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Abstract

This study aims at understanding the effect of photoreduction process during the synthesis of
gold (Au)-doped TiO; colloids on the conferred functionalities on cotton fabrics. TiO2/Au and
TiO2/Au/S10; colloids were synthesised through the sol-gel method with and without
undergoing the photoreduction step based on different molar ratios of Au:Ti (0.001 and 0.01)
and TiO2/Si10; (1:1 and 1:2.3). The colloids were applied to cotton fabrics and the obtained
photocatalytic self-cleaning, wet photocatalytic activity, UV protection, and antibacterial
activity against E. coli and S. aureus bacteria were investigated. The obtained results
demonstrated that the photoreduction of Au weakened the self-cleaning effect and reduced the
photocatalytic activity of coated fabrics. Also, an excess amount of Au deteriorated the
photocatalytic activity under both UV and visible light. The most efficient self-cleaning effect
was obtained on fabrics coated with ternary TiO2/Au/SiO:z colloid containing ionic Au where
it decomposed coffee and red-wine stains after 3h of illumination. Adding silica (S102) made
the fabrics superhydrophilic and led to a greater methylene blue (MB) dye adsorption, faster
dye degradation pace, and more-efficient stain removal. Moreover, the photoreduction process
affected Au nanoparticles (NPs) size, weakened the antibacterial activity of fabrics against both
types of tested bacteria, while modestly increased the UV-protection. In general, the
photoactivity of Au-doped colloids was influenced by the synthesis method, ionic and metallic

state of Au dopant, the concentration of Au dopant, and the presence and concentration of silica.
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1. Introduction
The implementation of the self-cleaning technology in textiles has been realised based on two
main mechanisms including superhydrophobic coatings ! and photocatalytic nanocoatings 2.
For the latter mechanism, a thin layer of photocatalytic nanomaterials such as titanium dioxide
(TiO») 3, zinc oxide (ZnO) *, and graphitic carbon nitride nanosheets (g-C3Na) ° is applied to a
textile substrate and then immobilised via different techniques. The photocatalytic nature of
the nanocoatings breaks down the adsorbed organic contaminants such as stains and
microorganisms into harmless products under light irradiation ®. For this type of nanocoatings,
hydrophilicity is an advantage as it can boost the photocatalytic activity which results in an
enhanced self-cleaning property ”-®. Among different types of photocatalysts, TiO> has widely
been used in surface functionalisation of textiles through different methods such as sol-gel,
sonication, hydrothermal, and cross-linking on various types of fabrics including cotton, wool,
polyester, cashmere, and silk, among others °. Despite having numerous advantages such as
abundance, low-cost, photostability, and non-toxicity, TiO> has some intrinsic disadvantages
which have limited its applications '® !, For instance, pure TiO> can only harness the energy
of ultraviolet (UV) light, which accounts for around 4% of the solar spectrum, due to its wide
band gap * '°. TiO: can absorb incident light with energy equal or greater than its band gap (3.2
eV for anatase TiO) leading to the excitation of electrons from the valence band (VB) to the
conduction band (CB) !2. This process generates pairs of electrons (¢7) and holes (h*) which
can react with oxygen and water molecules producing superoxide anions (0" ) and hydroxyl
radicals (OH"), respectively '*. These reactive species react with organic compounds, breaking
them down to nontoxic or colourless products such as water and carbon dioxide molecules '*
14 Rapid recombination of generated electrons and holes is another drawback of TiO2 which

results in a low photocatalytic yield '°. Therefore, several factors such as particle size, bandgap,



crystallinity, surface area, interface characteristics, and the rate of recombination of electron-

hole pairs determine the overall photocatalytic activity of TiO2 NPs > !,

Different methods such as doping with metals and non-metals, ion-doping, dye sensitisation,
and coupling of semiconductors have been used to enhance the photocatalytic activity of TiO»
and shift its activation threshold to the visible-light region ' 1. These methods are efficient
based on different mechanisms. For instance, through modifying TiO> with noble metals such
as gold (Au) and silver (Ag), the photocatalytic activity can be enhanced through reducing the
recombination of photogenerated electron-hole pairs, and providing a surface plasmon
resonance (SPR) effect '°©. To this end, various methods such as sol-gel,
hydrothermal/solvothermal, impregnation, ion exchange, and photoreduction (photo-
deposition), have been used to synthesise modified TiO, NPs!® 7. Of these methods, the
photoreduction process, which is carried out under UV irradiation, has frequently been used,
mostly because of its convenient use at room temperature, high efficiency, not involving
chemicals, and uniform distribution of metal dopants in the supporting matrix '® '3, During the
illumination process, light-induced electrons from TiO2 can react with metal precursors

forming metallic nanoparticles.

The application of pure and modified TiO2 NPs and colloids in surface modification of textiles
has widely been investigated %, For instance, the surface of wool fabrics was treated with
commercial TiO> powder (P-25) and different characteristics such as photo-induced

123

hydrophilicity %!, photo-yellowing ?*, stain-removal >, and anti-shrinkage 2* properties were

explored. P-25 nanoparticles immobilised on the surface of fabrics using cross-linking agents

d 2% citric acid %, maleic acid %%, succinic acid %/,

such as 1,2,3,4, butane tetra carboxylic aci
and 1,2,3 propane tricarboxylic acid ?’. TiO, nanocoatings developed via the sol-gel method
has also been reported, forming thin coating layers on fibres 2. There are several reports on the

synergistic impacts of Au dopants on photocatalytic activity of doped TiO; on textiles. Uddin
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et al. ¥ developed Au/TiO; coatings on cotton fabrics through a three-step treatment including
synthesis of TiO> colloid, immersing the fabric into 0.001M HAuCls solution, and 30 min
irradiation (50 mW/cm?, 295-3000 nm). A faster degradation of methylene blue (MB) dye was
obtained under simulated sunlight; however, no actual test on the self-cleaning property of
fabrics especially under visible light was conducted. Abdi et al 3 chemically reduced Au NPs
on the surface of cotton fabric and then coated with a layer of anatase TiO>. They reported
enhanced photocatalytic discoloration of Remazol Blue dye solution in the presence of TiO2/Au
coated cotton fabric under a xenon light source. They reported that the order of surface
treatment of fabric was effective on the overall photocatalytic activity where for the sample
which was initially treated with TiO; and then post-treated with Au precursor, a weaker
photocatalytic activity was observed *°. Pakdel et al " 3? synthesised metal-doped TiO> and
TiO2/Si02 colloids without using any photoreduction and applied to the surface of wool and
cotton fabrics. It was demonstrated that an optimum amount of metal dopants such as silver
(Ag), platinum (Pt), and Au enhanced photocatalytic self-cleaning activity under both UV and
visible light 3> 33, The photoreduction method has been used for developing TiO> colloids
modified with noble metals for textile applications. For example, Moridi-Mahdieh et al. **
prepared Ag/TiO> (Ag/P-25) impregnating bath through a photoreduction method and used it
for the treatment of polyester/cotton fabric via a dip-pad-dry-cure method. A significant
improvement in the discoloration of treated fabrics was observed where the MB stain was
removed from the fabric surface after 24 h exposure to sunlight. Montazer et al * synthesised
Ag/TiO2 nanocomposites via the photoreduction process and used it as an enhanced
antimicrobial agent on wool fabric. The coated wool fabric showed superior antibacterial

activity against S. aureus and E. coli bacteria.



Although there are numerous publications regarding the development of visible-light active
nanocoatings on textiles, developing self-cleaning and antibacterial textiles using Au-doped
TiO: colloids has rarely been reported. Further research is also required to elucidate the effect
of the photoreduction process on the novel functionalities resulted from Au-doped TiO:
coatings. Moreover, the synergistic effects of Au dopants with silica and its superhydrophilic
effect on different characteristics of fabrics warrant further investigations. To address these
drawbacks, this research investigates the effect of the synthesis approach of Au-doped TiO»
colloids on the functionalities of cotton fabrics coated with TiO2/Au and TiO2/Au/SiO>
colloids. Au was used as a dopant due to its high efficacy in improving the photocatalytic
property of TiO, providing SPR effect, easy synthesis process, and biocompatibility, among
others '7-3¢. The roles of several factors such as the photoreduction process, concentration of
Au dopant, and the presence of silica on different properties of fabrics such as self-cleaning
property under UV and visible light, antibacterial activity against S. aureus and E. coli bacteria,
water absorption, and UV protection are discussed. Moreover, the surface characteristics of

fabrics are studied using XPS, FTIR, SEM, and EDX techniques.

2. Experimental

2.1. Materials and chemicals
A 100% plain weave cotton fabric with the fabric mass of 135 g/m?, and warp and weft linear
densities of 34 and 37 tex, respectively, was used as substrate. The number of warp and weft
yarns in the structure of fabric was 32 and 25 threads/cm, respectively. Titanium tetra
isopropoxide (TTIP) 97% and tetra ethylorthosilicate (TEOS) 98% were used as the precursors
of TiO; and SiO», respectively (Sigma-Aldrich). Gold (III) chloride trihydrate (HAuCls-3H>O)

99.9% was purchased from Sigma-Aldrich and was used as the precursor of Au NPs.



2.2. Synthesising TiO: and TiO2/Au colloids
All colloids were synthesised through a low-temperature sol-gel method as reported earlier **
37, 5% TiO; sol was synthesised through the reaction of TTIP (12.5 ml) with the mixture of
acetic acid (12.5 ml) and water at 60°C. After mixing the solution, 1 ml nitric acid (HNOs3,
70%) was added to the solution and the transparent sol was stirred for 2 h at 60 °C. TiO2/Au
colloids were synthesised by adding a predetermined amount of metal precursor to the mixture.
Two concentrations of gold precursor based on the molar ratios of Au:Ti: 0.001 and 0.01 were
utilised in synthesising the sols. To be more concise, the terms of Au 0.001 and Au 0.01 will
be used throughout this paper for the used concentrations of Au dopant. After adding HNO3
into the mixture, the solution was stirred at 60°C for 2 h to obtain a transparent colloid.
TiO2/Au/Si0O2 colloids based on molar ratios of TTIP:TEOS 1:1 and 1:2.3 were prepared
through adding SiO: sol to the TiO2/Au colloid followed by 1 h mixing at room temperature.
The Si0; sol was produced by adding TEOS in acidic water (pH=3) with a molar ratio of 1:20,
followed by mixing for 2 h at room temperature. Two colloids were synthesised for each
formulation, one of which was exposed to UVA for 1h to obtain the photoreduced colloid. The
colloids which were prepared without photoreduction step and contained ionic gold were
named as ionic-gold-doped (iGD) colloids, while the photoreduced ones were labelled as PR-

colloids as listed in Table 1.

Table 1: The list of binary TiO2/Au and ternary TiO2/Au/SiO; colloids

Ionic-gold-doped (iGD) colloids Photoreduced (PR)-method
1 TiO2/Au 0.001-i1GD 7 TiO2/Au 0.001-PR
2 TiO2/Au 0.01-iGD 8 TiO2/Au 0.01-PR
3 1/0.001/1-iGD 9 1/0.001/1-PR
4 1/0.01/1-iGD 10 1/0.01/1-PR
5 1/0.001/2.3-iGD 11 1/0.001/2.3-PR
6 1/0.01/2.3-iGD 12 1/0.01/2.3-PR




2.3. Surface coating of fabrics
The synthesised colloids were applied to cotton fabrics via a dip-pad-dry-cure process ¢, First,
all cotton fabrics were scoured in the washing bath containing 2g/1 detergent (Kieralon F-OL-
B) in a liquid to fabric ratio of 50:1 at 40°C for 20 min in order to remove the surface impurities
and wax. Dry samples were immersed into the prepared colloids and then padded with an
automatic horizontal padding machine with a rotating speed of 7.5 rpm with the roller’s nip
pressure of 2.75 kg cm 2. The coated fabrics were then neutralised with the fume of ammonia
hydroxide 25% obtaining pH=7 on the fabrics. The drying process was carried out at 80°C for
5 min in an oven. The fabrics were cured at 120°C for 2 min to fix the applied nanoparticles

on fabrics surface °.

2.4. Self-cleaning test
Cotton samples were stained with 1 pL concentrated coffee and red-wine stains and exposed
to UVA and visible light irradiation **. The UV-induced self-cleaning was tested under nine
BLB bulbs of Philips TL-D 18 W with the maximum A at 370 nm. The visible light was
produced using a suntest solar simulator (Heraeus Suntest Solar CPS) fitted with a xenon arc
source and equipped with a glass filter which cut out the UV part of the solar spectrum and
generated light with a peak intensity at A=470 nm *. The photographs of the fabrics were

recorded after 3, 6, and 10 h of irradiation period.

2.5. Wet photocatalytic activity
g of coated fabrics was cut into 1 cm x1 cm pieces and added to a beaker containing 25 ml
MB solutions (10 g/l, pH=1) *2. Fabrics were mixed for 1 h in dark before irradiation to achieve
adsorption-desorption equilibrium. The samples were irradiated under UVA and visible light
sources while stirring. The UVA light was produced using the same set-up explained above
and the visible light was generated by nine white, fluorescent lamps (Philips 30 W). The
concentration of MB dye at different intervals was measured (C;) using UV-vis
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spectrophotometer (Varian-carry 300) and the dye concentration change compared with the
initial dye concentration (Co) was calculated based on Eq. 1. Moreover, the photocatalytic

31, 40

degradation kinetics were analysed based on pseudo-first (Eq 2) and pseudo-second

order*! (Eq 3) kinetic equations.

Dye degradation (%) = [(Co-Cy)/Co]*100 (Eq.1)
-In (Cy/Co)=kit (Eq 2)
1/C= 1/Cotkat (Eq 3)

where ki and k> were reaction rate constants of dye degradation process based on pseudo-first

and pseudo-second order kinetic models, respectively.

2.6. Antibacterial test
Antibacterial activity of fabrics was assessed against Gram-negative Escherichia coli (E. coli)
and Gram-positive Staphylococcus aureus (S. aureus) bacteria based on AATCC 100-2004 test
method *2. Fabrics were cut circular with a diameter of 48 mm and sterilised under UV light
for 45 min. The bacterial suspension with the concentration of 1 x 10° colony forming units
(cfu)/ml was prepared by adding microorganisms into tryptic soy broth. Each fabric was put in
a sterile gamma container and 1 ml of bacteria inoculum was added followed by incubation at
37 °C for 24 h. Next, 100 ml of normal saline was added to each container followed by vigorous
shaking, and then 1 ml of the prepared solution was cultured in petri-dishes containing tryptic
soy agar medium. The petri-dishes were incubated at 37 °C for 24 h and then the growth rate

of bacteria colonies in each agar plate was observed and their photographs were recorded.

2.7. Washing fastness test
The washing fastness test was carried out using a laundry machine Ahiba IR Pro-dying machine
(USA) based on the AATCC 61-2010 standard test method. Each piece of cotton fabric (10

cmx5 cm) was washed in separate canister of laundering machine in the presence of 200 ml
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water containing 0.35% detergent and 10 steel balls at 40°C for 45 min. The washed samples
were rinsed thoroughly with distilled water and dried in an oven at 50°C for 1h and kept in the
laboratory for 12h before characterisation. The changes of UV-transmittance as well as UPF

values of cotton fabrics were used to analyse the stability of nanoparticles applied to fabrics.

2.8. Characterisation techniques
The surface morphology and elemental analysis of fabrics were analysed using scanning
electron microscopy (SEM) images and the energy dispersive X-ray (EDX) spectra using Zeiss
Supra 55VP (Germany). High magnification images were taken using the same instrument
using the In-Lense detector using 5 kV at the working distance of 3 mm. The surface of coated
fabrics was characterised using X-Ray Photoelectron Spectroscopy (Thermo Fisher Scientific
Nexsa) technique, and atomic ratios of detected elements on the outer surface of coatings were
calculated. Fourier transform infrared spectroscopy (FTIR) analysis of samples was conducted
using a Varian 1000 (Australia) instrument equipped with an attenuated total reflectance (ATR)

accessory.

UV protection factor (UPF) of cotton fabrics was measured using a spectrophotometer (UPF
and UV Penetration/Projection Measurement System, Model: YG902, China) according to the
AS/NZS4399 standard **. The UPF values and UV transmittance rates in UVB and UVA
regions were automatically calculated by the instrument. This test was conducted at least six

times on different spots of each sample and the average values were reported.

The UV-vis reflectance spectra of fabrics were measured using a Carry 5000 UV-VIS-NIR
spectrophotometer equipped with a diffuse reflectance accessory over 200-800 nm wavelength

range.

WCA on fabrics was measured using KSV CAMI101 instrument. The measured WCA was

recorded at 0.2s after depositing the droplets on fabrics.
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The band gap energy of all doped TiO> colloids was calculated using the Tauc relation based

on the plot of (ahv) 2 vs. hv according to Eq 4 *+ 4.
(a.hv)=A (hv-Ey)'? (Eq. 4)

where a was the energy-dependent absorption coefficient, hv was the incident photon energy,

E; was the band gap energy, and A was constant.

3. Results and discussion

3.1. Optical properties of colloids
UV-Vis absorption spectra shown in Figure 1 demonstrate the role of photoreduction process
on the appearance of SPR peak of Au NPs. For TiO2/Au-iGD colloids, which did not go through
the photoreduction stage, no SPR peak was observed indicating the absence of metallic Au NP
in the synthesised colloids % 7. However, after 60 min of exposure to UVA, SPR peaks
appeared at A=545 and A=570 nm for colloids containing Au 0.001 and 0.01, respectively. The
addition of silica did not show a noticeable effect on the development of SPR peaks during the
photoreduction stage and the peaks centered at the same maximum A positions. However, the
presence of silica in general enhanced the visible light absorption of colloids. This observation
was consistent with the previous findings *%. The concentration of HAuC14 was effective on
the position of the SPR peak due to its influence on forming Au NPs with different particle
sizes. For instance, the SPR peaks in PR-colloids which contained Au 0.001 as dopant appeared
at shorter wavelengths, indicating the smaller particle sizes of the formed Au NPs. The photo-
induced electrons from TiO> played a key role in reducing Au** ions into metallic Au NPs (Eq
5-9). Under UV irradiation, TiO, generated pairs of electrons and positive holes where the
electrons moved to the surface of TiO» and either reacted with the surrounding AuCls ions or
recombined with positive holes. AuCls ions then were transformed into Au state and

deposited as metallic Au NPs on the surface of TiO; after aggregation *°.
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Figure 1: UV-Vis spectra of a) TiO2/Au colloids, b and c¢) Ti02/Au/Si0; colloids before and

after photoreduction process

TiO> thv> h™ + ¢ (Eq.5)
AuCls+ e > AuClz+ CI° (Eq.6)
2AuCly> AuCly + AuCly (Eq.7)
AuClL+ e > Au’+ 2CTI (Eq.8)
nAu’> (Au’), (Eq.9)

The band gap energy of Au-doped samples was calculated (Figure S1). The band gap energy
of a semiconductor such as TiO; indicates the energy required for triggering its photocatalytic

activity *. Pure TiO, synthesised through the sol-gel method had a band gap energy of 3.10
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eV. It was found that the concentration of HAuCl4, and the synthesis method both determined
the band gap energy of TiO2/Au nanocomposites. Through doping TiO> with ionic Au 0.001,
the band gap energy reduced to 3.05 eV indicating the introduction of Au impurity levels into
the lattice of TiO2 which led to modifying the band gap *®. This can shift the activation threshold
of TiO2 NPs to longer wavelengths and visible region. However, the band gap of TiO2/Au 0.01-
PR was calculated to be around 3.11 eV which was even slightly larger than that of original
TiO,. The addition of silica to the system increased the band gap and did offset the effect of
ionic Au 0.001 dopant in shortening the band gap (Table S1). The observed blue shift in the
UV-vis spectra can be related to the effect of silica addition on reducing the aggregation of
TiO2 and TiO2/Au NPs in the synthesised colloids. Our previous research showed that
Ti02/Si02 nanocomposites in general had a smaller crystallite size than pure TiO2 *°. This can
result in a band gap increase based on the quantum size effect of semiconductors ** 4.
Moreover, it has been reported that the existence of Ti—O—Si bonds in the structure of TiO2/Si0>

nanocomposites, can result in a blue shift in the calculated band gap energy *°. This

phenomenon can justify the observed larger band gap of TiO2/Au/SiO2 nanocomposites.

3.2. In-situ reduction of Au ions on fabrics
The synthesised colloids were applied to cotton fabrics via a dip-pad-dry-cure process and the
effect of photoreduction process on characteristics of fabrics was investigated (Figure 2). One
of the influenced aspects was the colour of the treated fabrics which changed depending on the

concentration of ingredients in the colloids, and the synthesis method of colloids.
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Figure 2: Schematic illustration of synthesis of Au-doped colloids and treatment of fabrics

A severe colour change was developed in cotton fabrics after treatment with colloids containing
Au 0.01 as dopant. The colour change was stronger on fabrics treated with ionic colloids
compared with the samples treated with photoreduced colloids (Figure 3a). This phenomenon
can be related to the in-situ reduction of Au ions into Au NPs on the cellulosic substrate due to
the existence of abundant hydroxyl groups on cotton structure which acted as reducing agents
for Au salt °>32. Under this condition, Au>* ions were transformed to metallic Au’ on the surface
of cotton fibres °2. The more noticeable colour changes of cotton fabrics treated with ionic
colloids can be related to the formation of different shapes, sizes and quantity of nanoparticles
on cotton fibres compared with the samples treated with the photoreduced sols. Also, it is
plausible to say that ionic colloids contained higher concentrations of Au** ions compared with
the photoreduced colloids, since during the UV irradiation period a portion of Au®" ions already
transformed to Au’, resulting in a milder colour change on fabrics. The green method of in-situ
reduction of Au ions into metallic Au NPs using cellulosic materials has already been reported
and it is considered as a method which can obviate the need for using toxic reducing agents
such as sodium borohydride (NaBH4), sodium citrate (NazC¢Hs07), and hydroxyl amine
hydrochloride (HONHz-HCI) °!. To better clarify the role of cellulosic substrate on inducing
the in-situ reduction, the synthesised TiO2/Au 0.01-iGD and TiO»/Au/SiO> 1/0.01/2.3-iGD

colloids were applied to wool fabrics, and no colour change in fabrics was observed (Figure
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S2). The presence of Au NPs on the surface of cotton changed the diffuse reflectance spectra
of fabrics (Figure 3b and c). All coated fabrics, regardless of the concentration of Au and silica,
showed a lower reflectance than pristine cotton over the UV region (A<400 nm) which was due
to the intrinsic UV absorption behaviour of TiO> NPs 3. Fabrics coated with ionic colloids
showed lower light reflectance over visible wavelength region compared with their
photoreduced counterparts due to the existence of a higher amount of Au NPs on fibres.
Moreover, it was noticed that the presence of silica increased the reflectance over the visible

region which was consistent with the brighter colour of corresponding fabrics.
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Figure 3: a) Photographs of cotton fabrics coated with Au-modified colloids, b) Diffuse
reflectance spectra of cotton fabrics coated with colloids containing b) Au 0.01 and ¢) Au

0.001 as dopant.

3.3. Surface analysis
The elemental composition of applied coatings on the outer surface of fabrics was assessed
(Figure 4). Four samples including pristine cotton, and coated with TiO2/Au 0.01-PR, 1/0.01/1-

1GD, and 1/0.01/2.3-iGD colloids were tested. In pristine cotton sample, only atoms of oxygen
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(Ols) and carbon (C1 s) were detected. After applying binary and ternary colloids, the peaks
related to Ti 2p and Si 2p appeared showing the successful coverage of fibres surface (Figure
4a-d). Based on the obtained high-resolution spectra of the fabric coated with TiO2/Au (Figure
4e-1), the elements of Ti, O, C, and Au were detected. The peaks related to Ti 2p32 and Ti 2pi2
appeared at 458.78 eV and 464.58 eV, respectively which are in good agreement with literature
>4 These peaks corresponded to Ti** bonds and proved the existence of TiO; on the surface >°.
The detected Au 4f7» peak at 83.3 eV confirmed the presence of metallic Au clusters on the
coated surface; however, this peak could hardly be detected on the samples coated with colloids
containing ionic gold *¢. The peak Cls in pristine cotton appeared as two main peaks at 284.78
eV and 286.28 ¢V which were related to C—C and C—H bonds, and C—O bond of cellulose,
respectively /. After applying TiO»-based colloids, the peak intensity at 284.78 eV increased
which can be attributed to the formation of C—C bonds and the acetic acid *. Pristine cotton
showed the Ols peak at 532.68 eV, while two peaks at 530.18 eV and 532.68 eV appeared for
treated fabrics ascribing to TiO>’s lattice oxygen atoms, and surface hydroxyl group (Ti-OH),
respectively >> °%, After adding SiO,, the Ols peak intensity at 532.68 eV sharply increased,
and the peak at 102.88 eV derived from Si-O-Si bond appeared >°. The increase of peak
intensity at 532.68 eV is ascribed to the formation of Si—O-Si and Ti—O—Si bonds, and hydroxyl
groups from the surface ®. The content of elements on some of the samples has been provided

in Table S2.
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Figure 4: XPS survey spectra of a) pristine cotton; and cotton coated with b) TiO2/Au

0.01-PR, ¢) 1/0.01/1-1GD, and d) 1/0.001/2.3-1GD colloids; high resolution spectra of

e) Ti 2p, f) Au 4f, g) C 1s, h) O 1s, and 1) Si 2p.

Figure 5a depicts the proposed mechanism for the attachment of applied coatings to the surface

of cotton. Hydroxyl groups which are abundant in the structure of cellulose (Figure 5b) provide

suitable binding sides for anchoring the applied TiO»-based coatings to the surface °'. Based

on ATR-IR spectra shown in Figure Sc, pristine cotton showed the characteristic peaks at 3300

cm! and 2900 cm!, which were related to hydroxyl groups ( OH) and C-O stretching

vibrations of cellulose ®>. The peaks at 1715 cm™, 1100 cm™ were related to the bending

vibrations of carbonyl groups (C=0), and C—O bonds, respectively 2. Applying the TiO,-based

colloids reduced the peak intensity at 3300 cm™' which was related to bonding of cotton’s

surface hydroxyl groups with the applied coatings. The peaks related to the presence of SiO»
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and TiO overlapped with characteristic peaks of pristine cotton in the range 800-1100 cm™.
The peak intensity at around 1100 cm™ increased after applying the TiO2/Au/SiOz colloid,
ascribing to the asymmetric stretching vibrations of the Si—O-Si, and implying the presence of
silica on the surface of fabric. The small peak at 780 cm™ was related to the symmetric
stretching vibrations of Si—O-Si °, and the shoulder peak appeared at 970 cm™! was due to the

presence of Ti—-O-Si linkage*’.
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Figure 5: a) Proposed mechanism of the interaction of cotton fabric surface with the applied

coatings, b) the structure of cellulose, c) FTIR spectra of coated fabrics

3.4. Effect of coatings on the wettability of fabrics
The application of coatings on cotton fabrics showed different impacts on wettability of fabrics
depending on the ingredients of colloids (Figure 6). Pristine cotton fabric was hydrophilic, and
the deposited water droplet formed the WCA 80.8° after contacting with the surface. This value
increased after applying TiO2/Au colloids implying that the fabrics became hydrophobic
notwithstanding the synthesis procedure. However, after adding silica into colloids, the fabrics
became superhydrophilic and the concentration of silica was important on the extent of

superhydrophilicity. The fabrics coated with colloids containing Ti:Si 1:1 showed an initial
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WCA around 20-30° after depositing the droplets on the surface. But by increasing the
concentration of silica to Ti:Si 1:2.3 ratio, water droplets were instantly spread showing the

superior superhydrophilicity.
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Figure 6: The variation of WCA on fabrics coated with TiO2/Au and TiO2/Au/SiO: colloids

3.5. Photocatalytic self-cleaning property of fabrics
The self-cleaning property of fabrics for the removal of coffee and red-wine stains was tested
under two light sources of UVA and visible light, respectively. As a general trend, it was
observed that the ionic Au-doped colloids showed a better photocatalytic activity in removal
of stains (Figures 7 and 8). The presence of silica significantly boosted the photocatalytic self-
cleaning effect due to its role in providing a better superhydrophilic effect on fabrics, increasing
the surface area in the vicinity of TiO2/Au photocatalysts, and increasing the surface acidity by

creating Bronsted acid sites *®. In addition, our previous research confirmed that Ti0»/SiO>
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colloids harnessed a greater amount of light than pure TiO> even in the visible region which
can contribute to boosting the photocatalytic activity 7%, In a superhydrophilic matrix, more
water molecules are available in the surrounding environment of photocatalysts, and therefore
the photogenerated electrons and holes can generate a greater population of reactive species of
hydroxyl radials and superoxide anions. Moreover, increasing the concentration of silica from

Ti02/S10; 1:1 ratio to 1:2.3 was effective in enhancing the self-cleaning of TiO2/Au colloids
38
Oh 3h 6h 10 h

TiO,/Au 0.001-iGD

TiO,/Au 0.001-PR

TiO,/Au/SiO,
1/0.001/1-iGD
TiO,/Au/SiO,
1/0.001/1-PR
TiO,/Au/SiO,

1/0.001/2.3-iGD

TiO,/Au/SiO,
1/0.001/2.3-PR

Figure 7: Photocatalytic coffee-stain removal on cotton fabrics under UV light
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Figure 8: Photocatalytic red-wine-stain removal on cotton fabrics under visible light

The stain colour removal was obtained because of the photocatalytic activity of TiO2 NPs (Eq
10-18). The self-cleaning performance was greatly affected by the presence of Au dopant and
silica, although the effect of silica was more prominent. The Au dopants in the forms of ionic
(Au*") and metallic (Au®) acted differently in enhancing the photocatalytic activity of TiO2 NPs
(Figure 9). Under visible light irradiation, metallic Au contributed to the self-cleaning effect
based on the SPR mechanism. Au NPs with SPR functionality can excite under visible light
and inject electrons to the CB of TiO.. The transferred electrons along with the created holes
on Au NPs can react with surrounding environment producing reactive species to decompose

3 However, under UV irradiation, the role of Au NPs in reducing the

contaminants
photogenerated electron-hole recombination is effective in enhancing the photocatalytic

activity . The deposited metallic Au NPs create Schottky barriers at the interface with TiO>

easing the capture of generated electrons and therefore reducing the overall electron-hole
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recombination . This is due to the lower Fermi level of Au NPs, easing the transfer of
photogenerated electrons from the CB of TiO> to the deposited Au NPs. This reduces the
recombination of electron-hole pairs which enhances the photocatalytic activity %. The
captured electrons can react with oxygen creating the reactive species to initiate the
decomposition of organic pollutions ®. These synergistic mechanisms boosted the self-
cleaning functionality on the surface of coated fabrics. In addition, the ionic Au contributed to
the photocatalytic self-cleaning by reducing the band gap energy of TiO», enhancing its
responsiveness to longer wavelengths in the visible light region ¢’. Also, Li and Li ©®
demonstrated that the implantation of Au ions into the lattice of TiO2 can result in reducing the
electron-hole recombination due to the formation of new impurity energy level. Figure 9

illustrates the proposed mechanisms of the effects of ionic Au dopant and metallic Au NPs.

TiO2 + hv — hyg" + ecs™ (Eq. 10)
ecs” +hvs" — energy (Eq. 11)
H>0O + hyg+ — «OH + H* (Eq. 12)
O2tecs — Oz (Eq. 13)
*OH + pollutant »—— H>O + CO» (Eq. 14)
Oz +H" — «OOH (Eq. 15)
*OOH + *OOH — H20; + O (Eq. 16)
Oz+— + pollutant »—— CO, + H>0 (Eq. 17)
*OOH + pollutant — CO; + H20O (Eq. 18)
uv
0, } o,

VB

a—-----

Recombination

‘

H

Figure 9: Photocatalytic mechanisms of Au-doped TiO: under visible light and UV
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3.6. Wet photocatalytic activity and dye degradation kinetics
Photocatalytic activity of coated fabrics was quantitatively compared based on the degradation
of MB dye under visible light (Figure 10). The samples were mixed with MB dye solution
before starting the irradiation period. The concentration of control MB solution did not change
during the irradiation period while in the presence of coated fabrics, its concentration dropped
indicating the photocatalytic activity of fabrics. Among three tested set of samples, the binary
TiO2/Au treated fabrics showed the weakest photocatalytic dye degradation which was
consistent with their self-cleaning performance. After introducing silica into the system, the
dye absorption capacity of coated samples increased in relation to the silica content. The
samples which were synthesised based on TiO2/SiO; 1:2.3 ratio showed the largest dye
absorption during 1 h dark mixing step. Interestingly, the samples synthesised through the
photoreduction method showed a lower initial dye uptake compared with the ionic colloid
counterparts. Although their absorption difference was minor, this trend was observed for all
tested fabrics regardless the content of silica. This can be related to the growth of Au NPs inside
the porous structure of TiO2/SiO; which limited the access of dye molecules to the pores and
surface. The largest dye absorption during the dark mixing step was observed on the sample
coated with TiO2/Au/Si02 1/0.001/2.3-iGD colloid which reduced the dye concentration by
52.38%. The same sample showed the best photocatalytic dye degradation performance
through reducing the dye concentration by 76.75%. In terms of photocatalytic activity, the
samples treated with ionic TiO2/Au colloids had a better photocatalytic activity under visible
light compared with the samples treated with colloids synthesised via photoreduction. Using
Au 0.01 as dopant instead of Au 0.001 was not beneficial in improving the photocatalytic

activity notwithstanding the synthesis method.
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Figure 10: Photocatalytic MB dye degradation under visible light with fabrics treated with

colloids containing a) Au 0.001 and b) Au 0.01 dopant

Analysis of dye degradation kinetics showed that the observed photocatalytic MB degradation
was more inclined to be based on pseudo-second-order kinetic (Figure 11 and Table 2). All
fabrics coated with ionic colloids led to a faster MB degradation compared with the samples
treated with photoreduced colloids. This was confirmed based on the higher reaction rate
constants of MB degradation in the presence of fabrics coated with ionic colloids. For instance,
the reaction rate constant value (k) obtained for the fabric treated with TiO>/Au 0.001-iGD
was 0.0283 L.g'".h!, while this amount after photoreduction process decreased by 23.7% to
0.0216 L.g"'.h"!. Moreover, it was found that the dopant with the concentration of Au 0.001 was
more effective than Au 0.01 in enhancing the photocatalytic activity under visible light. For

instance, the sample coated with TiO2/Au 0.001-iGD colloid showed 37.8% more efficient
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photocatalytic activity than the sample treated with the colloid containing higher concentration
of Au, i.e. TiO2/Au 0.01-iGD. It has already been confirmed that in the presence of an excess
amount of metal dopants, metals can reduce the photocatalytic activity of TiO by acting as

recombination centres for the generated electron-hole pairs .

Adding silica significantly contributed to increasing the photocatalytic MB dye removal. As a
main effect, it significantly boosted the initial dye adsorption on fabrics. For instance, mixing
dye with the fabrics treated with TiO2/Au/SiO2 1/0.001/1-iGD and 1/0.001/2.3-iGD colloids
for 1 h in dark, resulted in 44.6 and 52.4% reduction in dye concentration, respectively. This is
while only 34.9% dye removal was observed in the presence of fabric coated with TiO2/Au
0.001-1GD after 1 h mixing in dark. For samples coated with ternary colloids containing silica,
conducting the photoreduction process on colloids slowed the MB degradation and reduced the
ko constant values. The MB degradation for the samples treated with 1/0.001/1-iGD and
1/0.001/1-PR were 68.8% and 55.3% colloids, respectively while their k> values were 0.0348
and 0.0471 based on the second-order kinetic model. Comparing the MB dye removal by
ternary nanocomposites with binary TiO2/Au colloids, it was observed that the overall k> values
were much greater for the samples coated with silica-containing colloids. For instance, the
fabrics coated with TiO2/Au 0.001-iGD and TiO2/Au/Si02 1/0.001/2.3-iGD colloids resulted
in the ko, constant values of 0.0283 and 0.0471 confirming the faster dye degradation in the

presence of silica.
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Figure 11: MB degradation kinetics under visible light; pseudo-first order kinetics with
TiO2/Au and TiO2/Au/SiO> coated fabrics containing a) Au 0.001 and b) Au 0.01 dopant

concentrations; and pseudo-second order kinetic with TiO2/Au and TiO2/Au/SiO; coated

fabrics containing ¢) Au 0.001 and d) Au 0.01 dopant concentrations.

Table 2: MB dye degradation by TiO2/Au and TiO2/Au/S10; colloids with and without

photoreduction process based on pseudo-first and second-order kinetics

First order Kinetic

Second order Kinetic

Samples MB k(th') R? k(@L.g'. H) R?
concentration
change (%)
TiO2/Au 0.001-iGD 61.13 0.2231  0.95 0.0283 0.99
TiO2/Au 0.001-PR 54.67 0.1846  0.90 0.0216 0.96
1/0.001/1-iGD 65.81 0.2506  0.89 0.0348 0.97
1/0.001/1-PD 63.82 0.232 0.92 0.0308 0.97
1/0.001/2.3-iGD 71.89 0.298 0.85 0.0471 0.94
1/0.001/2.3-PD 68.5 0.267 0.85 0.0392 0.94
TiO2/Au 0.01-iGD 50.71 0.1646  0.82 0.0176 0.88
TiO2/Au 0.01-PD 48.66 0.1541  0.82 0.0161 0.88
1/0.01/1-iGD 55.31 0.1646  0.82 0.0214 0.89
1/0.01/1-PR 53.27 0.1738  0.78 0.0192 0.84
1/0.01/2.3-iGD 69.66 0.2785  0.85 0.04 0.94
1/0.01/2.3-PR 67.1 0.1882  0.82 0.0342 0.92
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3.7. Antibacterial activity
Testing the antibacterial activity of cotton fabrics against both types of bacteria showed that
the Au-modified coatings were not bactericidal. However, the colloids preparation method and
the concentration of Au dopant were effective on the bacteria growth inhibition performance
of coatings (Figure 12). As a general trend, it was observed that the photoreduction process
reduced the antibacterial activity of coatings. This was consistent with results reported by
Dasari et al. °. After applying TiO2/Au 0.01 iGD colloid on cotton, a reduction in the growth
of E. coli and S. aureus bacteria was observed, although the effectiveness against S. aureus
seemed better. For this sample, the numbers of counted colonies of E. coli and S. aureus in petri
dishes were 620 and 340 cfu/ml, respectively, while these numbers increased to 950 and 710
cfu/ml after undergoing a photoreduction step, for the fabric treated with TiO2/Au 0.01-PR.
Therefore, based on the number of colonies it can be said that the photoreduction process
reduced the bacterial killing efficiency of fabrics by 53 % and 109% against E. coli and S.
aureus bacteria, respectively. A similar trend was also observed on superhydrophilic fabrics
where the 1/0.01/1-iGD sample showed superior antibacterial activity compared with the
1/0.01/1-PR fabric. There are various opinions about the mechanism of antibacterial activity
of Au’" ions and Au® NPs in the literature. It has been reported that metallic Au NPs usually
have a high minimal inhibitory concentration to show antibacterial activity compared with
other types of noble metals such as silver ’!. Weaker antibacterial activity of Au NPs results
from the nature of gold which is biologically inert ’2. In general, several factors such as size,
concentration, shape and surface characteristics of nanoparticle are determining factors on their
antibacterial activity ' 7. As discussed, applying colloids containing ionic Au 0.01 led to the
in-situ synthesis of Au NPs because of the reducing effect of cellulose. This process might have
contributed to the better antibacterial effect. The presence of unreacted Au ions on the surface

of fabrics which could interact with different components in cells walls and cause their

27



destruction might have contributed to the observed antibacterial effect. Moreover, different size
and shape of the developed nanoparticles might have influenced on the obtained performance.
On the samples coated with pure TiO; colloid and the colloids containing Au 0.001, no

antibacterial activity was observed regardless of the synthesis method (Figure S3).
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Figure 12: a) antibacterial activity of fabrics against E. coli and S. aureus bacteria, b and ¢)

the number of formed bacteria colonies

3.8. UPF & washing fastness
The UPF of a textile determines the capability of the material in blocking UV radiation in the
forms of absorption, reflection, and scattering '°. The standard UPF rates are classified into
three grades of good (15-24), very good (25-39), and excellent (40-50, and +50) > 7. The
applied Au-modified coatings boosted the UPF of cotton fabrics and as a general trend it was

noticed that TiOz/Au coatings showed higher UV blocking effectiveness compared with
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Ti02/Au/S10; colloids (Figure 13). It was noticed that the fabrics coated with the photoreduced
colloids had a modestly higher UPF levels compared with the samples treated with ionic
colloids. The highest UPF level of 50.85 was achieved on the fabric coated with TiO2/Au 0.001-
PR colloid. Also, the effectiveness of the developed coatings in blocking UVA and UVB portion
of solar spectrum was analysed (Figure S4). The results demonstrated that the binary TiO2/Au
colloids regardless of the synthesis method led to a reduced transmittance of both UVA and
UVB radiations through the fabrics. Adding silica increased the transmission rates of both UVA
and UVB through the fabrics, which explains the reason of the lower UPF of fabrics coated

with ternary nanocomposites compared with the samples treated with TiO2/Au colloids.

The enhanced UV protection property of fabrics can be explained based on the intrinsic UV
absorption behaviour of TiO> NPs 4, When TiO; absorbs incident UV light whose energy is
greater than its band gap, it generates electron-hole pairs. These can be either involved in the
photocatalytic reactions or be recombined releasing the absorbed energy. The former
mechanism explains the reason of photocatalytic self-cleaning effect, and the latter mechanism
is the reason of the improved UV protection level of TiO, coated fabrics ”°. By adding Au NPs
with different particle sizes, different light scattering behaviour of applied coatings is expected

which can explain the different UV protection level of fabrics 7°.

To test the washing fastness of the most effective self-cleaning coating, i.e. the fabric coated
with TiO2/Au/SiO> 1/0.001/2.3-iGD colloid, its UPF variation after five wash cycles was
examined (Figures 13b and ¢). It was noticed that the UPF slightly increased during the 1*' and
2" wash cycles which can be related to the changes in the position of fibres and fabrics porosity
after each wash cycle and the removal of physically attached nanoparticles. The UPF level was
then remained stable during the next wash cycles. The UPF was 43.96 after 2" wash while it
changed to 38.82 after the 5" cycle. Obtaining high UPF levels after undergoing these intense
wash cycles in the presence of detergent and steel balls confirmed the high durability of the
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applied coatings even in the absence of any type of polymeric binder. Figure 13c shows that
the UV-transmittance of the tested fabric did not have any major change during five wash

cycles, confirming the existence of UV absorbing nanoparticles on the washed fabric.
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Figure 13: a) UPF levels of fabrics coated with TiO2/Au and TiO2/Au/Si0; colloids prepared
based on Au 0.01 and Au 0.001 concentrations with and without photoreduction process, the
variation of b) UPF level and c) UV transmittance of fabric coated with TiO2/Au/Si02

1/0.001/2.3-1GD colloid

3.9. SEM images and EDX analysis
Based on SEM images (Figure 14), applying TiO2/Au and TiO2/Au/Si0O: coatings led to the
deposition of uniform and even coatings on cotton fibres. Changing the concentrations of Au

dopant and silica, and the photoreduction process did not show tangible effects on the surface
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morphology of coatings. No severe aggregation of nanoparticles was observed even after
coating with high concentrations of silica. SEM images also confirmed the presence of
Ti02/Au/S10; coatings on cotton fibres even after five wash cycles indicating the durability of
coatings. No signs of destruction and non-uniformity were observed on the washed samples.
To better understand the effect of colloids synthesis method on the surface morphology of
coated fibres, images with higher magnification were prepared (Figure S5). It was noticed that
the Au NPs existed on the surface of both groups of coated fibres, but their size was affected
by the synthesis methods of colloids. Based on the particle size analysis, it was realised that
the photoreduced TiO2/Au 0.01-PR colloid led to the formation of Au NPs with the particle
size around 130 nm. While the nanoparticles which were formed from the ionic colloid on
fibres were in the size range of 15-25 nm. This may explain the different characteristics of
fabrics such as colour shades, UV protection levels, and antibacterial activity. The different
sizes of nanoparticles relate to their different formation mechanisms via photoreduction and in-
situ reduction. The photoreduction process caused rapid growth and agglomeration of metal
nanoparticles on the semiconductor surface, forming larger particle sizes. This can be explained
through the tendency of nucleated metal nanoparticles in trapping the photo-generated charges
under UV irradiation due to their lower Fermi level and the formed Schottky junctions at the
interfaces ’’. Under this condition, the formed Au NPs act as preferential reduction sites for
Au’"ions 78, Larger Au NPs scatter the incident UV light more effectively resulting in slightly

enhnaced UV protection level 7% 7.

EDX spectra of the fabric coated with TiO2/Au/SiO2 1/0.001/2.3-iGD colloid confirmed the
existence of Ti, Si, Au elements due to the presence of TiO2, SiO2, and Au NPs on the surface
of fibres (Figure S6). The detection of elements on the washed sample corroborated the stability

of applied coating.
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Figure 14: SEM images of pristine, coated and washed cotton fibres coated with TiO2/Au and

Ti02/Au/Si0; colloids with x2500 magnification.

Despite demonstrating high durability of the applied coatings on cotton, it is still required to
get in-depth knowledge on biosafety aspects of these coated textiles. Previous research

conducted by Tung et al 3

demonstrated the nonantiproliferative and noncytotoxic nature of
textiles coated with pure TiO2 colloids even up to 30% concentration on mouse embryonic
fibroblasts. However, limited research has been conducted on the cytotoxicity of TiO2/Au and
TiO2/Au/Si0; colloids and nanocoatings. Therefore, it is essential to examine the role of several
factors such as the concentration of ingredients and composition of coating formulation,

particles size, and synthesis method of gold-doped TiO> colloids on cells viability to further

pave the way for practical applications of self-cleaning textiles in real-world applications.
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4. Conclusion
In this study, TiO2/Au and TiO2/Au/SiO> colloids were synthesised through the sol-gel method
and the effect of photoreduction process in developing self-cleaning, antibacterial activity and
UV protection properties on cotton fabrics was examined. In addition, the effects of Au
concentration and silica presence on photocatalytic MB dye degradation were investigated. The
obtained results showed that the concentration of Au dopant and the synthesis approach both
had key impacts on the functionalities of cotton fabrics. Compared with TiO»/Au colloids,
ternary TiO2/Au/Si0: colloids produced more efficient photocatalytic capability for visible-
light-induced self-cleaning functionality. It was found that the TiO2/Au/SiO2 coatings
synthesised based on the molar ratios of Au:Ti 0.001 and Ti:Si 1:2.3 gave rise to a superior
self-cleaning effect on cotton fabrics where coffee and red-wine stains were removed after 3 h
of irradiation. Using ionic Au dopant with the molar concentration of Au:Ti 0.001 was the most
effective in increasing the photocatalytic activity. But through further increasing the
concentration to Au 0.01 and using the photoreduction process, the photoactivity of Au-doped
coatings reduced. MB degradation on fabrics followed a pseudo-second order kinetic and the
calculated reaction rate constants decreased after using the photoreduction step. Moreover,
using an excess amount of Au dopant lowered the reaction rate constants and MB degradation
amount. The synthesis approach was effective on the particle size of Au NPs where the particle
size ranges of 130 nm and 15-25 nm were observed on samples coated with photoreduced and
ionic colloids, respectively. Furthermore, it was revealed that the photoreduction of colloids
had detrimental effects on the antibacterial activity of cotton fabrics against E.coli and S. aureus
bacteria. TiO2/Au/Si02 coating showed high durability on fabrics where the UV protection of

fabrics did not deteriorate after five wash cycles.
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