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ABSTRACT
The production of thin coatings of TiO2 nanoparticles by aerosol flame synthesis and direct
thermophoretic deposition is presented. Three different flame reactor configurations were designed
in order to study the effect of particle size and film morphology on the performances of the
coatings. Particle dimension, crystal phase and surface morphology were characterized using
differential mobility analysis, Raman spectroscopy and atomic force microscopy, respectively. The
wetting behavior was investigated by water contact angle analysis, showing that titania coatings are
characterized by a high photoinduced hydrophilicity. Measurements of the inhibition of
Staphylococcus aureus biofilm formation revealed a high antibacterial activity from TiO2
nanoparticle films. Finally, both the hydrophilic character and the bactericidal effects are found to
be mainly dependent on the size of primary particles composing the coatings. The optimal synthesis
conditions were identified in order to produce a self-cleaning and self-disinfecting coatings
material, with a nearly superhydrophilicity and a high antibacterial activity, both activated by
ordinary light radiation in standard room illumination conditions.

KEYWORDS: Flame synthesis; TiO2; Nanoparticle coatings; Antimicrobial activity; Photoinduced
hydrophilicity.

1. INTRODUCTION
Nanomaterials are currently playing an increasing role in several fields, such as the energy
production, the environmental applications, the biomedicine and biotechnology, thus becoming an
element of numerous consumer products. The longstanding knowledge acquired from traditional
combustion science and engineering can be successfully applied to the main topics of interest in
nanomaterial field, i.e., the synthesis of nanoparticles with specific features as well as their
assemblage into functional devices and coatings [1-4].
Flame synthesis of nanomaterials is characterized by a proven scalability, a fast processing time
and an ease of manufacturing and collection [5, 6]. Moreover, compared to wet-chemical methods
high purity nanomaterials can be obtained by a cost-effective procedure, avoiding the formation of
harmful by-products and wastes [1]. In addition, nanostructured films and coatings of flame
synthesized nanoparticles are produced in a single-step process typically by placing a cold substrate
downstream the flame synthesis burner, on which nanoparticles undergoing thermophoretic forces
are deposited [7]. Differently from wet-based coating methods, flame aerosol deposition requires
only a decreasing temperature gradient between the aerosol and the target substrate, and besides, it
offers a high control on morphology and properties of produced films [3, 8, 9].
A relevant field of application of functional nanoparticle coatings is biomedicine. Nanomaterials
characterized by an antimicrobial activity can be used as coatings with the aim to fight the
proliferation of potentially pathogenic microorganisms as fungi and bacteria. Such microorganisms
are able to grow, forming biofilms on solid surfaces in indoor environment such as walls, air ducts
surfaces, plants [10, 11], and thus causing the spread of diseases and infections with negative effects
on human health. Staphyloccoccus aureus is one of the most common bacteria in indoor
environment, and it is often found to proliferate in nosocomial spaces, while Streptococcus mutans
is a common bacterium in oral cavity.
Nanomaterials with photocatalytic properties, i.e., zinc oxide, silver, and titanium dioxide, have
already demonstrated to possess the capability to inhibit microbial growth [12, 13], making them
suitable to achieve an appropriate sanitization of environmentally contaminated surfaces [14].
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Among several antimicrobial nano-crystalline materials, titanium dioxide (TiO2, titania) is the most
harmless to environment and human health [15, 16]. The antimicrobial properties of TiO2
nanoparticles are connected to the generation of reactive oxygen species (ROS), e.g., O2-, OH and
HO2 radicals, following the absorption of high-energy photons under UV irradiation, or even under
both natural solar irradiation [17] and ordinary room light [18]. The presence of hydroxyl groups on
the titania surface can also result in an increase of surface hydrophilicity produced by UV
irradiation [19]. Moreover, the photo-oxidation efficacy was found to be dependent on the surface
area, and so it can be increased by reducing particle size to the nanoscale [20]. For these reasons,
nano-TiO2 is an appropriate nanomaterial to realize self-cleaning antimicrobial coatings.
In this work, thin coatings made of titania nanoparticles synthesized in flame were produced by
single-step procedure through direct thermophoretic deposition on surfaces. This procedure has
been already reported in the literature for the fabrication of nano-titania thin films used for different
applications, such as photovoltaic devices [2], photocatalytic water-splitting [21] and gas sensors
[22]. Here we explored the antimicrobial activity of TiO2 coatings produced by flame synthesis. The
properties of the produced particle and the coatings were characterized using differential mobility
analysis (DMA), Raman spectroscopy and atomic force microscopy (AFM). In addition, the
hydrophilic/hydrophobic characteristics of the coatings were also investigated. Inhibition of biofilm
formation was then evaluated against Staphylococcus aureus bacterium as a function of
nanoparticle size and coating morphology.

2. EXPERIMENTAL
TiO2 nanoparticles were synthesized in an aerosol flame synthesis (AFS) system, which is made of
a Berglund Liu type vibrating orifice aerosol generator (VOAG, TSI 3450) and a custom-made
honeycomb burner. The AFS system is coupled to a thermophoretic deposition device made of a
rotating circular aluminum disk [23]. A detailed description of both the AFS and the deposition
system, as well as a scheme of the experimental set-up, can be found in previous works [24, 25].
The flame reactor was obtained from premixed ethylene/air laminar flame doped with a solution of
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titanium tetraisopropoxide (TTIP, Aldrich, 97%) dissolved into ethanol (ACS reagent, ≥99.5%). In
order to study the effect of particle size and coating morphology on the antimicrobial performances,
three different flame reactor operating conditions were investigated. Their main parameters are
reported in Table 1. Coatings were obtained using a disk rotating speed of 600 rpm, corresponding
to a deposition time on the substrate of 3.1 ms for each rotation, positioned at different height above
the burner (HAB), corresponding to different particle residence times in the flame reactor. Circular
substrates (diameter=16 mm, height=3 mm) made of aluminum alloy AA2024 were used.
Substrates were not preconditioned before the coating procedure. The actual deposition time was
kept constant to 60 seconds, corresponding to about 16650 insertions and a total operation time of
33 minutes.

Table 1. Summary of flame conditions.
Flame

Flow rates (cm3/s)a

TTIP

F

Cold Gas v

Disk HAB

(cm/s)

(cm)

C2H4

Air

C2H6O

(% mol)

A

10

228

4.9

0.030

0.89

95

11

B

10

228

4.9

0.030

0.89

95

16

C

3.6

117

4.9

0.059

0.94

50

11

a

Flow rates measured at normal temperature and pressure conditions

A dimensional characterization of the synthesized nanoparticles was made on-line by measuring
number particle size distributions (PSDs) using a TapCon 3/150 Wien type differential mobility
analyzer. Particles were sampled from the flame using a stainless steel horizontal probe, following a
procedure previously reported [26]. Raman spectra were acquired using a Horiba XploRA Raman
Microscope System (excitation wavelength λ=532 nm). The absorption spectra of coatings were
recorded with an Agilent UV-visible 8453 spectrophotometer. AFM measurements were performed
with a scanning probe microscope (NTEGRA Prima from NT-MDT) operated in semi-contact mode
in air and equipped with NANOSENSORS™ SSS-NCHR super-sharp silicon probes with a
nominal tip radius of 2 nm. The hydrophilic/hydrophobic properties were investigated by static
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contact angle measurements, by directly dropping 6 µl of bi-distilled water on the coated substrates
right after they underwent the deposition procedure, under ordinary light radiation in standard room
illumination conditions. Such illumination conditions were experimentally estimated for the
laboratory environments where the characterization of the coatings were performed, and
corresponded to a total light intensity of ∼10 μW/cm2, with an intensity of UV light with energy
exceeding TiO2 band gap approximately equal to 3 μW/cm2, in good agreement with literature data
reported for a reasonably well-lit laboratory or office room [18, 27]. Pictures of the spreading water
drop were taken by means of a digital optical microscope with a zoom lens of 800x, as described in
an earlier work [28].
Antimicrobial activity was investigated by testing the inhibition of biofilm formation of a Gram
positive bacterium Staphylococcus aureus (ATCC 6538), as reported in [29], under ordinary light
radiation in standard room illumination conditions. Bacteria cells (108 cellule/mL) were suspended
in Mueller-Hinton Broth (MHB), aliquoted in a 12-wells plate (1.5 ml/well) containing the
aluminum substrates and incubated overnight at 37 °C. Aluminum substrates were moved in a new
12-well plate and washed three times with phosphate-buffered saline (PBS) to remove non adherent
cells. SEM images of the samples were then acquired using a Carl Zeiss EVO MA 10 microscope
with a secondary electron detector (Carl Zeiss SMT Ltd., Cambridge, UK). Analyses were
conducted at 10 keV. Finally, the biofilm mass was quantified by counting the number of bacterial
colonies from SEM images using the image processing software ImageJ®.

3. RESULTS AND DISCUSSION
Three flame conditions reported in the present study were selected with the aim of synthesizing
particles with different diameter and concentration. The flame conditions are characterized by
different precursor concentration and particle residence time (see Table 1), which are the flame
reactor parameters that have been identified in order to tune the size and the concentration of
synthesized nanoparticles [2, 30].
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The particle size distributions, PSDs, measured by DMA are shown in Fig. 1 (left panel),
together with their best fit obtained using a lognormal distribution function or a sum of two
lognormal distributions, through the following equation:
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where Dp is the particle diameter, <Dp> is the mean particle diameter and σ is the geometric
standard deviation.
PSDs measured in Flame A and Flame B are clearly mono-modal. From the fitting procedure,
the mean particle diameter was found to increase from <Dp> = 2.6 nm for Flame A, with σ = 1.36,
to <Dp> = 3.1 nm for Flame B, with σ = 1.50, due to the increase in particle residence time in the
flames. On the other hand, the increase of both TTIP concentration and particle residence time in
Flame C condition resulted in a bi-modal PSD with the first mode characterized by <Dp> = 2.4 nm
and σ = 1.22, while the second mode is characterized by <Dp> = 10.5 nm and σ = 1.54.

Fig. 1. (a) Normalized number PSDs, (dN/dlnDp)/Ntot; symbols are experimental DMA data, lines
are best lognormal fits of data from Eq. 1. (b) Normalized size distributions in mass,
(dm/dlnDp)/mtot.
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Fig. 1 (right panel) reports the normalized size distributions in mass obtained assuming TiO2
particle density of 3.9 g/cm3 [9], in order to show how the particles constituting the coatings are
distributed in terms of mass abundance. These distribution indicate that the prevailing mass
contribution to the TiO2 coatings on the substrates is given by particles with a mean dimension of
4.5 nm (Flame A), 7 nm (Flame B) and 18 nm (Flame C).
The optical and photocatalytic properties of titania layers are largely determined by phase
content and purity, which mostly depend on the oxygen content in the synthesis reactor [23]. The
two common crystalline phases of TiO2 are anatase and rutile, with anatase being the most
photoactive one [31]. In this study, flame reactors were operated in fuel-lean conditions in order to
promote the formation of anatase, which is favored in oxygen-rich environments [32].
The phase composition of the as-deposited coatings was determined using Raman spectroscopy.
The acquired spectra are presented in Fig. 2, showing the presence of five Raman scattering peaks,
corresponding to the Raman bands assigned to the allowed modes of anatase phase TiO2 [33]. No
other bands were identified, thus confirming that coatings were made of pure anatase particles.

6

Fig. 2. Raman spectra of flame-generated TiO2 nanoparticle coatings.

The average film thickness was calculated from the bulk thickness obtained by UV-vis
absorption spectra through Beer-Lambert’s law utilizing a TiO2 extinction coefficient of 0.95 at 290
nm [34, 35] and a porosity of the deposited films assumed to be 98% [8, 9]. The estimated values
for the three coatings were 0.9 µm for Flame A, 0.85 µm for Flame B and 1.6 µm for Flame C.
AFM topographic images of the coatings are reported in Fig. 3. Images were acquired with two
scan sizes for each sample, 20x20 µm2 on left panels and 2x2 µm2 on right panels. The coating
layers on the substrate are very uniform, with a high porous structure composed of nanoscale grains,
which can be considered as the basic morphological units of deposited coatings. AFM images of
nanoscale grains are typical of a low-kinetic deposition process [36]. Such a process consists in the
random stacking of nanoparticles landing at low kinetic energy on a substrate, producing a
deposited film which keeps memory of the structure that pristine particles had in the gas phase [37].
7

Indeed, due to their low kinetic energy particles almost preserve their structure after deposition, and
so the parameter that mainly controls the nano- and meso-structure of the resulting film is the mass
distribution of primary particles [36, 37]. The self-assembling agglomeration of pristine aerosol
particles during the ballistic deposition results in nanoscale grains (the basic morphological units of
deposited coatings), which in turn aggregate in larger and larger super-units, producing a self-affine
morphology [36]. As shown in Figure 3, layers produced in Flame A and Flame B are characterized
by a similar morphology and grain size, while the increased diameter of primary particles produced
in Flame C reflects in both an increase of grain size and in a different surface morphology. The
mean equivalent diameter of the grains was calculated from AFM topographic images to be 76 nm
for Flame A, 106 nm for Flame B and 285 nm for Flame C.
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Fig. 3. AFM topographic images of TiO2 coatings over a scan area of 20x20 µm2 (left panel) and
2x2 µm2 (right panel).

Figure 4a shows a magnification of Flame C coating surface over an area of 200x200 nm2,
reported as a 3-D image. It is possible to see a fine raster made of the basic unit grains, uniformly
distributed across the coating surface. On the other hand, primary particles constituting the
nanoscale grains cannot be clearly distinguished due to the lateral resolution of the AFM
instrument. However, the corresponding AFM phase image reported in Figure 4b exhibits a superior
contrast of nanoscale features compared to the height image. So, in the phase image the presence of
9

sub-elements with a lower dimension than that of grains, which can be assumed to be the primary
particles composing the basic unit grains, can be detected over the imaged surface. The presence of
such sub-elements is further confirmed by X-Ray Diffraction measurements performed on Flame C
coating sample, which resulted in an average crystallite dimension in the order of 30 nm, much
lower than the mean dimension of nanoscale grains [P. Aprea, Personal Communication, June
2018].

Fig. 4. (a) 3-D AFM topographic image and (b) phase image of Flame C coating over a scan area of
500x500 nm2.

The root-mean square surface roughness (RMS) was measured from the AFM images of the
uncoated aluminum substrate (reported in Figure 5) and from the AFM images of the three titania
coatings over 20x20 µm2, 10x10 µm2 and 5x5 µm2 scan areas. Average RMS of the bare substrate is
equal to 10±2 nm. Regarding the titania coating, RMS is roughly the same for Flame A and Flame
B, respectively 10.5±1.6 nm and 10.9±2.8 nm, while a much larger value is measured for Flame C
(39.1±7.3 nm).
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Fig. 5. AFM topographic images of bare aluminum substrate over a scan area of 20x20 µm2 (a) and
2x2 µm2 (b).

The wettability of the coatings was investigated by water contact angle (q) analysis and the
results are reported in Fig. 6. A first set of measurements were performed under ordinary light
radiation in a standard room illumination condition. The results indicate a high hydrophilic
character of all the generated coatings. Indeed, the three coatings were able to decrease the contact
angle with respect to the bare aluminum substrate (62±3°). Particularly the coatings produced in
Flame A and Flame B possess a nearly super-hydrophilic behavior, with q of about 10±3° and
14±3° respectively, while the angle measured for Flame C (q=33±3°) is larger.
The wetting behavior of a surface is usually determined by various parameters, like its chemical
composition and its micro/nanotexture [38, 39]. However, the high hydrophilicity of TiO2 thin films
has been demonstrated to be mainly caused by a photoinduced process [40]. The absorption of highenergy photons by TiO2 particles generates hole and electron pairs, which then diffuse towards
particle surface [41-43]. The majority of the holes and electrons are either consumed by reacting
with organic species, water and oxygen to generate reactive oxygen species (ROS) or they
recombine at the surface [40-42]. However, a small portion of the photogenerated electrones can be
trapped at lattice oxygen sites and may react with TiO2 itself, reducing surface Ti4+ into Ti3+ sites.
Water molecules can be then chemisorbed on Ti3+ sites, producing surface hydroxyl groups
bounded to the oxygen vacancies. The presence of such hydroxyl groups on titania surface is
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responsible for the high hydrophilic behavior [19, 39]. The occurrence of this process was
confirmed by repeating the contact angle measurements on samples that had been deactivated by
placing them for 70 hours in the dark, thus in the absence of any UV radiation (Fig. 4, red bars).
The values of q without UV-visible radiation increased up to about 50° for all the samples.

Fig. 6. (a) Pictures of water droplets sitting on the top of Flame A sample surfaces under ordinary
room light (left) and after 70 hours of dark storage (right). (b) Water contact angles q measured
under ordinary room light (gray bars) and after 70 hours of dark storage (red bars).

The key parameter to explain the higher photoinduced hydrophilicity of Flame A and Flame B
coatings as compared to that produced from the Flame C condition can be identified in the low size
of primary particles composing the film. A reduction in particle size results in an increase of the
exposed surface area per unit volume, and so in a higher number of surface active sites per
photogenerated hole. This, in turn, imply a more highly hydroxylated surface.
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Morphology, roughness and porosity of the film play probably a minor role with respect to
photoinduced process. Indeed, these parameters are very similar for Flame A and Flame B coatings
(see results of AFM images in Fig. 3), while the contact angle of the photoactivated Flame A
coating is slightly lower respect to Flame B coating. This can be ascribed to the lower particle
diameter. Moreover, all the deactivated coated substrates (i.e., the 70 hr dark data reported in Fig. 6)
are characterized by the same value of the contact angle, even if roughness and porosity of Flame C
are quite different from Flame A and Flame B ones. Nevertheless, the deactivated coated substrates
show a decrease of the contact angle in comparison to the bare aluminum substrate. Their higher
hydrophilicity is likely due to a combination of roughness and porosity at the nanoscale for the
coating layers [38].
The antimicrobial activity of the nano-TiO2 layers was characterized by evaluating the extent of
Staphylococcus aureus biofilm formation by SEM analysis of the samples operated under ordinary
room light and exposed to bacteria colonies. Obtained SEM images are reported in Fig. 7. The bare
aluminum substrate, which represents the positive control, showed the presence of a stable and
mature biofilm of S. aureus cells. On the other hand, it is possible to observe a clear decrease of the
number of adherent S. aureus cells on TiO2-coated substrates. All the coating layers under ordinary
room light are characterized by a remarkable antibacterial activity, which is higher for Flame B and
Flame C coatings with respect to Flame A coating.
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Fig. 7. SEM microphotographs of Staphylococcus aureus biofilm on uncoated aluminum substrates
and TiO2 coated aluminum substrates for the three different flame conditions.

From SEM images, the quantification of biofilm formation was performed by counting the
number of bacterial colonies on different images for each sample. The results are shown in Fig. 8 in
terms of percentage of biofilm formation relative to the positive control, i.e., the bare aluminum
substrate, on which 100% of bacterium biofilm is assumed to be formed. The highest efficacy
against S. aureus biofilm was measured on Flame B and Flame C coatings, which were able to
inhibit 82% and 80% of biofilm formation respectively, while S. aureus inhibition on Flame A
coating was measured to be about 54%.
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Fig. 8. Biofilm mass quantification obtained by bacterial colony counts from SEM images, relative
to the positive control.

Flame A and Flame B coatings are characterized by a similar surface morphology in terms of
grain size and roughly the same surface roughness. Therefore, the measured trend of the
antimicrobial activity is likely to be related to the size of the particles producing the coating layers,
suggesting the existence of an optimal size range for the maximum antibacterial efficiency. It has
been already reported that in different photocatalytic processes an optimal particle size in the
nanoscale exists for pure TiO2 systems [40, 44-46]. According to some literature data this value lies
around 10 nm [40], although other authors claimed an improved activity for particles below such
value [45, 46].
Antimicrobial properties of TiO2 are strictly related to its photocatalytic activity [47-48].
Differently from photoinduced wettability, the effect of activated TiO2 against bacteria proliferation
occurs through ROS generation. Photogenerated electron and hole pairs, which are diffused towards
the surface of TiO2 particles, can take part into different chemical reactions if interfacial charge
transfers are faster than recombination processes [40]. Unlike the mechanism responsible for
wettability, holes react with the adsorbed water molecules to produce hydroxyl radicals OH, while
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electrons participate to reduction processes with molecular oxygen producing superoxide anions
O2− [42, 49]. Such species are responsible for bacterial inactivation through oxidative damages [50]
since they are able to damage the outer membrane and the cytoplasmic membrane of
microorganisms and eventually to degrade essential cellular components leading to cells death [48].
It has been already reported that reducing particle size towards the nanoscale results in an initial
increase of the photocatalytic efficiency due to the higher photonic efficiency from a higher
interfacial charge carrier transfer rate [40, 44]. However, beyond a certain size reduction (depending
on several parameters such as synthesis process, crystallinity, etc.) this effect is outweighed by the
increased surface hole/electron recombination process, which becomes prevalent, thus decreasing
the photocatalytic activity [40, 44]. Therefore, we can speculate that differently from Flame A,
particles produced in Flame B and in Flame C lie in the optimal size range for the maximum
photocatalytic efficiency and antibacterial activity [40, 44-46]. However, the antibacterial activity
can be also influenced by other complex mechanisms, such as bacterial adhesion on film surface
governed by biosurface interaction [51], which need to be deeply investigated. It is worth to note
that the exact dynamics of surface recombination and the role played in the photocatalytic activity
of TiO2 nanoparticles are still debated [52], as well as the theory supporting the evidence of the
existence of critical sizes for photoactive anatase [53]. Further work is needed to isolate the effect
of primary particle size from the effect of film properties on both hydrophilicity behavior and
antimicrobial activity of our coating layers.
Flame B coatings possess the highest bactericidal activity, together with an almost
superhydrophilic character, both photoactivated even under ordinary light radiation in standard
room illumination conditions. The combination of such properties, occurring simultaneously on the
same surface, widen the application of flame-synthesized titania layers made by 7 nm pure anatase
particles as an excellent self-cleaning and self-disinfecting coating material for the sanitization of
environmentally contaminated surfaces in indoor and outdoor buildings [54, 55].

4. CONCLUSIONS
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The use of a highly controllable and tunable technique for the production of a nanostructured TiO2
coating film on aluminum substrates has been reported. This method, based on the combination of
aerosol flame synthesis and direct thermophoretic deposition, provides a fine control over particle
size and crystalline phase, as well as film morphology. The produced nano-titania layers showed a
high hydrophilic character and high antimicrobial activity against Staphylococcus aureus biofilm
formation under ordinary light radiation in standard room illumination conditions. Both
hydrophilicity and antimicrobial activity have been seen to depend on the dimension of the primary
particles composing the coatings, even if the mechanisms governing the antibacterial activity and
the hydrophilic behavior need further investigations to be fully understood. The optimal properties
of the TiO2 nanoparticles forming the titania layers have been identified to produce coatings that,
even under ambient light irradiation, are nearly super-hydrophilic and highly bactericidal. These
coatings are of interest for potential applications as self-cleaning and self-disinfecting material.
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