Nanocoating on cotton fabric with nitrogen-doped graphene quantum
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Abstract

Prolonged exposure to ultraviolet (UV) radiation from the sun can result in several
skin problems, such as accelerating aging, burns, blemishes, or even cancer. Even
when wearing clothes, there is still a risk that the user will be exposed to UV radiation
and suffer skin damage. Therefore, it is necessary to apply anti-UV treatments to the
clothes and fabrics used, so that users become safe. Nitrogen doped graphene
quantum dots (N-GQD) and titanium dioxide (TiOz2) NPs are materials that have a
broad spectrum of UV absorption and are promising candidates to be applied in
functional finishing in use on textile materials, giving textiles property anti-UV. The
aim of this research is to evaluate the synergy effect between N-GQD and TiO2 NPs
in getting a nanocoating that can be applied on a cotton fabric, add photoluminescent
and anti-UV properties. The nanocoatings obtained were applied via industrial
discontinuous method, the high-pressure and high-temperature exhaustion process
to the cotton fabric using polyvinyl alcohol as a binding agent. According to the UV
protection assessment, it was observed that both materials are excellent UV
absorbers and their ultraviolet protection factor (UPF) are highly dependent on the
concentrations used in the nanocoated cotton fabrics. Thus, nanocoated cotton with
TiO2, N-GQD and TiO2/N-GQD revealed an UPF of +50, which established their
effectiveness in protecting against UV radiation. They also withstand up to 20 wash
cycles with no change in UPF.
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1. Introduction

The solar radiation that passes through the earth's atmosphere has an
electromagnetic spectrum with a wavelength of 290 to 3000 nm. The region
corresponding to the wavelengths between 290-400 nm refers to the range of
ultraviolet (UV) radiation, which, from the point of view of biologists, is divided into:
UVA (400-320 nm), UVB (320-290 nm) and UVC (290-190 nm). Long-term exposure
can result in a number of skin problems, such as accelerated aging, burns, blemishes,
and specific illnesses that require you to stay out of sunlight, such as lupus
erythematosus or even cancer. Thus, the protection of the body is essential in order to
reduce these damages to health [1-4].

Specific sunscreens and clothing with a protection factor against UVA/UVB
radiation have been researched and developed as they are essential to prevent
extracellular, collagen degradation in the human body, DNA damage, chemical and
histological changes in the epidermis and pathway activation of intracellular signaling
involved in photoaging and photocarcinogenesis [5,6]. The degradation of the
extracellular matrix results from the UVA radiation-induced production of matrix
metalloproteinases (MMP) and activation of intracellular pathways in fibroblasts and
keratinocytes. Particularly in keratinocytes, UVA radiation induces B-catenin nuclear
translocation and stimulates MMP gene transcription [7,8].  And UVB-type radiation
is primarily responsible for the development of skin cancer. UVC, although causing
serious harm to human health, is completely absorbed by the earth's atmosphere [1,2].
Thus, prolonged exposure to the sun is one of the main factors for the risk of non-
melanoma skin cancer (squamous cell carcinoma; basal cell carcinoma) and
melanoma skin cancer (which forms in melanocytes), especially in childhood and
adolescence, exposure to beds of tanning and family history of skin cancer [9].

In 2020, in the world, it was estimated 1.19 million of new cases of non-melanoma
skin and 324713 cases of melanoma skin. The highest incidence rates of cancer of
non-melanoma skins are found in Australia/New Zealand, North America and Western
European countries for both men and women. For melanoma skin cancer, the highest
incidences are in Australia and New Zealand as well as in Northern, Central and
Eastern European countries [10]. A large part of the cases of skin cancer occurs due
to not using sunscreen, excessive exposure to sun and artificial tanning in tanning
beds, as well as people who are exposed to UV radiation in work environments or in
outdoor activities without adequate protective clothing. Thus, medical science
suggests that the use of sunscreen on the skin and clothing that absorbs ultraviolet
radiation can help prevent this type of cancer [11,12]. Ultraviolet protection factor
(UPF) is the scientific term used to quantify the ability of a fabric to prevent UV radiation
from penetrating human skin. This numerical factor in a textile fabric is associated with
its ability to absorb, reflect and/or scatter UV radiation, preventing light from crossing
the fibrous barrier of the material and reaching human skin. However, pure textile do
not provide an effective blockade of skin problem-inducing UV radiation. The UPF of a
textile material depends on the synergy of all parameters selected for its manufacture
and the conditions of use, including fabric coverage factor, fabric structure, fiber type,
dyes or chemical treatments [13-15].

Cellulosic fibers that are biodegradable and environmentally friendly do not have
double bonds in their chemical structure and therefore have a low UPF [16]. Thus, one



of the ways to increase the UPF of these cellulosic fibers is through functionalization
using different types of chemical UV protection agents. Many studies have evaluated
the action of NPs (NPs) in improving the UV protection properties of fabrics such as
SiO2, TiO2, ZnO, CuO and Ag, applied by different types of physical or chemical
methods [17,18]. TiOz is widely used as UV protecting agent in textiles due to its high
efficiency, chemical stability, light resistance. The anatase and rutile phases of TiO2
due to their gap energy (3.21 eV), are the most efficient for application in protection
against UVA/UVB radiation. On the other hand, these NPs have a lower scattering
effect in the region of visible, with little filtering of this region [19—-22]. Furthermore, the
International Agency for Research on Cancer (IARC) has classified TiO2 NPs as a
group 2B carcinogen, which limits their application in textile materials for use as UV
protective agents [23-25].

Thus, one of the strategies to overcome this problem is to modify the TiO2 NPs
with carbonaceous nanostructured materials such as graphenes, forming a
heterojunction, which has generated great interest from researchers for applications in
UV protective textiles [26], antimicrobials [27] and self cleaning and biocompatible
textile [28]. Lately, graphene quantum dots (GQDs) have been widely studied due to
their easy obtainability by green synthesis, low toxicity and wide antibacterial and
biomedical applications [23,29-31]. Its application on plastic and textile materials has
been studied due to its high absorption in the UVA/UVB spectrum regions [32,33] and
also evaluated its efficiency, stability and biocompatibility when doped with a
heteroatom such as boron or nitrogen. This doping of GQDs provides high quantum
yield, excellent UV absorption capacity, charge separation properties and inherits
unique properties of graphene and quantum dots. In addition, it causes a greater
surface area to volume ratio with delocalized electrons that favors drug loading
efficiency through its m — 1 stacking interactions [34] and therefore, it is proven to be
a biocompatible material with low toxicity even when evaluated with TiO2z [35]. Few
studies have been reported to date on the application of GQDs doped with
heteroatoms. Only the one by Zuo et al. [36] who nanocoated cotton with GQDs co-
doped with boron and nitrogen obtaining a protection factor of +30 and resistant to 20
washes.

Polyvinyl alcohol (PVA) has been widely used in the textile area due to its excellent
properties as a binding agent and non-toxicity. PVA has a polyhydroxyl structure that
has a high chemical affinity with the free hydroxyls present in cotton. Thus, hydrogen
bonds can form between cotton and PVA. In addition, hydrogen bonds can also form
between PVA molecules, leading to the formation of a thin film of PVA on the surface
of cotton fibers

Therefore, this study evaluates the efficiency of UVA/UVB protection and
photoluminescence of cotton fabric nanocoated with TiO2, N-GQD and N-GQD/TiO2
NPs. It also used PVA as a binding agent by the discontinuous method high-pressure
and high-temperature (HP/HT) hydrothermal method, widely applied in the textile
industry as well as the durability of its ultraviolet protection factor when subjected to
domestic washing.

2. Material and methods
2.1.Synthesis of N-GQD

This synthesis procedure was based on various studies about citric acid
carbonization [37-40]. For the synthesis of N-GQD, 1 mol of citric acid (Synth, PA) and
9 mol of urea (Synth, PA) were diluted in 10 ml of distilled water, stirred for 15 min on
a shaking table at 150 rpm, sonicated for 15 min and heated for 90 min at 180 °C on a



hot plate. Then, NaOH (10 g/L) was added to the mixture until the pH remained around
8. The solution was centrifuged at 13000 rpm for 10 min and the supernatant was
separated. Part of the supernatant was lyophilized to perform some characterizations.

2.2.Synthesis of TiO2 NPs (NPs)

This synthesis procedure was based on an optimization study carried out by
Behnajady, et al. [41]. 1 mol of titanium (IV) isopropoxide (Sigma Aldrich, 97%) was
slowly dissolved in 1 mol of methanol (Isofar, P.A) under magnetic stirring. The solution
obtained was sonicated for 1 h, then added to a reflux system with dropwise addition
of water (65 moles) and magnetic stirring for 3 h at 80 °C. The sol phase obtained was
dried and then calcined in a muffle for 3 h at 450°C. The obtained TiO2 NPs solutions
were naturally cooled and subsequently macerated until obtaining the powder.

2.3.Nanocoating cotton fabric

A cotton fabric (CO) donated by the company Vicunha AS (Brazil) was previously
bleached. The bleaching was carried out by an oxidative process that consists of a
bath with hydrogen peroxide (H202) (Synth, 50% puro), peroxide stabilizer (Golden
Technology), NaOH (Synth, PA) and non-ionic detergent (Golden Technology). For
every 1 g of cotton fabric, a 100 ml solution with 0.15 g of NaOH was used and 0.1 g
of non-ionic detergente. Subsequently, the cotton fabric with the bleaching bath was
shaken for 60 min at 80 °C on the hot plate. The fabric was neutralized with 0.1% acetic
acid solution, washed and dried at 80 °C for 20 min.

The cotton fabric nanocoating was prepared in glass beakers with NPs solutions
according to the concentrations shown in Table 1. The mixture was added in a
sonicator where it was carried out for 2 h in an ultrasonic bath (SACCH-LITD30) at a
frequency of 50 KHz, followed by stirring on a shaking table at 150 rpm for 30 min.
Subsequently, all solutions were transferred with 2g of cotton fabrics in a hydrothermal
machine (ALT-I / Mathis) in a bath ratio of 1:75. The nanocoating process remained for
150 min at 135 °C and then 10% polyvinyl alcohol (PVA) (Dynamic, 80% hydrolyzed)
was added over the bath volume. So, the process continued at 135 °C for another 150
min. After the nanocoating procedure, the fabrics were dried at 100 °C for 2 h in a hot
air dryer (LTE-MATHIS).

Table 1 - Formulations used for textile fabric nanocoated

Cod. Sample N-GQD (g/L) TiO2(g) Water (mL)
PC PVA/CO 0 0 150
PTC PVA/TIO2/CO 0 0.278 150
PnGC PVA/N-GQD/CO 0.1 0 150
PnGC1 PVA/N-GQD/CO 1 0 150
PTnGC PVA/N-GQD/TiO2/CO 0.1 0.278 150

2.4. Characterizations

Fourier transform infrared (FTIR) spectra of the samples were recorded using a
VERTEX 70v FT-IR spectrometer (BRUKER, Billerica, MA, USA) with a resolution of
4 cm? and a spectral range of 4000-400 cm™. The X-ray diffraction (XRD) patterns
were obtained in a Bruker / D2 PHASER diffractometer, with CuKa radiation and A =
1.5418 A, varying 26 from 3° to 70°, with an angular pitch of 0.02°. Microstructural
analysis via high resolution transmission microscopy (HRTEM) and selected area
electronic diffraction (SAED) were performed with the JEM-2100 JEOL microscope
operating at 200 kV and with a resolution of 0.2 nm and, nanocoated cotton fabrics



were characterized by field emission scanning electron microscopy / X-ray energy
dispersive spectroscopy (FE-SEM/EDS) by Supra 35-VP, Carl Zeiss where the surface
of the samples was treated with gold deposited on vacuum for 3 min. The surface
morphology of the coated fabric samples was observed using an atomic force
microscope (AFM) (Nanoscope llla, Digital Instruments, Santa Barbara, CA, USA)
operating in non-contact mode. The swept area was between 1 x 1 ym? and 2 x 2 ym?
and the topography was characterized by the root mean square of the deviations of
the topographic profile in relation to a mean plane (Rrms) according to:

1 Ly L
Rems= (2 Jy " Iy 2206, 9) dxddy) /2 (1)

where Lx and Ly are the length of the sides of the mean plane and z are the mean
height of the sample.

Chemical analysis on the surface of N-GQD and TiO2 nanocoated fabric was
performed by X-ray photoelectron spectroscopy (XPS) (VG Scientific ESCALAB 200A,
Waltham, MA, USA) using a 15 kV AlKa monochromatic X-ray (300W). All binding
energy (BE) values reported in the present work are with reference to the C1s carbon
nucleus level at 284.6 eV. The curve fitting of the high-resolution spectra was
performed with combined Gaussian-Lorentzian functions.

The color coordinates of the CIE (International Commission on lllumination) and
reflectance spectra of the samples were determined with a KONICA MINOLTA
spectrophotometer, model CM-2600d under D65 illuminant using a standard 10°
observer. The color difference (AE) of the samples using the base of measurements
of the CIE coordinates were calculated based to:

AE = \/(AL*)? + (Aa*)? + (Ab*)? (2)

Where AL* indicates the color luminosity difference between the samples coated
with the NPs and the pure cotton fabric, Ab* yellow/blue coordinate difference and Aa*
coordinate difference between the samples nanocoated with the nanomaterials and
control fabric, respectively. Colorimetric data and the reflectance spectra of the coated
samples were determined using a diffuse reflectance spectrophotometer (Konica
Minolta CM-2600d, USA), employing a D65 light source lamp and a 10° visual angle.
In addition, after the coating process, the impregnated samples were analyzed to
assess the resistance with which the solution imprinted the color on the fabric,
absorbing light in the visible region through K/S values calculated from its reflectance

measurements using the Kubelka-Munk equation [42]:
K _ (1-R)?

s~ R (3)

where K and S are absorption and scattering spectral coefficients, respectively; R is
the spectral reflectance ratio [43].

2.5. UPF analysis

The UV protection ability under UV light of treated samples was determined
according to UPF values estimated by AS/NZS 4399-1996 using SDL Atlas M284
device. Specimens scanning was started and the UV transmittance of the sample from



280 to 400 nm, with logging of transmittance data at least every 1 nm, was carried out
in triplicate. Then, UPF values was calculated according to:

[12 EQ).S().a2

UPF = —
WZEQ).S().T(A).dA

(4)

where E(A) is the efficiency of the erythemal spectrum, S(A) is the solar spectral
irradiance (W /m?/nm) and spectral distribution of the radiation, T(A) is the spectral
transmission of the samples, and delta A is the measured wavelength range (nm). The
resulting UPF value was based on the average of the values sought from the twill fabric
readings in the weft, warp and diagonal directions (Fig. 1). The evaluations were
carried out in the warp, diagonal and weft direction in which the resulting UPF was
based on the average of the three directions.

2.6. Assessing durability after washing

Samples impregnated with NPs were estimated to evaluate the UPF durability
under UV light after washing cycles. The sample washing process followed the
standards established by AATCC 61-2008 2A using the WT-16B wash fastness tester
(MATHIS, SP, BR) at 40 °C in the presence of 50 steel balls, where a wash cycle is
equivalent to five household washes. Then, the samples were dried at room
temperature for UPF evaluation.

3. Results and discussions
3.1. FTIR

The FTIR analyzes were performed both on the final product of the synthesis (N-
GQD) and on the used precursors (citric acid and urea), according to Fig. 2. The
formation of bands referring to the NH stretch was observed in the region 1319 cmin
the N-GQD spectrum. The presence of the C-N stretch appears in the urea and N-
GQD spectrum at 1562 cm™. This evidences the integration of nitrogen from the urea
of the N-GQD chains in the pyrolysis reaction process. The C=0 bond appears in the
three spectra analyzed in the 1666 cm region. The O-H radical appears in a wide
region around 2900 cm in citric acid and N-GQD. Characteristic stretches of C-H
bonds are observed in the 1447 and 825 cm regions of the N-GQD spectrum. The
presence of COOH is evidenced in the 1400 cm™ region. The COOH and N-H groups
are responsible for causing hydrophilicity and stability in N-GQD in aqueous systems
[44-46].

It can be assumed according to Fig. 3 the formation of N-GQD initially involves a
dehydration and condensation of citric acid, initiating the formation of a sheet-shaped
structure. This intermolecular dehydration reaction occurs mainly between the COOH
groups of neighboring citric acid molecules. N atoms are added to the graphene
structure through intramolecular dehydration between the amide and the COOH.
Nitrogen can be present in the graphene structure in pyrrolic, pyridic or graphitic rings.
In addition, a remaining fraction of COOH and ketone can also form in the graphene
structure [37,39,47].

3.2. Photoluminescent properties

To explore the optical properties of the synthesized N-GQD, photoluminescence
and UV-vis absorption spectra were obtained from the material that was lyophilized
and later diluted. Fig. 4 (a) shows the absorbance spectrum of N-GQD in a range



between 300 and 600 nm. The sample has absorption peaks in the regions around
211, 270, 327 nm and extended into the visible region, resulting in a yellowish color.
This wide absorption range allows excitation with broad spectrum light sources, from
sources with a high UV index (eg sunlight) to low UV index sources (eg some LED
lamps). The origin of the 211, 270 and 327 nm peaks arose from the electron
transitions from 11 to 1 * from C = C, C = N and C = O, respectively, consistent with the
literature [48-51]. Thus, the absorption spectrum can also provide fingerprints of the
N-GQD structures. These surface states present in N-GQD can result in emissive
traps. That is, when a certain excitation wavelength illuminates the N-GQD, a surface
state emitting trap will dominate the emission. In general, N-GQD photoluminescence
can be attributed to the combination or competition effect between intrinsic state
emission and defect state emission. Due to the effect of quantum confinement, the UV-
vis photoluminescence spectra of N-GQD can vary according to particle size.
Furthermore, the synthesis method, network defects, doping and oxygen ratio are
factors that can also influence the absorption and emission behavior of this
nanomaterial [52].

It is reported that the band gap caused by quantum confinement effects is size
dependent, i.e., the smaller the size, the larger the energy gap. Consequently, the
strong quantum confinement effect leads to improved gap opening. When plotting the
Tauc graph, which relates the square of the absorption energy (ahv, where a is the
absorbance and hv is the photon energy) with the photon energy, the energy of the
direct band gap is determined by the tangent line to resulting curve as 3.53 eV [53]
(Fig. 4(b)).

In an analysis carried out in a fluorimeter, the excitation radiation was varied
between 340 and 470 nm, with an increment of 10 nm, while the emission was
monitored in the range between 375 and 650 nm, according to Fig. 4(c). It was
observed that the radiations that caused a greater visible photoluminescent effect, that
is, when the highest peaks of radiation emission occur in the range of 400 to 700 nm,
are found in the UV region of the electromagnetic spectrum, with the excitation peak
at 370 nm causing an emission with a peak at 452 nm. Furthermore, as the excitation
wavelength is changed from 340 to 470 nm, the resulting emission peak shifts to longer
wavelengths and its intensity gradually decreases. These emissions visually
correspond to several variations of blue and green tones, as can be seen in the CIE
1931 chromaticity diagram (Fig. 4(d)).

The quantum yield of N-GQD was 25.36%, based on the methodology of Allen [54]
and Ishida et al. [55]. This result indicates that the nitrogen doping process from the
use of urea in the citric acid carbonization process increases the photoluminescent
efficiency of carbon quantum dots, as reported in the literature. Furthermore, the
guantum yield of undoped species is also reported to be in the range of 7-11%. Chen
et al. [56] also synthesized GQDs derived from citric acid, but without adding urea in
the process, and achieved a quantum vyield of 9%. As has been reported in the
literature, carbon-based Iluminescent nanomaterials without surface passivation
generally have low quantum yields [57].

Also, the photoluminescence intensity of these nanomaterials can also vary
according to pH, solvent, average particle size, edge configuration, defects, doping,
citric acid carbonization time and temperature, among others [56]. The GQD-N
emission mechanism depends on ordered sp? clusters with sizes of about 1 nm that
are isolated within the sp3 C-O matrix. The presence of sp? molecular clusters located
within an sp® matrix can lead to confinement of 1 electrons. Radiative recombination
of electron/vacancy pairs in these sp? clusters can give rise to fluorescence [58,59].



3.3. XRD

Fig. 5 shows the XRD patterns. It is observed in the image the positions of the
main peaks of the N-GQD of the axis (20) appear close to the characteristic peak
region of graphite (002); although the peak, related to graphite, is more acute than that
of N-GQD. This clearly suggests that citric acid carbonization leads to graphite-like
structures. However, the absence of sharp peak in the case of the XRD pattern of N-
GQD may be related to the disordered structure of N-GQD, due to the presence of
large amounts of oxygenated and nitrogen functional groups in its structure, which can
cause a considerable lack of order in the graphene quantum dots [60,61]. The
crystallite size was estimated at 4.1 nm using the Scherrer equation, this value was
similar to the average particle size of 3.0 nm calculated based on the HRTEM N-GQD
images.

The TiO2 powder synthesized via sol-gel was subjected to XRD as shown in Fig.
5(b), so that it had characteristics related to its formation. In relation to the TiO2 phase,
it was possible to perceive well defined peaks, being found between the 20° to 70°
regions. The characteristic peaks of TiOz in the anatase phase were observed at 26 =
25.3°; 37.8°; 48.0°; 54.0°; 55.0° and 69.0° in accordance with JCPDS reference sheet
00-002-0387 and study by Behnajady et al. [41], while the brookite phase peaks were
observed at 30.1° and 63.1° according to JCPDS 00-029-1360. The diffractogram also
allowed the visualization of its crystalline structure, which is consistent with a tetragonal
system. The crystallite size was estimated at 8 nm and calculated based on the
average of the three most intense and defined peaks (25.25°;, 37.80° and 47.97°).

Already in fig. 5(c) All fabric samples (treated or not) showed the presence of peaks
206 = 15°, 16°, 22° and 34° referring to the crystallographic planes (101), (101), (002)
and (040) characteristic of cellulose I. Furthermore, all these diffractograms exhibited
great similarity, indicating that no polymorphic transformation occurred in the unit cell
structure of the cellulose crystals. It is observed that in the samples treated only with
N-GQD there was no presence of any peak characteristic of the quantum dot, which is
explained by the weak signal of the element as can be seen in its diffractogram

The sample functionalized only with TiO2 showed peaks at 26 = 25°; 48°; 54°; 55°
referring to the planes (101), (200), (105) and (211) of the anatase phase. The sample
treated with N-GQD and TiOz did not show characteristic peaks of either component.
According to Ou et al. [62], the association between N-GQD and TiO2z can result in a
decrease in the signal intensity characteristic of TiO2z in an X-ray diffractogram, which
is why no signal was observed in the sample in Fig. 5(c) [60].

3.4. HRTEM

The micrographs of the nanostructures performed by the HRTEM technique are
shown in Fig. 6. According to Fig. 6(a), it is observed that N-GQD are uniformly
dispersed and without agglomeration. Regarding geometry, the particles have a
spherical shape, with heterocyclic formation, mean particle size of 3 nm +/- 0.8 nm and
presence of lattice fringes with a spacing of 0.21 nm referring to the d100 plane similar
to the hexagonal pattern of graphene [63]. These characteristics are similar in studies
that used citric acid as a precursor [48-50]. Furthermore, the SAED patterns in Fig. 6.
(b) show the semi-crystalline structure of N-GQD synthesized via hydrothermal which
corroborates the XRD pattern (Fig. 5 (a)). As shown in Fig. 6(c) the sol-gel synthesis
method provides TiO2 NPs with a mean diameter of 12.8 nm +/- 2.9 nm based on the
normal fit (insert Fig. 6(c)). Although the presence of clusters is evident, the HRTEM
image of the TiO2 NPs shows a crystalline structure, as shown by the formation of



concentric rings as a result of diffraction of the crystallographic planes of the SAED
analysis (Fig. 6 (d) and by the presence of the lattice fringes with a spacing of 0.35 nm
corresponding to the d101 plane value of the TiO2 anatase [53] in the HRTEM (insert
Fig. 6 (c)).

Already in Fig. 6 (e), the presence of TiO2 NPs decorated with N-GQD as
highlighted in the image is observed. From Fig. 6 (f)), the SAED pattern shows
concentric and more noticeable rings than the SAED pattern of isolated N-GQD, which
corroborates the presence of TiO2 by its crystallographic planes of the material in the
semi-crystalline structure of the quantum dots, which demonstrates that the
nanocoating process via hydrothermal resulted in the junction between
organic/inorganic nanomaterials.

3.5. Characterization of cotton fabric nanocoated
3.5.1. XPS

The surface chemical composition of the pristine CO, PC and nanocoated samples
were also analyzed by XPS. Fig. 7 (a) showed the deconvoluated C1S curve of XPS
of the pristine CO fabric where it displays three peaks that correspond to the carbon
signal in the connections. The peaks at 284.9, 286.7 and 288.1 eV corresponds to C-
C / C-H, C-O-H and C-O-C cellulose bonds, respectively [64]. Both the C1S curve and
the N1s curve of the analyzes were evaluated and the characteristic peaks of the
chemical composition of PnGC and PnGC1 are shown in Fig. 7 (b) where the
deconvoluated Cls spectrum clearly shows four peaks in 284.5, 285.8, 287.5 and
288.6 eV attributed sp?-sp? C (C - C), N- sp? C (C - N), CO/C-OH, and O-C = O binding,
respectively. It is also observed that in the deconvoluated N1s XPS spectrum (insert
Fig.7 (b)) comprised three peaks with connection energies at 399.1, 400 and 400.8 eV
corresponding to the presence of nitrogen in the pyridine, pyrrolic and grafitic ring,
present in the chemical structure N-GQD [64,65].

With the XPS spectra obtained in Fig. 7 (c) it was possible to identify the presence
of TiO2 NPs on cotton (PTC sample). According to the literature, a characteristic XPS
spectrum of TiO2, which corresponds to the Ti*4 oxidation state, has two lines, one
corresponding to photoelectrons emitted by the Ti 2p level and another to the
photoelectrons of the oxygen 1s level. With the high electronegativity of oxygen, Ti
loses more electrons as the number of oxygen atoms around it increases, and
therefore the binding energy of the 2p core level electrons shifts to higher energies.
Due to the spin-orbit interaction, the 2p level of Ti separates into the 2ps2levels, which
corresponds to the most intense line in the XPS spectrum, and into the 2pi2. The 2p
doublet line intensities ratio is 2:1 and the energy separation is approximately 5.7 eV.
Both the 458.60 and 464.3 eV power lines are deconvoluted to two peaks, which
correspond to Ti** 2ps2 and Ti** 2p12 respectively [66]. The Ols peak (insert Fig. 7(c))
represents the oxygen deconvolution data where in the power line 530 eV corresponds
to the Ol1s peak at the position of the Ti-O peak. The peak area corresponding to the
hydroxyl group (OH) in the energy line of energy 531.31 eV belongs to adsorbed water
as shown in Fig. 7(c) [67].

In Fig. 7(d) we have spectral data obtained via XPS. The spectrum corresponds to
the PTC and their respective intensities, as well as the PTnGC. It was necessary to
make this comparison to identify the presence of nitrogen in the N-GQD molecule. Itis
noticed the presence of the N1s peak related to the presence of N-GQD and its
respective deconvolution of the high resolution XPS peak spectrum of N1s at 400 eV,
a difference is noticed when compared to deconvoluted nitrogen in Fig. 7(d). The
presence of noise in this spectrum is due to the low intensity obtained from nitrogen,



caused by the presence of TiO2 which tends to reduce the crystallinity of N-GQD as
seen in Fig. 6 (b) of HRTEM/SAED results. However, the spectrum reveals the
existence of pyridine N (399.7 eV), pyrrolytic N (400.3 eV) and graphitic N (401.5 eV),
proving the existence of N-GQD in the respective PVA/TiO2/N-GQD nanocoatings [68].

3.5.2. Colorimetric properties

The colorimetric coordinate was evaluated by EQ.(2) and colour strength data
corresponding to Fig. 8 were obtained using Kubelka-Munk Eq.(3). It was observed
that under the conditions of a D65 illuminant, the treated samples did not obtain
discrepant K/S intensities in relation to the pristine CO, indicating that the hydrothermal
nanocoating process did not change the color luminosity of the cotton fabric, however,
the negative AL (table insert Fig. 8 (a)) value for all treated samples indicates a
darkening of the functionalized fabrics. Due to the absorption sites present in the
quantum dots as C=C, C=0 and C=N, evidenced by the FTIR and XPS, the samples
that had the largest negative deviations of AL (taking into account a color tolerance =
1) were in order those treated with N-GQD with greater concentration (PnGC1), N-
GQD (PnGC) and N-GQD/TiOz (PTnGC). This pattern is also related to the intensity
variations of K/S curves. With all these changes in L*a*b coordinates caused by
treatments on the fabric, there was a significant change in its AE values, indicating that
the presence of N-GQD and TiO2 NPs promoted changes in the color of pristine CO,
such as shows the images of samples (Fig. 8 (b)). Thus, it is possible to observe that
the PnGC1, PnGC and PTnGC had a considerable color shift to red and yellow
compared to the untreated fabric. While the sample treated only with the binder and
the one treated with TiO2 had a more considerable shift towards yellow.

With all these changes in the L*a*b coordinates caused by the treatments on the
fabric, there was a considerable change in the AE values, indicating that the color
changes caused by N-GQD in the fabrics were high. It is noticed that the
PnGClpresented a dark brown color (AE = 50.79). Thus, N-GQD can cause
remarkable color changes according to the concentration applied in the treatment, and
can even replace a finishing process. It was observed that PC (AE = 2.10) and PTC
(AE = 4.81) also had reasonable color changes.

A high whiteness is important for many dyeing or printing processes. However, a
significant reduction of these factors was observed for PnGC, PnGC1 or PTnGC,
logically due to the formation of color on cotton fabric. This indicates that when a high
degree of whiteness is needed, excessive use of N-GQD should be avoided or used
in conjunction with other methodologies to increase the whiteness degree on fabric.
Furthermore, Fig. 8 (b) represents images colors of fabric samples nanocoated in the
presence of natural light and in the presence of UV light. It is possible to notice the
luminescent effect in all samples treated with N-GQD, evidenced by the lighter tone in
the images.

3.5.3. FE-SEM

The FE-SEM micrographs of nanoparticle treated and untreated samples are
shown in Fig. 9. As shown in Fig. 9 (a), the control fabric is characterized by their
longitudinal section with a flat ribbon shape, with a smooth appearance and
convolutions that show the fibrillar structure of the cotton fibers. Unlike untreated
samples, the micrographs in Fig. 9 (b — ¢) exhibit a rougher and more wrinkled surface
for the PnGC and PTnGC samples, respectively, clearly indicating the process of
coating the NPs with the PVA as it is a polymeric material with a high film-forming
capacity [69], which results in a thin coating of PVA molecules. However, N-GQD and



TiO2 NPs is not easily observed under high magnification. Therefore, the deposition of
the N-GQD/TiO2 on the surface of the cotton fabric was confirmed by the images of
the rough surface of fabric.

3.5.4. AFM

Fig. 10 corresponds to the 2D AFM micrographs obtained on the surface of the
cotton fibers before and after the nanocoating process. Fig. 10 (a) presents the fiber
topology of the fabric absent of NPs, which observes the morphological characteristics
of the surface of cotton fibers with the presence of nanofibrils, valleys and ridges, also
previously visualized in the FEG-SEM micrographs. Furthermore, the 3D image of the
center of Fig. 10 (a) shows the depth of the valleys. This morphology is responsible for
the variation in the surface roughness of the cotton fiber and, consequently, influencing
the maximum roughness values obtained (48.32 nm). Therefore, the cotton fiber
presented an average roughness (Ra) = 12.3 nm. After the PVA/N-GQD immobilization
process on the fabric (Fig. 10 (b)), the image shows the presence of shallower crevices
and valleys, with greater roughness due to the presence of the quantum dot clusters
with certain clusters of NPs that promoted a decrease in roughness on the fiber
surface, with Ra = 7.26 nm, as shown by the line profile. However, the presence of
TiO2 on the PTnGC (Fig. 10 (c)) caused an increase in the maximum fabric surface
roughness equal to 39.36 nm which contributed to a significant increase in Ra = 16.5
nm higher than the Ra of the PnGC and lower than the control sample. Smaller
particles manage to accommodate themselves within the valleys and the larger ones
stay on the fiber surface, as observed in the same sample submitted to FE-SEM
analysis. That can be caused by the presence of TiO2, as it is noticed an average
variation of NPs sizes.

3.5.5. UV protection

The samples containing TiO2, N-GQD and PVA as well as the cotton fabric without
nanocoating were evaluated for their UV protection property, according to the results
presented regarding the tests performed on the fabric in the warp direction (Table 1),
diagonal (Table 2) and plot (Table 3), and in Fig. 11, representing the mean of the UPF
values of the respective analyses. All other samples coated with NPs were responsible
for the decrease in transmittance in the range between 280 and 400 nm in the
electromagnetic spectrum. The UPF is commonly used due to the consideration of its
calculation in erythemal spectral efficacy and irradiance at a given wavelength.
Therefore, it could also be defined as the ratio between the potential erythema effect
and the actual erythema effect transmitted by the fabric by radiation [70]. It was
observed that the untreated cotton fabric had a UPF 11 (warp), 12 (diagonal), 13 (weft)
and an average of 12, considered insufficient to protect human skin from UV radiation
from the sun or artificial sources such as lamps or welding processes. But it is known
that cotton, linen, acetate and rayon fabrics offer low protection against UV radiation
when not functionalized with some anti-UV agent properly [71].

The fabric modified only with the binding agent PVA also presented a result
characterized as insufficient according to the standard, a UPF value of +10 both in the
weft (13), diagonal (14) and warp (14) direction. Thus, the cotton fabric functionalized
with N-GQD was responsible for an increase in the UPF to 31, classified as very good
according to the adopted standard. And when you increase the concentration of N-
GQD to 10 times, more in the fabric functionalization process, you get an increase in
the UPF to +50, classified as excellent. The functionalization of the cotton fabric with



TiO2 presented an excellent result of UV protection in the warp (334), diagonal (431),
weft (505) direction and an average of 423 or +50. But, due to its limited application in
textiles for UV protection due to the requirements of the International Agency for
Research on Cancer - IARC, as described by Baan [25], the synergy between N-GQD
of lower concentration (0.1 g/L) with TiO2 was evaluated. And the result was a UPF in
the warp direction of 93, diagonal 103, weft of 137 and an average of 111 or +50,
according to tables 2-4 and Fig. 11 below, which characterizes the functionalization
performed with N-GQD/TiO2 was responsible for an increase in the UPF to 111
(“excellent”).

Table 2 - UPF - AU/NZS 4399 (warp)
Blocked Blocked

Sample UVA uvB UVA (%) UVB (%) UVR UPF Classification
Pristine CO 12.39 7.45 87.61 92.55 88.75 11 low protection
PC 10.71 6.64 89.29 93.36 90.23 13 low protection
PTC 1.94 0.18 98.06 99.82 98.44 3342 excellent
PnGC 4.07 2.87 95.93 97.13 96.21 32 very good
PnGC1 0.38 0.32 99.62 99.68 99.63 3032 excellent
PTnGC 2.04 0.95 97.96 99.05 98.20 932 excellent
aUPF +50

Table 3 - UPF - AU/NZS 4399 (Diagonal)
Blocked Blocked

Sample UVA UvB UVA (%) UVB (%) UVR UPF Classification
Pristine CO 12.00 7.04 88.00 92.96 89.14 12 low protection
PC 10.40 6.49 89.60 93.51 90.50 14 low protection
PTC 1.65 0.14 98.40 99.82 98.71 43]a excellent
PnGC 4.05 2.87 95.95 97.13 96.22 31 very good
PnGC1 0.41 0.35 99.59 99.65 99.60 2842 excellent
PTnGC 2.04 0.91 97.96 99.09 98.21 103a excellent
aUPF +50

Table 4 - UPF - AU/NZS 4399 (weft)
Blocked Blocked

Sample UVA uvB UVA (%) UVB (%) UVR UPF Classification
Pristine CO 11.71 6.78 88.29 93.22 89.42 13 low protection
PC 10.31 6.19 89.69 93.81 90.64 14 low protection
PTC 1.51 0.11 98.49 99.90 98.80 5052 excellent
PnGC 4.38 3.13 95.62 96.87 95.91 29 very good
PnGC1 0.37 0.31 99.63 99.69 99.64 3342 excellent
PTnGC 1.48 0.66 98.52 99.34 98.70 1372 excellent
aUPF +50

3.5.6. Durability of UV protection

It is possible to observe that the functionalization of cotton fabric with N-GQD has
an excellent protection efficiency in the UVA region, while the treatment with TiOz has
a excellent protection efficiency in the UVB region. In addition to the transmittance
spectra obtained, UPF values were obtained in order to evaluate the UV protection



capacity of cotton fabrics according to the values presented in Table 4, which shows
UPF values for washed and unwashed samples.

As shown in Fig. 12(b), it was verified that the control fabric had UPF 12 before
and after 20 washing cycles, classified according to the standard as insufficient to
protect human skin from UV radiation. Differently, the PnGC sample obtained UPF 31
classified as "very good" according to the adopted standard and a slight reduction of
the UPF value to 25, showing that although some N-GQD suffered desorption, the
sample obtained a good UV protection after the washing process. For the PnGC and
PTnGC samples there was an increase in the UPF to +50, showing that all these
treatments presented a classification considered excellent for UV protection in textiles.
Therefore, it can be seen that both materials are good UV absorbers and their UPF
values remained unchanged after the washing process, indicating that the coating with
NPs provides the cotton fabric with satisfactory properties for applications involving UV
protection and durability of the treatment after successive washes.

The UV absorption properties of TiO2 occur due to its semiconductor behavior.
When TiOz2 is illuminated by radiation with energy greater than its bang gap, the
electrons absorb the photon energy and are excited to cross the band gap to produce
the pairs of electrons and holes [72]. The UV absorption properties of N-GQD occur
due to the presence of the TT—1* transitions (230-250 nm) of the C=C aromatic bonds
and the n—1r* transition of the C=0 or C=N bonds (327 nm), as seen in absorbance
spectroscopy.

4. Conclusion

Fabric functionalized with TiO2 and Nitrogen doped graphene quantum dots (N-
GQD) NPs in a hydrothermal process using Polyvinyl alcohol (PVA) as a binding agent
promoted a material that protect against ultraviolet (UV) radiation. Uncoated fabrics
showed no protection while fabrics loaded with nanocoating resulted in high ultraviolet
protection factor (UPF) values even after the washing process, indicating that in
addition to the anti-UV capacity the material has a N-GQD and N-GQD/TiO:2
nanocoating on cotton fabric that is durable to domestic washing cycles. Thus, the way
in which the fabrics were loaded with nanoparticles can be easily applied to existing
machinery allows a high-efficiency material to be practically reproduced in industry.
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