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ABSTRACT: A bioinspired mineralization route to prepare
self-cleaning cotton fabrics by functionalizing their surface with
nanostructured Ag@ZnO is demonstrated herein. In a
polyamine-mediated mineralization process, while the nucle-
ation, organization and coating of ZnO is done directly from
water-soluble zinc salts under mild conditions, the entrapped
polyamine in the ZnO matrix acts as reducing agent to
generate Ag(0) from Ag(I) at room temperature. The Ag@
ZnO coated cotton fabrics are characterized by FESEM,
HRTEM, XRD, and UV−vis−DRS to confirm the formation
and coating of Ag@ZnO particles on individual threads of the
fabric. The presence of Ag nanoparticles not only enables the ZnO-coated fabrics exhibiting improved photocatalytic property
but also allows for visible-light-driven activities. Furthermore, it exhibits efficient antimicrobial activity against both Gram-positive
and Gram-negative bacteria. Therefore, besides these multifunctional properties, the polyamine-mediated bioinspired approach is
expected to pave way for functionalization of flexible substrates under mild conditions as desirable for the development and
fabrication of smart, lightweight, and wearable devices for various niche applications.
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■ INTRODUCTION

Zinc oxide, one of the most important II−VI semiconductor
materials, has attracted immense research efforts for its
application in photocatalysis.1−9 However, ZnO having its
band gap in the UV region (λ < 387 nm) limits its application
under solar irradiation, which comprises 43% visible light and
4% ultraviolet light.10 It is therefore desirable to tune the
photoinduced activity to visible region by appropriate
functionalization of ZnO in order to enable visible-light-driven
activities. Many efforts have been made to obtain visible-light
catalyst consisting engineered ZnO.11,12 One of the best
methods is to have metal/ZnO heterostructure, where the
surface plasmon resonance of metal nanoparticles increases the
visible-light absorption along with the improvement of
reactivity by restricting the recombination of charge
carriers.13−16

One of the recent interests has been to grow these
photocatalytic materials on flexible substrates such as fabrics,
plastics, textiles, and papers for making flexible, lightweight
smart devices.17,18 Particularly, coating of visible-light photo-
catalysts can afford self-cleaning fabrics. In this context, there
have been few reports on visible-light-driven self-cleaning
flexible materials. Wu et al. have shown that functionalization of
cotton surfaces with N-TiO2/AgI and TiO2/Ag/AgCl particles
can exert visible-light-induced properties toward the degrada-

tion of methyl orange.19,20 Similarly, Wang et al. have used Au/
TiO2/SiO2 composites as photocatalyst on cotton fabrics and
demonstrated the self-cleaning activities under visible-light.21

On the other hand, Porphyrin/TiO2 based materials have been
utilized by Afzal et al. for fabricating self-cleaning cotton
fabric.22 Similarly, Khajavi et al. have demonstrated dicarboxylic
acid/TiO2-based self-cleaning cotton fabric.23 However, thus-
developed coating methods involve either presynthesis of the
photocatalysts under harsh conditions such as acidic medium
and high pressure and temperature or additional coating steps
such as high-energy coating and drying processes. It is therefore
essential that the nanostructured functional materials are grown
directly on the substrate under benign conditions, as the harsh
conditions such as elevated temperature, pressure, and extreme
pH can decrease the stability of these substrates. The challenge
is to develop a “green” method for the coating functional
materials on flexible substrates like cotton fabric enabling
sufficient interfacial adhesion, smooth coating, and stability.
Herein, we demonstrate that effective utilization of the

polyamine-mediated bioinspired mineralization routes24,25 can
lead to functionalization of cotton fabrics with nanostructured
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Ag@ZnO suitable for developing self-cleaning flexible materials
(Scheme 1). Particularly, we use poly(allylamine) for the

formation and coating of Ag@ZnO from a simple water-soluble
zinc salt (Zn(NO3)2) under mild conditions. The polyamine
while mineralizing ZnO on the cotton fabrics, further facilitates
the reduction of Ag(I) to form Ag(0) without any use of
external reducing agent. The method allows the functionalized
coating to take place under benign conditions and results in a
uniform coating on the fabric displaying multifunctional
properties useful for visible-light-driven photocatalysis and
antibacterial activities.

■ EXPERIMENTAL SECTION
Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), Poly-

(allylamine) (PAA, 17 kDa) and Silver nitrate (AgNO3) were
procured from Sigma-Aldrich and used as received. The cotton fabrics
were procured from local industry and cleaned with nonionic
detergent. In all cases, Millipore water (18.2 MΩ) was used to
prepare the solutions.
Preparation of ZnO Particles. The synthesis of nanostructured

ZnO was done using PAA as the mineralizer under mild conditions
based on the earlier report with little modification.24 A required
amount of 100 mg mL−1 Poly(allylamine) solution was added to a 25
mL 0.1 M Zn(NO3)2.6H2O aqueous solution to get a final PAA
concentration of 2 mg mL−1. The resulted mixture was kept at a
temperature maintained at 60 °C for a period of 2 h. The white
colloids were then separated by centrifugation, washed twice with
Millipore water, and dried at room temperature.
Preparation of Ag@ZnO Particles. For synthesis of Ag@ZnO

particles, freshly prepared ZnO spheres were dispersed in 55 mL of
water followed by addition of a AgNO3 solution and stirred for 24 h.
The concentration of the AgNO3 solution was varied to have different
amount of silver loading and the corresponding samples were named
as Ag@ZnO-P1, Ag@ZnO-P2.5, and Ag@ZnO-P5 for AgNO3
concentration 1 × 10−5 M, 2.5 × 10−5 M, and 5 × 10−5 M,
respectively. With time, the white-colored ZnO became light yellow as
Ag nanoparticles deposited on ZnO. The reduction of Ag(I) to Ag(0)
occurred because of the polyamine present in the ZnO matrix without
addition of any external reducing agent. Finally, the as-synthesized
Ag@ZnO particles were washed thrice with Millipore water and dried
at room temperature.
Preparation of ZnO coated cotton fabrics (ZnO@CF). A

cotton fabric (22 threads/cm2) was immersed in an aqueous solution
containing 2 mg mL−1 PAA and 0.1 M Zn(NO3)2·6H2O, which was
then kept at 60 °C for a period of 1 h for in situ coating of ZnO on the
fabric. Thus, coated cotton fabric was washed thrice with Millipore
water and dried at room temperature.
Preparation of Ag@ZnO-Coated Cotton Fabrics (Ag@ZnO@

CF). For the preparation of Ag@ZnO-coated cotton fabrics, a freshly
prepared ZnO coated cotton fabric was dipped in a AgNO3 solution
and stirred overnight. The concentration of the AgNO3 solution was
varied to load different amount of silver and the corresponding

samples were named as Ag@ZnO@CF-1, Ag@ZnO@CF-2.5, and
Ag@ZnO@CF-5 for AgNO3 concentration 1 × 10−5 M, 2.5 × 10−5 M,
and 5 × 10−5 M, respectively. With time, the white color ZnO-coated
cotton fabric became light yellow as Ag nanoparticles were formed.
Finally, the as-synthesized Ag@ZnO-coated cotton fabric was washed
thrice with Millipore water and dried at room temperature.

Measurement of Photocatalytic Activity of Ag@ZnO
Particles. The photocatalytic activity of the prepared Ag@ZnO
particles were investigated in degradation of rhodamine B (RhB) in an
aqueous solution at room temperature under visible light (λ > 400 nm,
400 W) irradiation. The experimental details were as follows: 5 mg of
the as prepared catalyst was dispersed in 5 mL of 0.01 mM RhB
aqueous solution in the reactor vessel. Before irradiation the solution
was magnetically stirred in the dark for about 30 min to ensure the
establishment of adsorption−desorption equilibrium of the dye on the
catalyst surface. The resulted reaction mixture was then exposed to
visible light (λ > 400 nm, 400 W) in a photocatalytic reactor setup for
a certain time period and then the catalyst was removed from the
unreacted rhodamine solution by centrifugation. Reaction progress
was monitored by measuring the decrease in concentration of RhB
using UV−vis spectrophotometer. A blank experiment was carried out
without using the catalyst. ZnO particles were also tested for any
catalytic activities.

Measurement of Photocatalytic Activity of Coated Fabrics.
The experimental details were as follows: A 1.5 × 1.5 cm2 Ag@ZnO-
coated cotton fabric was placed in 3 mL of 0.01 mM RhB aqueous
solution in a test tube. Before irradiation, the solution was magnetically
stirred in the dark for about 30 min to ensure the establishment of
adsorption−desorption equilibrium of the dye on the catalyst surface.
The resulted reaction mixture was then exposed to visible light (λ >
400 nm, 400 W) in a photocatalytic reactor setup for a certain time
period and then the cotton fabric was removed from the unreacted
rhodamine solution. The photoassisted decrease in concentration of
RhB was determined by UV−vis spectrophotometer. Uncoated (UCF)
and ZnO-coated cotton fabrics were also tested for any catalytic
activities.

Photocatalytic Activity under Solar Light. The photocatalytic
activities of the Ag@ZnO coated cotton fabrics under solar light were
performed by exposing a dye stained cotton fabric under Sunlight. For
this, a portion of Ag@ZnO@CF-2.5 sample was stained with a
concentrated RhB solution and exposed directly to sunlight for few
hours.

Antibacterial Activities of the Coated Fabrics. The anti-
bacterial properties of the coated-fabrics were examined against both
the Gram-positive bacteria strain (Staphylococcus aureus) and the
Gram-negative strain (Pseudonomus Aeruginosa). The above bacterial
strains were cultured overnight for their growth in Nutrient Broth
(NB) medium with required aeration at 37 °C. It was then transferred
into a fresh NB medium on the next day having 0.1 OD (optical
density) at a wavelength of 600 nm. After the culture was reached to
∼0.3 OD at the same wavelength, the cells were centrifuged followed
by washing two times with 0.9% NaCl solution at pH 7. Then a piece
of (1 cm2) of UCF (uncoated cotton fabric as reference material),
ZnO@CF and Ag@ZnO@CF were placed into a vial having 4.5 mL of
0.9% NaCl solution. Then, the previously washed and diluted cells
were pipetted (500 μL) to the vial. The starting bacterial amount in
the vial was about 1 × 107 CFU/mL. A 0.9% NaCl solution without
any cotton fabric was also included in the experiment as another
control to make sure that the reduction in the amount of bacteria was
as a result of ZnO@CF and Ag@ZnO@CF. The above bacterial
suspensions were then incubated at 170 rpm and 37 °C for a time up
to 4 h. A 100 μL sample from each vial was taken out at the start and
after each interval of 1 h. The growth of bacteria was then evaluated by
monitoring the optical density (OD600) at different times using a
spectrometer (microplate reader TECAN M200). Further evaluation
was done to find the rate of inhibition (%) as per ([OA]i − [OA]t)/
[OA]i, where [OA]i = initial optical absorption of the bacteria
(untreated) and [OA]t = optical absorption of the treated bacteria at
time ‘t’.26

Scheme 1. Illustration of the Method Employed in
Polyamine-Mediated Coating of ZnO and Ag@ZnO on
Cotton Fabric
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Stability Test of Ag(0) Nanoparticles in the Coated Fibrics.
For the stability test of the coated Ag(0), the piece of coated cloth was
placed in bacterial suspension and the bacterial suspension was
withdrawn at every 1 h, separated from bacteria by centrifugation, and
checked for Ag leaching using ICP-OES.
Characterizations. Powder XRD patterns were recorded on a

Siemens (Cheshire, UK) D5000 X-ray Diffractometer by means of
CuKα (λ = 1.5406 M) radiation at 40 kV and 30 mA with a standard
monochromator equipped with a Ni filter. The powder XRD patterns
were used to identify the crystalline phases of the deposited ZnO and
to estimate the crystallite size using the Debye−Scherrer formula
[L(hkl) = 0.9λ/Δ(hkl)cos θ], where λ is the X-ray wavelength, θ is the
Braggs angle, and Δ is the full width of the diffraction line (hkl) at half-
maximum intensity. SEM analyses were performed by using a Hitachi
S- 3000N scanning electron microscope operated at 10 kV. Dynamic
light scattering (DLS) characterizations were done by a Malvern
Zetasizer Nano series (Nano ZS). TGA was performed with a TG/
DTA 7200, EXSTAR under a N2 atmosphere, with a heating rate of 10
°C min−1 from 25−800 °C. Elemental analysis was carried out by
inductively coupled plasma-optical emission spectroscopy, Thermo
Elemental, IRIS Intrepid II XDL. The cotton samples were digested in
concentrated HCl and submitted for elemental analysis. UV−vis−DRS
were recorded on a UV−vis spectrophotometer Carry-5000.

■ RESULTS AND DISCUSSION

Fabrication of Ag@ZnO-Coated Cotton Fabric. To coat
Ag@ZnO on cotton fabrics, as mentioned in the Experimental
Section, in an in situ process, we first immersed the cotton
fabric in a ZnO precursor solution with poly(allylamine) at 60
°C. In the second step, when thus-coated fabric interacted with
AgNO3 solution, the initial white fabric gradually turned to
yellow. It was a visual indication for the reduction of Ag(I) ions
to form Ag(0). We observed a similar phenomenon for the
ZnO spheres, which were obtained in absence of the fabric, to
generate Ag@ZnO. The poly(allylamine) besides its role as
mineralizer for the formation of nanostructured ZnO,24 is also
known to act as a reducing agent.27,28 Hence its presence in the
ZnO matrix facilitates the reduction of Ag(I) ions to generate
Ag(0) nanoparticles (Scheme 1).
The as-synthesized Ag@ZnO@CF samples were imaged

under scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM analysis showed the
presence of nanostructured ZnO and Ag@ZnO with the
particles sizes of 150−250 nm, coated uniformly on to
individual threads in the fabric (Figure 1). As seen in the
high-resolution images (Figure 1 and see the Supporting
Information, Figure S1), the Ag@ZnO particles were nearly
spherical in shape with a diameter range of 150−250 nm. The
FESEM image taken with LABE (low-angle backscatter
electron) detector shows the clear difference in contrast
between ZnO and Ag nanoparticle as indicated by the red
arrows in Figure 1h. The formed Ag nanoparticles were
spherical in shape with a diameter of 12−19 nm (see the
Supporting Information, Figure S1). From the HRTEM
analysis, it was observed that each spherical particle was
composed of many nanosized crystallites having a lattice
spacing of 0.27 nm for ZnO and 0.23 nm for Ag nanoparticles
(Figure 2).
The structural characterization of ZnO coated on the cotton

fabric was carried out by powder XRD analyses. As shown in
Figure S2 (see the Supporting Information), the XRD pattern
could be indexed to a wurtzite phase of ZnO (JCPDS card No.
36−1451). The crystallite size of ZnO was estimated from
Debye−Scherrer formula to be 11 nm. As per the proposed
mechanism the amine groups of poly(allylamine) coordinate to

Zn(II) ions to form zinc/amine complex, which upon heating
at 60 °C generates ZnO nanostructures.24 Further, the role of
poly(allylamine) in the reduction of Ag(I) to Ag(0) was
monitored by the UV−vis spectroscopic measurements. The
formation of Ag(0) nanoparticles was confirmed by its typical
surface plasmon resonance centered at 420 nm (Figures 3a,
3b), whereas an absorbance onset at 391 nm indicated ZnO,
corresponding to a band gap of 3.17 eV. As reported earlier, the
poly(allylamine) is therefore responsible for the reduction of
Ag(I) to Ag(0) as well.28 The morphological and structural
analyses together indicated that the polyamine-mediated
synthesis of Ag@ZnO was successful in coating these materials
on to the cotton fabric.
The amount of ZnO loaded on the lining cloth was 1.01% as

found by elemental analysis (ICP-OES). The corresponding Ag
loadings in the fabric were 0.012, 0.019, and 0.027% for the

Figure 1. SEM images taken at different magnifications for the cotton
fabrics (a, c, e) ZnO@CF and (b, d, f) Ag@ZnO@CF-2.5; FESEM
images depicting (g) ZnO and (h) Ag@ZnO particles. The red arrows
indicate the Ag nanoparticles.

Figure 2. TEM showing (a) Ag@ZnO particles; lattice fringes of (b)
ZnO and (c) Ag particles. The red arrows indicate the Ag
nanoparticles.
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samples Ag@ZnO@CF-1, Ag@ZnO@CF-2.5, and Ag@ZnO@
CF-5, respectively. In the case of Ag@ZnO prepared without
the fabric, the Ag loadings were 0.04, 0.10, and 0.15% for the
samples Ag@ZnO-1, Ag@ZnO-2.5, and Ag@ZnO-5, respec-
tively. The Ag loading in the case of the fabric (Ag@ZnO@CF)
was less than that of without fabric (Ag@ZnO). This indicates
that the attachment of PAA-ZnO particles with the fabric
restricts the AgNO3 to interact only through the exposed
surface of these particles. In the later case, the PAA-ZnO
particles are in colloidal form which allows the whole surface to
be accessible by AgNO3 to interact with PAA, thereby leading
to more amount of Ag(0) being formed. As obtained from
dynamic light scattering measurements, the average hydro-
dynamic size of the particles increased from 220 nm for only
ZnO spheres to 258, 282, and 295 nm for Ag@ZnO-1, Ag@
ZnO-2.5, and Ag@ZnO-5, respectively (see the Supporting
Information, Figure S3). This indicates that the particle size
increased with an increase in Ag loading.
To ascertain the presence of polyamine and to follow the

steps involved in the coating process, we tagged polyamine with
a fluorescent molecule (fluorescein isothiocyanate, FITC). The
FITC-tagged polyamine (FITC-polyamine) was then used for
the coating of ZnO and Ag@ZnO onto the cotton fabric and
imaged under a fluorescence microscope (Figure 4). As shown
in Figure 4c, d, the coating of ZnO onto the fabrics resulted in
green fluorescent colored threads, whereas the control

experiment with uncoated cotton fabric (UCF) did not show
any fluorescence (Figure 4a, b). Moreover, the Ag@ZnO-
coated sample also showed (Figure 4e, f) the fluorescent green
color along the threads. This indicated that the polyamine was
also bound to the fabric threads during the coating process and
the entrapped polyamine was available to reduce the Ag(I) to
Ag(0). Even after several washings, the coated polyamine and
Ag@ZnO remained stable, as observed from fluorescence
microscopy and elemental analysis.
The Ag@ZnO-coated cotton fabrics were further charac-

terized by X-ray photoelectron spectroscopy (XPS) (see the
Supporting Information, Figure S4). In the case of Ag@ZnO@
CF-2.5, the binding energies for Zn 2p were 1020.7 and 1044
eV, corresponding to Zn 2p3/2 and Zn 2p1/2, respectively. The
other binding energies 531.4, 398.6, and 283.8 eV correspond
to O 1s, N 1s, and C 1s, respectively, because of the entrapped
polyamine and cotton fabric.29,30 The presence of Ag(0) was
evidenced from the binding energies seen at 366.6 and 372.8
eV, corresponding to Ag 3d5/2 and Ag 3d3/2, respectively.

31

Similar observations were made for the Ag@ZnO particles
prepared in the absence of cotton fabric (see the Supporting
Information, Figure S4). The TG-DTA analysis showed a
weight loss of around 80% in the temperature range of 300−
600 °C for both the ZnO and Ag@ZnO-coated fabrics (see the
Supporting Information, Figure S5). This weight loss
corresponds to the decomposition of both polyamine and the
cotton cellulose.

Photocatalysis Studies. The photoinduced catalytic
efficiency of different Ag@ZnO particles as well as the ZnO-
and Ag@ZnO-coated cotton fabrics were investigated using the
degradation of the rhodamine B dye, which was used as a
model contaminant. Photocatalytic activities were monitored by
measuring the change in UV−vis absorbance at 553 nm for the
unreacted dyes over time, as shown in Figure 5a, c. It was found
that among the three catalysts prepared with different Ag
contents, the sample Ag@ZnO-P2.5 had the best activity, which
degraded the RhB within 1.5 h under the illumination of visible
light (Figure 5b), suggesting an optimum and well-dispersed Ag

Figure 3. UV−vis−DRS of (a) ZnO and different Ag-loaded Ag@ZnO
particles and (b) cotton fabric samples (i) UCF, (ii) ZnO@CF, and
(iii) Ag@ZnO@CF-2.5.

Figure 4. Fluorescence microscopic images of (a, b) UCF, (c, d)
ZnO@CF, and (e, f) Ag@ZnO@CF in green and bright field,
respectively. The coating was performed using FITC-polyamine.

Figure 5. (a) UV−vis spectra of RhB present in the reaction mixture
after irradiated with visible-light for different time duration over (a)
Ag@ZnO-P2.5 and (c) Ag@ZnO@CF-2.5 sample. The change in RhB
concentration as a function of visible-light irradiation time for different
(b) Ag-loaded ZnO particles and (d) Ag@ZnO-coated cotton fabrics.
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nanoparticles (see the Supporting Information, Table S1). In
the case of coated cotton fabrics, the sample Ag@ZnO@CF-2.5
had the best activity, which degraded the RhB within 2.5 h
under the illumination of visible light (Figure 5d and the
Supporting Information, Figure S6).
The reusability of the catalyst was further checked by using

the Ag@ZnO@CF-2.5 sample. For each cycle, the cotton
sample was irradiated with visible light for various time periods
and then the cotton fabric was removed from the unreacted
rhodamine solution, washed thrice with Millipore water and
then reused. We checked up to fifth cycles and it was observed
that the coated cotton sample showed almost similar activities
in each case (Figure 6). This suggests that the presence of

polyamine during the synthesis and coating on the fabric allows
the catalytically active materials to be well adhered to the fabric
and hence prevents any leaching during the reaction and as well
as during the washing process. Furthermore, the self-cleaning
properties of the Ag@ZnO coated cotton fabrics were tested
under sunlight exposure. A portion of Ag@ZnO@CF-2.5
sample was stained with a concentrated RhB solution and
exposed directly to sunlight for few hours (Figure 7a, b). It is
observed that the color stain on the fabric could be completely
removed after an exposure for 15 h. In contrast, for UCF the
color of the stained RhB remained almost unchanged when
exposed to sunlight for the same duration of time (see the
Supporting Information, Figure S7).
Thus, developed coating methodology could be extended to

functionalize other substrate like glass. Both the ZnO- and Ag@
ZnO-coated glass showed a transparent thin layer of coating of
the particles (Figures 7c, d). To check the self-cleaning
properties of the Ag@ZnO-coated glass, it was stained with a
concentrated RhB solution and exposed directly to sunlight
(Figures 7c, d). It was observed that the color of the RhB
disappeared after an exposure time of 10 h.
Antibacterial Studies. To evaluate the self-cleaning

properties of the ZnO and Ag@ZnO coated cotton fabric, we
used Gram-positive (Staphylococcus aureus) and Gram-negative
(Pseudonomus Aeruginosa) bacteria. A 1 × 1 cm2 cotton piece of
the ZnO@CF and Ag@ZnO@CF samples were placed with a
bacterial culture in an agar medium (Muller−Hinton) following
the Kirby−Bauer protocol for zone-of-inhibition testing. The
zone-of-inhibition shown in Figure 8 and in the Supporting
Information (Figures S8 and S9), indicates that the ZnO@CF
and Ag@ZnO@CF samples efficiently inhibit the growth for
both the bacteria and led to the zone development around the
bandage. On the other hand, the UCF sample did not show any
zone formation. The corresponding plot of diameter of zone of
inhibition is shown in Figure 8b. The results showed that with
the amount of Ag loading the antibacterial activity increased
with 0.019 wt % being the optimum one.

Further, the bacterial growth curves are also analyzed (Figure
8 and the Supporting Information, Figure S9). The OD (optical
densities) was measured at a wavelength of 600 nm. Since at
this wavelength the bacterial components do not interfere, the
absorbance is only due to the turbidity variation as a result of
variation in the number of cells. All the coated cotton fabrics
show excellent antibacterial activities against both Gram −ve
and Gram +ve bacteria. The sample Ag@ZnO@CF-2.5 and
Ag@ZnO@CF-5 show a 100% reduction in viability for S.
Aureus and P. Aeruginosa after 4 and 6 h, respectively (Figure 8
and the Supporting Information, Figure S9). The reduction in
bacterial viabilities for all others cotton fabrics are shown in the
Supporting Information, Table S2. In contrast, for the UCF
sample, the growth curve remained almost similar to that of the
original bacterial concentration. Thus, the ability for inhibiting
bacteria was only due to the coated materials on the fabric.
To study the stability of the coated Ag(0) on to the cotton

fabrics, we analyzed the bacterial medium for silver content at
various time intervals (see the Experimental Section). We did
not observe any silver leaching in the experimental duration up
to 5 h, as it was below the detection limit of ICP analysis.
However, when continued further, we could get only 0.01, 0.08,
and 0.1 ppm of silver present in the medium after 24 h for Ag@
ZnO@CF-1, Ag@ZnO@CF-2.5, and Ag@ZnO@CF-5, respec-
tively. Although it is known that the silver in Ag(0) state is less
prone to leaching because of its very slow oxidation,32 the
polyamines in our case can further be responsible to keep the
silver nanoparticles in the ZnO matrix attached with fabric.
Although the exact antibacterial mechanism is still not fully
known, the generation of reactive oxygen species (ROS)
together with the slow silver leaching from Ag(0) in Ag@
ZnO@CF may contribute to the activity.33

Figure 6. Reusability of the catalyst Ag@ZnO@CF-2.5 for RhB
degradation under visible light for several cycles. Figure 7. Photographs of the Ag@ZnO@CF-2.5 coated cotton fabrics

stained with RhB dye (a) before and (b) after exposure to sunlight for
15 h; photographs of the (c) ZnO- and (d) Ag@ZnO-coated glass
showing transparency; stained glass with RhB dye (e) before and (f)
after exposure to sunlight for 10 h.
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■ CONCLUSIONS
It is demonstrated that the polyamine-mediated mineralization
could be successfully utilized for the formation of Ag@ZnO
and to uniformly coat Ag@ZnO on to the cotton fabric. The
presence of polyamine not only helped in the formation of both
ZnO and Ag nanomaterials, but also allowed efficient coating of
these materials on to the fabric threads. The resulted materials
were found to exhibit efficient photocatalytic activity and self-
cleaning properties under visible light. It was effective against
both Gram-positive and Gram-negative bacteria. The coated
substrates were also efficient in removal of dye stains under
sunlight exposure. The coating technique enabled other
substrates like glass to be functionalized. Thus, the method
affords an environmentally benign coating technique, which can
further be explored to impart multifuntionalities on flexible
substrates useful in diverse applications including flexible smart
devices.
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