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A modification of textile material with a titanium dioxide coating, applied with the help of radio frequency
plasma enhanced chemical vapor deposition (RF PECVD) technique, is reported. In this procedure, titanium
(IV) chloride was used as a source of titanium, oxygen was supplied in the form of O2 gas, and a cotton fabric
served as a substrate. Coating morphology was studied using scanning electron microscopy (SEM), with
images of each sample being recorded three times: directly after deposition (a), following routine washing
with a detergent solution (b) and after eighteen month long storage under ambient conditions (c). SEM studies
reveal a strong dependence of the coating quality on the RF power of deposition. This parameter of plasma-
chemical modification of the fabric also substantially affects its mechanical properties.
The photocleaning effect of the coatings was studied by following the changes of color intensity of stain spots
of red wine, red beet juice and methylene blue dye on the fabrics, during their illumination with ultraviolet
(UV) light. Similarly to the coating morphology, the intensity of this effect substantially depends on the RF
power of deposition.
Finally, water wettability of the investigated materials was studied using a qualitative contact angle analysis.
The results show that, following its deposition with a TiO2 film, a hydrophilic cotton fabric becomes strongly
hydrophobic. However, when illuminated with UV light, the water wetting properties of the TiO2 coated
material return to highly hydrophilic (superhydrophilic effect).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

First products making use of a photocleaning effect were self-
cleaning paints, designed for both building interior and exterior, and
commercialized over a decade ago [1–3]. Today, there are numerous
reports dealing with self-cleaning surfaces, but the majority of these
publications still concern materials used in the construction industry
[4–7]. On the other hand, an excellent potential target for photocleaning,
UV protection and antimicrobial effects is comprised of textile mate-
rials [7,8]. Special purpose clothing, especially that endangered by
staining with heavy contaminants such as soot, oils or lubricants, is a
good example. This is particularly important in the case of textile products
that are either exploited outdoors or are not capable of washing (due
to their size or water and/or detergent sensitivity). The latter case pri-
marily concerns textiles (knitted, woven or rarely nonwoven) used in
the public interior design in the form of curtains, blinds, roller blinds
or external sunshades [8,9].

A way to self-cleaning textiles, perceived by many researchers, is
an application of a titanium dioxide (TiO2) coating [10–12]. Among
many useful properties, TiO2 is characterized by high refraction coeffi-
cient [13], absorption in the UV range [14], strong photocatalytic effect
[15] and biological inertness [16]. Therefore, it is used in numerous
applications ranging from food additives and white paint pigments to
antireflective coatings and MOSFET dielectric layers [16].

The photocatalytic effect, exhibited by titanium dioxide, is a conse-
quence of its semiconductor nature. The bandgapwidth of TiO2 crystal-
lographic form of anatase amounts to 3.2 eV and it is somewhat lower
for rutile (3.0 eV) [17]. Both polymorphs show a bactericidal effect
[18–21], an oxidizing effect [22–25], and a superhydrophilic effect
[26–29], all having strong potential for commercial applications. Re-
cently, we have demonstrated that the above phenomena are also
exhibited by amorphous TiO2 coatings, deposited on flat surfaces
from TiCl4 using the RF PECVD technique [30–32].

As far as processing textile materials with titanium dioxide is
concerned, it has been shown that a coating of TiO2 nanoparticles
substantially improves the UV protective properties of polyamide
and wool fabrics [9,33]. A manufacture of functional textile products
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by an application of nanoparticles is usually carried out in a two-stage
process. First, a substance of nanoparticles of a desired size, protected
from their aggregation, has to be prepared. In the second stage the so
formed nanosubstance is deposited onto a textile product (knitted,
woven or nonwoven) in the form of emulsion, dispersion or foil,
with the use of such fabric finishing techniques as spraying or coating.
An introduction of nanoparticles at the formation stage of chemical
fibers is also practiced [34,35]. However, although TiO2 itself is
known to be biologically inert, there is a serious risk that nanoparticles
of dimensions between 10 and 100 nm may be harmful to human
organisms, independent of their composition [36]. Therefore, the intro-
duction of such nanosubstances onto textile surfaces could be consid-
ered hazardous, particularly in view of the fact that over 50% of the
nanoparticles disappear after the first cycle of washing. This is the rea-
son why the above technologies are possibly better suited for the
manufacture of disposable products such as self-adhesive dressing,
for example.

Another possibility is the deposition of a thin TiO2 film. For that
purpose, the sol–gel method is most frequently used [4,6,10]. Unfortu-
nately, this technique requires thermal treatment of the pre-deposited
sol, which in the case of textile substrates often leads to the degradation
of the fiber. In addition, a problem of a coating thickness and composi-
tion inhomogeneity arises and this affects the product quality. Another
limitation of the sol–gel method is a requirement of a good adhesion of
a coating to the fiber.

A thin film technique, which enables deposition at nearly ambient
temperatures, and assures both high quality and excellent adhesion
of the coating, is a radio frequency plasma enhanced chemical vapor
deposition (RF PECVD) method. However, this method is not very fre-
quently used in the case of fiber or textile substrates. Low temperature
plasma techniques aremore often applied for fiber surfacemodification
by means of grafting functional groups [37]. The aim of the present
work is to use the RF PECVDmethod to place a titaniumdioxide coating
onto the surface of a cotton woven fabric. In particular, such conditions
of the deposition process are sought which assure deposition of a good
quality coating withstanding washing, and a storage over a prolonged
period of time.

2. Materials and methods

2.1. Materials

Raw, non-colored cotton fabric, of a plain weave, was used as
a substrate. Materials used in the PECVD process comprised liquid
titanium (IV) chloride TiCl4 (Aldrich, high grade purity) as a source
of titanium and gaseous O2 (Linde Gas, purity 99,999) as a source of
oxygen. In addition, argon (Linde Gas, purity 99,999) was used as a
carrier gas for the TiCl4 vapors.

As far as the of titanium source is concerned, TiCl4 was selected for
two reasons. First, it is its high value of saturated vapor pressure
which makes supply and dosing of this precursor relatively easy and
controllable. Secondly, our own experience has shown that high quality
thin films of very good photocatalytic properties can be synthesized
using this compound [30–32].

2.2. PECVD reactor and process parameters

The deposition of thin TiO2 films onto cotton fabric was realized in
a parallel plate plasma reactor, described in detail elsewhere [30]. The
main part of this reactor is the deposition chamber comprised of two
parallel plate electrodes, separated with a ring of glass. The upper
electrode remains on the ground potential and forms the chamber's
cover. It is through the shower construction of this electrode that
the mixture of working gasses (argon carried TiCl4 vapor and oxygen)
is introduced into the deposition chamber. The input flow rates of gas-
eous species (oxygen and argon) are controlled using MKS Baratron

type 1179A flow controllers while the flow rate of TiCl4 vapors is
regulated indirectly, by adjusting the flow rate of the argon carrier
gas and the temperature of the bubbler. The lower electrode is electrically
isolated from the rest of the equipment and it is powered with an RF
field of 13.56 MHz, supplied from the RF generator (RFPP 13.56 MHz
Power Supplies model RF 5S) through a self-designed matching net-
work. Cotton fabric substrates are placed directly on the surface of this
electrode. Gaseous byproducts of the deposition process are removed
by the equipment pumping system and collected in this system's liquid
nitrogen cold trap.

Before deposition of a TiO2 coating, the surface of the fabric had
been etched with oxygen plasma for 3 min at 100 W of RF power.
The subsequent deposition process lasted 45 min and was performed
at one of the three different power levels of 100, 200 and 300 W. As
far as the input rates of the working species are concerned, the empir-
ically established flow rate of oxygen amounted to 40 sccm, with the
criterion being the quality of the coatings. At oxygen flow rates higher
than 50 sccm no solid films were formed. Coatings deposited at
50 sccm of O2 had in their composition far removed from that of TiO2,
while those synthesized at flow rates lower than 40 sccm were loose
and contaminated with powder products. The empirically established
flow rate of argon carrier gas amounted to 2 sccm, while temperature
of the TiCl4 container was kept at 0°. With the input rates of working
media established at the above levels, the system pressure during the
deposition was equal to approximately 400 mTorr.

2.3. Color change assessment

The color assessment was carried out in accordance with the fol-
lowing standard: PN-EN 20105-A03:1996 Textiles – Tests for color
fastness – Part A03: Gray scale for assessing staining. A contrast
between a sample of non-modified textile and that of a TiO2 coated
textile was measured. For that purpose, both samples were posi-
tioned in the same plane and in the same direction with respect to
their weave. In the same plane, stain assessing gray scale was placed.
The scale has five levels and consists of five couples of neighboring
fields. The highest level 5 corresponds to a couple of identical fields
(no contrast). Contrast observations between textile samples were
performed under standard conditions.

2.4. Microscopic investigations

Morphology of the coatings was investigated with the scanning
electron microscopy (SEM) technique, using a Hitachi S 3000N elec-
tron microscope. Each sample was subjected to observation for three
times: first directly after deposition, then following routine washing
and finally after 18 months of storage in ambient conditions. Washing
was performed in a commercial Ariston AVG-12 washer of an A class
and amaximum load of 5 kg. For this purpose, 2 g of each textile sample
together with 4.5 kg of cotton textiles as adjacent fabrics were washed
at 40 °C for 30 min using approximately 80 ml of a commercial wash-
ing powder. As far as textile storage is concerned, in this study ambient
storage conditions indicate temperature in the range 21–25 °C, humid-
ity in the range 30–60% and average day sun exposure, depending on
the season of the year.

2.5. Mechanical properties

Textile samples of 25×120 mm, cut in a direction perpendicular to
the factory edge, were subjected to tensile strength measurements
according to the PN-EN ISO 13934-1 standard. The testingwas performed
using an INSTRONmodel 4204 tensile test machineworking at a rate of
100 mm/min with the initial distance between the clamps equal to
100 mm. Maximum load and elongation at break were determined
for a non-modified sample and for samples TiO2 coated at 100, 200
and 300 W of RF power, respectively.
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