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Abstract In this paper, a simple method has been

developed to fabricate flexible fiber materials with

excellent visible light response. Firstly, polydopamine

(PDA) layer was deposited on the cotton fibers to

functionize cotton fibers. Then, a uniformly dense

layer of silver and tungsten trioxide nanoparticles was

obtained on cotton fabric by reduction of PDA. The

deposition of PDA provided a media for the Ag–WO3

photocatalyst to be loaded with good adhension. The

results showed that the prepared cotton (C)-PDA–Ag–

WO3(c) composite photocatalytic material exhibited

excellent photocatalytic performance with 98% degra-

dation efficiency of RB-19 dye solution within

180 min under visible light irradiation. Moreover,

the degradation rate constants were 52.43 9, 35.73 9,

12.01 9 and 3.77 9 higher than those of raw cotton,

C-PDA, C-PDA-Ag and C-PDA-Ag–WO3(a), respec-

tively. The free radical trapping experiments showed

that h?, �OH and �O2
-were important active species in

the photocatalytic process. Based on the characteriza-

tions of the system, the possible photocatalytic

reaction mechanism of the C-PDA-Ag–WO3(c) com-

posite photocatalytic material was proposed. This

paper provided a new perspective for the preparation

of high catalytic performance visible light responsive

flexible fiber materials applied in the degradation of

dye wastewater.

Keywords C-PDA-Ag–WO3(c) � Photocatalytic
fabric � Photodegradation � Visible light � Recycle and
reuse

Introduction

In the past few decades, the harm of environmental

pollution to human health has attacted great attention

as they (especially wastewater pollution) have become

a major threat to human survival and safety. In order to

solve the problem of wastewater pollution, many

technologies have been developed (such as adsorption,

filtration, extraction, membrane separation, Fenton-

reagent method and photocatalysis technology).

Among them, photocatalysis has been widely used in

water pollution treatment due to its economical, high

efficiency and environmental friendly (Maeda 2011;

Liu et al. 2018; Zhu et al. 2017). Obviously, the

development of photocatalytic technology is to fabri-

cate photocatalysts with excellent performance and

recyclability. At present, many types of semiconduc-

tor photocatalytic materials have been developed into
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photocatalytic materials such as metal oxides (TiO2,

ZnO,WO3), metal sulfides (Ag2S, ZnS), metal nitrides

(Ta3N5) and the like (Antoniadou et al. 2011; Higashi

et al. 2011; Shuang et al. 2018; Wenderich and Mul

2016; Zhu et al. 2018; Wang et al. 2018b; Ji et al.

2018). However, most photocatalytic materials cannot

absorb visible light energy, which greatly restricts

their application scope. In recent years, noble metal

photocatalysts have attracted extensive attention from

researchers due to their ability to inhibit the combi-

nation of photogenerated electrons and holes, such as

Au/TiO2, Ag/AgBr and Ag3PO4/Ag/WO3 (Bu et al.

2015; Panayotov et al. 2017; Xie et al. 2015). Among

them, the surface plasmon resonance (SPR) of noble

metal Ag can not only absorb visible light intensively,

but also conduct photo-generated electrons effec-

tively. This founding greatly improves the photocat-

alytic efficiency and ensures a broad application

prospect.

Currently, semiconductor photocatalysts are gen-

erally fabricated into three shapes. The first one is a

powder-shaped semiconductor nanophotocatalytic

material, including nanoparticles, nanosheets, nanor-

ods, nanotubes and so on (Elmalem et al. 2008; Hu

et al. 2012; Lv et al. 2017; Yu et al. 2009). These

nanopowders generally exhibit excellent photocat-

alytic properties due to their nanoparticles and large

specific surface area, but are easily lost in degrading

process. The second one is to grow semiconductor

nanofilms on flat substrates such as ITO glass or metal

foil (Limmer et al. 2004; Tian et al. 2012). Although

these film-like photocatalysts are recyclable and can

be effectively recycled, they still have some disad-

vantages such as high-cost, low flexibility and specific

surface area. The last one is to fabricate semiconductor

nanofibers (TiO2/ZnO and Bi2O3) (Boyadjiev et al.

2017; Wang et al. 2009) and nonwoven fabrics by

electrospinning (such as Ta3N5–Pt (Li et al. 2014) and

Fe2O3–AgBr (Zhao et al. 2015)). However, these

prepared semiconductor nanofibers and nonwoven

fabrics have poor mechanical properties, particularly

used in flowing waste water. Therefore, it is necessary

to develop a new photocatalyst with good mechanical

strength, excellent flexibility, low cost and high

catalytic activity to degrade environmental sewage.

Dopamine (DA) is a kind of catecholamines with

good biocompatibility, which can generate poly-

dopamine (PDA) by self-polymerization and formed

an adhesive coating on various materials, which was

inspired by the characteristics of viscous proteins in

mussels (Gao et al. 2013; Schlaich et al. 2018). PDA

possesses functional goups in its chemical structure

like catechol, amines and imines, which can be used as

a starting point for covalent modification with a

desired molecule, or as an anchor point for the loading

transition metal ions, and a plurality of hybrid

materials can be further produced by the strong

reducing ability of these metal ions under alkaline

conditions (Liu et al. 2014; Pan et al. 2018; Zhang

et al. 2017a). Therefore, Ag nanoparticles can be

produced by PDA reduction, and then a visible-

responsive silver-based photocatalyst was fabricated.

To obtain robust photocatalysis performance, we

consider to use tungsten trioxide (WO3), which

belongs to n-type semiconductor material with band

gap between 2.5–3.5 eV and belongs to a class of wide

band gap oxides. As a kind of semiconductor material

with development potential, it has broad application

prospects in gas sensor, photocatalysis, photoelectro-

catalysis and monitor (Cheng et al. 2018; Naik et al.

2013; Paz et al. 2018; Wang et al. 2016, 2017b; Zhang

et al. 2016a). In addition, WO3 is a very stable metal

compound under acidic conditions. It also has some

characteristics, including medium hole diffusion

length (* 150 nm) and high oxidation potential of

valence band (VB) holes (about ? 3.49 eV vs SHE)

(Hu et al. 2018; Wang et al. 2017a; Yu et al. 2017).

These advantages indicate that it may generate charge

transitions in the visible light range. It should be

pointed out that both crystalline WO3 (WO3(c)) and

amorphous WO3 (WO3(a)) have high oxidation

potential of VB holes. However, WO3(c) has higher

photocatalytic activity than WO3(a), because WO3(-

c) nanoparticles possessed much more amounts of

coordination unsaturated W sites (Li et al. 2019).

Owing to this unsaturated coordination environment,

the WO3(c) exhibited a higher photocatalytic activity

in the degradation of RB-19. Nevertheless, the original

WO3 tends to exhibit lower photocatalytic efficiency

due to its low solar energy absorption, high photo-

generated electron hole recombination rate and its low

conduction band (CB) position, which greatly limits

the improvement of photocatalytic activity. Fortu-

nately, in order to enhance the photocatalytic activity

of WO3, some strategies have been adopted including

morphology and dimension controlling, surface sen-

sitization, addition of metallic and non-metallic

dopants and the construction of nanocomposites so
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as to improve the photocatalytic activity of semicon-

ductor photocatalysts (Momeni and Ghayeb 2015;

Momeni et al. 2015; Vallejos et al. 2011). In particular,

doping with different noble or non-noble metal

nanoparticles (such as Pt, Au, Cu, Zn, etc.) was

considered to be an excellent method for improving

the light absorbing ability and photoelectrocatalytic

activity of WO3. Gan et al. used a new and simple

method to directly fabricate 3D flower-like WO3, and

silver nanoparticles were then deposited on the surface

of WO3 by a method of in situ redox reaction. The

results show that the as-prepared Ag@WO3 plasma

photocatalyst has a good photocatalytic performance

(Zhang et al. 2018). Xi et al. used a general in situ

reaction between weakly reducing carbonaceous

microspheres and an oxidizing noble metal precursor

to synthesize a uniform Au-WO3 porous hollow

sphere on a large scale without other reducing agents

and stabilizing agents. And it proved that this material

has excellent activity for photocatalytic degradation of

organic pollutants (He et al. 2017). Liu et al. (2018)

prepared a novel Ag/AgCl/WO3 plasmonic

Z-scheme photocatalyst by a simple method. As a

result, it was found that the photocatalyst exhibited

excellent photocatalytic properties. Although some

photocatalysts for WO3 doped noble metal nanopar-

ticles have been studied, such photocatalysts still have

disadvantages such as difficulty in recovery and easy

loss. In addition, these photocatalysts are not only easy

to cause secondary pollution, but also has high

treatment cost and unsuitable for large-flow wastew-

ater treatment (Chen et al. 2019; Dong et al. 2019;

Zhou et al. 2019). At the same time, the priority

removal of toxic target pollutants in the presence of a

large amount of organic/inorganic compounds is also

quite difficult. Hence, it is extremely necessary to

develop an effective photocatalytic system with

excellent photocatalytic performance, multiple cycles

of recycling and no secondary pollution to meet

practical applications.

Based on the above discussion, the biggest chal-

lenge in the practical application of photocatalyst is

how to solve some problems such as recovery and

reuse of photocatalyst. Some researchers have sug-

gested that photocatalysts should be fixed on some

substrates (such as fabrics, fibers or glass). (Al-Ghafri

et al. 2018; Han et al. 2012; Hu et al. 2017; Wang et al.

2018a). Among these proposed substrates, textiles

have proven to be the best materials for supporting

photocatalysts due to their abundant porous structure,

large specific surface area and wide range of sources.

It is well known that cotton fabrics are one of the most

popular materials with excellent flexibility and a

special loose and porous structure (Hu et al. 2010b).

These advantages can promote better absorption of

dye molecules by cotton fabrics and easier recovery

and recycling of the photocatalysts. Our group has

once reported a cotton-based flexible cotton/poly-

dopamine/Ag/AgCl composite photocatalyst (Ding

et al. 2018), but the preparation of this photocatalyst

was costly and the preparation process was lengthy. In

order to further study and design fiber-based compos-

ite photocatalytic materials, we proposed a new green

method to prepare photocatalysts with excellent

visible light response.

In this paper, a novel method for preparing a

stable fiber-based PDA-Ag–WO3(c) composite pho-

tocatalytic material by using polymerization

crosslinking of DA, reduction of PDA, and oxidation

of hydrogen peroxide. The prepared C-PDA-Ag–

WO3(c) composite photocatalytic material exhibits

excellent flexibility, recyclability, strong visible-light

absorption and high photocatalytic properties for

degrading RB-19 dye solution. In addition, the mech-

anism of photocatalytic degradation of dye wastewater

was further studied by using free radical and holes

trapping experiments, which laid a solid foundation

for better understanding of photocatalysis.

Experimental

Reagents and materials

In this experiment, 120 g m-2 plain cotton fabric

(Esquel Group, China) was used. The cotton fabric

was ultrasonically washed with deionized water and

absolute ethanol prior to use. Reactive dyes (RB-19)

were obtained from Dystar Printing and Dyeing

Technology Co., Ltd. Tungsten hexachloride (WCl6,

99.5%) was purchased from Sinopharm Chemical

Reagent Co., Ltd. Sodium oxalate (Na–OA) with 99%

purity, 2-methyl-2-propanol (t-BuOH) with 99%

purity, and 1,4-p-benzoquinone (BQ) with 99% purity

were all purchased from Adamas Reagent Co., Ltd.

Silver nitrate (AgNO3) and dopamine hydrochloride

(DA) with 99% purity were purchased from Shanghai

Chemical Reagent Co., Ltd. Other chemicals used in
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the test were obtained from Sinopharm Chemical

Reagent Co., Ltd. All chemicals were of analytical

grade, and used without further purification.

Preparation of visible light responsive flexible

composite photocatalytic fabric

A schematic diagram of the preparation process of the

visible light responsive composite photocatalytic

fabric was shown in Fig. 1.

Preparation of C-PDA composite photocatalytic

fabric

Firstly, 0.4 g of DA was dissolved in 200 mL

deionized water to prepare a DA solution with a

concentration of 0.01 mol/L. And the pH value of this

solution was adjusted to 8.5 by 1 mol/L NaOH

solution. Secondly, the washed cotton fabric was

dipped into the freshly prepared DA solution and

stirred at 30 �C for 24 h. After the reaction was

completed, the fabric was removed and thoroughly

washed with deionized water to remove possible

impurities. Finally, the fabric was dried in an oven at

50 �C. In the subsequent discussion, the cotton fabric

treated by DA solution will be referred to as C-PDA

(short for Cotton-Dopamine fabric).

Preparation of C-PDA-Ag composite

photocatalytic fabric

0.2 g of AgNO3 was first dissolved in 200 mL

deionized water to prepare AgNO3 solution with the

concentration of 5.90 mol/L, and then the as-prepared

C-PDA was immersed in the AgNO3 solution and

stirred at 30 �C for 3 h. Thereafter, the sample was

washed with deionized water for 5 min and dried for

3 h in an oven at 60 �C. The final sample was referred

as C-PDA-Ag (short for Cotton-Dopamine-Ag fabric).

Preparation of C-PDA-Ag–WO3(a) composite

photocatalytic fabric

WCl6 solution with 0.25 mol/L concentration was

prepared by dissolving 2.0 g WCl6 in 20 ml of

absolute ethanol. Thereafter, the as-prepared

C-PDA-Ag was immersed in WCl6 solution for

10 min at 30 �C. The sample was then taken out and

dried for 3 h in an oven at 60 �C. Finally, the prepared
fabric was subjected to UV irradiation for 10 min to

remove Cl- remaining in the fabric (Cheng et al.

Fig. 1 Preparation of C-PDA-Ag–WO3(c) composite photocatalytic fabric
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2018). In the following discussion, this sample will be

called as C-PDA-Ag–WO3(a) (short for Cotton-

Dopamine-Ag–WO3(amorphous) fabric).

Preparation of C-PDA-Ag–WO3(c) composite

photocatalytic fabric

After irradiation, the as-prepared C-PDA-Ag–WO3(-

a) was placed in 50 ml of deionized water and dripped

with two drops of hydrogen peroxide. After the

samples were completely oxidized to yellow, it was

taken out and dried for 3 h in an oven at 60 �C. In the

following discussion, this sample will be called as

C-PDA-Ag–WO3(c) (short for Cotton-Dopamine-Ag–

WO3(crystalline) fabric).

Characterization

The morphology of the composite photocatalytic

fabric was observed by field emission scanning

electron microscopy (FE-SEM) with model S4800.

The element content and distribution of the prepared

samples were observed by energy dispersive spec-

trometer (EDS). X-ray photoelectron spectroscopy

(XPS) was used to measure and record the chemical

oxidation state of the composite photocatalytic fabric.

The UV–vis diffuse reflectance spectra (UV–vis DRS)

of the samples were determined by a spectrophotome-

ter of type UV-3600.

Photoelectrochemical measurement

The photoluminescence (PL) properties were mea-

sured on a PTI QM/TM fluorescence spectrometer

with the excitation at 325 nm. The photocurrents and

electrochemical impedance spectroscopy (EIS) mea-

surements were performed on an electrochemical

analyzer (model PGSTAT302 N) in which the counter

electrode and the reference electrode were Pt flake and

Ag/AgCl, respectively.

Refining and purification for RB-19 dye

Firstly, 10 g of the RB-19 dye was dissolved in 40 ml

of N,N-dimethylformamide, followed by filtration to

remove impurities in the filtrate. Thereafter, 100 ml of

acetone solution was added to the filtrate to precipitate

a dye, which was allowed to place at room temperature

for 12 h. Finally, the refined and purified dye was

filtered and dried in a vacuum oven at 50 �C for 3 h.

Photocatalytic performance evaluation

In this experiment, we used a photochemical reactor to

determine the photocatalytic effect of the composite

photocatalytic fabric. The photocatalytic performance

of C-PDA-Ag–WO3(c) composite photocatalytic fab-

ric (size 5 9 5 cm2) was evaluated by observing the

photocatalytic degradation of RB-19 dye under visible

light irradiation. In the whole process, visible light

irradiation was simulated by using a 1000 W Xe lamp

radiant tube equipped with a 400 nm cut-off filter to

remove UV light at ambient temperature. During the

reaction, the cooling water circulator was always

turned on to keep the entire reaction system at a

constant temperature. Typically, the prepared C-PDA-

Ag–WO3(c) composite photocatalytic fabric was

placed in quartz tubes containing 50 mL RB-19 dye

solution at a concentration of 50 mg/L. Thereafter,

maintain continuous agitation of the entire system to

ensure uniformity of the dye solution. Before starting

the photoreaction, the quartz tube was first stirred

under dark conditions for 30 min to reach the adsorp-

tion–desorption dynamic equilibrium, and then the

photochemical reactor was turned on to start the

photocatalytic degradation reaction. During the reac-

tion, about 5 ml of the degradation solution was taken

out every 30 min and its absorbance was measured at a

specific wavelength (590 nm) using an ultraviolet–

visible spectrophotometer (model U3310).

In addition, in order to investigate the photocat-

alytic stability and reusability of the C-PDA-Ag–

WO3(c) composite photocatalytic fabric, five consec-

utive photocatalytic cycle tests were measured under

visible light irradiation. After each cycle, the C-PDA-

Ag–WO3(c) sample was thoroughly washed with

deionized water and dried at 60 �C for 3 h, then

placed in a quartz tube containing 50 ml of RB-19 dye

solution at a concentration of 50 mg/L. More impor-

tantly, a possible photocatalytic reaction mechanism

was proposed by investigating the photocatalytic

degradation of RB-19 dye solution with various

scavengers.

123

Cellulose (2019) 26:3955–3972 3959



Results and discussion

The possible reaction mechanism of dopamine

and various chemical reagents

This paper proposed a possible reaction mechanism

between dopamine and different chemical reagents,

and the specific flow diagram was shown in Fig. 2.

First, DA (3,4-dihydroxyphenethylamine) can

undergo self-polymerization and cross-linking under

mild conditions to generate PDA. The catechol group

of the formed PDA film was chelated with Ag? and

then the Ag? was reduced to Ag nanoparticles in situ.

At this time, the catechol groups were simultaneously

oxidized into quinone structures (Long et al. 2011;

Wang et al. 2013; Xu et al. 2011). Finally, Ag@WO3

composite nanoparticles were formed by impregnating

the WCl6 solution and subjecting it to UV light,

followed by oxidation of the product with hydrogen

peroxide. It should be pointed out that the self-

polymerization and cross-linking mechanism of DA

and the interaction mechanism between PDA and

substrate have not been fully studied so far.

Characterization of the as-prepared composite

photocatalytic fabric

XRD analysis of the as-prepared composite

photocatalytic materials

X-ray powder diffraction analysis was performed to

study the crystal structures of pure and doped samples

and Fig. 3 showed the typical XRD patterns of the

prepared composite photocatalytic fabrics. It can be

seen from Fig. 3a that the apparent diffraction peaks of

C-PDA-Ag–WO3(a) and C-PDA-Ag–WO3(c) com-

posite photocatalytic materials at 26.59� and 34.16�
belong to the monoclinic phase of WO3 (JCPDS No.

43-1035) (120) plane and (202) plane (Sun et al.

2017). This indicates that the loading of WO3 did not

affect the crystal phase structure of the C-PDA-Ag

composite material. In addition, it can be observed that

C-PDA-Ag, C-PDA-Ag–WO3(a) and C-PDA-Ag–

WO3(c) composite photocatalytic materials exhibited

diffraction peaks at 2h = 38.89� and 46.04�. These
two diffraction peaks correspond to the (310) and

(312) plane of Ag (JCPDS No. 65-2871) (Dong et al.

2013). Figure 3b is a partial amplification XRD image

of C-PDA-Ag, C-PDA-Ag–WO3(a) and C-PDA-Ag–

WO3(c) composite photocatalytic fabrics. However,

no impurities of other characteristic peaks such as the

presence of Ag2CO3 or Ag2O were detected. This

demonstrated that the prepared photocatalytic fabrics

are mainly consisted of Ag and WO3.

Fig. 2 Proposed a possible interaction mechanism for dopamine and different chemical reagents
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FE-SEM analysis of the as-prepared composite

photocatalytic materials

The surface morphology and local structure of the as-

prepared composite photocatalytic fabrics were

observed by FE-SEM. In Fig. 4a, b, it can be observed

that the raw cotton fabric surface was smooth and there

are no obvious impurities on the fiber surface.

However, after the cotton fabric was oxidatively

polymerized with dopamine, it can be easily found

from Fig. 4c, d that the surface of the raw cotton fabric

was covered with a uniform film. At this point, PDA

formed a support on the surface of the raw cotton

fabric, and the change in the surface morphology of

the C-PDA sample further confirmed the successful

deposition of PDA on the raw cotton fabric.

The image of C-PDA-Ag [Fig. 4e, f] sample

showed that Ag nanoparticles with uniform distribu-

tion have been successfully prepared on the surface of

C-PDA sample by directly reducing Ag? with PDA at

room temperature using PDA as a carrier. Moreover,

the magnified image of Fig. 4f clearly showed the

regular three-dimensional structure of Ag nanoparti-

cles with a size of about 40 nm. When the C-PDA-Ag

sample was immersed in WCl6 solution and treated by

H2O2 oxidation, the stereostructure of WO3 nanopar-

ticles with a size of about 80 nm could be observed on

the surface of the as-prepared C-PDA-Ag–WO3

(a) [Fig. 4g, h] and C-PDA-Ag–WO3(c) [Fig. 4i, j]

composite photocatalytic fabrics, indicating that WO3

had been successfully loaded on the fabrics. This

further confirms the XRD analysis described above,

Fig. 3 aXRD patterns of C, C-PDA, C-PDA-Ag, C-PDA-Ag–WO3(a) and C-PDA-Ag–WO3(c); b partially amplified XRD patterns of

C-PDA-Ag, C-PDA-Ag–WO3(a) and C-PDA-Ag–WO3(c)

Fig. 4 FE-SEM images of raw cotton sample (a–b), C-PDA sample (c–d), C-PDA-Ag sample (e–f), C-PDA-Ag–WO3(a) sample (g–
h) and C-PDA-Ag–WO3(c) sample (i–j)
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which will also be demonstrated by subsequent EDS-

mapping measurements.

EDS-mapping analysis of the as-prepared

composite photocatalytic materials

Subsequently, the composition of C-PDA and C-PDA-

Ag–WO3(c) composite photocatalytic fabrics were

investigated by EDS-mapping analysis. The EDS

pattern showed that only C and O elements exist in

the C-PDA composite fabric. The reason for the

absence of N element was that cotton fabric contained

only C and O elements, while the PDA film only

covered the surface of the fabric [Fig. 5a]. However,

the subsequent XPS analysis confirmed the presence

of the N element, and the FE-SEM analysis described

above also indicated that the PDA film was success-

fully formed and uniformly covered on the surface of

the raw cotton fiber. In addition, the elemental

mappings of the single fiber confirmed that the

elements C and O were also evenly dispersed in the

fiber [Fig. 5c]. It can be seen from Fig. 5b that the W

and Ag element signals were newly present in the

C-PDA-Ag–WO3(c) sample, wherein the W element

and the Ag element come from the adding of WO3 and

Ag element. And the elemental mapping results

revealed that the elements of C, O, Ag and W were

homogeneously distributed in the entire fiber

[Fig. 5d]. It should be noted that the uniform distri-

bution of the Ag and W elements proves that the

existence of PDA film is beneficial for the evenly

dispersion of the WO3 and Ag nanoparticles. The

above FE-SEM analysis also supported this conclu-

sion from the side.

XPS analysis of the as-prepared composite

photocatalytic materials

The chemical oxidation state of C-PDA-Ag–WO3

(c) composite photocatalytic fabric was investigated

Fig. 5 EDS-mapping

analysis of C-PDA sample

(a and c) and C-PDA-Ag–

WO3(c) sample (b and d)

123

3962 Cellulose (2019) 26:3955–3972



by XPS. A wide scanning XPS spectrum of the

composite photocatalytic material can be clearly

observed from Fig. 6a. At the same time, the absorp-

tion peaks of five elements of W, O, N, Ag and C were

presented, which was in agreement with the result of

the above EDS analysis. In addition, Fig. 6b–f showed

the high-resolution XPS ofW 4f, Ag 3d, C 1s, N 1s and

O 1s of C-PDA-Ag–WO3(c) composite photocatalytic

fabric, respectively. Figure 6b revealed the XPS

spectrum of W 4f, which can be deconvoluted into

four peaks in the range of 31–40 eV. Two main peaks

emerged at 36.31 and 34.21 eVwere related toW 4f5/2
andW 4f7/2 of theW

6? atoms, while the peaks at 37.07

and 34.66 eVwere well combined with theW5? atoms

(Cao et al. 2018; Ding et al. 2017; Meng et al. 2015).

These characterization results confirmed that the W

element was mainly expressed in two states of W6?

and W5? (Zhang et al. 2017a), suggesting the

existence of oxygen vacancies in WO3 (Shirke and

Mukherjee 2017). The absorption peaks appearing at

372.08 eV and 366.02 eV were confirmed to be

consistent with Ag 3d3/2 and Ag 3d5/2 of metallic

Ag, and the specific results were shown in the Fig. 6c

(Ramstedt and Franklyn 2010). The formation of Ag0

can be assigned to photochemical reduction of PDA,

which further demonstrated the existence of Ag

nanoparticles in the C-PDA-Ag–WO3(c) composite

photocatalytic fabric. Figure 6d exhibited the decon-

volution result of C 1s. Four peaks, located at

283.13 eV, 284.71 eV, 285.22 eV and 286.31 eV,

correspond to C–C, C–N, C–O and C=O, respectively

(Zhang et al. 2013). The N 1s spectrum can be

decomposed into two peaks, where the peaks of

398.49 and 399.38 eV were distributed to = N–R and

R–NH–R, and the results were shown in Fig. 6e. It is

worth noting that the appearance of element N was

mainly attributed to the introduction of PDA. The R–

NH–R bond was derived from the amine functional

group of DA, while the = N–R bond was assigned to

the indole group (formed by DA oxidation self-

polymerization) (Yin and Liu 2008). Furthermore, the

XPS spectrum of O 1s could be divided into five

distinct absorption peaks, the peaks at binding

energies of 532.19, 531.81, 531.32, 530.67, 529.49

and 528.82 eV should be classified as O=C, O=C–O,

C–O, W–OH, O=W and O–W bonds, respectively

(Ding et al. 2016; Zhang et al. 2017b).

Fig. 6 XPS wide-scan spectra (a) and its high-resolution XPS spectra of W 4f (b), Ag 3d (c), C 1s (d), N 1s (e) and O 1s (f) of C-PDA-
Ag–WO3(c) sample
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UV–vis diffuse reflectance analysis of the as-

prepared composite photocatalytic fabric

The light absorption properties of prepared composite

photocatalytic fabrics were investigated by UV–vis

diffuse reflectance spectroscopy (UV–vis DRS). As

can be clearly seen from the Fig. 7a, the untreated

cotton fabric has no significant absorption in the UV–

vis region. Compared with raw cotton fabric without

absorbance at all, C-PDA photocatalytic fabric shows

absorption in the 200–800 nm regions, indicating that

the PDA has the ability to absorb UV–visible light.

Therefore, it can be obtained that the PDA can

sufficiently absorb solar energy and stimulate the

generation of electron–hole pairs, thereby promising

to further enhance the photocatalytic performance.

With the addition of metal Ag nanoparticles, C-PDA-

Ag composite material exhibited stronger absorption

in the UV–vis region. The appearance of this situation

indicated that the SPR effect of metallic Ag nanopar-

ticles exhibits effective plasmon resonance in the

visible region, resulting in the generation of more

electron–hole pairs (Varma et al. 2016). The C-PDA-

Ag–WO3(a) composite photocatalytic fabric absorbs

widely in the UV–vis region and it has a significantly

higher absorption intensity than the C-PDA-Ag sam-

ple. The main reason for this phenomenon is because

WO3 has the better visible light-induced photocat-

alytic properties and it can generate more electron–

hole pairs after loading with Ag nanoparticles.

Furthermore, due to the SPR effect of the metallic

Ag particles, the absorption intensity of Ag@WO3

was significantly increased in the region of

500–800 nm (Sun et al. 2010). However, it can be

found that the absorbance of the C-PDA-Ag–WO3

(c) photocatalytic fabric in the UV light region of

200–380 nm was higher than that of the C-PDA-Ag–

WO3(a) sample, but the absorbance in the visible light

region was reduced, which should be attributed to the

decomposition of a part of the Ag nanoparticles by

hydrogen peroxide during the oxidation process and

the photocatalytic ability of WO3 in the crystalline

state to be higher than that of WO3 in the

metastable amorphous state. The above results indi-

cated that the composite effect of C-PDA-Ag–WO3

(c) composite photocatalytic fabric can strongly

heighten the absorption of visible light, so as to make

more effective use of solar energy.

Besides, the band structure of the semiconductor

also plays a vital role in optical absorption character-

istics. According to the UV–vis results obtained

above, the band gap (Eg) of different photocatalytic

fabrics were determined by the following equation:

Ahvð Þ ¼ K hv� Eg

� �n=2

where A, h, v, K and Eg represent the absorbance

coefficient, Planck’s constant (6.63 9 10-34 J s), fre-

quency, a constant and the band gap energy, respec-

tively. It should be noted that v = c/k, c represents the
speed of light (3.0 9 108 m/s) and k represents the

wavelength of light (Tauc 1966). And n refers to the

characteristic value of the electronic transition in the

Fig. 7 aUV–vis diffuse reflectance spectra of all the samples and b band gap energy evaluation from the plots of (Ahv)2 versus energy

(hv) of the corresponding samples
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semiconductor. For WO3, the value of n is 1. In

Fig. 7b, the band gap energy of the as-prepared

C-PDA-Ag–WO3(c) photocatalytic fabric was about

2.58 eV after calculation, which was in agreement

with the reference value in literature (Li et al. 2018;

Xie et al. 2015). However, the band gap energy of the

C-PDA-Ag–WO3(a) composite photocatalytic fabric

was calculated to be only 2.27 eV, which was

significantly smaller than that of the C-PDA-Ag–

WO3(c) composite photocatalytic fabric. Therefore, it

can be concluded that the C-PDA-Ag–WO3(c) com-

posite photocatalytic fabric has excellent photocat-

alytic effects.

Photoelectrocatalytic properties of the as-prepared

composite photocatalytic fabrics

The kinetics of charge transfer in these composite

photocatalytic fabrics was analyzed by EIS measure-

ment and photocurrent response testing. Photoelec-

trode-electrolyte charge transfer resistance (CTR) is

equivalent to the transmission and separation effi-

ciency of photogenerated electron–hole pairs, which

can be specifically represented by the arc diameter on

Nyquist diagram (Shi et al. 2016). As can be seen from

the Fig. 8a, the electrode arc-radius was much smaller

for the C-PDA-Ag–WO3(c) compared with C-PDA,

C-PDA-Ag and C-PDA-Ag–WO3(a), indicating that

the CTR for C-PDA-Ag–WO3(c) composite photo-

catalytic material was decreased, which will acceler-

ate charge migration and separation so as to reduce

energy losses.

In order to further evaluate the photoelectrochem-

ical activity of the composite photocatalytic fabric, the

transient photocurrent response was measured under

the irradiation of 5 cycles of optical switch at 30 s

interval. In general, the stronger the photocurrent

intensity, the higher the separation and migration

efficiency of e- and h? in the photocatalytic reaction

(Liang et al. 2015). As shown in Fig. 8b, the

photocurrent density of C-PDA-Ag–WO3(c) was

about 1.24 lA cm-2, which was much larger than

C-PDA (0.47 lA cm-2) and C-PDA-Ag

(0.26 lA cm-2) as well as C-PDA-Ag–WO3

(a) (0.94 lA cm-2). As expected, the value of

C-PDA-Ag–WO3(c) was greater than the other sam-

ples, indicating that the C-PDA-Ag–WO3(c) has

higher generation and migration efficiency for photo-

generated electron–holes (Ma et al. 2017). These data

adequately demonstrated that the as-prepared C-PDA-

Ag–WO3(c) composite photocatalytic fabric can

effectively promote the photogenerated charge migra-

tion and immediately reacted with the target so as to

improve photocatalytic performance.

Also, PL emission spectrumwas used to investigate

the separation efficiency of photogenerated electrons

and holes. Generally speaking, the lower PL intensity

indicated that the probability of photogenerated holes

and electrons recombination was small and the

photoactivity was high. As presented in Fig. 8c, the

luminescence intensity of C-PDA-Ag–WO3(c) was

the lowest compared with other samples. This indi-

cated that the formation of the Schottky barrier

resulted in a lower photogenerated electron-hole pair

recombination rate. The function of the Schottky

barrier accelerated the separation and transfer of the

photogenerated charges and it can produce excellent

photocatalytic activity (Gondal et al. 2016; Yang et al.

2017b). According to the above conclusions, the

Fig. 8 a EIS profiles b Photocurrent response and c PL spectra for the different samples (where 1# stands for the C-PDA, 2# stands for

the C-PDA-Ag, 3# stands for the C-PDA-Ag–WO3(a) and 4# represents to the C-PDA-Ag–WO3(c))
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loading of Ag and WO3 can help prevent the

recombination of electrons and holes, and accelerate

the effective separation of photogenerated electron

holes and interface charge transfer. Hence, the

C-PDA-Ag–WO3(c) photocatalytic fabric displayed

higher photocatalytic properties. This also supported

the analysis of the above UV–vis diffuse reflectance

test from the side.

Adsorption and photocatalytic experiments

of the as-prepared composite photocatalytic fabrics

The adsorption and photocatalytic activities of all

prepared photocatalytic fabrics were estimated by the

degradation of RB-19 dye solution and the results

were shown in Fig. 9. Firstly, adsorption experiments

were performed on all samples, in which the adsorp-

tion experiments were carried out under dark condi-

tions. It can be seen from the Fig. 9a that the dye

concentration in the tube was dropped to about 90%

after 10 min of reaction. The reason for this phe-

nomenon was that cellulose fibers have affinity for dye

molecules, and the porous structure of the fiber was

conducive to the adsorption of dye molecules. Then, it

can be observed that the adsorption rate decreased

slightly in the following 20 min and reached the

equilibrium state of adsorption–desorption after

30 min. It should be pointed out that the strong

affinity of the dye molecules to the cellulose fibers was

an advantageous condition for enhancing the photo-

catalytic properties of the composite photocatalytic

fabric.

To evaluate the photocatalytic properites of the

different photocatalytic fabrics, the photodegradation

ability of the obtained sample to the RB-19 dye

solution was examined under visible light irradiation,

and the results were presented in Fig. 9b. For all the

samples, the decrease of the absorbance at 590 nmwas

used to monitor the degradation of the dye. For

comparison, control experiment was also conducted

under the same experimental conditions without

photocatalytic fabric. As can be seen from the figure,

the absorbance of dye residues degraded by different

photocatalytic fabrics all decreased after 180 min of

visible light irradiation. In particular, for C-PDA-Ag–

WO3(c) sample, the maximum absorption peaks of

RB-19 dye solution at 590 nm gradually diminished

and almost disappeared for 180 min, indicating that

RB-19 dye solution was completely degraded by the

C-PDA-Ag–WO3(c) composite photocatalytic fabric.

In order to intuitively observe the degradation activity,

the photographs of the corresponding material were

shown in the inset of Fig. 9b. It can be seen that the

C-PDA-Ag–WO3(c) sample had a better photocat-

alytic activity.

In Fig. 9c, the photocatalytic properties of the

obtained photocatalytic fabric were estimated by

degrading the RB-19 dye solution under visible light

irradiation. As a control, the photocatalytic degrada-

tion experiments of raw cotton fabric and C-PDA

fabric without photocatalyst loading were also mea-

sured. As indicated, after 180 min of irradiation, no

obvious change in the concentration of the RB-19 dye

solution was found, suggesting the fact that the raw

cotton fabric and the C-PDA fabric did not have a

photocatalytic degradation effect on the RB-19 dye

solution. The reason for this phenomenon was that

they only adsorb dye molecules without participating

in the photocatalytic process. With C-PDA-Ag and

C-PDA-Ag–WO3(a) as composite photocatalytic fab-

rics, the degradation efficiency of RB-19 dye solution

reached approximately 40% and 70% after irradiation

for the same time. Surprisingly, when C-PDA-Ag–

WO3(c) sample was used, almost 98% of RB-19 dye

solution was degraded after 180 min, indicating that

this sample had excellent photocatalytic activity. The

reason for this phenomenon mainly included the

following two aspects. For one thing, due to the SPR

effect of Ag nanoparticles, the loading of Ag made the

photocatalytic fabric expressed stronger visible light

activity. For another, the heterostructure formed

between crystalline WO3 and Ag caused the Ag

nanoparticles to accelerate the photogenerated charge

separation (Gondal et al. 2016; Zhang et al. 2018).

Through this synergistic effect, C-PDA-Ag–WO3

(c) samples displayed higher photocatalytic activity

under visible light irradiation (Duan et al. 2017).

Furthermore, the photodegradation kinetics were

investigated using an apparent first-order model (lnC0/

Ct = K t). It can be observed from the Fig. 9d that the

corresponding lnC0/Ct * t plot had a good linearity,

confirming that the photocatalytic degradation of RB-

19 dye solution obeyed the first-order kinetic role. It

should be noted that K was a reaction rate constant and

it can be acquired from the linearly correlated slope in

the graph. The K1 of the cotton fiber as a control test

was 0.00030 min-1, the K2 of the C-PDA was
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0.00044 min-1, the K3 of the C-PDA-Ag was

0.00131 min-1, and the K4 of the C-PDA-Ag–WO3

(a) was 0.09718 min-1. However, the K5 of the

C-PDA-Ag–WO3(c) was 0.01573 min-1. It was much

higher than several other composite photocatalytic

fabrics, which was consistent with the conclusions

discussed previously.

Photocatalytic stability and reusability

The stability and reusability of the C-PDA-Ag–

WO3(c) are also not negligible in its practical appli-

cations. In this experiment, the C-PDA-Ag–

WO3(c) photocatalytic fabric has a macroscopic size

(area: 5 9 5 cm2) which can be easily taken out,

washed, dried, and then reused. Herein, the stability of

the C-PDA-Ag–WO3(c) photocatalytic fabric was

tested by four consecutive cycles (each cycle lasts

3 h) of degrading RB-19 dye solution under visible

light irradiation under the same experimental

conditions.

As shown in Fig. 10a, no significant deactivation

was detected even after four consecutive runs (the

photodegradation efficiency of RB-19 dye solution

remains * 85.2%), indicating that the obtained

C-PDA-Ag–WO3(c) photocatalytic fabric possesses

excellent stability. In addition, the phase of the used

Fig. 9 a The adsorption–desorption equilibrium experiments

of different photocatalytic fabrics within 60 min (where C0
0 is

the absorbance of RB-19 dye solution at initial concentration

and Ct
0 is the absorbance of RB-19 dye solution at absorption

time t), b UV–visible absorption spectra of different samples

irradiated for 180 min, c Photocatalytic degradation efficiency

of the RB-19 dye solution under visible light irradiation (where

C0 stands for the absorbance of adsorption equilibrium before

irradiation experiment and Ct represents to the absorbance of

RB-19 dye solution at irradiation time t) and d In(C0/Ct) against

fitting curves for as-prepared different samples
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C-PDA-Ag–WO3(c) photocatalytic fabric was further

investigated. The XRD patterns [Fig. 10b] confirmed

that there are no obvious changes in the crystalline

phase of the C-PDA-Ag–WO3(c) photocatalytic fabric

before and after the recycling reactions. Thus, it can be

concluded that the prepared C-PDA-Ag–WO3(c) com-

posite photocatalytic fabric has the ability to decom-

pose organic contaminants rapidly and efficiently

while having excellent stability and recyclability.

Mechanism of photocatalytic activity enhancement

The potential photocatalytic mechanism was further

explored by free radical and hole scavenging exper-

iments. In this paper, tert-butanol (t-BuOH) was used

as �OH scavenger, sodium oxalate (Na–OA) as h?

scavenger, and benzoquinone (BQ) was added as �O2
-

quencher (Dong et al. 2013; Hu et al. 2010a; Zhang

et al. 2016b; Zhao et al. 2012). For comparison, a

photocatalytic reaction without any scavenger was

used as a blank test. Figure 11 exhibited the effect of

these different scavengers on the degradation of RB-

19 dye solution by C-PDA-Ag–WO3(c) sample. The

results showed that the degradation efficiency was

significantly reduced from 97.8% to 30.9%, 27.9% and

14.5% after 180 min of the reaction using t-BuOH,

Na–OA and BQ as the trapping agent compared to the

no-scavenger under the same conditions. This means

that these three trapping agents played a vital role in

the photocatalytic reaction. Based on the above

results, it can be concluded that both h?, �OH and

�O2
- are the important active substances in the

photocatalytic degradation process.

According to the above embodiments, the photo-

catalytic degradation mechanism of C-PDA-Ag–

WO3(c) composite photocatalytic fabric was proposed

in Fig. 12. Generally speaking, cotton fabrics have a

high specific surface area and a loose porous structure,

which can absorb a large number of pollutants in a

dark environment and reach the state of adsorption–

desorption equilibrium. In addition, due to the con-

ductivity of the PDA (Kim et al. 2014), the

Fig. 10 a Cycling test in the photocatalytic degradation of RB-19 dye solution by C-PDA-Ag–WO3(c) and b XRD pattern of C-PDA-

Ag–WO3 c before and after a photocatalytic test

Fig. 11 Photocatalytic degradation performance of C-PDA-

Ag–WO3(c) sample for degrading the RB-19 dye solution in the

absence or presence of various trapping agents: a no scavenger,
b BQ, c Na-OA and d t-BuOH
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photogenerated electrons on the Ag conduction band

can also be transferred to the conductive network

system on the C-PDA, thereby suppressing the com-

bination of photogenerated electrons and holes.

Therefore, the addition of PDA obviously enhanced

the photocatalytic properties of fabrics. In addition,

the introduction of Ag nanoparticles can absorb visible

light through the SPR effect and produce the separa-

tion of electrons and holes. When WO3 was loaded

onto the C-PDA-Ag composite photocatalytic fabric, a

metal semiconductor Schottky barrier was rapidly

formed. At this time, the C-PDA-Ag–WO3(c) com-

posite photocatalytic fabric was induced by the

collective oscillation of the surface electrons of Ag,

which enhanced the local internal electromagnetic

field. The photogenerated electrons produced by the

Ag nanoparticles had enough energy in a specific

region (1.0–4.0 eV) to be irradiated by visible light,

which was sufficient to overcome the Schottky barrier,

thereby providing intrinsic power for visible light

photocatalysis in the composite structure. Since the Ag

nanoparticles were in direct contacted with the

crystalline WO3 particles, the electrons would migrate

from the conduction band of Ag to the conduction

band of WO3. At this time, the surface of WO3

accumulated an excessive amount of e-, and the

surface of Ag exhibited an excessive h? (Yang et al.

2017b). The e- on the surface of WO3 were then

rapidly combined with O2, resulting in a superoxide

radical anion (�O2
-). Meanwhile, the residual h? on

Ag andWO3 nanoparticles can oxidize hydroxide ions

(OH–) to superoxide radicals (�OH) during the SPR

process, which leads to low recombination of photo-

generated electron–hole pairs (Adhikari et al. 2013).

More importantly, the VB holes of WO3 can also

maintain direct oxidation of organic substances or

oxidize OH– to form �OH. Therefore, it can be

concluded that the degradation of organic pollutants

seems to be associated with �OH, �O2
- and h? in the

current research.

Conclusions

In summary, a novel visible light-responsive flexible

C-PDA-Ag–WO3(c) composite photocatalytic fabric

was fabricated by a simple green synthetic route, in

which a mild controllable chemical self-polymeriza-

tion and reduction techniques were employed to

fabricate uniform cubic Ag nanocrystals and UV

irradiation and oxidation process were used to prepare

WO3 nanoparticles. The as-prepared photocatalytic

flexible fiber had excellent photocatalytic perfor-

mance and it can rapidly degrade RB-19 dye solution

under visible light irradiation (degradation efficiency

up to 98% in 180 min). The uniform deposition of Ag

Fig. 12 Schematic drawing

of the experimental setup

and the proposed

photocatalytic degradation

mechanism of C-PDA-Ag–

WO3(c) composites on RB-

19 dye solution under the

visible-light irradiation
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and WO3 layers on cotton fibers was confirmed by

XRD, FE-SEM, EDS-mapping and XPS analysis. The

results of photoelectrochemical measurement indi-

cated that the doping of Ag and WO3 was beneficial to

prevent the recombination of photogenerated elec-

tron–hole pairs, and accelerated the effective separa-

tion of photogenerated electrons-holes and interface

charge transfer. In addition, the C-PDA-Ag–WO3

(c) composite photocatalytic fabric also exhibited

excellent stability and reusability. The photocatalytic

degradation mechanism of RB-19 on C-PDA-Ag–

WO3(c) composite photocatalytic fabrics has been

verified by experiments. This research may provide

some new insights into the study of visible light

responsive flexible fiber materials with nanostructures

and it will have potential applications in photocatal-

ysis and solar energy conversion fields.
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