 
construction site of Wijnegem (Den Hoek 3), it was opted to use an exposed aggregates surface finish 
(with grain size between 0 and 6.3 mm) on the top layer for reasons of noise reduction and comfort of 
the road user. For the site in Lier (Duwijckpark) a brushed surface finishing was chosen to have more 
active cement at the surface. Indeed, the type of surface finishing and/or treatment of the pavement 
can have an effect on the photocatalytic efficiency, as shown in Figure 9 for three types of surface 
finishing: exposed aggregates, smooth (formwork side) and sawn surface. The results show that the 
exposed aggregates surface performs equally well as the smooth, formwork surface, but not as good 
as a sawn surface. This is the result of the combined action of less photoactive cement at the surface 
and a higher surface porosity (higher specific surface), two competing effects which in the end yield 
the final efficiency shown in Figure 9. 

Figure 9. Effect of surface treatment on photocatalytic efficiency (only one type of 
“less” active product in mass). 

 

For the application of photocatalytic materials in a concrete road (and in general for any other type 
of application) a fundamental choice can be made between: mixing in the mass (e.g., TiO2 in cement) 
and/or spraying on the surface (suspension of TiO2). The former has the advantage of a more durable 
action since the TiO2 will continuously be present, even after wearing of the top layer. On the other 
hand, the initial cost will be higher (higher TiO2 content, necessity for double layered concrete) and 
only the TiO2 at the surface will be active. In contrast, dispersing at the surface of a TiO2 solution will 
provide a more direct action, and a lower initial cost (e.g., “ordinary” cement). In this case however, 
the longevity of the photocatalytic action could be questioned because of loss of adhesion to the 
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surface in time. This fundamental choice was also investigated within the research program, together 
with the influence of several other parameters [28]. 

The effect of a curing compound for instance—generally applied to protect the young concrete 
against desiccation in Belgium and placed directly after concreting or after exposing the aggregates 
at the surface in case of denudation—is illustrated in Figure 10. From this, it appears the curing 
compound will initially inhibit the photocatalytic reaction, most likely because it is shielding off the 
“active” components from the pollutants in the air. Consequently, it is probable that the curing must 
disappear from the surface, i.e., under influence of traffic or weathering, before the TiO2 will reach 
its optimal air purifying performance. In case of a photocatalytic spray coating, this also means that it 
is best to apply the TiO2 dispersion some months after the curing compound to have the most durable 
effect. Alternatively, the exposed aggregates concrete can be covered with a plastic sheet to prevent 
dehydration (in case the concrete surface is denuded). 

Figure 10. (a) Application of curing compound on fresh concrete, and (b) Effect of curing 
compound on photocatalytic efficiency (different samples A–D, with photocatalytic TiO2 
in mass and/or applied as dispersion, with and without curing compound). 

(a) (b) 

More detailed results of the laboratory research can be found in [28] and [29]. Based on the 
findings and the optimization of the concrete composition, a proper selection of photocatalytic 
materials and application techniques could be made, for the construction of double layered, 
photocatalytic concrete roads on the industrial zone “Den Hoek 3” in Wijnegem. 

Double Layered Concrete at “Den Hoek 3” in Wijnegem 

The concrete pavement of the industrial zone in Wijnegem has been constructed between the 15th 
and 18th of March 2011. The concrete was placed in two layers, wet-in-wet, with an interval time of 
approximately 1 hour. The bottom layer had a thickness of 180 mm, while the top layer was designed 
to be 50 mm. For the concrete of the bottom layer, 57% of the coarse aggregates were replaced by 
recycled concrete aggregates. For the top layer with TiO2, commercially available white cement with 
4% TiO2 pre-mixed (by weight) was applied (CBR, Belgium, Heidelberg Cement Group). Two slip 
form pavers were used to place the concrete. As can be seen in Figure 11a, the color of the top layer 
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is much lighter, due to the use of white cement and the presence of the TiO2 (about 0.8 wt% of  
the top layer). 

More information on the concrete composition, the execution and the results obtained in the lab as 
well as on site can be found in [28] and [29]. Besides the photocatalytic concrete roads, 
photocatalytic pavement blocks were also used for the bicycle lanes, parking spaces and foot paths. 

Since this was a completely new industrial zone, it was not possible to have measurements on site 
before putting the photocatalytic concrete in place. An overview of the project is given in Figure 12. 
Immediately after concreting, a retarding agent was sprayed on the surface to be able to wash out the 
top surface after 24 h, to create an exposed aggregates surface finish (see Figure 11b). In order to 
prevent dehydration of the concrete during the first days, some parts of the road have been treated 
with curing compound; the other zones were covered with a plastic sheet. This way, the influence of 
the curing compound on the short and long term photocatalytic efficiency could be investigated. 

Figure 11. (a) Construction of double layered concrete pavement at industrial zone “Den 
Hoek 3” in Wijnegem; (b) Detail of exposed aggregates surface finish of the top layer.  

(a) (b) 

Figure 12. (a) Situation plan of the new industrial zone “Den Hoek 3” in Wijnegem, 
Belgium (Google Maps); (b) “On site” testing of photocatalytic efficiency. 

(a) (b) 
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The photocatalytic efficiency of the top layer was measured in two ways: in the laboratory on 
cores taken from the surface at the places indicated in Figure 12a, and “on site” with a special 
measuring set-up, shown in Figure 12b. This “on site” test is developed to evaluate the photocatalytic 
properties of the concrete pavement over time and to compare the different sites (with and without 
curing, for example). It does not measure the overall purification of the air around the pavement but 
enables to measure the durability of the photocatalytic efficiency.  

The set-up consists of a Plexiglas frame, screwed air-tight on the test surface (concrete pavement), 
and is covered with a UV-transparent glass lid. The input NO-concentration (1 ppmv), relative 
humidity (50% RH) and air flow (3 L/min) are taken similar to the laboratory set-up. However, the 
total area covered by the box is somewhat larger (700 × 300 mm²) to have a representative surface, 
and natural (varying!) sunlight is used in first instance to activate the surface. First results of the 
measurements on site are given in Figures 13 and 14, and were collected 5 months after the 
placement of the concrete (August 2011) at the places indicated in Figure 12a (points 1 and 2). 

Figure 13. NOx concentration measured at the outlet for zone with curing compound,  
5 months after concreting (point 2, August 2011).  
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Figure 14. NOx concentration measured at the outlet for zone without curing compound,  
5 months after concreting (point 1, August 2011). 

 

First of all, the results shown in Figures 13 and 14 indicate a large influence of the relative 
humidity (red curves). The NOx abatement is lower when the relative humidity increases and higher 
when RH decreases again. The influence of the sun light intensity (measured through the UV 
intensity, light blue lines) is also visible, but on a different scale: variations over a shorter period of 
time do not influence the NOx concentration immediately; it is the average sun light intensity over a 
longer period that is determining the attained NOx abatement for the photocatalytic process.  

Furthermore, the reduction in NO concentration is significantly lower for the zone with curing 
compound, indicating it is still (slightly) inhibiting the reaction: average reduction of 27% (with 
curing) versus 48% (without curing). Nevertheless, the effect of applying a curing compound on the 
fresh concrete (to protect against dehydration) seems to diminish over time. These results obtained 
on site (year 2011) are also in line with the results obtained in the laboratory, taking into account the 
difference in surface, relative humidity and light intensity [28]. 

In order to correctly compare the results between the lab and the field, the photocatalytic activity 
for NOx (= sum of NO and NO2) is expressed in terms of the photocatalytic deposition velocity in 
[m/h] under the assumption of a first order uptake kinetics and negligible transport limitations from 
the gas phase to the solid surface [30]: 

0lnR
t

c Fk c A=  (4) 

where c0 and ct are the reactant concentration at the inlet and exit of the photo-reactor, respectively.  
In fact, this parameter refers to a first order reaction rate coefficient independent of the applied  
flow rate F and the active surface (A) to volume ratio of the used reactor (lab or on site). In the lab 
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work [28], average values for the NOx deposition velocity kR,NOx of 0.25 and 0.70 m/h were obtained 
with and without curing compound respectively, which is in nice agreement with the results on site 
for 2011 (see further in Table 1). 

The measurements on site are also repeated over time in order to see the influence of ageing and 
traffic on the photocatalytic efficiency. Recent measurements performed in the summer of 2012 for 
instance, are shown in Figure 15. Here, measurements were performed using an external UV-lamp 
(10 W/m²) as well as natural sunlight to activate the photocatalyst present in the pavement. It appears 
the activity under sun light is somewhat higher compared to the UV lamp only. This could be due to 
the fact that the applied TiO2 (in the active cement) is also partially active under visible light and/or is 
excited by the shorter UV wavelengths (UV-B, UV-C) present in the sun spectrum. 

Figure 15. NOx concentration measured at the outlet for zone without curing compound, 
17 months after concreting (point 3, August 2012). 

 

On the other hand, the measurement of the UV-intensity comprised in the sun light could be 
erroneous because of the radiometer used here. This is only calibrated for specific UV-A lamps 
(between 300 and 400 nm) applied in the geometry of the lab set-up which differs substantially from 
these exterior tests. The activity observed under natural, varying sun light though, is still very 
interesting from the view point of practical application. The use of the external UV-lamp with 
constant light intensity in turn, allows making a more absolute comparison of the photocatalytic 
activity between different zones and for different times. 

In any case, the results of Figure 15 reveal already that the efficiency of this kind of photocatalytic 
application (TiO2 integrated in the cement) appears to decrease in time: on average 34% 
NO-reduction (after 17 months) versus 48% (after 5 months). Possible causes could reside in the 
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covering of the TiO2 at the surface by dirt, the detachment of the TiO2 from the surface or the 
deposition of products from chemical reactions which can take place at the surface.  

In this respect, in October 2012 an aqueous TiO2 dispersion (Eoxolit® consisting of a mixture of 
two different types of TiO2 particles with a total concentration of 40 g/L TiO2) was also applied on 
the surface in some parts of the roads on the industrial zone in Wijnegem, as shown in Figure 16a, for 
the purpose of comparative measurements. In total four different zones were considered: 

- Zone 1 = double layered concrete (0/6.3 mm on top) without TiO2; 
- Zone 2 = single layered concrete (0/20 mm) without TiO2; 
- Zone 3 = double layered concrete with TiO2 (active cement) and without curing compound;  
- Zone 4 = double layered concrete with TiO2 (active cement) and with curing compound.  

The photocatalytic dispersion was applied with a dose of approximately 1 L per 5 m² on a total of  
800 m², followed by spraying of a hydrophobic product for optimal functioning of the coating 
(manufacturers’ guidelines). Important to mention however, is the fact that at the time of application 
there was a severe pollution with soil and dirt at the surface of the pavement in some zones due to the 
presence of a grinding installation plant at the site. This most certainly had an impact on the 
efficiency of the TiO2 suspension (see further). Subsequently, provisional controls of the 
photocatalytic efficiency have been carried out to check the separate action of the two types of 
photoactive materials (mass and dispersion), and to further assess the durability of the air purifying 
performance. Most recent measurements on the site in Wijnegem were performed in the summer of 
2013, at the measurement points (1–9) indicated in Figure 16b. All results obtained up till now 
(2011–2013) are summarized in Table 1. 

Figure 16. (a) Application of photocatalytic dispersion on part of the roads at industrial 
zone “Den Hoek 3” (October 2012); (b) Localization of measurement points for “on site” 
testing (Google Maps). 

(a) (b) 
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Table 1. Summary of results in time for photocatalytic activity measured on site in Wijnegem. 

Zone 
kR,NO (kR, NOx) [m/h] 

Sun light UV-lamp (10 W/m²) 
2011 2012 2013 2012 2013 

4: with curing compound, 
active cement (point 2, 4) 

0.30 
(0.26) 

0.09 
(0.07) 

– 
0.06 

(0.04) 
– 

3: without curing compound, 
active cement (point 1 and 3) 

0.70 
(0.66) 

0.39 
(0.34) 

0.38 
(0.28) 

0.21 
(0.19) 

0.22 
(0.18) 

4: with curing, active cement 
+TiO2 dispersion (point 4) 

– – 
0.82 

(0.62) 
– 

0.28 
(0.22) 

3: without curing, active cement 
+TiO2 dispersion (points 6 and 9) 

– – 
0.27 

(0.20) 
– 

0.21 
(0.15) 

1: double layered, no active cement 
+ TiO2 dispersion (point 7) 

– – 
0.32 

(0.27) 
– 

0.15 
(0.13) 

2: single layered, no active cement 
+ TiO2 dispersion (point 8) 

– – 
0.14 

(0.13) 
– 

0.08 
(0.07) 

First of all, when comparing the measurements on the surface of the pavement at points 1 and 3  
(cf. Figure 16b) in 2013 with these of 2012, a very similar result can be noticed: a photocatalytic 
deposition velocity for NOx of ca. 0.2 m/h under UV light. This indicates that the decreasing trend in 
photocatalytic activity for the concrete with “active” cement (see evolution 2011–2012) seems to be 
stabilized in 2013. 

Furthermore, the measured efficiency for points 1 and 3 (in 2013) appears to differ little or 
nothing with the one for points 6 and 9, with application of the photocatalytic coating (TiO2 
dispersion) on the pavement surface. Here, the TiO2 dispersion did not produce a significant added 
value (yet) in terms of photocatalytic air purifying action. Only for point 4 (active cement with curing 
compound, after application of TiO2 dispersion) one can notice a strong improvement of the 
photocatalytic efficiency (deposition velocity of ca. 0.8 m/h for NO under sun light and nearly 0.3 
m/h under UV ). Possibly, the pollution of the surface at the time of application has played an 
important part causing the adhesion of the coating to be far from optimal. 

For points 7 and 8 (concrete without active cement, but with TiO2 dispersion on the surface), the 
activity is not significantly better either (or even less) compared to the “pure” concrete with active 
cement. In addition, point 8 (single layered concrete 0/20) reveals much smaller photocatalytic 
reactivity than point 7 (double layered concrete with top layer 0/6.3): deposition velocity of 0.08 m/h 
versus 0.15 m/h for NO reduction under UV. This probably has to do with the stronger adhesion of 
the coating on the surface of the finer (0/6.3) double layered concrete compared to the coarser (0/20) 
single layered concrete. 

Finally, a measurement on site was also performed for the newly constructed pavements at the 
industrial zone in Lier, which have a different surface finishing as illustrated in Figure 17a. The 
results of this measurement, 20 months after construction, are shown in Figure 17b. 
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Figure 17. (a) Double layered photocatalytic concrete pavement with brushed surface 
finish at industrial zone “Duwijckpark” in Lier; (b) NOx concentration measured at the 
outlet for the site in Lier (active cement + curing compound), 20 months after concreting 
(August 2013). 

(a) (b) 

In comparison with the measurements of Wijnegem in 2013 (see Table 1), a slightly lower 
photocatalytic reaction is observed in Lier, which among others is due to the use of a curing 
compound (for the brushed surface) and the lower TiO2 content (less cement used). However, if we 
make the comparison with the zone with curing compound in Wijnegem (cf. point 4 in zone 4) 
measured in 2012 (17 months after construction), a significantly better result under UV light is 
obtained in Lier: deposition velocity for NO of 0.14 m/h in Lier versus 0.06 m/h in Wijnegem. This 
higher activity probably has to do with the brushed surface finish instead of exposing the aggregates 
(cf. Figure 9). In any case, these measurements confirm the photocatalytic action 20 months after 
construction of the concrete pavement. 

6. Conclusions and Perspectives 

Photocatalytic (TiO2 containing) paving materials with the potential of reducing air pollution by 
traffic are being used more frequently on site in horizontal as well as in vertical applications, also in 
Belgium. Laboratory results indicate a good efficiency towards the abatement of NOx in the air by 
using these innovative materials. The durability of the photocatalytic action also remains mostly 
intact, though regular cleaning (by rain) of the surface is necessary. The relative humidity (RH) is an 
important parameter, which may reduce the efficiency on site. If the RH is too high, the water will be 
adsorbed at the surface and prevent the reaction with the pollutants.  

The translation from the laboratory results to the “on-site efficiency” is still a difficult and critical 
factor, because of the great number of parameters involved. Hence, there is still a need for large scale 
applications to demonstrate the effectiveness of photocatalytic materials in “real life” and evaluate 
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the durability of the air purifying action, such as the European Life+ project PhotoPAQ and the 
industrial zones “Den Hoek 3” in Wijnegem en “Duwijckpark” in Lier. These recent applications in 
Belgium show already some interesting results. 

It seems the use of photocatalytic cement-based coatings inside road tunnels is not mature for 
application on a large scale yet. From the experience gained during the Leopold II tunnel campaigns 
in Brussels, recommendations for the proper use of these innovative materials can be made though, 
such as: 

- Optimized coating application for low surface roughness and minimizing dust adsorption; 
- High UV light intensity levels in the order of magnitude of 10 W/m²; 
- Low average relative humidity of tunnel air (  60%); 
- High enough photocatalytic activity, with threshold values defined from lab studies; 
- Low average wind speed (< 2 m/s) in the tunnel for increased reaction time of pollutants; 
- High surface to volume ratio (smaller sized tunnel tubes). 

For the double layered photocatalytic concrete pavements using active cement, an efficiency 
comparable to the one measured in the laboratory is obtained initially; though it seems to decrease 
somewhat in time due to dirt build-up and other deposits on the surface, the air purifying action has 
stabilized after more than two years (2011–2013). Application of a curing compound—to protect the 
fresh concrete against desiccation—initially strongly reduces the photocatalytic activity and also has 
an impact on the long term. Use of a plastic sheet to protect the young concrete is therefore 
recommended. Furthermore, the exposed aggregates technique is not ideal for the photocatalytic 
efficiency since in this case a lot of aggregates are present at the surface and the TiO2 is only present 
in the paste. The application of a brushed surface finish could lead to a better result.  

Use of a photocatalytic coating (TiO2 dispersion) on the surface of the concrete pavement does not 
produce an added value for the air purifying action compared to mixing in the mass, despite the good 
results in the laboratory. This probably has to do with the loss of adhesion in time and the filthiness of 
the surface at the time of application. Possibly, the coating is partially washed away with the dirt.  
In addition, better results are obtained on the finer, double layered concrete (0/6.3) than for the 
coarser, single layered concrete (0/20) which could be due to the better adhesion of the coating  
on the surface. 

Durability of the photocatalytic action in time (for products mixed in the mass and/or applied on 
the surface) and optimization of the adhesion of photo-active coatings on the concrete surface, are 
topics that need to be investigated further. 

Finally, the best results will be achieved by modeling the environment, validating the models by 
measurements on site, followed by an implementation of the different influencing parameters to 
assess the real life effect. One must bear in mind that photocatalytic applications are not effective 
everywhere; “good” contact between the airborne pollutants and the active surface is crucial and 
factors such as wind speed and direction, street configuration and pollution sources all play a very 
important role. 
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