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Abstract Immobilization of photocatalysts on sub-

strates is an important factor for water purification in

practical applications. In this study, an efficient

Ag@AgBr photocatalytic coating was attached onto

the surface of cotton fabric via radiation-induced graft

polymerization and subsequent chemical reactions,

and the resultant product was denoted as Cot-

Ag@AgBr. The graft chains acted not only as a

source of bromine, but also as an intermediate layer to

anchor the Ag@AgBr photocatalytic coating via

strong electrostatic interactions. The immobilized

Ag@AgBr photocatalytic coating exhibited outstand-

ing photocatalytic properties for organic dye degra-

dation under visible light irradiation. Furthermore,

Cot-Ag@AgBr presented high stability and robust

durability, which conferred its excellent visible-light-

driven photocatalytic activity after five rounds of

photodegradation. After 10 min of ultrasonication, the

amount of Ag@AgBr precipitate that leached from the

Cot-Ag@AgBr was\ 2%. Therefore, the as-synthe-

sized cotton fabric offered good insight into the

functionalization of polymer substrates with photo-

catalysts and could be useful for advanced wastewater

treatment under the cyclic operations.
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Introduction

Water pollution, driven by worsening of the climate,

rapid population growth, industrialization and other

factors, represents a great threat for the ecological

environment and human development (Li et al. 2017).

Various technologies and methods, including absorp-

tion (Liu et al. 2019), oxidation (Duan et al. 2018),

filtration (Nakamura et al. 2019), and biodegradation

(Briones et al. 2018) have been used to address these

emergent concerns. However, it is difficult to achieve

the complete degradation of most refractory organic

pollutants, and the current methods cannot meet the

emission standards. Developing new technologies has

become a global concern for the removal of recalci-

trant organic pollutants. Because it is an energy-

saving, eco-friendly, and low-cost procedure, photo-

catalysis is considered to be one of the most promising

technologies that uses solar energy for wastewater

treatment (Li et al. 2019a, c; Mou et al. 2018).

Specifically, TiO2-based semiconductor photocata-

lysts have been extensively studied owing to their

chemical stability and non-toxicity (Dong et al. 2017;

Ma et al. 2019). Nevertheless, TiO2 presents some

inherent disadvantages, such as fast electron–hole

recombination rate, low charge separation efficiency,

and most importantly, its wide band gap (3.2 eV),

which requires ultraviolet light (5% of the solar

radiation spectrum) activation. Thus, it is urgent to

develop new photocatalysts that make full use of solar

energy, particularly the visible light region.

As an excellent photocatalyst, silver bromide

(AgBr) has attracted significant attention recently

(Huang et al. 2019; Liang et al. 2019; Xu et al. 2019;

Zhu et al. 2019). In addition, to further improve the

utilization of sunlight, Ag nanoparticles (NPs) were

in situ deposited on the surface of AgBr to form the

Ag@AgBr heterostructure (Song et al. 2014; Wang

et al. 2012; Xiao et al. 2015). Ag NPs with high

absorption of visible light resulting in the localized

surface plasmon resonance (LSPR) contribute greatly

on the photocatalytic activity of AgBr under visible-

light irradiation. Additionally, Ag NPs would signif-

icantly facilitate the separation of the photoinduced

electrons and holes by trapping electrons, and conse-

quently increasing the photocatalytic efficiency of

Ag@AgBr. Furthermore, Ag NPs could also improve

the stability of AgBr. Typically AgBr NPs is in form of

NPs. There are still several drawbacks that limit the

practical application of AgBr crystals, such as the

utilization of the photocatalysts recycled from the

water treatment systems and easy agglomeration of

crystals decreasing their catalytic activity. A variety of

strategies, such as self-assembly technique (Li et al.

2019b), hydrothermal method (Tan et al. 2013), or use

of composite catalysts (L. Chen et al. 2015), have been

developed to overcome the aforementioned limita-

tions. Of such strategies, the immobilization of these

photocatalytic materials onto supports to obtain large

scale catalysts appears to be a feasible protocol. Some

formulated hybrids, such as Ag/AgBr-graphene oxide,

Ag@AgBr/BiPO4/r-GO, Bi2MoO6/Ag/AgCl, Bi2O2(-

OH)(NO3)-Br-AgBr and Ag/AgBr-C3N4 exhibited

high photocatalytic degradation efficiency for pollu-

tants elimination (Fan et al. 2015; Ding et al. 2018a, b;

Yang et al. 2019; Zhang et al. 2019a, b; Xu et al. 2013).

However, most of the previous studies generally

aimed to anchor AgBr crystals onto nano- and

micro-scale substrates. Although the obtained com-

posite catalysts could combine the advantages derived

from immobilization on small supports and excellent

photocatalytic performance of AgBr crystals for water

purification under visible light irradiation, recycling

these catalysts from aqueous-based media is still a

challenge that needs to be addressed. Commercial

large cellulose fiber substrates with characteristics of

fabrication convenience, simple recyclability,

stable reusability, and easy surface modification

appear to be the most attractive supports. However,

the other limitation for the large-scale preparation of

catalysts, namely the attachment between the func-

tional layers and supports, is an important factor that

cannot be ignored. Hence, if nanoscale catalysts can be

in situ grown on large supports with robust binding

force, the resultant products can not only address the

recovery concern but also maintain the merits of

nanoscale functionalities for reactions (Li et al. 2014;

Zhang et al. 2015a, b; Ding et al. 2018a, b; Zhang et al.

2019a, b; Fan et al. 2019).

In this study, Ag@AgBr nanocrystals were in situ

deposited onto the surface of commercially available

cotton fabric via the radiation-induced graft copoly-

merization (RIGP) of 2-(dimethylamino) ethyl

methacrylate (DMAEMA) followed by self-assem-

bling synthesis. The graft chains were protonated

using hydrobromic acid, and then the protonated

grafted chain acted as bromine source to directly react

with Ag? and produce AgBr, which would
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homogeneously distribute on the surface of modified

cotton. Owing to the instability of silver bromide, the

Ag? ions in AgBr could be reduced to Ag NPs under

visible light irradiation, which would improve the

photocatalytic efficiency and stability of AgBr

nanocrystals. Further investigations indicated that

the graft chains improved the attachment between

the cotton fabric and AgBr nanocrystals. The mor-

phology and structure of Ag@AgBr photocatalytic

coating attached onto the surface of cotton fabric (Cot-

Ag@AgBr) were systematically analyzed using scan-

ning electron microscopy (SEM), X-ray diffraction

(XRD), and X-ray photoelectron spectrophotometry

(XPS), and the results demonstrated that the

Ag@AgBr NPs were successfully anchored onto the

surface of cotton. The photocatalytic efficiency of Cot-

Ag@AgBr for rhodamine B (RhB) under visible light

irradiation arrives at 97% and the degradation rate still

reached 89% after five consecutive cycles. Base on

electron paramagnetic resonance (EPR) analysis, it

was confirmed that the photodegradation of RhB was

dominated by the superoxide radicals (�O2
-). This

method could be used to prepare functional materials

under mild conditions, which opened the possibility of

designing new materials. The preparation process was

fully compatible with the conventional dyeing and

finishing of fabrics, thus it could be very promising for

large-scale batch and roll-to-roll preparation of AgBr

nanocrystal-coated catalytic materials in the future.

Experimental section

Raw materials

Cotton fabrics (yarn count: 60 9 60, density: 90 9 88,

weight: 95 g/m2, plain weave) were purchased from

Kunshan Zhongtian Textile Co., Ltd. (China).

DMAEMA, and 5, 5-dimethyl-1-pyrroline N-oxide

(DMPO) were purchased from Aladdin Industrial

Corporation (China). Acetone (AR), methanol (AR),

silver nitrate (AR), and hydrobromic acid (AR) were

obtained from Sinopharm Chemical Reagent Co., Ltd.

(China). All reactants were used as received.

Preparation of Cot-Ag@AgBr

For organic materials, radiation grafting is an effective

and facile way to change its surface properties.

Generally, the radiation grafting process includes

two steps: (1) the ‘‘grafting to’’, residual free radical of

the oligomer can graft to the surface of cotton.

However, the grafted chains hinder the approach of

oligomer to the surface. (2) the ‘‘grafting from’’, The

active site can be produced on the surface of cotton to

initiate monomer polymerization (Hu et al. 2016; Qin

et al. 2004). Before grafting, the pristine cotton fabric

was rinsed with ethanol to remove any organic

pollutants from its surface. Scheme 1 illustrates the

fabrication process of poly(2-(dimethylamino) ethyl

methacrylate) grafted on cotton fabric (Cot-g-

PDMAEMA) via simultaneous radiation induced

grafted polymerization. First, a piece of cotton fabric

(10 9 10 cm) was immersed into an irradiation tube

that contained methanol solution of DMAEMA

monomer (25 vol.%). Then, the solution was injected

with nitrogen for 15 min to eliminate the dissolved

oxygen. Subsequently, the irradiation tube was sealed

and exposed to 60Co c-rays for 17 h with a total

absorbed dose of 10 kGy. Afterwards, the grafted

cotton fabrics were cleaned with boiling acetone in a

Soxhlet apparatus for 12 h to remove the residual

monomer and homopolymer, and finally, the grafted

sample was dried in a vacuum oven at 60 �C. The
degree of grafting (Dg) was determined based on the

following equation:

Dg %ð Þ ¼ W1 �W0ð Þ=W0 � 100% ð1Þ

where W0 and W1 represent the weights of cotton and

Cot-g-PDMAEMA, respectively, and the Dg of the

samples used in this study was was determined to be

45.4%.

The obtained Cot-g-PDMAEMA samples were

immersed into 0.5% HBr aqueous solution (200 mL)

for 2 h at ambient temperature to protonate Cot-g-

PDMAEMA, leading to the introduction of bromine

sources. The resultant samples were rinsed with

deionized water for three times to eliminate the excess

HBr and then were dried in vacuum. Subsequently,

100 mL AgNO3 (5 mg/mL) was added dropwise into

a beaker that contained 200 mL distilled water and the

protonated samples under vigorous stirring for 2 h.

The resultant samples were ultrasonically cleaned at

ambient temperature to peel off the AgBr nanocrystals

that were not chemically anchored to the cotton fabric;

the resultant material was denoted as Cot-AgBr. To

improve the activity and stability of the AgBr

nanocrystals, the Cot-AgBr was illuminated for
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30 min in the presence of ethanol solution using a

350 W Xe lamp to produce Ag NPs. The load of

elemental Ag was determined to be 1.7% using

inductively coupled plasma atomic emission spec-

troscopy (ICP-AES), and the obtained material was

denoted as Cot-Ag@AgBr.

Measurements

The surface morphology of Cot-Ag@AgBr was

observed using a Merlin Compact SEM (Zeiss)

instrument. Attenuated total reflection infrared spectra

were recorded by using a Tensor 27 spectrometer

(Bruker Co., USA) spectrometer in the range of

4000–400 cm-1 at the resolution of 4 cm-1. The XRD

patterns were obtained using a D/MAX2200 XRD

(Rigaku) instrument with Cu Ka radiation. A PHI-

5702 XPS(Manufacturer, Country) device with Al Ka
radiation was used to analyze the element composition

of the samples. The loading amount of Ag@AgBr and

Ag leaching during the photocatalytic process were

detected using an Optima 8000 ICP-AES (Perkin

Elmer) apparatus. Ultraviolet–visible (UV–vis)

absorption spectra were recorded using a Ruili 1100

spectrophotometer (Cary 50, USA) spectrophotome-

ter. The KO-100DE sonicator (100 W) with frequency

of 40 kHz was used to evaluated the adhesion of

Ag@AgBr on the surface of cotton fabric.

Active species detection experiments

The EPR spectra of the prepared Cot-Ag@AgBr

samples were measured using a JES-FA200 (Manu-

facturer, Country) X-band spectrometer with the

100-kHz modulation frequency to analyze the pres-

ence of reactive oxygen species (ROS) during the

photocatalytic process. We used DMPO as spin trap.

In detail, 15 lL of DMPO was added to 0.5 mL

aqueous solution or ethanol solution. A piece of

synthesized cotton was immersed in the corresponding

solution and was then irradiated with a 350 W Xe

lamp for 5 min.

Evaluation of photocatalytic activity

In a typical experiment, a 5 9 5 cm piece of Cot-

Ag@AgBr was added to 100 mL RhB dye (10 mg/L)

aqueous solution in the dark for 30 min to reach the

adsorption–desorption equilibrium. Then, the dye

solution that contained Cot-Ag@AgBr was irradiated

using a 350 W Xe lamp with a cut filter ([ 420 nm).

After a definite time interval, 1 mL aliquots were

collected from the RhB dye solution and were

analyzed to determine the remaining concentration

of RhB using a U-3010 (Hitachi, Japan) UV–vis

spectrophotometer at 553 nm. The degradation per-

centage was calculated using the formula:C/C0, where

C0 and C are the initial concentration of RhB after the

adsorption equilibrium and the concentration of RhB

at the real-time. For comparison, Ag@ZnO and

Ag@AgBr powders were employed as references of

photocatalysts. The photocatalytic tests under solar

light illumination was performed at July 31, 2019 at

Shanghai city with a temperature range of 29–36 �C.

Durability evaluation

To evaluate the durability of Cot-Ag@AgBr, a piece

of Cot-Ag@AgBr was ultrasonicated in water for a

preset time interval. The resultant Cot-Ag@AgBr

fabric was rinsed with water and dried under vacuum

overnight at 60 �C. Afterward, SEM was employed to

observe the changes in surface morphology after

ultrasonication. To determine the amount of Ag? ions

leached from the Cot-Ag@AgBr fabric after the

degradation reaction, the reaction mixtures were

investigated by ICP-AES.

Scheme 1 Schematic illustration of preparation process of Cot-Ag@AgBr
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Results and discussion

Design of Cot-Ag@AgBr

Cotton fabric, as a cheap, washable, renewable, and

biodegradable cellulosic material, has been widely

used to anchor the photocatalysts (Cheng et al. 2017;

Qin et al. 2019; Ran et al. 2019; Wang et al. 2017).

However, the surfaces of cotton fabrics are usually

smooth, which decreases the strength of the interface

bonds between the catalyst and the substrate. Conse-

quently, these macroscale substrates should be sur-

face-functionalized to bind inorganic catalyst

precursors and grow them via layer-by-layer self-

assembly technology. Conventional methods, such as

chemical etching, chemical adhesives, surface-initi-

ated atom-transfer radical polymerization, UV, and

plasma-induced polymerization have been extensively

studied (Yang et al. 2017; Zhang et al. 2015a, b).

However, these processes that are used to modify the

characteristics of polymer surfaces still suffer from

many difficulties in practical fabrication, such as

complicated protocols and devices, limited effect,

utilization of environmentally unfriendly precursors,

and difficulty in large-scale production. The develop-

ment of a green and efficient method for attaching

photocatalysts onto the surface of substrates while

simultaneously achieving strong interfacial bonding

and excellent photocatalytic stability is still a formid-

able challenge. According to previous studies from

other researchers and our group (Gao et al. 2016;

Jiangtao Hu et al. 2018; Hu et al. 2016; Wang and

Zhang 2019; Zhang et al. 2017), simultaneous RIGP

can effectively modify the surface characteristics of

organic substrates. Therefore, we designed a

scheme to address the aforementioned problems. A

commercial reagent, the DMAEMA monomer, was

grafted onto cotton under c-ray irradiation. Radicals

were generated on the organic supports and in the

monomeric solution, which subsequently initiated the

polymerization of monomers to facilitate the molec-

ular level covalent bonding between the functional

graft chains and cotton fabric during graft polymer-

ization. Afterward, the graft chains reacted with the

photocatalyst precursors to introduce photocatalyst

seeds onto the cotton substrate. Finally, when the

modified cotton was immersed in AgNO3 solution, the

surface bromine sources initiated the subsequent

growth of the photocatalyst. The preparation process

of Cot-Ag@AgBr is illustrated in Scheme 1. This

proposed process was conducive for the in situ growth

of semiconductor nanocrystals on the surface of

substrates with a high durability. For example, the

in situ covalent loading of Ag@ZnO NPs onto the

surface of cotton fabric via radiation-induced grafting

polymerization has been successfully performed in

one of our previous studies, which exhibited excellent

photocorrosion resistance, catalytic stability, and

laundering durability (Wang and Zhang 2019).

Structural characterization of modified fabrics

The surface morphology of the pristine and modified

cotton fabrics was observed using SEM. The surface

of the pristine cotton fabric was very smooth and clean

(Fig. 1a), that of Cot-g-PDMAEMA was slightly

rough with a gel-like layer (Fig. 1b), which was

attributed to the accumulation of graft chains. After

protonation, no remarkable changes were observed in

the surface morphology of Cot-g-PDMAEMA, which

indicated that protonation did not affect the sample

negatively. Compared with the pristine cotton fabric

and the other modified fabrics, Cot-Ag@AgBr was

very rough. Specifically, the surface of Cot-Ag@AgBr

presented a few dot-shaped Ag/AgBr particles

(Fig. 1d), which agglomerated into a thin-layered

structure and evenly coated the surface of the fibers.

Figure 2a depicts the FTIR spectra of the pristine

cotton fabric, Cot-g-PDMAEMA, Cot-HBr, and Cot-

Ag@AgBr. Compare with the pristine cotton fabric, a

new peak was appeared at 1740 cm-1 owing to the

presence of –C=O group induced by the grafting of

DMAEMA on the surface of the fabric (Zhang et al.

2014). Subsequently, XRDwas applied to characterize

the crystal structure of the fibers. As illustrated in

Fig. 2b, the position and shapes of the diffraction

peaks in the spectra of the pristine and modified cotton

fabrics were almost the same. This indicated that the

crystal structure was not changed during the modifi-

cation process. With a careful observation, an incon-

spicuous diffraction peak at 20.5� appeared in the

spectra of Cot-g-PDMAEMA, Cot-HBr, and Cot-

Ag@AgBr, which could be ascribed to the somewhat

more random orientation of the crystallites (French

2013; Segal et al. 1959). After the in situ deposition of

the Ag@AgBr nanocrystals, series of distinct diffrac-

tion peaks of AgBr were observed at the 2h values of

26.7� (111), 31.0� (200), 44.4� (220), 55.1� (222),
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64.5� (400), and 73.2� (420) (JCPDS Card No.

79-0149) (Wang et al. 2012). In addition, the diffrac-

tion peaks of metallic Ag at 2h of 38.1� (111) and

81.5� (222) were also identified in the spectrum of

Cot-Ag@AgBr, which fitted well with the reported

data list for JCPDS Card No. 01-1167, indicating that

the presence of Ag NPs derived from the reduction of

AgBr under visible light irradiation (Xiao et al. 2015).

The surface chemical composition of the pristine

and modified cotton fabrics was further determined

using XPS. The wide-scan spectra of the pristine

cotton fabric, Cot-g-PDMAEMA, Cot-HBr, and Cot-

Ag@AgBr are depicted in Fig. 3a. Five elements: C,

O, N, Ag, and Br were detected on the surface of Cot-

Ag@AgBr, while only C and O elements were

identified on the pristine cotton fabric. An additional

N 1 s peak that belonged to the -N(CH3)2 group was

detected in the spectrum of Cot-g-PDMAEMA, which

suggested the successful grafting of PDMAEMA

molecules onto the surface of the cotton fabric via

covalent bonds. After protonation (Fig. 3b), the N 1s

peak split into two peaks: –N(CH3)2 and –N?(CH3)2,

and the intensity of –N?(CH3)2 was higher than that of

-N(CH3)2 owing to the conversion of -N(CH3)2 to –

Fig. 1 Scanning electron microscopy images of a pristine

cotton fabric, b poly(2-(dimethylamino) ethyl methacrylate)

grafted on cotton fabric (Cot-g-PDMAEMA), c HBr attached

onto cotton fabric (Cot-HBr), and d Ag@AgBr attached onto

cotton fabric (Cot-Ag@AgBr)

Fig. 2 a FT-IR spectra of pristine cotton fabric, Cot-g-PDMAEMA, Cot-HBr, and Cot-Ag@AgBr. b XRD pattern of pristine cotton

fabric, Cot-g-PDMAEMA, Cot-HBr, and Cot-Ag@AgBr
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N?(CH3)2. The peaks with the binding energies of

68.2 and 69.2 eV in the Br 3d core-level spectra

(Fig. 3c) were assigned to Br 3d5/2 and Br 3d3/2,

respectively and Br 3d5/2 existed as a primary form

(Shahzad et al. 2016). With regard to the spectrum of

Br 3d core-level spectra of Cot-Ag@AgBr, the

relative contributions of Br 3d5/2 decreased and Br

3d3/2 increased, and significant shift of the Br 3d peak

was observed, which confirmed the formation of AgBr

nanocrystals on the surfaces of the cotton fabric.

Owing to the blocking effect of the graft chains, the

Br- peaks of Cot-HBr were less intense than thoes of

the Cot-Ag@AgBr. After the introduction of Ag?

ions, as shown in Fig. 3e, AgBr NPs were in situ

formed on the surface of the fabric and the intensity of

the Br- peaks increased owing to the migration of Br-

from the inside toward the outside caused by the

reaction between the Ag? and Br- ions. As illustrated

in Fig. 3d, the Ag 3d peak was resolved into four peaks

at 366.5, 367.5, 372.5, and 373.8 eV. The subpeaks at

366.5 and 372.5 eV could be attributed to the Ag?,

and those at 367.5 eV and 373.8 eV could be ascribed

to metallic Ag0 (Pang and Ge 2017). Based on the

intensities of these deconvoluted peaks, the atomic

Fig. 3 aXPS survey spectra of the pristine cotton fabric, Cot-g-
PDMAEMA, Cot-HBr, and Cot-Ag@AgBr. b N 1 s spectra of

the Cot-g-PDMAEMA and Cot-Ag@AgBr, c Br 3d spectra of

the Cot-HBr, and Cot-Ag@AgBr, d Ag 3d spectra of the Cot-

Ag@AgBr and e schematic diagram of AgBr nanocrystal

growth
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ratio of Ag/Ag? was calculated to be 1:10.5, which

indicated that a certain amount of AgBr was reduced to

metallic Ag, and consequently suggested that the Ag/

AgBr was successfully loaded onto the surface of the

cotton fabric.

Photocatalytic degradation performance

The photocatalytic activities of Cot-Ag@AgBr,

Ag@ZnO, and as-synthesized Ag@AgBr were inves-

tigated under visible light, and RhB was used as the

representative organic pollutant. The corresponding

degradation curves were obtained by measuring the

changes in UV–vis absorbance at 553 nm (RhB) of the

residual RhB dye in time for a definite time interval.

From Fig. 4a, the intensity of the absorption peak of

RhB gradually decreased as the reaction progressed

and the peak disappeared completely after 35 min.

This confirmed the high catalytic activity of Cot-

Ag@AgBr. Before the evaluating the catalytic per-

formance of Cot-Ag@AgBr, it was essential to

determine whether the decolorization of the RhB dye

was caused by adsorption or not. Figure 4b showed

that almost no RhB was removed via adsorption by

Cot-Ag@AgBr, illustrating that Cot-Ag@AgBr did

not exhibit a strong affinity toward RhB. While Cot-

Ag@AgBr exhibited excellent photoactivation ability

for the degradation of RhB, it was necessary to

compare it with that of a benchmark photodegradation

catalyst. Therefore, the Cot-AgBr was used as a

reference sample. From Fig. 4b, the degradation rate

of Cot-AgBr was only 50% under visible light

illumination (350 W) which was much lower than

that of Cot-Ag@AgBr, illustrating Ag and AgBr

exhibited excellent synergism. At the same dosage of

Ag@AgBr, the photodegradation of RhB over Cot-

Ag@AgBr and Ag@AgBr was significant. Moreover,

the catalytic activity of Cot-Ag@AgBr was lower than

Ag@AgBr NPs owing to that the attachment of

Ag@AgBr to cotton fabric decrease its lower specific

surface area and then fewer active sites. However,

Cot-Ag@AgBr can easily separate from the reaction

system in practical application and achieve continuous

photodegradation of the organic dye. Experiments

were also performed to analyze the effectiveness of

Cot-Ag@AgBr under sunlight illumination. As illus-

trated in Fig. 4c, the Cot-Ag@AgBr presented excel-

lent photodegradation activity for RhB and its

degradation efficiency was as high as 98% after 8 h

of sunlight illumination. The degradation under sun-

light illumination required longer time than the

process conducted under Xe lamp (350 W) illumina-

tion owing to the lower intensity of sunlight compared

with that of the Xe lamp.

To quantify the changes in the catalytic activity of

different photocatalysts, degradation kinetic parame-

ters were calculated according to (Eq. (2)).

�ln C=C0ð Þ ¼ kt ð2Þ

As shown in Fig. 4d, the degradation kinetic

parameter of Cot-Ag@AgBr is 0.074, 3–4 times

higher than Cot-AgBr (0.021). The kinetics parame-

ters of Ag@AgBr is 0.129, slightly higher than Cot-

Ag@AgBr.

The stability and lifetime of photocatalysts are

important parameters because longer life cycles

translate into more cost effective catalysts. Thus,

Cot-Ag@AgBr was recycled, which showed a reduc-

tion in efficiency from 100% (first cycle) to 95% (five

cycles) as illustrated in Fig. 4e, This demonstrated its

remarkable photocatalytic stability during pho-

todegradation. The slight decrease in degradation rate

during recycling was caused by the reduction of the

Ag? ions (Song et al. 2014). The excellent recycla-

bility of Cot-Ag@AgBr further indicated that the

elimination of RhB was predominantly caused by the

photodegradation rather than its physical adsorption.

The precipitation of Ag? not only causes water

pollution, but also reduces the catalytic performance

of Cot-Ag@AgBr. Subsequently, Ag leaching after

photodegradation was analyzed using ICP-AES. The

concentration of Ag? in the reaction solution was only

21 lg/L, which indicated that the Cot-Ag@AgBr

exhibited high durability and photocorrosion

resistance.

Other dyes such as methyl orange (MO), methyl

blue (MB), congo red (CR), and ofloxacin (OFX) were

also tested as typical organic pollutants to further

investigate the degradation efficiency of the Cot-

Ag@AgBr and the removal rate was provided in

Fig. 4f. After a definite interval, removal rates were

92%, 96%, 97%, 99%, and 87% for RhB, MO, MB,

CR, and OFX, respectively, illustrating Cot-

Ag@AgBr has excellent removal ability for common

dyes. To quantify the changes in the catalytic activity

of Cot-Ag@AgBr during each cycle of degradation,

the degradation kinetic parameters were calculated

according to (Eq. (2)) and decreased from 0.074 to
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0.058 after 5 cycles of usage, illustrating a high

catalytic activity retention rate. In addition, compar-

isons between other reported work and Cot-Ag@AgBr

were shown in Table 1. It was demonstrated that the

Cot-Ag@AgBr has higher photocatalytic activity and

reusability under visible-light irradiation.

Figure 5a illustrates the UV–vis absorption spectra

of the pristine and modified cotton fabrics. The

pristine cotton fabric, Cot-g-PDMAEMA, and Cot-

HBr fabrics showed weak absorption peaks in the

range of 200–800 nm, illustrating their low light

harvesting ability. The absorption range of Cot-

Ag@AgBr extended into the visible light range, where

a strong peak with a broad shoulder were observed.

This confirmed its high catalytic activity under visible

light irradiation. The broad absorption peak in the

range of 400–550 nm was the characteristic of the Ag

NPs (Ansari et al. 2014; Bian et al. 2014; Linic et al.

2011). The surfaces of the Ag NPs could be excited

using visible light and electrons could be transferred

Fig. 4 a Time-dependent UV–vis absorption spectra of the

RhB solution in the presence of Cot-Ag@AgBr under visible

light irradiation (350 W). The insets are photographs of the RhB

solutions before and after visible light irradiation for different

time intervals; b Photodegradation rates of RhB over different

photocatalysts; c Photocatalytic degradation of RhB (5 ppm)

over Cot-Ag@AgBr under the sunlight irradiation. The insets

are photographs of color changes of RhB solutions under

sunlight radiation (in Shanghai) for different time intervals;

d Pseudo first order dynamics model of different systems over

time; e reusability of the Cot-Ag@AgBr for multiple RhB

degradation cycles of degradation of RhB under visible light

irradiation; f photodegradation efficiency of different organic

pollutants
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from Ag to AgBr owing to the LSPR; therefore Cot-

Ag@AgBr exhibited strong absorption in the visible

light region (H. Chen, et al. 2013; Vigderman et al.

2012).

The direct band gap of Cot-AgBr and Cot-

Ag@AgBr are calculated from the intercept of the

tangent to the plotting (ahv)2 versus hm, which had

been reported in many literatures (Zhang et al.

2015a, b; Han et al. 2015). From Fig. 5b, the direct

band gap of Cot-AgBr and Cot-Ag@AgBr are 2.64

and 2.2 eV, respectively, implying the introduction of

Ag atom results in a narrower band gap. The reduction

of direct band gap promotes the absorption of visible

light, thus improving the photocatalytic efficiency.

This can be further elaborated via the analysis of PL

spectra.

PL spectra were used to record the electron–hole

recombination rate (Fig. 5c). The recombination rate

of Cot-Ag@AgBr was significantly lower than that of

the Cot-AgBr, demonstrating that the doping of Ag

atom suppressed the recombination rate of electron–

hole. The causes behind this may be ascribed to that

Ag NPs act as electron sinks, and electrons trans-

formed from the conduction band (CB) of the AgBr to

Table 1 Comparisons between other reported work and Cot-Ag@AgBr

Photocatalyst Concentration (mg/L) Time (min) Times/last recycle efficiency (%) Ref.

C-PDA-Ag–WO3 RB-19 50 mg/L 180 4/85.2 Fan et al. (2019)

rGZn2 MB 60 – Kumbhakar et al. (2018)

BiOI/SMD-C RhB 20 mg/L 180 5/95 Zhou et al. (2019)

C/PDA/Ag/AgCl RB-19 50 mg/L 180 5/89 Ding et al. (2018a, b)

Cot-Ag@AgBr RhB 10 mg/L 35 5/95 This work

Fig. 5 a UV–Vis absorption spectra of pristine cotton fabric,

Cot-g-PDMAEMA, Cot-HBr, and Cot-Ag@AgBr; b Tauc plots

of Cot-AgBr and Cot-Ag@AgBr; c PL emission spectra of Cot-

AgBr and Cot-Ag@AgBr; d DMPO spin-trapping EPR spectra

of Cot-Ag@AgBr in dark and under visible light irradiation at

room temperature
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silver, thus inhibiting the recombination of electron–

hole.

While Cot-Ag@AgBr appeared to be a promising

photocatalyst for the degradation of RhB, it was still

important to elucidate the mechanism of RhB degra-

dation over Cot-Ag@AgBr. It is usually believed that

the ROS, such as hydroxyl radicals, and superoxide

radicals, are generally considered to be the main

reactive species during the photocatalytic degradation

process. Theefore, it was necessary to identify the

types of radical species that dominated the pho-

todegradation process of RhB over Cot-Ag@AgBr

under visible light illumination. Consequently, DMPO

was selected as the spin trapping for the detection of

�O2
- and �OH. Figure 5b illustrates the EPR spectra of

the �O2
- and �OH radicals generated in the presence of

Cot-Ag@AgBr at room temperature. No significant

EPR signals were observed in ethanol or water

systems in the presence of Cot-Ag@AgBr in the dark.

After irradiation for 5 min with Xenon lamp irradia-

tion, four weak characteristic signals of �OH and six

strong signals characteristic of the superoxide spin

adduct of DMPO (DMPO–OOH) were observed in the

water system, which indicated the presence of �O2
- in

the reaction system. The conduction band of AgBr

(0.11 eV) cannot reduce O2 into �O2
- (O2/�O2

-, redox

potential of -0.33 eV) (Zhao et al. 2017); however,

owing to the LSPR of metallic Ag NPs, the surface of

polarized Ag could amass electrons, which could be

trapped by the dissolved O2 to form �O2
-. The signals

of DMPO–OOH were stronger than those of �OH for

the same illumination time. From the above analysis

results, it could be concluded that the �O2
- rather than

the �OH species played the predominant role during

the photodegradation of RhB over Cot-Ag@AgBr.

Evaluation of durability

Fabric-based photocatalysts have irreplaceable advan-

tages, such as facile reusability and excellent adaptiv-

ity. However, durability is also an important aspect

when evaluating the merits of fabric-based materials.

Ultrasonication is a simple and straightforward

method for evaluating this property (Lee et al. 2001;

Yu et al. 2019). As control experiment, Ag@AgBr

NPs were directly deposited on the surface of the

pristine cotton fabric, and the obtained sample was

denoted as Cot/Ag@AgBr. To study the anchoring

effect of graft chains, both Cot-Ag@AgBr and Cot/

Ag@AgBr were ultrasonicated for different time

intervals. After 2 min of sonication, a large amount

of Ag@AgBr NPs ([90%) was peeled off from the

surface of Cot/Ag@AgBr, owing to the poor bonding

between the functional layer and the substrate. Con-

versely, as shown in Fig. 6c, no significant leaching of

Ag@AgBr NPs was observed (\ 2%) after 10 min of

sonication treatment, which demonstrated that the

Ag@AgBr NPs were firmly immobilized onto the

cotton surface. To evaluate the effect of ultrasonica-

tion on the photocatalytic efficiency of Cot-

Ag@AgBr, samples ultrasonicated for different time

intervals were used to degrade fresh RhB solutions.

The degradation curves obtained after ultrasonication

were virtually identical with that of the pristine Cot-

Ag@AgBr fabric, which demonstrated that, even after

destructive treatment, Cot-Ag@AgBr could maintain

its stability and was still efficient for the photodegra-

dation of RhB. These results also validated the strong

immobilization of the Ag@AgBr NPs onto the surface

of the cotton fabric. The high interfacial bonding

strength could be attributed to the formation of flexible

three-dimensional network structures on the surface of

the cotton fabric, which trapped the Ag@AgBr NPs

during their in situ deposition and could effectively

strengthen the attachment of Ag@AgBr NPs to the

cotton fabric. Furthermore, SEM images were

acquired to analyze the changes in the morphology

of Cot-Ag@AgBr after ultrasonication, indicating that

the Ag@AgBr NPs were still attached to the surface of

the fabric after ultrasonication (Fig. 6a and b). These

results indicated that the PDMAEMA graft chains

bridge between the Ag@AgBr NPs and cotton fabrics

was successful, and could present great potential

applications for continuous water purification.

Conclusions

In summary, we demonstrated a novel strategy for

fabricating Cot-Ag@AgBr heterogeneous photocata-

lyst via radiation-induced graft polymerization and the

aqueous, one-pot method. The Ag@AgBr NPs were

preferably in situ formed on the surface of cotton,

owing to the presence of graft chains as the source of

bromide ions. Furthermore, Cot-Ag@AgBr combined

the remarkable photocatalytic properties of the

Ag@AgBr NPs with excellent durability and stability

derived from the grafted chains that served as a strong
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adhesion layer between the Ag@AgBr NPs and the

cotton fabric. The excellent photocatalytic activity

was retained after repeated use or even ultrasonic

washing for about 10 min. The obtained materials

could also completely remove organic pollutants from

waste water under sunlight exposure. The EPR

experiments demonstrated that the �O2- radical played

a more critical role during the photo-degradation

process than the �OH radical. In theory, this process

could be expanded as a universal approach for the

deposition of semiconductor NPs on a variety of

flexible substrates, such as yarns and fibers. Further-

more, this process is believed to be useful for the

commercial fabrication of large size semiconductor

based flexible photocatalytic materials for water

purification.
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