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ABSTRACT: Nonthermal plasma processing is a chemical-free and
environmentally friendly technique to enhance the self-cleaning activity
of nanoparticle-coated cotton fabrics. In this research, Sr-doped ZnO/
carbon nanotube (CNT) photocatalysts, namely, S10ZC2, S15ZC2, and
S20ZC2 with different Sr doping concentrations, were synthesized using
the sol−gel method and coated on plasma-functionalized fabric to
perform the self-cleaning tests. The fabrics were treated with dielectric
barrier discharge plasma in an open environment for 3 min to achieve a
stable coating of nanoparticles. The energy band gap of the
photocatalyst decreased with an increase in the level of Sr doping.
The band gap of S10ZC2, S15ZC2, and S20ZC2 photocatalysts was
estimated to be 2.85, 2.78, and 2.5 eV, respectively. The hexagonal
wurtzite structure of ZnO was observed on the fabric surface
composited with CNTs and Sr. The S20ZC2 photocatalyst showed better homogeneity and photocatalytic response on the fabric
when compared with S10ZC2- and S15ZC2-coated fabrics. The S20ZC2 photocatalyst showed 89% dye degradation efficiency after 4 h
of light exposure in methylene blue solution, followed by S15ZC2 (84%) and S10ZC2 (80%) photocatalysts.

1. INTRODUCTION
Nanotechnology is swiftly attracting global attention because it
is widely perceived as offering huge potential in cutting-edge
technologies.1 Nanotechnology and nanoparticles provide
numerous benefits in the textile sector, transforming the
qualities and capabilities of textiles. Incorporating nano-
technology in textiles is a developing topic with continuing
research and development, presenting promise for continued
textile industry innovation. Incorporating nanoparticles or
nanofibers into textile materials significantly improve their
traits like durability, strength, water and stain resistance, UV
protection, antibacterial and antimicrobial properties, thermal
regulation, smart textiles, color enhancement, self-cleaning
fabrics, improved insulation, flexible electronics, etc.1−3

Conventional nanocoating methods do not produce long-
lasting results due to the surface energy difference and lack of
adherence between fabric and coated products.2 A significant
aspect of our consumer culture is textiles. Clothing, towels,
furniture, carpeting, car interiors, etc. are all made of textiles.3

Although both synthetic and natural fibers are used in textiles,
the chemical processing of the fibers has more adverse health
effects than that of the cloth itself. The other chemical
treatments and fabric dyeing are the major reasons for health
implications and allergic reactions. A new category of self-

cleaning fabrics with superhydrophobic qualities is under
development.4 By coating fabrics with pure and mixed metal
oxides, self-cleaning textiles can be developed and used with
positive effects on human health and the environment.5 Self-
cleaning materials are well known for their high repellency
against both oil and water, which easily rip off their surfaces.
Due to their great degree of repellency, these materials can
come into contact practically with any liquid.6 Different
methods have been used to produce self-cleaning fabrics,
including dip-coating, spray coating, spin coating, electro-
spraying, electro-spinning, hydrothermal treatment, chemical
etching, and vapor deposition.7 The coating is the chemical
application to the fabric’s surface, giving it functional and
decorative properties.8 Nearly, all textile products used in
hotels and medical facilities cause cross-contamination or the
spread of diseases brought on by microorganisms. A common
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method of coating the fabrics is spraying, washing, transfer
printing, rising, and padding. The coating of nanoparticles on
fabrics can be performed by a padder adjusting to suitable
speed and pressure, followed by curing and drying.9

Photocatalysis is a novel technique for eliminating both
inorganic and organic pollutants from the atmosphere and
water bodies.10 ZnO is an n-type semiconductor with a 3.37 eV
band gap energy, which is a very reliable photocatalyst due to
its effectiveness in degrading organic dyes.11 At the nanoscale,
ZnO is an effective and appealing ingredient for sunscreen and
cosmetics due to its high UV resistance.12 Since the band gap
of ZnO falls in the UV region of the light spectrum, its
effectiveness as a photocatalyst depends on factors such as
particle size, active surface area, and crystalline structure.
Efforts are being made to address challenges such as
recombining electron−hole pairs, which can limit the overall
efficiency of photocatalytic processes involving ZnO. The large
surface area, excellent stability, low mass density, and low
electrical resistance of carbon nanotubes (CNTs) make them
good electrically conductive materials. Substrate materials
become conductive after CNTs are coated on the textile.13,14

The addition of Sr to the photocatalyst can further enhance the
ionic properties of the photocatalyst during a photocatalytic
process.15 Saleem et al.16 revealed that the ultrasonic
biosynthesis of TiO2 nanoparticles for decorating the plasma
pretreated cotton fabric improves wettability and self-cleaning
efficiency. The plasma treatment on the cotton fabric was

performed by dielectric barrier discharge (DBD) plasma to
enhance self-cleaning activity. The color pixel difference was
used to check the degradation of 0.05% MB dye solution after
15 h of reaction time under sunlight. Irfan et al.17 worked on
ultrasonically ZnO loading of plasma-citric acid-modified
cotton fabric for self-cleaning, antibacterial, and UV protection
activities. They achieved a methylene blue dye degradation
efficiency of 77% using ZnO-loaded fabric. In another study,
Saleem et al.18 enhanced the photocatalytic efficiency of TiO2
on fabrics by compositing it with Cu2O. They plasma
functionalized the fabrics and coated them with Cu2O/TiO2
composites. The plasma processing and Cu2O/TiO2 coating
resulted in 94% photocatalytic efficiency of the processed
fabrics. Plasma treatment also contributes to the stability and
photocatalytic effectiveness of a catalyst on the fabric surface.19

The plasma exposure of textiles improves the surface
roughness and induction rate of functional groups, which are
key drivers in nano finishing and photocatalytic applications of
textiles. Çakır et al.20 plasma processed the fabrics to produce
ZnO-coated textiles. They revealed that plasma-processed
textiles showed good wettability, adhesion, and durability for
coating applications. Through ionization and dissociation
processes, plasma produces reactive species on cotton fabric.
These species not only play a role in the bonding of
nanoparticles with the fabric surface but also contribute to
the self-cleaning and antibacterial traits of the fabrics. This
study aimed at plasma processing of cotton fabrics for the

Figure 1. Schematic of the DBD system for processing of fabric.

Figure 2. Illustration of the plasma functionalization process of fabrics.
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production of efficient Sr/ZnO/CNTs composite-coated
textiles for self-cleaning application. The Sr-doped ZnO/
CNTs with different doping concentrations of Sr were
prepared through the sol−gel route and coated onto plasma-
processed fabrics using the pad-dry method.21 The self-
cleaning tests with the nanocoated fabrics were performed in a
methylene blue solution under sunlight.

2. MATERIALS AND METHODS
2.1. Chemicals. Zinc nitrate (Zn(NO3)2), strontium

nitrate (Sr(NO3)2), citric acid (C6H8O7), sodium hydroxide
(NaOH), carbon nanotubes (CNTs), distilled water, acetone
(C3H6O), and methylene blue (MB) were used in completing
this research work.

2.2. DBD Plasma System. A self-sustained DBD plasma
discharge was produced under atmospheric pressure con-
ditions, as illustrated in Figure 1. The air in the surroundings
was considered a working gas for plasma microdischarge. DBD
system consisted of a pair of metal electrodes: one was fixed,
while the other cylindrical electrode was rotatable. The fixed
electrode was covered with a dielectric tube, while the rotatable
electrode was covered with a fabric sample.22 A 30 kV
alternating current supply with a variac and 60 Hz cycle
provided the current in mA for plasma generation.23 The
plasma operating conditions include a 40 mA discharge current
at 20 kV discharge voltage, an interelectrode gap of 3 mm, and
a plasma activation time of 5 min. The source gas was air since
DBD was sustained in an open atmosphere. Before the plasma
processing, fabric samples were washed with acetone to
remove the seizing particles and dried at 90 °C in an oven
for 120 min. The fabric was pasted on the motor-driven
movable cylindrical electrode for the plasma treatment, as
illustrated in Figure 2.
The DBD discharge was produced with the above-

mentioned fixed process conditions with air as the working
gas for plasma production. Plasma was used to activate the
fabric surface for an exposure time of 5 min. The reactive
species generated in the plasma-induced reactions on the fabric
surface as illustrated in Figure 2. For instance, they broke the
existing chemical bonds and formed new bonds, introducing
new functional groups. Oxygen and nitrogen-containing
groups, such as hydroxyl, carbonyl, carboxyl, and amino
groups, can be introduced onto the surface, enhancing its

reactivity. The process of most common radicals formed
during plasma processing is defined in eq 1.

5H O 2OH e H H O H O H2 2 2 3 2+ + + + + (1)

A few highly energetic electrons collide with oxygen (O2)
molecules in the air. Due to their tendency to react, the O2
molecules transform into atomic oxygen (O) and produce
ozone and reactive hydroxyl (OH) radicals, as explained in eqs
2 and 3.

O O O2 3+ (2)

O 2O 2OH2 (3)

2.3. Preparation of Photocatalyst-Coated Fabrics. Sr-
doped ZnO/CNTs photocatalysts were produced using a facile
sol−gel method and coated over plasma-functionalized fabrics
to observe the self-cleaning activity, as illustrated in Figure 3.
The nanoparticles of ZnO were prepared by adding 4.17 g of
zinc nitrate and 10 g of citric acid in 100 mL of distilled water
under mild stirring and heating for 45 min. The resulting
solution was collected in a crucible and dried in an oven at 120
°C for 24 h, followed by calcination in the furnace. The white
solid powder was cooled to room temperature and ground into
a fine ZnO powder. The formation of Sr-doped ZnO/CNTs
photocatalyst was performed with the same method as ZnO by
adding 0.82 g or 10 wt % of strontium nitrate to the solution.
Then, the solution was introduced with 2 wt % of CNTs and
labeled as solution-A. The base solution-B was prepared by
adding NaOH to deionized water. Solution B was added
dropwise to solution A to maintain pH at 9 and get solution C.
The gel formed on stirring the solution-C for 3 h was collected
in a crucible and dried at 120 °C before calcinating for 24 h at
400 °C. The final product was crushed into fine powder to get
S10ZC photocatalyst. Two more photocatalyst samples,
namely, S15ZC2 and S20ZC2, were prepared using 1.09 and
1.35 g of strontium nitrate, respectively. A description of the
prepared samples is provided in Table 1.
To establish a self-cleaning feature in the fabric, the prepared

S10ZC2, S15ZC2, and S20ZC2 photocatalysts were coated on
plasma-activated fabric samples. The fabric samples of 6 × 6
cm2 size were dipped in a 15 mL solution of binder and the
photocatalyst. The coated samples were passed through the
pad dry machine for the homogeneous and stabilized coating.
Then, the coated fabrics were gently washed to remove the
extra particles that could not make solid contact with the

Figure 3. Illustration of procedures involved in the production of Sr-doped ZnO/CNTs.
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sample. The samples were dried for 1 h at 70 °C. Figure 4
explains the procedure of the pad dry coating process used in
this work.24,25

2.4. Self-Cleaning Activity. The self-cleaning perform-
ance of the prepared fabric samples was checked by
decolorizing the MB dye solution under solar irradiation, as
illustrated in Figure 5. The S10ZC2-, S15ZC2-, and S20ZC2-
coated fabrics were immersed in a 0.05% solution of MB dye
and placed under sunlight for 4 h.5,26 Thereafter, the
photocatalyst-decorated fabric samples were removed from
the dye solution, washed with deionized water, and dried in an
oven for 1 h at 70 °C. The dye degradation efficiency of the
nanocoated fabrics was calculated using the following eq 4

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

C
C

degradation efficiency (%) 1 100
0

= ×
(4)

where C and C0 are the concentrations of dye after and before
irradiation.

3. RESULTS AND DISCUSSION
3.1. Analysis of Functional Groups. The functional

groups and chemical bonds of dye and photocatalysts on the
fabric surface were checked from FTIR spectra. The peak at
1632 cm−1 represents C�N central ring stretching and the
peak at 3300 cm−1 represents NH/−OH overlapped stretching
vibration in the structure of MB dye, as reported in Figure 6a.
Figure 6b depicts FTIR spectra of the photocatalyst-decorated
fabrics in the range of 500−4000 cm−1, which represent the
presence of metals and CNTs in the composite photo-
catalyst.27 Four prominent peaks were observed in the FTIR
spectra at 697, 1158, 2953, and 1434 cm−1. The peaks at 697,
1158, and 2953 cm−1 were observed at the same wavenumber
for S15ZC2 and S20ZC2 composite-coated samples in the group
frequency region (GFR) and fingerprint region (FPR). The
peak at 697 cm−1 confirmed the presence of halo compounds,
such as the C−X bond where “X” is known as halogen (X = Br,
Cl, F, and I) within the range of 850−550 cm−1. In this FPR,
the peak at 697 cm−1 demonstrated the C−Cl vibration
frequency with a strong peak appearance.28 A tertiary alcohol
group is shown with a peak at 1158 cm−1, which also has a
significant appearance in the FPR. At this peak, the C−O
stretching vibration of alcohol shows the presence of one or
more carbon atoms and is known as symmetric and
asymmetric C−C−O stretching.29

The peak at 2953 cm−1 was observed in the GFR with three
different compound classes, carboxylic acid, alcohol, amine salt,
and alkane. These compounds showed strong broad, weak
broad, and medium appearances with O−H stretching, N−H
stretching, and C−H stretching vibrations, respectively.30 The
peak at 1434 cm−1 was noted only for S10ZC2 composite with a
medium appearance due to O−H bending of the carboxylic
acid class in FPR, as mentioned in Table 2. Similarly, there are
two further peaks at 1632 and 3300 cm−1 for MB that also
appeared in FPR and GPR, respectively. When compared with
1632 cm−1, the peak at 3300 cm−1 exhibits a strong
appearance, indicating that there is a large amount of energy
absorbed at this frequency.

3.2. Structural Analysis. XRD spectra of S10ZC2-,
S15ZC2-, and S20ZC2-decorated fabrics are reported in Figure
7. XRD peaks at 2θ of 7, 32.5, 34.7, 40.3, and 44.6° correspond
to (002), (100), (002), (100), and (101) diffraction planes.
The characteristic peaks at 7, 40.3, and 44.6° showed the
presence of CNTs in the photocatalysts.31 These peaks
correspond to Miller indices of (002), (100), and (101) in

Table 1. Description of Photocatalysts with the Sr Doping
Percentage

sample Sr content (wt %) CNT content (wt %)

S10ZC2 10 2
S15ZC2 15 2
S20ZC2 20 2

Figure 4. Explanation of the pad-dry process for producing
nanocoated fabrics.

Figure 5. Dye degradation mechanism of nanocoated fabrics under sunlight.
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the S10ZC2 and S15ZC2 photocatalysts. The JCPDS no. 26-
1076 also confirms the peaks of CNTs. The structural analysis
agreed with the findings of Geetha et al.32 The S10ZC2 and
S15ZC2-decorated fabrics also revealed two peaks at 31.9 and
34.7°, which were perceived as the (100) and (002) planes,
respectively, according to JCPDS no. 36-1451.33 The ionic
radius of Zn2+ (0.074 nm) is less than that of Sr2+ (0.118 nm).
When Sr is doped into the ZnO structure, Sr2+ ions distort the
host lattice of zinc (Zn2+) and cause the peaks to shift.
However, in this case, the diffraction peaks were hardly shifted
toward higher 2θ values. The distortion was limited to a small

region, causing no shift in XRD peaks. This analysis also
showed the hexagonal wurtzite crystal structure of ZnO
(JCPDS no. 36-1451).34 The Scherrer formula was used to
determine the grain size of the S10ZC2, S15ZC2, and S20ZC2
photocatalysts. The grain size, d-spacing values, and Miller
indices of all three photocatalysts are given in Table 3.

3.3. UV−Visible Spectroscopy Analysis. The UV−
visible spectra of the S10ZC2, S15ZC2, and S20ZC2 photo-
catalysts are presented in Figure 8a. The photoabsorption
peaks of these photocatalysts underwent a redshift at
wavelengths of 366, 367, and 396 nm, respectively. The
combined impact of Sr2+ and CNTs changed the local
structure of ZnO, which increased the flow of electric charge
carriers to the composite surface.35 The absorbance intensity
and the corresponding band gap energy of the prepared
photocatalysts are given in Table 4. The optical band gap of
photocatalysts reduced with an increase in Sr doping
concentration, indicating a synergic effect of Sr-doped ZnO
and CNTs. Figure 8b−d provides a relation of Kubelka−Munk
[αhν = A·(hν − Eg)n/2] used for the estimation of the optical
band gap energy of the photocatalysts. The S10ZC2, S15ZC2,
and S20ZC2 photocatalysts showed a band gap energy of 2.85,
2.78, and 2.5 eV, respectively.36

Figure 6. (a) FTIR pattern of MB dye and (b) FTIR spectra of S10ZC2-, S15ZC2-, and S20ZC2-decorated fabrics.

Table 2. FTIR Peaks with Corresponding Functional
Groups and Compounds of Photocatalysts

wavenumber
(cm−1) groups compounds class

peaks
appearance

group
region

697 C−Cl stretching halo compound strong FPR
1632 C�C stretching alkene medium GFR
3300 O−H stretching alcohol strong GFR
1434 O−H bending carboxylic acid medium FPR
2953 O−H stretching, C

−H stretching, N
−H stretching

carboxylic acid,
alkane alcohol,
amine salt

strong broad
medium
weak broad

GFR

1158 C−O stretching tertiary alcohol strong FPR

Figure 7. XRD spectra of S10ZC2-, S15ZC2-, and S20ZC2-decorated
fabrics.

Table 3. Structure Parameters Were Determined through
XRD Analysis of the Photocatalyst-Decorated Fabrics

photocatalyst 2θ° indices (hkl) grain size (nm) d-spacing (Å)

For Characteristic Peaks
S10ZC2 7 (002) 12.05 0.69
S15ZC2 7 (002) 12.05 0.60
S20ZC2 7 (002) 12.05 0.69

For Other Peaks
S10ZC2 32.5 (100) 7.7 2.7

34.7 (002) 8.96 2.62
40.3 (100) 12.2 2.23
44.6 (101) 8.98 2.02

S15ZC2 32.5 (100) 7.7 2.7
34.7 (002) 8.96 2.62
40.3 (100) 12.2 2.23
44.6 (101) 8.98 2.02
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3.4. Surface Morphology of Photocatalyst Finished
Fabrics. Figure 9 depicts the surface morphologies of S10ZC2,
S15ZC2, and S20ZC2 photocatalysts. Figure 9a shows the hard-
rock-like structure of ZnO nanoparticles with undefined
boundaries. Measuring the particle size or shape from this
clustered growth of the nanostructures is difficult. This
morphology turned into a spongy matric with the addition of
Sr at different concentrations, as shown in Figure 9b. Some
needle-like structures were also observed in Sr-doped ZnO.
These Sr needles make the structure spongy and increase the
reactive surface area of the catalyst. The photocatalyst was then
mixed with CNTs as a charge sink and catalyst support. Figure
9c shows the size distribution of CNTs used as a catalyst
support. The average diameter of CNTs remained around 57

nm. CNTs were fully covered with photocatalyst particles. The
vertically aligned CNTs in Figure 9d ensure better charge
transport properties than those having mixed orientations.37−39

The composite photocatalysts were decorated over plasma
process fabrics through the pad dry method.
Figure 10a,b shows SEM images of photocatalyst-decorated

fabric without a CNTs support. The fibers were uniformly
covered with photocatalyst powder. The reactive surface of this
sample was much smaller than those having CNTs in the
catalyst composition. Figure 10c,d shows fibers covered with a
Sr-doped ZnO/CNT photocatalyst. The magnified image in
Figure 10d shows the forest-like growth of the catalyst on the
fiber surface. The photocatalyst-decorated CNTs grow from
the fiber surface and provide a large contact area for
photocatalytic activity. When Sr-doped ZnO and CNTs are
mixed, they may display synergistic effects, in which the
qualities of the separate components are increased. Compared
to the individual components, this synergy can improve overall
catalytic performance. CNTs are well known for their high
electrical conductivity. Incorporating CNTs into Sr-doped
ZnO catalysts can improve the catalyst’s electron transport
characteristics. This is critical for catalytic reactions that

Figure 8. (a) UV−visible absorbance spectra of S10ZC2, S15ZC2, and S20ZC2, and band gap energy of (b) S10ZC2, (c) S15ZC2, and (d) S20ZC2
photocatalysts.

Table 4. Light Absorbance and Band Gap Energy Values of
the Photocatalysts

photocatalyst wavelength (nm) absorbance band energy (eV)

S10ZC2 366 1.7 2.85
S15ZC2 367 3.7 2.78
S20ZC2 396 5.9 2.5
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involve electron transfer steps because it promotes efficient
charge transfer and decreases electron−hole recombination.
Because of their typical structure, CNTs have a large surface
area. This increased surface area may result in more active sites
for catalytic reactions, leading to greater catalytic activity.
EDX analysis of the composite photocatalyst was performed

to confirm its elemental composition. A typical EDX spectrum
in Figure 11 confirmed the presence of C, O, Zn, and Sr
elements in the composite photocatalyst. These elements were
found in 8.17, 24.84, 52.46, and 14.53 wt % in the
photocatalyst, respectively. The presence and distribution of

these elements can provide insights into the composition and
structure of the material. The elemental composition of Sr-
doped ZnO/CNT composite depends on the specific synthesis
conditions and the intended doping levels. The synergistic
action of Sr-doped ZnO and CNTs can result in a catalyst with
improved reactant accessibility to active sites. CNTs can be
used to assist the dispersion of Sr-doped ZnO nanoparticles.
This can avoid nanoparticle aggregation and guarantee a
uniform distribution of active sites on the catalyst surface.
Better dispersion can result in improved catalytic efficiency and
selectivity. The plasma-induced cracks and pits due to the

Figure 9. (a) SEM image of ZnO, (b) SEM of Sr-doped ZnO, (c) diameter distribution of CNTs, and (d) SEM image of Sr-doped ZnO/CNT
photocatalyst.

Figure 10. (a,b) SEM images of Sr-doped ZnO-decorated fabric and
(c,d) SEM images of Sr-doped ZnO/CNT-decorated fabric. Figure 11. Typical EDX spectrum of the Sr-doped ZnO/CNT

photocatalyst.
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etching effect also enhance the adsorption and stability of
nanoparticles on the fabric.16 The induction of the functional
groups (−COOH and −OH) on the fabric shows a strong
electrostatic interaction with the photocatalyst particles.17−19

The photocatalyst coating was found to be denser and more
homogeneous over plasma-processed fabrics than over
unprocessed fabrics.

3.5. Self-Cleaning Activity of Finished Fabrics. The
photocatalytic activity of the finished fabrics for the self-
cleaning application was investigated by exposing the dye
solution to light in the presence of a fabric sample. Equation 5
was used to determine the decolorization of dye over time.
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where C, Kapp, and t are the concentration of dye at time t,
apparent rate constant, and exposure time, respectively. C0 is
the initial concentration of dye. The graph of dye degradation

is plotted between
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and time in Figure 12.40 The

following formula was used to determine the percentage
degradation

i
k
jjjjj

y
{
zzzzz

C
C

degradation (%) 1 100
0

= ×
(6)

In this case, C0 is the starting concentration of dye and C is
the concentration of dye after a specified time. The maximum
degradation efficiency of 89% was achieved with S20ZC2-
decorated fabric after 4 h of light exposure. The S10ZC2- and
S15ZC2-decorated fabrics showed 80 and 84% degradation
efficiency, respectively. It shows that degradation efficiency
increases with an increase in Sr concentration in the composite
photocatalyst.41

CNTs in the photocatalyst composition also enhanced the
dye degradation rate. Under light irradiation, CNTs inject the
electrons into the conduction band of Sr where they form
superoxide (O2

•−) and hydroxyl radicals (OH•). These highly
reactive species accelerate redox reactions involved in
degrading dye molecules, helping keep fabrics clean.42 CNTs

can operate as electron transport channels, aiding the
separation and flow of electrons and holes created during the
photocatalytic process. This phenomenon can reduce elec-
tron−hole recombination, making the catalyst more efficient at
producing reactive oxygen species and, as a result, breaking
down the dye molecules. Additionally, the increased surface
area of vertically standing CNTs provides extra sites for
anchoring the dye molecule. This adsorption can aid in the
interaction of dye molecules with photocatalytically active sites
on Sr-doped ZnO nanoparticles. Combining adsorption and
photocatalysis can result in excellent removal of dye from the
catalyst surface.
The other factor affecting the self-cleaning efficiency is the

plasma treatment of the fabric.43 As shown in Figure 13, air
was used as a source gas for plasma generation in a DBD
arrangement. The charges between the electrodes cannot be
transferred from one electrode to another in a single
microdischarge due to the dielectric layer between the
electrodes. Plasma radicals are generated when a reaction
occurs between air molecules and emitted electrons. The
mechanism of generating plasma radicals and activating the
fabric surface is described by eq 7.18

5H O 2 OH H O e H H O2
e

2 2 2 3· + + + + +
(7)

At the same time, the reaction between O2 and some high-
energy electrons takes place in the air. As a result, hydroxyl
(OH) radicals are generated due to the dissociation of O2 into
atomic oxygen (O). The UV light is generated by the
combination of free radicals and charged species that
contribute to the formation of hydroxyl (OH) radicals.
These plasma-generated O, O3, O2, OH, and H radicals
modify cellulose chemistry.15,19 In cellulose, the dehydrogen-
ation of ribose sugar at the C6 carbon forms carboxylic acid,
which is then oxidized. The hydrophilicity of the fabric
increases with the growth of carboxyl groups on cellulose in
the form of a molecular chain. The aldehyde groups contribute
to the further oxidation of carboxylic acid produced due to the
oxidation of primary alcohol during plasma exposure.19

3.6. Mechanism of Self-Cleaning Activity. The reaction
mechanism of photodegradation of organic dyes on the Sr-
doped ZnO/CNT-decorated fabrics is described in Figure
14.44 The photons with a suitable energy illuminate catalyst
nanoparticles. As a result, charge separation and an electron−
hole pair are generated. The ZnO nanoparticles in contact with
Sr capture the photoinduced e−

CB, as described in eq 8.

Sr/ZnO light Sr(e )/ZnO(h )+ + (8)

At the same time, the holes (h+) present in ZnO react with
the OH− group and H2O to produce the hydroxyl radicals
(OH•).45 In the same way, the e− of Sr produces superoxide
radicals (O2

•−) when it reacts with O2. The superoxide radicals
then degrade dye molecules, as summarized in eqs 9−11.46,47

ZnO(h ) H O(H OH ) ZnO H OH2+ + + ++ + + •

(9)

ZnO(h ) OH ZnO OH+ ++ • (10)

Sr(e ) O Sr O2 2+ + • (11)

When electrons from ZnO are transferred to the CNT, they
oxidize H2O2 into hydroxyl radicals. The reaction mechanism
of oxidation of dye starts when light falls on the excited state of
the dye, which then injects an electron into the conduction

Figure 12. Self-cleaning activity of S10ZC2-, S15ZC2-, and S20ZC2-
decorated fabrics in MB dye solution.
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band of Sr. After this excitation, MB dye changes to MB•+

known as the catatonic dye radical ion, which takes part in
further reactions. As hydroxyl radicals are highly reactive, they
generate maximum electrons and holes and are used as a
reactant for dye oxidation into environmentally friendly
compounds (CO2 and H2O), as described by eqs 12−14.48,49

MB light MB+ * (12)

MB Sr MB e (Sr)* + •+ (13)

MB OH O degradation2+ +•+ • •
(14)

The oxidized form of MB has a blue color, while the reduced
form (leuco MB) is colorless. Auxochrome and chromophoric
groups are responsible for the color of MB. The auxochrome
group of MB has N-groups and a lone pair of e−1 on the ring of
benzene, while the chromophore group consists of an N−S
conjugated system on the central aromatic heterocycle. The
interaction of light with MB is essential to understanding the
light adsorption and photodegradation processes, as most
observations are derived from ultraviolet and visible parts of
the light spectrum. The absorption peak at 664 nm represents
the MB monomer in its absorption spectra while the peak at
612 nm corresponds to MB dimer. Absorption peaks at 292
and 245 nm are attributed to substituted benzene rings. The

Figure 13. Illustration of the mechanism of plasma processing of the fabric surface.

Figure 14. Mechanism of self-cleaning activity of the Sr-doped ZnO/CNT-decorated fabric.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09207
ACS Omega 2024, 9, 1977−1989

1985

https://pubs.acs.org/doi/10.1021/acsomega.3c09207?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09207?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09207?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09207?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09207?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09207?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09207?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09207?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentration of such peaks decreases as the photodegradation
reaction proceeds.
Complete degradation and ring opening of MB take place by

•OH active species. The functional group “C−S+�C” is
attacked by •OH to start MB degradation. The transformation
from C−S+�C to C−S(�O)−C loses the double bond. The
double bond conjugation is conserved by opening the
heteroatoms S- and N-containing central aromatic rings. The
hole-induced H+ forms NH and CH bonds. This is the primary
cause of the breaking of large molecules into smaller oxidized
molecules. FTIR study suggests that •OH radicals attack the
side chain of MB in the demethylation process. It is also
suggested that H2O2 and •OH are attracted by the
heteroaromatic ring and cationic sulfur group of MB that

cause the breaking of the cationic sulfur group. In this way,
hydroxylated and sulfoxide intermediate products are pro-
duced. Such sulfoxide groups oxidize to sulfone and dissociate
the other two rings.49 These aromatic molecules degrade,
resulting in the formation of volatile low-molecular-weight
chemicals, such as CO2, H2O, NH4+, NO3

−, and SO4
2− ions.

The dye degradation mechanism is schematically illustrated in
Figure 15.

3.7. Stability and Recyclability Test. The photocatalyst-
decorated fabrics are often tested for durability through
repeated wash cycles to check their economic value and
environmental impact. The number of washes they can
withstand without a significant loss of coated material and
performance depends on the coating technology and the fabric

Figure 15. Pathway of degradation of MB dye during the photocatalytic process.
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itself. For stability testing, the photocatalyst-decorated fabrics
were subject to 5 wash cycles in deionized water at room
temperature. The coated fabric suffered roughly 11% weight
loss due to the removal of nanoparticles from the fabric
surface. The weight loss can be higher under real washing
conditions, depending on detergent type, temperature, and
abrasive washing conditions. The nanocoating showed
reasonably high stability in deionized water after multiple
cycles. Recyclability is another factor in assessing the economic
value of nanofinished fabrics. If a catalyst can be retrieved and
reutilized without losing mass or photocatalytic activity, it will
add economic value to the process. Therefore, five self-cleaning
cycles in the MB solution were performed with the nanocoated
fabric. After each cycle, the coated fabric sample was washed in
deionized water and dried in an oven for 60 min at 90 °C. The
self-cleaning efficiency after the first cycle was recorded as 89%,
which reduced to 77% after five cycles. The nanofinished
fabrics still showed reasonably good self-cleaning activity after
multiple photocatalytic cycles.

4. CONCLUSIONS
The Sr-doped ZnO/CNTs with different doping concen-
trations of Sr were prepared through the sol−gel route and
coated onto plasma-processed fabrics using the pad-dry
method.21 The self-cleaning tests with the nanocoated fabrics
were performed in a methylene blue solution under sunlight. A
DBD discharge of air was used to activate the fabric surface for
an exposure time of 5 min. The plasma-induced cracks and pits
enhance the adsorption and stability of nanoparticles on the
fabric surface by introducing functional groups (−COOH, −
OH) on the fabric. The self-cleaning performance of the
prepared fabric samples was checked by decolorizing MB dye
solution under solar irradiation for 4 h. The produced catalysts
showed an average grain size of less than 12 nm. The band gap
of S10ZC2, S15ZC2, and S20ZC2 photocatalysts was estimated to
be 2.85, 2.78, and 2.5 eV, respectively. Incorporating CNTs
into Sr-doped ZnO catalysts improved the electron transport
characteristics of the photocatalyst. The large surface area of
CNTs also results in more active sites for catalytic reactions,
leading to greater catalytic activity. The S20ZC2 photocatalyst
showed 89% dye degradation efficiency after 4 h of light
exposure in methylene blue solution, followed by S15ZC2
(84%), and S10ZC2 (80%) photocatalysts. The self-cleaning
efficiency underwent a decrease from 89 to 77% after five
cycles. The coated fabric showed 11% weight loss after five
washing cycles in the deionized water.
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Dramicánin, M. Enhanced photocatalytic degradation of methylene
blue and methyl orange by ZnO: Eu nanoparticles. Appl. Catal., B
2017, 203, 740−752.
(48) Rehan, M.; Barhoum, A.; Khattab, T. A.; Gätjen, L.; Wilken, R.
Colored, photocatalytic, antimicrobial and UV-protected viscose
fibers decorated with Ag/Ag2 CO3 and Ag/Ag3 PO4 nanoparticles.
Cellulose 2019, 26, 5437−5453.
(49) Khan, I.; Saeed, K.; Zekker, I.; Zhang, B.; Hendi, A. H.; Ahmad,
A.; Ahmad, S.; Zada, N.; Ahmad, H.; Shah, L. A.; Shah, T.; Khan, I.
Review on methylene blue: its properties, uses, toxicity and
photodegradation. Water 2022, 14 (2), 242.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09207
ACS Omega 2024, 9, 1977−1989

1989

https://doi.org/10.1177/1528083714562086
https://doi.org/10.1177/1528083714562086
https://doi.org/10.1016/j.rechem.2022.100637
https://doi.org/10.1016/j.rechem.2022.100637
https://doi.org/10.1016/j.rechem.2022.100637
https://doi.org/10.1016/j.apsusc.2018.05.184
https://doi.org/10.1016/j.apsusc.2018.05.184
https://doi.org/10.1139/cjc-2016-0456
https://doi.org/10.1139/cjc-2016-0456
https://doi.org/10.1139/cjc-2016-0456
https://doi.org/10.1016/j.apcatb.2016.10.063
https://doi.org/10.1016/j.apcatb.2016.10.063
https://doi.org/10.1007/s10570-019-02497-8
https://doi.org/10.1007/s10570-019-02497-8
https://doi.org/10.3390/w14020242
https://doi.org/10.3390/w14020242
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

