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ABSTRACT Functional cotton fibers have a wide range of applications in domestic,
commercial, and military settings, and so enhancing the properties of these materials can yield
substantial benefits. Herein, we report the creation of functional fibers that are self-cleaning,
anti-microbial, and protective against UV radiation. A uniform, and high surface area films of
TiO, were deposited on cotton fibers and gold / silver nanoparticles were directly incorporated
on the nanostructured TiO, surface. The synthetic method is simple and the produced TiO; film
is homogenous and the nanoparticles were shown to be effectively distributed on the surface
using a simple photocatalytic reduction method. The Ag/Au-TiO, coated fibers was
morphologically characterized using atomic force microscopy (AFM) and scanning electron
microscopy / energy dispersive X-ray spectroscopy (SEM/EDS), and the self-cleaning properties
of noble metal nanoparticle / TiO, coated fibers were demonstrated by repeated staining
followed by exposure to simulated solar light. The 1 mM Ag-TiO; coated fabric was observed to
have the largest improvement in rate of stain extinction compared to the untreated fibers with a
methylene blue stain, and the 1 mM Au-TiO, coated fibers were observed to have the largest
improvement versus untreated fibers when stained with Congo red. The fibers maintained
consistent photocatalytic activity over multiple cycles, and the resistance of the Ag/Au-TiO;
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coated cotton to degradation was verified using Fourier transform infrared spectroscopy (FTIR).
An efficient anti-microbial activity of the fibers was confirmed by exposure of the fibers to
bacterial culture (Escherichia Coli) and direct observation of antimicrobial activity.

1. INTRODUCTION

The development of advanced fibers has been a popular topic research in the recent past,
and fibers with a variety of exceptional properties have been prepared including: hydrophobicity
[1], bactericidality [2], UV impermeability [3], and the ability to self-cleanse organic stains [4].
TiO, is a well-known photo-catalyst [5] that has been extensively tested and shown to effectively
decompose a wide range of organic substances under irradiation with solar light, including
methylene blue [6], isothiazolin-3-ones [7], formaldehyde [8], acid orange [9], phenol [10],
coffee / wine stains [11], and even the chemical warfare agent Soman [12]. The innate
photocatalytic effectiveness of TiO; is very high, even under artificial room lighting a layer of
TiO, possesses sufficient photocatalytic activity to completely mineralize an approximately 1 pum
thick hydrocarbon layer every hour [13]. This makes TiO, an ideal candidate for a surface
photocatalytic coating to produce self-cleaning fibers. Deposition of TiO, thin films has been
carried out using: (a) surface pre-treatment techniques like RF or MW-plasma activation of the
fibers to produce negatively charge functional groups which then adhere the TiO, coating
[4,14,15], (b) utilization of a TiO, emulsion with polymer-generating additives that is sprayed on
the fibers and then heated to around 100 °C to generate the TiO, containing polymer on the
surface [16], and (c) direct growth of TiO, on the fibers from a titanium isopropoxide precursor
solution [17,18]. The final method of TiO, deposition from a titanium isopropoxide based
precursor solution via the room temperature sol-gel process was selected for this study as it is
well developed / simple to carry out, avoids the use environmentally harmful halogenated
organics or other toxic materials, and uses solutions that were observed to be stable for a period
of several days which suggests good industrial scalability compared to other methods. This film
lends the material enhanced UV protective properties and ensures that the photo-generated
excitons only minimally interact with the underlying cellulose fibers, which lends the material
enhanced stability over time compared to the TiO, nanoparticle-based approaches.

The oxidative photocatalytic action of TiO; is due to the generation of oxidizing species
at the TiO; surface, and the simultaneous reduction of the TiO, itself [19]. Reduction of the TiO,
to Ti,O3 or even further to metallic titanium occurs on exposure of TiO, to high-energy radiation
and produces electron / hole pairs. The reduction of TiO; is reversible in the presence of
atmospheric oxygen, which allows for the photocatalytic activity of the oxide surface to continue
indefinitely [19]. The holes generated from the photoinduced reduction of TiO, are trapped at the
TiO, surface within picoseconds, and the thus trapped holes can survive for microseconds,
providing sufficient time for oxidation of surface-adsorbed species to take place [20]. Further if
there are any adsorbed hydroxyl-containing species on the oxide surface, hydroxyl radicals can
be generated which can go on to oxidize other species [19]. Consideration must also be given to
the phase of TiO; produced by the synthetic method being used, as the anatase phase has been
shown to have superior catalytic activity to either the rutile or brookite phases [19].



Silver nanoparticles have been a topic of extensive research in the recent past because of
their antibacterial activity [21]. In addition to possessing antibacterial activity, silver
nanoparticles have been shown to reduce the incidence of electron / hole recombination when
used in conjunction with TiO, [22], which should improve photocatalytic activity. Gold
nanoparticles have also been an important topic of research, and have been specifically shown to
decrease the bandgap of TiO, which improves overall photocatalytic activity [23] and allows for
the photocatalytic destruction of certain organic under visible-only / UV filtered lighting
conditions where a TiO, coating alone is ineffective [12]. In most past studies gold and silver
nanoparticles have been prepared as a suspension and then deposited on the surface of interest;
while this has advantages for fine tuning the morphology of the nanoparticles [24], it also
requires additional preparatory work which makes it less suitable for scalable applications. It was
recently discovered that noble metal nanoparticles could be grown directly on the surface of
certain polysaccharides, with the native functional groups acting to reduce the AgNO3 (the
precursor used to generate silver nanoparticles) or the AuCls (the precursor used to generate gold
nanoparticles) when exposed to UV radiation [25]. Concerning the synthetic technique and long-
term stability of the metallic nanoparticles on the photocatalytic oxide surface, it is well known
that silver nitrate and gold chloride, the precursors used in this research, are readily reduced on
illuminated oxide surfaces [26].

The aim of this study is to determine if nanostructured gold and silver nanoparticles can
be grown directly on the surface of natural cotton fibers that have already been coated with TiO,
utilizing a sol-gel based method that uniformly coats the fiber material, via direct reduction of
AuCl; / AgNO; by UV radiation, as well as comparison of the self-cleansing properties of the
Ag/AuU/TiO, coated fabric with differing concentrations of noble metal nanoparticles.
Additionally, direct verification of the anti-microbial properties of the Ag/Au-TiO, coated fibers
is also a priority. For the self-cleansing characterization methylene blue was selected as the
primary stain since its degradation pathway is well understood [6], and Congo red was also used
to provide secondary verification of the self-cleaning properties. The fiber samples were
morphologically characterized using SEM and AFM, the self-cleaning properties analyzed via
UV-Vis-DRS, resistance of the fibers to photodegradation determined using FTIR, and
distribution of the gold and silver nanoparticles on the surface of the TiO, coating verified using
EDS.

2. EXPERIMENTAL SECTION

2.1 Preparation and treatment of Au/Ag TiO; coated fibers.

Acetone, 2-propanol, titanium isopropoxide, hydrochloric acid, silver nitrate, and glacial
acetic acid were purchased from Sigma Aldrich. Gold chloride was purchased from Acros
Organics. The raw cotton fibers that were used for morphological characterization were obtained
from an agricultural plot in the Rio Grande Valley, Texas. Pure 100% cotton fiber was obtained
from Rio Grande Valley, Texas, United States.



The raw cotton fibers were soxhlet extracted with acetone for a period of 3 hours to
remove any impurities that may be present like natural fats. After washing, the cotton fibers were
allowed to dry at room temperature for twelve hours. The nanostructured interface has been
created using the procedure reported elsewhere [17]. The nanosol solution for coating the fibers
was prepared as two separate solutions: (a) containing 50 mL of 2-propanol, 1 mL acetic acid,
and 5.91 mL titanium isopropoxide and (b) containing 50 mL of 2-propanol, 3 mL concentrated
hydrochloric acid, and 0.72 mL of Milli-Q ultrapure water produced from a Milli-Q integral
ultrapure water production system. Both solutions were stirred vigorously for a period of 30
minutes, and then solution B was slowly added to solution A under vigorous stirring (400-800
rpm). The cotton fibers were immersed in the thus prepared nanosol solution for 30 seconds, and
then allowed to dry for 24 hours at room temperature under normal atmospheric conditions. The
nanosol solution was observed to maintain its integrity for one week before precipitating out
TiO, and becoming qualitatively opaque (the freshly prepared solution is wholly transparent),
which suggests that this coating solution is ideal for reuse and cost efficiency over a decent
interval of time. Calcination of the fiber to remove any residual solvent was then carried out at
65°C for ten minutes and then 90°C for five minutes under normal atmospheric conditions. The
calcined fibers were hydrothermally treated (by boiling in Milli-Q ultrapure water for a period of
three hours) to remove excess oxide left behind from the nanosol coating process. The pristine
fiber samples were subjected to the same calcination and hydrothermal treatment to ensure that
they were a valid control; however, they were not coated with the nanosol TiO; solution. For the
preparation of the nanoparticle coated fiber samples, 2 mM solutions of gold chloride (AuCls)
and silver nitrate (AgNO3) were prepared and serially diluted to create additional 100 mL
solutions of 1 mM and 0.5 mM AuCl; and AgNOs. Thus a total of six noble metal nanoparticle
precursor solutions were prepared. The fiber samples were immersed in these solutions for a
period of thirty seconds and then allowed to dry at room temperature under normal atmospheric
conditions for 24 hours. Finally, the AuCl; and AgNOs / TiO, coated fiber samples were exposed
to 254 nm UV radiation in an Ultra-Violet Productions CL-1000 ultraviolet crosslinker for a
period of thirty minutes. The gold coated samples were seen to take on a purple coloration after
the development of the nanoparticles under UV light, while the silver samples took on a
characteristic brown color. A total of sixteen fiber samples were prepared, two each of: 0.5 mM
Au-TiO2, 1 mM Au-TiOz, 2 mM Au-TiOz, 0.5 mM Ag-TiO,, 1 mM Ag-TiO,, 2 mM Ag-TiO,
TiO, only, and pristine cotton. Additional 5 mM Ag-TiO, and 5 mM Au-TiO, samples were
prepared for UV-Vis characterization of the nanoparticles directly. Two replicates of each being
prepared for staining with Congo red and methylene blue separately.

Methylene blue (0.001% wi/v and 0.1% wi/v) and Congo red (0.1% w/v) solutions were
prepared from Milli-Q water and the corresponding compounds (purchased from Sigma Aldrich).
The fiber samples were scanned via UV-Vis (methodology below) prior to staining, and staining
was conducted by simply immersing the fiber samples in a stirred solution of the dye for a period
of ten minutes. Stain uptake was qualitatively observed to be less pronounced with the TiO, /
nanoparticle coated samples compared to the pristine fiber, likely due to the mild hydrophobic
properties imparted by the TiO, coating, and so the ten-minute interval with stirring was
necessary. Staining of the fiber samples was carried out multiple times to verify that the
photocatalytic activity of the TiO, / nanoparticle coating wasn’t decreasing with repeated



staining events followed by UV exposure. The two initial stainings of the methylene blue
samples were done with the 0.001% w/v methylene blue solution, while the third staining was
done with the 0.1% w/v solution. The Congo red samples were stained only once with the
prepared 0.1% w/v Congo red solution. Stain extinction was observed to be virtually complete
between staining events. For UV-Vis analysis the fiber samples were mounted on custom made
rigid plexiglass sample holders that easily mounted on the UV-Vis and assured that the same
area of the fiber samples was being scanned each time. The fiber samples were kept mounted on
the sample holders during UV exposure to ensure uniform exposure of the fiber surface.

2.2 Simulated solar light exposure, UV-Vis-DRS, and FTIR characterization.

Exposure of the fiber samples to simulated solar light was carried out using a Honle UV-
technology UVACUBE 400 USA under AM 1.5 solar irradiation. Stained fiber samples were
placed in the solar simulator and exposed to simulated solar light, and then UV-Vis scans were
performed to verify extinction of the stain. UV-Vis measurements were carried out using a
Perkin Elmer Lambda 950 UV-Vis-NIR spectrometer equipped with a 150 mm integrating
sphere for reflectance measurements. All scans were acquired over the full range of the
instrument (2500-250 nm) with 1 nm resolution. Fourier-transform infrared spectroscopic
analysis was carried out using a Perkin Elmer Frontier FTIR spectrometer, and data was
collected in absorbance mode over the full range of the instrument (4000-450 cm™). Samples for
FTIR analysis were prepared by thoroughly mixing 25 mg of finely divided Au-TiO, and pristine
cotton fibers with 25 mg of optical grade potassium bromide (purchased from International
Crystal Labs), and pressing the mixture into a thin, one-inch diameter pellet using a hydraulic
press. The pellets were very fragile and were directly transferred onto copper tape (to act as a
rigid backing) with a hole such that the IR beam was obstructed by only the pellet. FTIR samples
were repeatedly exposed to simulated solar light in the same Honle solar simulator used for UV-
Vis characterization and were scanned at regular two hour intervals.

2.2 Morphologic Characterization

SEM and EDS characterization of the Ag/Au-TiO; cotton fiber samples was performed using
a JEOL 7800F Field Emission Scanning Electron Microscope, equipped with an Electron
Dispersive X-ray Spectroscopy system (EX-37270VUP).

Preparation for AFM characterization of the Ag/Au-TiO, cotton fiber samples was carried
out by stretching and gluing the cotton fibers to a flat mica surface using double-sided tape.
AFM imaging was performed using a Bruker BioScope Catalyst AFM microscope (Bruker,
Santa Barbara, CA). Si cantilevers with spring constants of 0.4 N/m and resonance frequencies
of 300 kHz were selected for this measurement. AFM height and deflection images were
recorded using tapping mode at room temperature. While height images provide quantitative
surface topography information, the deflection images exhibit higher contrast of morphological
details. Image processing of the data was performed using WSxM 5.0 (Nanotec Electronica,
Spain) software.



XRD analysis was carried out using the D2 Phaser 2nd Gen X-ray powder diffractometer
D5000 X-ray diffractometer (Bruker).

2.3 Antimicrobial Characterization

Verification of the anti-microbial properties of the Ag/Au-TiO, coated cotton fiber was
carried out using the Kirby-Bauer disk diffusion method. Agar plates were seeded with
Escherichia coli bacteria. A 2 cm diameter rough disk, derived from the above prepared fiber
samples, was placed in the center of each plate. Plates were then incubated at 37°C for a period
of 72 hours, and the zone of inhibition measured in millimeters after incubation.

3. RESULTS AND DISCUSSION
3.1 Morphologic Characterization

The TiO; coated cotton fiber samples were analyzed via SEM and the coating was observed
to be uniform and thin enough to preserve the definition of the natural surface folds present in
the cellulose fiber. This is desirable as these folds increase the exposed surface area of the fiber
and can improve photocatalytic efficiency by providing more sites for photoreactions to take
place and for the anchoring of nanoparticles. The surface folds are clearly visible before the TiO,
coating is applied, and the slight reduction in fold definition after the coating is applied is visible
(Figure 1-a,b,c,d). The growth of gold and silver nanoparticles on the TiO; coated cellulose
fibers was verified as successful as a number of small particulates were present (Figure 1-
e,f,g,h). Though some loose aggregated nanoparticle clusters are visible in the high
magnification images (Figure 1-f,h) they are not grafted to the surface / fiber. Analysis via EDS
mapping revealed that the TiO, coating was indeed uniform across the entire surface of the fibers
with no cracking (Figure 2-a,b,c), which is desirable as it protects the underlying cotton fiber
from staining or degradation by acting as a protective barrier. Additionally, spot EDS analysis of
the particulates that are clearly visible in Figure 1f indicated that they were silver particles that
had been successfully grown on the TiO, coated fiber surface.



Figure 1: SEM images of TiO, coated and pristine cotton fiber at low and high magnification
(a,b) Virgin cotton, (c,d) TiO, coated cotton fiber, (e,f) Ag-TiO, coated cotton fiber with non-



agglomerated Ag nanoparticles marked (green arrows), (g,h) Au-TiO, coated cotton fiber with
non-agglomerated Au nanoparticles marked (blue arrows). The scales for all images in the same
columns are the same.
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Figure 2. EDS spectra of TiO, coated and pristine cotton fiber. Heat map showing distribution of
Ti on the surface of the: a) AuTiO; coated, b) TiO, coated and c) pristine cotton fiber.



AFM analysis of pristine and TiO; coated cotton fibers also revealed the TiO, coating to be
uniformly deposited, with some areas showing TiO, aggregation on the surface of the coating
(Figure 3). These clusters of TiO, increase the available surface area on the surface of the fiber
and could contribute to increased photocatalytic activity. From the AFM images it is also
apparent that the TiO, layer has been evenly adhered to the fiber surface as visibility of the
natural folds and creases present in the untreated cotton fiber is noticeably reduced.

Figure 3. AFM scans of (a,b) pristine cotton fiber and (c,d) TiO, coated cotton fiber.

The gold and silver nanoparticle coated fiber samples prepared using 5 mM solutions AgNO3
and AuCl; were analyzed via UV-Vis after the development of the nanoparticles under UV light
(Figure 4). The gold peak at 547 nm matches what would be expected if the gold nanoparticles
took on roughly spherical shapes [27], have an average size of 60-80 nm (calculated utilizing
available data concerning nanoparticle size and max wavelength of UV-Vis absorption) [28,29],
and the width of the peak indicates that nanoparticles constituting a range of sizes were directly
generated on the TiO, surface coating which is expected given the non size-selective nature of
the synthesis method. The silver nanoparticle peak at 440 nm matches what would be expected if
the average size of the nanoparticles were between 40 and 50 nm [30]. The intense absorption
present in the UV-Vis spectra of all TiO, coated samples in the UV region is due to the
absorption profile of plain TiO,. Because the gold and silver nanoparticle peaks occur in the
visible region of the spectra it should be noted that the fiber samples took on a characteristic
purple (in the case of gold) or brown (in the case of silver) color after deposition of the
nanoparticles but prior to staining, which matches the coloration found in the literature when
dealing with comparatively large gold and silver nanoparticles [2]. The UV protective properties
of the material over untreated cotton are readily apparent as the absorption of all samples but
pristine can be seen to dramatically increase in the UV region of the spectra (Figure 4).
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Figure 4. UV-Vis spectra of the fiber samples prior to staining, with the nanoparticle peaks
visible.

XRD analysis (Figure 5) of the AuTiO,, AgTiO,, TiO,, and pristine fiber samples
revealed peaks at 16.27°, 20.67°, and 22.31° which correspond to typical XRD spectra of cotton
fibers [31]. Additional peaks were observed at 29.38°, 43.84°, and 56.05° which are due to the
presence of anatase phase TiO,. The peaks at 20.67°, and 22.31° before and after solar light
exposure with stain are indicative of the fiber’s polymer skeleton are sustainably stable with the
radiation exposure. This structural stability data is in agreement with photocatalytic kinetics and
FTIR/chemical stability analysis (Figure 8 and 10).
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Figure 5. XRD spectra for (a) pre-exposure AgTiO, coated cotton fibers, (b) pre-exposure
AuTIiO; coated cotton fibers, (c) pre-exposure TiO, coated cotton fibers, (d) pre-exposure
pristine uncoated cotton fibers, and (e) post-exposure TiO, coated cotton fibers.

3.2 Photocatalytic Activity

The UV-Vis spectra acquired from the stain extinction testing of the fiber samples clearly
show that the methylene blue stain is being destroyed by the titanium oxide / nanoparticle
coating at a faster rate than occurs with the pristine cotton sample (Figure 6, S1). The apparent
dual peaks are a result of the adsorbed methylene blue being present in monomeric, dimeric, and
trimeric forms. Monomeric methylene blue accounts for the smaller peak (apparent as a shoulder
of the main peak) around 673 nm, while adsorbed dimeric and trimeric methylene blue have
absorption peaks around 596 and 570 nm respectively [32]. The breakdown of the dimeric and
trimeric forms can be seen to proceed more rapidly than the decay of the monomeric form.
Nonetheless the breakdown of methylene blue proceeds much more rapidly for the fiber samples
that have been coated with TiO,, and further improvement of the rate of decay is obtained when
gold or silver nanoparticles are deposited on the fibers (Figure 7, S2). The rate of extinction for
each type of sample was obtained by subtracting the pre-stain UV-Vis spectra from the spectra
obtained at each time interval and integrating the resulting spectra from 475 to 750 nm. The



extinction of methylene the adsorbed stain can be seen to follow a roughly first order rate of
decay (Figure 7), so the rate of decay can be determined via:

[C]

In ([ﬂo) kt
and a plot of In([C]/[C]o) is presented below as Figure 7. All of the tested fiber samples had a
more rapid rate of stain extinction than the pristine sample, with the 1 mM AgTiO, sample
showing a 200% improved rate of stain extinction compared to the pristine sample. All kinetic
constants are presented in the supplemental information for the sake of completion (Figure S3).
The R? value for the kinetic data (Figure 7) remains in between ~0.85 and 0.97, indicating that
the photocatalytic degradation reaction follows roughly first order kinetics. A complicating
factor in the evaluation of methylene blue stain extinction is the fact that methylene blue is
present as monomeric, dimeric, and trimeric forms, and it appears that the monomer is destroyed
more slowly as the rate of stain removal tends to decrease with time, although this effect was not
apparent for the pristine sample. This apparent dependence of photocatalytic effectiveness on the
oligomerization of methylene blue is expected as the different oligomers are expected to have
unique reactivities. Furthermore, it is apparent from the data that deposition of gold nanoparticles
has a favorable effect on the rate of extinction of Congo red while only a negligible or non-effect
on the rate of extinction of methylene blue. Inversely deposition of silver metal nanoparticles had
a favorable effect on the rate of extinction of Methylene blue while only a negligible or non-
effect on the rate of extinction of Congo red. The likely reasons for this are discussed below and
include the overlap of the absorption spectrum of the dyes with the active absorbance regions of
the noble metal nanoparticles.
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Figure 6: UV-Vis spectra of the TiO, / nanoparticle coated samples after staining with methylene
blue, and upon exposure to simulated solar light: a) 1 mM AgTiO; coated fibers, b) 1 mM
AuTIO; coated fibers, c) TiO, coated fibers and d) pristine cotton fibers. Note that the rate of
stain extinction / fibers self-cleaning is dramatically increased on the nanoparticle-coated
samples.
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Figure 7. The natural log of the ratio of methylene blue peak area to starting peak area upon
repeated exposure to simulated solar light for TiO, / nanoparticle coated fiber samples: a) 1 mM
AgTIO, coated fibers, b) 1 mM AuTiO, coated fibers, c) fibers coated with TiO, only and d)
pristine cotton fibers. Note that the rate of stain extinction is much slower for the pristine fiber
sample.

Verification that the photocatalytic activity of the Au/AgTiO, coated fibers does not
decrease over time is important, and so all fiber samples were subjected to three cycles of
staining, followed by exposure to simulated sunlight until the stain was virtually eliminated. The
fiber samples displayed remarkable consistency of stain removal over multiple cycles, with the
obtained rate constants of stain removal being virtually the same in the case of the 1 mM AgTiO,
coated sample (Figure 8, S8). “Because the kinetic rates of stain degradation do not change over
multiple staining cycles, it can be seen that the photocatalytic activity of the produced coating is
stable even over a significant length of time (Figure 8, S8). It should be noted that the total time
under simulated solar irradiation presented in Figure 8 is ~ 11 hours, and no change in the rate of
stain extinction was noted over these three discrete staining events. From our previous report it
was seen that decreasing the intensity of the light resulted in a reduced rate of photocatalytic
activity [39]. It showed a certain dependency on the applied light dose, which is indicative of
Ti0, would predominantly control these photocatalytic processes and Au/Ag promotes the
process efficiency [17,33]. In Figures S9,10, the IR spectra of the cellulose fibers before and
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after TiO, grafting are compared (curves a ~e). The aim of the experiment was to ascertain
whether IR spectroscopy could be informative on the grafting mechanism, which is expected to
involve the esterification of OH groups located on the external surface of the fibers (Figure S9)
and the fibers stability with light exposure (Figure S10). The spectrum of the virgin sample
(Figure 5, Curve 1) is characterized by an intense and broad band in the 3600-3100 cm ™" range,
associated with inter- and intra-chain OH-O groups (t) of the interacting chains as reported in
Fig. S10a-d. A peak at ~1600 cm ' is also indicative of the presence of interstitial or adsorbed
water. The absorptions in the 3000-2800 and 1450-1350 cm* ranges are due to the v(CH) and
8(CH) modes. Finally, the complex absorption in 1250-900 cm™* range is mainly associated with
stretching mode of C-O—-C groups of the fiber framework. All the above-mentioned groups are
mainly located inside the films. This is demonstrated by the spectrum of the fibers after grafting
(Figure S10, Curve c-d), which is substantially unaltered. It is quite remarkable that being the IR
spectrum of the treated sample totally dominated by the spectrum of the fiber, the contribution of
the TiO, phase which should appear is also negligible. In conclusion, the photostability of the
cellulose fibers is illustrated in Figure S10 a-d, where the curves a—d correspond to the sample
exposed to solar-like light for 10 hours. It can be seen that the absorption band at ~3400 cm™*
and the complex absorption in the range 1650-1050 cm™* characteristic of the fibers are mostly
unchanged. These four curves indicate that the chemical structure of cellulose fiber is not
substantially altered upon exposure to solar-like light. In our opinion this is due to the
homogeneous character of TiO, film which completely adheres and protects the fibers from
aggression of O, and OH species generated during the exposure to the light [16].”

This suggests that the surface coating is not being damaged during the process of stain removal,
and the photocatalytic activity of the samples will remain roughly unchanged over multiple
staining / stain removal events. It is important to note that the concentration of the stain had no
apparent effect on the rate of stain removal, as staining for the first two cycles was performed
using a 0.001% w/v methylene blue solution, and staining for the third cycle used a 0.1% w/v
solution and no difference in extinction rate was observed. This suggests that the photocatalytic
activity of the coating does not decrease with increased stain saturation, at least at practical levels
of staining.

15
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Figure 8. C/CO data for the 1 mM AgTiO, sample over repeated cycles of staining and UV
exposure. Note how extinction proceeds in the same way each time.

Staining with Congo red was also performed to evaluate the photocatalytic performance
with a different, less easily broken-down stain (Figure not shown for the sake of brevity, and
Figure S4). In general, the extinction of Congo red can be seen to proceed more slowly than
methylene blue, with the rate of extinction of Congo red stained on pristine cotton being roughly
half that of methylene blue stained on pristine cotton. The improvement in the rate of stain
extinction of the coated samples over the pristine samples was also less pronounced when Congo
red was tested, with the 1 mM AuTiO, sample demonstrating the best performance in this case
with a 65% improvement in the rate of stain removal when compared to the pristine fibers
(S5,S6). Congo red taking longer to degrade is expected as it has been found to take roughly
twice as long as methylene blue to photocatalytically degrade [34], however the decrease in the
photocatalytic effect of the Ag/Au TiO, coating is notable. This effect can be partially accounted
for by the fact that Congo red, while having its main absorption peak at 496 nm, also has two
absorption peaks in the UV region at 236 and 338 nm [35]. Because of this, it is likely that some
of the incident photocatalytically useful UV and near UV radiation was absorbed by the Congo
red stain itself rather than interacting with the Ag/AuTiO; layer, decreasing the apparent
efficiency of the catalytic coating. Compounds such as Congo red which absorb high-energy
incident radiation are a good example of why Au / Ag nanoparticle-based photosensitizers are
important for photocatalytic applications; by decreasing the bandgap of TiO; and increasing the
wavelength range in which photons can be harnessed for photocatalysis, compounds which
inherently absorb high-energy incident photons can still be degraded. This is likely the reason
that the majority of the nanoparticle coated samples displayed better performance than the
sample coated with TiO, only when stained with Congo red. Additionally, the gold nanoparticle
coated samples displayed markedly better photocatalytic activity than the silver coated samples
when stained with Congo red (S7), and the reason for this could be explained by the higher
wavelength of the gold nanoparticle peak relative to the silver peak, and thus the decreased
overlap with the Congo red peaks. This strongly suggests that electron transfer is taking place
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between the gold nanoparticles and the TiO, coating, and that the gold nanoparticles are acting as
photosensitizers. A complicating factor in interpreting the kinetic data directly is the non-first
order rate of stain extinction observed for the samples not impregnated with nanoparticles, which
was also observed in previous works [23]. This complicates direct comparison of the kinetic
constants with one another however qualitatively it can still be seen that the rate of stain
extinction is improved for the metallic nanoparticle impregnated samples (Figure 6).

3.3 Fiber Stability

The cotton fibers’ stability of photocatalytic activity over time, and confirmation that the
cellulose was not being photocatalytically destroyed was provided by FTIR analysis of the Au-
TiO, coated fibers at regular intervals after UV exposure (Figure 9, Figure S9-510). Degradation
of the fiber would be evidenced by changes in the FTIR spectra corresponding to destruction of
the cellulosic backbone, however no changes in the spectra are observed. Characteristic peaks
that can be observed include a broad O-H stretching band at 3378 cm™, the C-H stretching band
at 2900 cm™, and the H-O-H bending band at 1650 cm™ [36], which is observed to be more
intense in the Au-TiO, coated fiber than in the pristine fiber, however this may also be due to the
somewhat hydrophobic nature of the potassium bromide used to prepare the fibers for FTIR
analysis. The TiO, band is expected to appear at ~700 cm™, and indeed the Au-TiO, absorption
spectra lack the “dip” observed in the spectra of pristine cotton near 700 cm™, which suggests
that the TiO, while not immediately visible is indeed present as a relatively broad peak [37].
Reduction of the intensity of C-H stretching band at 2900 cm™ was also observed. Overall, the
consistency of the FTIR spectra after ten hours of exposure to simulated solar light suggests that
the Au-TiO, coated fibers possesses long-term photo stability.
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Figure 9. FTIR spectra of the AuTiO, coated fibers after repeated exposure to simulated solar
light for exposure times of (a) no exposure, (b) 2 hours, (c) four hours, (d) six hours and (e) ten
hours. The spectra are basically unchanged over time indicating minimal degradation.

3.3 Antimicrobial Activity
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Figure 10. Schematic representation of the antimicrobial activity of the coated fibers: a)
before light exposure and b) after light exposure.
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The nanoparticle coated fiber samples are expected to show antimicrobial activity in
addition to the stain cleansing properties via the mechanism outlined in the abstract graphic and
Figure 10. Testing of the anti-microbial properties of the Ag/Au-TiO, coated fiber demonstrated
that the prepared fiber samples were resistant to gram negative E. Coli microbial contamination
as evidenced by the zone of inhibition that was present around the fibers after inoculation and
incubation of the plates (Figure 11). It should be noted that the degree of inhibition for the gold
and silver nanoparticle coated samples was about equivalent. This result was expected given the
widespread study and utilization of silver nanoparticles for their bactericidal properties, and the
recent utilization of gold nanoparticles for the same purpose. The TiO, and pristine cotton fiber
samples exhibited little to no bacterial inhibition, which is notable as some limited degree of
bactericidal activity would be expected simply from the reducing / oxidizing potential generated
by the TiO, layer, and while the oxide alone likely generates some anti-microbial activity, it is
apparently much more pronounced with the gold and silver nanoparticle containing samples [19].
It is likely however that bacteria located directly on the illuminated fiber samples coated with
TiO, only would be quickly removed by the oxidizing power of the TiO, and the reactive species
generated at the surface, as E. coli, Staphylococcus aureus, and Pseudomonas aeruginosa, the
bacteria responsible for common skin infections / MRSA (methicillin-resistant Staphylococcus
aureus) and hospital-acquired antibiotic resistant infections respectively, haveeach been
experimentally observed to be killed rapidly on illuminated TiO, surfaces[38] Furthermore the
toxic compounds produced by bacteria can themselves be certainly decomposed by the catalytic
action of TiO,. However, this localized effect is insufficient if the fiber is to be deployed as
clothing material, as the entirety of the fiber should be kept free from microbes, not just the
outermost exposed surface, thus the relatively large zone of exclusion provided by the
incorporation of gold and silver nanoparticles is desirable. One proven mechanism of
bactericidal action for both gold and silver nanoparticles includes the disruption of cysteine /
disulfide bonds in the proteins on the exterior of bacterial cell walls leading to decreased cell
wall integrity, direct inhibition of ATP production, ribosomal activity [39], and DNA
degradation [40].
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Free radical generation has also been proposed to be an active bactericidal mechanism for
silver nanoparticles [41]. The reaction between silver nanoparticles and the membrane structures
of both gram positive and gram negative are not fully understood, however the formation of
“pits” in the out membranes due to the presence of silver nanoparticles, leading to increased
membrane permittivity and ultimately cell death have been observed [41]. However there
remains a strong argument for the free radicals generated by silver nanoparticles to be the main
causal mechanism behind the antimicrobial effects, as the inclusion of an antioxidant in one
study was found to eliminate the anti-microbial action of silver nanoparticles [41]. Furthermore it
has been suggested that the evolution of silver ions produced from the silver nanoparticles via
their oxidation by the holes produced on the TiO, layer may be another mechanism by which the
TiO, / Ag nanoparticle hybrid surface exhibits antimicrobial activity, as a similar mechanism has
been observed with TiO, / copper hybrid surfaces [42]. Our results suggest that some
combination of the above outlined plays an active role in improving the antimicrobial activity of
the nanoparticle coated fiber samples, and further elucidation of the mechanism behind the
observed antimicrobial properties could be had testing the nanoparticle coated fibers in the
presence of an antioxidant. The gold and silver nanoparticle coated fibers showed similar
antibacterial activity, and fine tuning of the nanoparticle surface chemistry could potentially even
further improve the anti-bacterial properties of the Au-TiO, coated fiber and lend it increased
antibacterial activity against particularly hazardous bacteria [43]. Figure 10 demonstrates the
mechanism behind the most active bactericidal pathway in this photocatalytically active material,
namely, the generation of electrons and holes that react through the mechanisms outlined above
to destroy bacteria in proximity to the photocatalytically active nanostructured surface.
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Figure 11. Results of the Kirby-Bauer disk diffusion test with the exclusion zones around the
fiber samples clearly visible for: (a) Au-TiO, coated cotton fibers, (b) Ag-TiO, coated cotton
fibers, and (c) pristine cotton fibers.

4. Conclusion

The TiO, coating was successfully deposited on cotton fiber and was confirmed by SEM to
be both thin and homogenous, which indicates that the simple sol-gel deposition process is well-
suited for coating cellulose fibers. Gold and silver nanoparticles were directly grown on the
surface and the photocatalytic activity of this nanoparticle / TiO, coated fibers was confirmed.
Variance in photocatalytic activity between Au and Ag nanoparticle incorporated TiO, coated
samples confirms that the nanoparticles are having a photosensitizing effect, and their
performance with respect to the untreated / only TiO; treated fibers indicated that Ag/Au
nanoparticles are able to significantly improve the photocatalytic properties of the TiO, coating.
Consistency of the FTIR spectra after exposure to simulated solar light, as well as the similar
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rates of photocatalysis over multiple cycles confirm that photodegradation of the fibers / coating
does not take place when exposed to solar light and suggests that these fibers would be suitable
for long-term deployment in domestic or commercial applications. Furthermore, the Ag/Au-TiO,
coated fabric was also confirmed to have marked antimicrobial activity, which further expands
the potential applications of fibers coated with TiO, and gold / silver nanoparticles.
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