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ABSTRACT

Graphene oxide (GO) and reduced GO (rGO) have become the most exciting

material in the applications for photocatalysts. However, the GO composite

film-based high-activity photocatalyst is usually not durable in aqueous solu-

tion. Therefore, in this paper, the non-woven polyester fabric (NWPF)-sup-

ported cuprous oxide nanoparticles (Cu2O) decorated on rGO (Cu2O/

rGO@NWPF) membrane were suggested to synthesize via chemical reduction

method. The Cu2O/rGO@NWPF nanocomposite was characterized by X-ray

diffraction, transmission electron microscopy, Raman spectroscopy, Fourier

transform infrared spectroscopy, Brunauer–Emmett–Teller method, and energy-

dispersive X-ray spectroscopy analysis. The combination of rGO and Cu2O

particles supported on NWPF exhibited enhanced photocatalytic degradation of

methylene blue (MB) under solar light and achieved 96% of MB removal effi-

ciency in 120 min. The photocatalytic mechanism and the synergistic effects

between Cu2O nanoparticles and rGO sheets were comprehensively investi-

gated. The Cu2O/rGO@NWPF catalyst showed excellent stability with retained

catalytic activity in four consecutive recycles. The obtained results indicated that

the Cu2O/rGO@NWPF composite has a good application potential to large-

scale water treatment at lakes or rivers.
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GRAPHICAL ABSTRACT

Introduction

A considerable amount of toxic dye contaminants

from the textile, paper, printing, and leather industry

is released into the aquatic environment, which is

around 10–15% of used dyes in the dyeing process

[1]. The consumption of synthetic dyes has increased

in Asian countries, particularly in China, India,

Vietnam, and Cambodia [2]. In these countries, there

are a lot of small craft villages beside the extensive

textile mills. The wastewater from these areas has

hardly been treated and released into the environ-

ment, causing severe pollution and affecting human

living [3]. Therefore, developing an effective method

to remove dye contaminants has attracted much

attention from many research groups [4].

Many methods have been suggested to remove

dyes from wastewater, including coagulation [5, 6],

membrane filtration [7, 8], adsorption [9, 10], reverse

osmosis [11], advanced oxidation processes (AOPs)

[12, 13], and biodegradation [14, 15]. Among these

methods, using AOPs exhibited high efficiency in

degradation of dyes. Heterogeneous photocatalysis, a

kind of AOPs, has been attracted more attention in

the treatment of organic pollutants with several out-

standing advantages, such as strong oxidizing ability,

no secondary pollution, and mild operating condition

[16]. Many transition metal oxides, including oxides

of titanium, zinc, copper, vanadium, cerium, and

chromium, have been intensively studied for photo-

catalytic application due to their high adsorption

light, leading to the charge separation to form an

electron–hole pair which can oxidize substrates

[17, 18].

Cuprous oxide (Cu2O) has been considered a

promising photocatalytic material due to its effi-

ciency, low cost, outstanding chemical stability, non-

toxicity, and environmental friendliness [19, 20].

Furthermore, the visible light activities of Cu2O are

widely applied to the degradation of organic mole-

cules than other oxides [21]. However, the fast

recombination of the photo-generated electron–hole

pairs has limited its practical application. The deco-

ration of Cu2O on carbonaceous materials can over-

come this problem. With high conductivity, the

carbonaceous materials can separate photo-generated
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electrons and holes far away to avoid their

recombination.

Reduced graphene oxide (rGO) has been success-

fully used as the electron transporter to enhance the

photocatalytic activity of Cu2O nanoparticles [22].

The application of the Cu2O/rGO composite as a

photocatalyst for dyes degradation has been reported

in several works [23, 24]. In these studies, the Cu2O/

rGO photocatalyst was usually synthesized in the

powder or film forms. The main shortcoming of the

powdered photocatalysts is difficult separation after

treatment, leading to secondary pollutions. Mean-

while, the neat Cu2O/rGO film is quite brittle, diffi-

cult for handling and during operation. Mechanical

supporting GO on porous substrates could be con-

sidered an excellent solution for this problem.

In this work, we proposed to use the non-woven

polyester fabric (NWPF) as a supporting substrate to

attach Cu2O/rGO, forming a flexible photocatalytic

membrane for degradation of methylene blue (MB)

under natural sunlight. The fabrication process of the

Cu2O/rGO composite decorated on NWPF (Cu2O/

rGO@NWPF) herein was performed following the

four steps: (1) fabricating GO from graphite powder

via Hummers’ method; (2) coating GO on NWPF

(GO@NWPF); (3) loading Cu2? cation onto

GO@NWPF; (4) in situ reduction of Cu2O/

rGO@NWPF nanocomposite by sodium hydroxide/

ascorbic acid mixture. The Van der Waals forces and

hydrogen bonds formed by functional groups of

exfoliated GO and NWPF ensured the strong adhe-

sion of Cu2O/rGO on the fabric surface [25–28]. The

obtained material possesses several advantages over

conventional materials, such as good flexibility, high

mechanical properties, simple preparation, effective

reusability, and easy recovery from the treatment

media. With the above outstanding properties, the

Cu2O/rGO@NWPF nanocomposite can be industri-

ally produced and applied to large-scale water

treatment like lakes and rivers without decreasing

effective process. The morphology, elemental com-

position, crystalline structure, and surface chemical

functional groups of as-prepared composites (NWPF,

rGO@NWPF, Cu2O@NWPF, Cu2O/rGO@NWPF)

were depicted. The photocatalytic activity of synthe-

sized samples toward MB degradation was com-

pared in the same condition under solar illumination.

Based on the obtained results, the possible photo-

catalytic mechanism of Cu2O/rGO@NWPF compos-

ite was also proposed.

Experimental

Materials

Graphite powder (flake sizes[ 500 mm,[ 90 wt.%),

methylene blue (C16H18ClN3S, 82 wt.%), copper sul-

fate pentahydrate (CuSO4.5H2O, 98 wt.%), sodium

hydroxide (NaOH, 97 wt.%), ascorbic acid (C6H8O6,

99 wt.%), sulfuric acid (H2SO4, 98 wt.%), sodium

nitrate (NaNO3, 99 wt.%), potassium permanganate

(KMnO4, 97 wt.%), hydrogen peroxide (H2O2, 30

v/v.%), hydrochloric acid (HCl, 37 wt.%), and etha-

nol (C2H5OH, 98 v/v.%) were purchased from

Sigma-Aldrich. All chemicals were used as received

without other treatment. Commercial non-woven

fabric was used as the substrate. Deionized water was

used in all experiments in this work.

Preparation of GO

GOwas synthesized from graphite powder according

to our modified Hummers’ method, as illustrated in

Fig. 1a [29]. A typical procedure is described as fol-

lows: 1.0 g of graphite was added into 150 mL con-

centrated H2SO4 (98 wt.%), followed by adding 1.0 g

NaNO3. The obtained mixture was stirred at 60 �C
for 24 h. Subsequently, 5.0 g of KMnO4 was gradu-

ally added into the above reaction mixture and stir-

red for 72 h at room temperature. Then, the resulting

solution was diluted by 900 mL of water in an ice

bath. After that, 10 mL H2O2 was dropped slowly

poured into the reaction solution until its color

changed to a brilliant yellow. The graphite oxide as

solid was separated from the above suspension by

centrifugation, and then, it was rinsed firstly with 1

wt.% HCl solution, and then with distilled water

until the pH of the mixture became neutral.

Preparation of photocatalyst

NWPF (3 9 3 cm dimension) after washing with

ethanol was dipped into a 2 mg mL-1 GO solution

with the soaking time more than 1 h at room tem-

perature to GO coated on the fabric surface. The

GO@NWPF membrane then was dried at 60 �C for

1 h. After that, GO@NWPF was immersed into a

0.05 M CuSO4 solution for 2 h, followed by adding

20 mL of 0.2 M NaOH solution and 10 mL of 0.1 M

ascorbic acid. Then, the reaction temperature was

raised to 60 �C for 2 h (Fig. 1b). Finally, the resulting
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Cu2O/rGO@NWPF composite was repeatedly

washed by water and ethanol, and dried at 60 �C in a

vacuum oven for 1 h.

Characterization of catalysts

The morphology features of the synthesized catalysts

were investigated on a field-emission scanning elec-

tron microscope (FE-SEM) (Model S-4800, Hitachi,

Japan) equipped with an energy-dispersive X-ray

spectroscopy (EDX). The crystal structure of all

samples was characterized by an X-ray powder

diffractometer (XRD) (Model D5005, Siemens, Ger-

many) with Cu Ka radiation (k = 1.1506 Å) and

scanning range 2h of 5–70� at 40 kV. Fourier trans-

form infrared spectroscopy analyses (FTIR) (Model

Nicolet 6700, Thermo Scientific, USA) were carried

out to determine the functional groups present in the

prepared composites. Specific surface area and pore

size distribution of prepared samples were evaluated

using low-temperature nitrogen adsorption isotherm

by Brunauer–Emmett–Teller (BET) and the Barrett–

Joyner–Halenda (BJH) methods on the Tristar II plus

System (Micromeritics, USA). Raman spectra were

observed with a Raman system (Model Xplora Plus,

Horiba, Japan) equipped with a cooled CCD detector

(- 60 �C) and edge filter. Spectra of samples were

taken from 4000 to 400 cm-1.

Photocatalytic experiments

The photocatalytic properties of Cu2O/rGO@NWPF

were evaluated by the photodegradation of MB in

aqueous solution under sunlight irradiation. The

photocatalytic experiments were performed outdoors

at Duy Tan University, Danang city, Vietnam

(16�02058.1‘‘N 108�09037.7’’E) from 9 a.m to 3 p.m at

ambient temperature in May–June. The prepared

membrane (9 cm2) was immersed in 20 mL MB

solution contained in Petri disk (diameter 70 mm)

and recovered by food wrap. Before solar irradiation,

the experimental system was placed in the dark for

1 h to achieve an adsorption–desorption equilibrium

between the photocatalyst and MB molecules. The

MB degradation was performed with different initial

conditions, such as solution pH, and time irradiation.

The concentration of MB in solution was measured

by using an UV–Vis spectrophotometer (Model Cary

60 UV–Vis, Agilent Technologies, USA) at a wave-

length of 665 nm. The photocatalytic efficiency of

synthesized materials was calculated by measuring

the degradation ratio between the initial (Co, mg L-1)

and temporal (Ct, mg L-1) concentrations of MB.

Figure 1 Schematic illustration for preparation of a GO from graphite and b Cu2O/rGO@NWPF nanocomposite.
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Results and discussion

The formation of Cu2O/rGO@NWPF
nanocomposite

Figure 2 describes the schematic illustration of the

synthesis procedure for Cu2O/rGO@NWPF. The

formation of the composite took place in the follow-

ing stages. Firstly, the treated fabric was immersed in

GO solution. Due to Van der Waals forces and

hydrogen bonds, GO sheets were assembled on the

fabric surface; therefore, a GO@NWPF composite was

obtained after drying. Then, in the aqueous solution

of copper (II) sulfate, Cu2? ions were adsorbed on the

surface of GO due to the coordination interaction

between Cu2? ions and the oxygen-containing func-

tional groups such as epoxy, hydroxyl, and carboxyl

on GO sheets [30]. A solution of NaOH was added to

form spontaneously Cu(OH)2 nanoparticles from

Cu2? and OH- on the surface of GO@NWPF. Lastly,

an aqueous ascorbic acid solution was dropped into

the reaction mixture to reduce Cu2? (Cu(OH)2) to

Cu? (Cu2O) [31, 32]. At the same time, under the

impact of alkaline solution and suitable temperature

(60 �C), GO also was reduced to rGO by the ascorbic

acid, resulting in the formation of the Cu2O/

rGO@NWPF nanocomposite [33]. The formation of

Cu2O nanoparticles from Cu2? with the presence of

ascorbic acid agent in alkaline medium can be

described by Eqs. (1) and (2):

CuSO4:5H2O þ 2NaOH ! Cu OHð Þ2þ Na2SO4 ð1Þ

Cu OHð Þ2þ C6H8O6 ! Cu2O þ C6H6O6 þ H2O

ð2Þ

Thus, the facile synthesis route with mild condi-

tions makes the Cu2O/rGO@NWPF nanocomposite

easy to be produced in large scale for their

applications.

Characterization of the photocatalyst

The morphology and element composition of NWPF,

rGO@NWPF, Cu2O@NWPF, and Cu2O/rGO@NWPF

were examined using FE-SEM and EDX (Fig. 3). As

illustrated in Fig. 3a, the random distribution of

smooth polyester fibers formed a porous structure of

NWPF. The smooth and highly hydrophobic surface

of NWPF makes Cu2O nanoparticles difficult to

completely immobilize onto the polyester fibers

(Fig. 3b). Figure 3c shows the SEM image of rGO/

NWPF, which exhibited a crumpled morphology and

paper-like structure with thin layers of rGO. These

rGO sheets covered fibers and pores of the non-wo-

ven membrane, leading to increase hydrophobicity of

the membrane surface. Moreover, the intrinsic nega-

tive charge of rGO sheets provided high affinity to

Cu2? cations, which attributed to excellent coverage

of Cu2O nanoparticles onto the rGO surfaces

(Fig. 3d). The intensive interaction between formed

Figure 2 Schematic illustration of the formation process of the Cu2O/rGO@NWPF nanocomposite.
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Cu2O nanoparticles and rGO surface also gave high

stability of the catalyst during operation. The inset

(Fig. 3d) shows spherical-like or nearly cubic-like

shapes of Cu2O nanoparticles with diameter size in

the range 60–130 nm (Fig. 3d, inserted figure). The

EDX spectra of the neat NWPF is shown in Fig. 3e,

which indicated that the essential components in the

commercial fabric were carbon and oxygen. Calcium

was observed in the EDX spectrum because CaCO3

was used in textile manufacturing to improve the

impact strength and flexural modulus of NWPF

(Fig. 3e) [34]. In contrast, the EDX spectra of the

Cu2O/rGO@NWPF nanocomposite presented new

appearing peaks, corresponding to the Cu element

(Fig. 3f). The strong peaks at 1.0 and 8.0 keV and a

shoulder at 8.8 keV confirmed the formation of Cu2O

nanoparticles on rGO sheets.

The hysteresis loops of the nitrogen adsorption–

desorption isotherm for NWPF, Cu2O@NWPF,

rGO@NWPF, and Cu2O/rGO@NWPF samples are

illustrated in Fig. S1a. It can be seen that all samples

exhibit hysteresis loops with H4 type, indicating that

all membranes contain mainly micropores. The

average pore diameters for NWPF and coated mem-

branes were less than 0.5 nm and 1 nm, respectively

(Fig. S1b). Coating rGO or decorating of Cu2O

nanoparticles will introduce mesopores with diame-

ters of 2–10 nm (peak at 6 nm) and 10–100 nm. With

a combination of Cu2O and rGO, the pore sizes of

coated membrane shift to 10–50 nm (peak at 20 nm).

The BET specific surface areas of the samples are

summarized in Table S1. The NWPF gives the highest

BET specific surface areas of 7524.41 g cm-2. How-

ever, most of the pores have diameters smaller than

0.5 nm, which are difficult to be accessed for the

degradation of MB. Thus, coating rGO on NWPF not

only enhances the adhesion of Cu2O nanoparticles

but also increases accessible mesopores.

Figure 4a shows the XRD patterns of the NWPF,

Cu2O@NWPF, rGO@NWPF and Cu2O/rGO@NWPF

nanocomposites, respectively. It can be observed that

in all as-synthesized samples, the reflection peaks at

2h = 17.4�, 22.7�, and 25.4� correspond to (100), (002),

and (101) planes of NWPF, respectively [35]. Notably,

except for these peaks, there was also a peak at 29.2�
assigned for CaCO3 as calcite, which came from

CaCO3 as filler in the manufacturing process of

NWPF [36]. In the XRD pattern of Cu2O@NWPF,

three prominent characteristic diffraction peaks of

Cu2O can be observed, which were located at 36.40�,
42.30�, and 61.30�, corresponding to the (111), (200),

and (220) crystalline planes of the Cu2O as cubic

Figure. 3 FE-SEM images of a NWPF, b Cu2O/NWPF,

c rGO@NWPF, and d Cu2O/rGO@NWPF (inserted figures:

(i) SEM at high magnification and (ii) Cu2O particles size

distribution in the sample); and the EDX spectra of e NWPF and

f Cu2O/rGO@NWPF, respectively.
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phase (JCPDS 05–0667) [37, 38], respectively. These

peaks of Cu2O can be observed at low-intensity sig-

nals in the XRD spectra of the Cu2O/rGO@NWPF

nanocomposite sample. No reflections characteristic

for Cu or any Cu(II) compounds were identified in

diffractograms of the as-synthesized samples, which

indicated that only Cu2O product was formed in the

composites. Besides, the specific peaks of rGO (peak

at 2h = 25.5� at reflection plane (002)) [39] cannot be

found in the XRD pattern of the rGO@NWPF and

Cu2O/rGO@NWPF nanocomposites (Fig. 4a), possi-

bly due to that these peaks were too weak and

overlapped by the background signal. However, the

presence of rGO was exhibited in the SEM image

(Fig. 3c).

The presence of Cu2O and rGO in the as-synthe-

sized composites is clearly indicated in FTIR analysis,

as shown in Fig. 4b. The peaks in the range of

636–650 cm-1 can be attributed to Cu(I)-O vibration

in Cu2O, which can be observed in FTIR of Cu2-

O@NWPF and Cu2O/rGO@NWPF samples, whereas

the broad absorption bands around 3363 and

1585 cm-1 in FTIR spectra of rGO@NWPF and

Cu2O/rGO@NWPF were originated from the

stretching vibration of O–H bond characterized for

rGO [40]. The presence of typical peaks of organic

groups on NWPF such as for –CH2 group (2916 and

2841 cm-1), –CH3 group (2959 and 1376 cm-1), CH

group (975 cm-1) [41] was clearly shown in FTIR

spectrum of all samples. Also, the strong bands

around 1453 cm-1 and a narrow band around 875

Figure 4 a XRD patterns, b FTIR spectra and c, d Raman spectra of the as-synthesized samples.
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and 710 cm-1 were attributed to the C-O bond from

CO3
2- ion of calcite [42, 43] as filler in the NWPF.

The electronic structure of carbon-based materials

is also characterized by Raman scattering (Fig. 4c).

The Raman spectra of the rGO@NWPF and Cu2O/

rGO@NWPF nanocomposites exhibited two intensive

bands at 1355 and 1592 cm-1 assigned to the D and G

bands of graphene [44], respectively, which were not

found in the Raman spectra of the NWPF and Cu2-

O@NWPF samples. In addition, five different peaks

at 215, 320, 496, 638, and 805 cm-1 corresponding to

Cu2O were observed in the Raman spectra of the

Cu2O@NWPF and Cu2O/rGO@NWPF nanocompos-

ites (Fig. 4d) [45]. These above characterized results

from FE-SEM, BET, XRD, EDX, FTIR as well as

Raman analyses have all confirmed that the Cu2O/

rGO@NWPF composite was successfully synthesized

via a simple chemical route.

Photocatalytic performance and mechanism

The photocatalytic activity of the as-synthesized

Cu2O/rGO@NWPF nanocomposite was investigated

by the photodegradation of MB aqueous solution

under solar light illumination. UV–Vis spectra of MB

solution during the photocatalytic reaction is shown

(Fig. 5a). The MB concentration gradually decreased

with increasing irradiation time, and almost wholly

degraded in 120-min irradiation. To further under-

stand the pathway of this photocatalytic reaction, the

MB degradation by different catalyst samples

(NWPF, Cu2O@NWPF, rGO@NWPF, and Cu2O/

rGO@NWPF) under sunlight was tested. The

obtained results are shown in Fig. 5b. It can be

observed that the MB degradation can occur under

both dark and light conditions only when as-syn-

thesized NWPF, or Cu2O@NWPF, or rGO@NWPF, or

Cu2O/rGO@NWPF nanocomposite was soaked into

the solution. However, in the dark conditions, high

removal efficiency of about 35% after 60 min was

obtained with rGO-contained nanocomposites (i.e.,

rGO@NWPF or Cu2O/rGO@NWPF nanocomposite).

The observed phenomenon can be attributed to the

presence of negative-charged containing functional

groups (e.g., -COO and -OH) of rGO, facilitating the

adsorption of cationic MB molecules. Meanwhile, the

rGO-free photocatalysts (NWPF or Cu2O@NWPF

nanocomposites) had low adsorption of MB due to

the intrinsic hydrophobicity of NWPF [46].

In contrast, the MB degradation efficiency of as-

synthesized catalysts was enhanced under solar light

(Fig. 5b). Calculated data from Fig. 5b showed that

the MB degradation was achieved approximately

40%, 60%, 80%, and 96% after 120 min under solar

irradiation which corresponds, respectively, to the

NWPF, Cu2O@NWPF, rGO@NWPF, Cu2O/

rGO@NWPF. For control sample, MB solution with-

out any catalysts was used, the MB was negligibly

degraded with efficiency similar to approximately

20% under sunlight irradiation, which is ascribed to

the photosensitization effect of the MB dye [47]. The

highest of the degradation efficiency of the MB can be

obtained with Cu2O/rGO@NWPF nanocomposite as

a photocatalyst, which implied that the polyester

fabric covered by Cu2O/rGO had displayed signifi-

cantly enhanced photodegradation of MB compared

to NWPF samples coated by only either Cu2O or rGO.

The synergistic effects between Cu2O and rGO can be

attributed to this improvement, in which photo-gen-

erated electrons and holes from Cu2O nanoparticles

are separated by rGO sheets leading to a longer life-

time for photocatalysis. The comparison of the cat-

alytic activity in the MB degradation of the resulting

material with the catalysts in many previous works

once again confirmed the effectiveness of Cu2O/

rGO@NWPF composite (shown in Table S1)

[23, 48–52].

The kinetics of the photocatalytic degradation of

MB dye in the presence of as-synthesized composites

were investigated following the first-order reaction

mode as described in Eq. (3):

ln
Ct

C0

� �
¼ � kt ð3Þ

where Co–initial concentration of MB (mg L-1), in this

study, C0 was 20 mg L-1; Ct—MB concentration at

time t (mg L-1) and k—the apparent first-order rate

constant (min-1). Figure 5c shows that the correlation

coefficient values (R2) are very high, i.e., 0.9879 in

case of Cu2O/rGO@NWPF nanocomposite, 0.9752 for

rGO/NWPF and 0.9851 for Cu2O@NWPF and 0.9914

for NWPF; these values are higher than that of the

second-order reaction (data not shown), indicating

the photocatalytic reactions of MB degradation with

Cu2O/rGO@NWPF, rGO/NWPF, Cu2O@NWPF or

NWPF as catalysts, followed the first-order reaction

mechanism. Moreover, Fig. 5c also shows that the

apparent constants, k (given in min-1), were of

0.0291 min-1, 0.0148 min-1, 0.0081 min-1,
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0.0037 min-1, which were gradually decreased from

the Cu2O/rGO@NWPF, rGO@NWPF, Cu2O@NWPF,

and NWPF, respectively. It can be seen that pho-

todegradation performance of Cu2O/rGO@NWPF

nanocomposite is 96.6%, 259.3%, and * 686.5% bet-

ter than that of rGO@NWPF, Cu2O@NWPF, and

NWPF. These experimental results confirmed again

the enhanced photocatalytic property of Cu2O parti-

cles attached on the rGO surface. The excellent pho-

tocatalysis performance can come from the superior

adsorption ability of rGO sheets covered on NWPF

composite and effective electron transfers of rGO

sheets [53].

To investigate whether this factor directly affects

the MB removal, experiment of photocatalytic

degradation of MB was performed in the same con-

dition (with its initial concentration of 20 mg L-1) but

varying solution pH in the range of 4–10 (Fig. 5d). As

shown, the highest rate of treated MB was obtained at

the highest pH value (pH = 10). It can be explained

by the dependency of the positive or negative charge

of Cu2O/rGO@NWPF nanocomposite on the solution

pH value. As described in inserted Fig. 5d, the zero

point of charge (pHZPC) of Cu2O/rGO@NWPF

nanocomposite was determined at a pH value equal

to 7.2. This means that the Cu2O/rGO@NWPF

nanocomposite surface is positive at pH\ 7.2 and

Figure 5 a The UV–Vis spectra of MB in 120-min degradation

under solar-light-driven photodegradation; b the Ct/C0 plots of MB

solutions in the dark and under the sunlight irradiation with the

absence/presence of the NWPF or Cu2O@NWPF or rGO@NWPF

or Cu2O/rGO@NWPF nanocomposite as the photocatalysts; c the

relative curves of ln(C0/Ct) vs. reaction time for degradation of MB

concentration in solution with different photocatalysts used, and

d the photocatalytic activity of the Cu2O/rGO@NWPF composite

under solar light at different pH.
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negative at pH[ 7.2. MB dye can therefore be

degraded entirely in alkaline pH.

From the above results, the possible mechanism of

Cu2O/rGO@NWPF photocatalytic performance can

be proposed in Fig. 6, in which, under sunlight illu-

mination, the Cu2O nanoparticles were excited, and

they produced pairs of the electrons (as photo-excited

electrons) and the holes (as photo-generated holes).

These photo-excited electrons were transferred onto

the surface of rGO. Subsequently, these electrons

trapped on the rGO sheets reacted with dissolved

oxygen (O2(aq)) to form superoxide radicals (O2
-�)

[54]. On the other hand, the photo-generated holes

can oxidize the adsorbed water or surface-bound

hydroxyl group (OH-) on the surface of the photo-

catalyst to form hydroxyl radical (�OH). In the next

steps, these hydroxyl (OH�) and superoxide (O2
-�)

radicals, which have strong oxidizing properties, take

part in the dye degradation process via oxidization

reaction [53, 55]. The recombination process of elec-

tron and hole occurs rapidly in the absence of rGO.

Herein, employing rGO has a vital role in enhancing

the photocatalytic activity of Cu2O/rGO@NWPF

membrane. The rGO sheets played as an electron

acceptor that can retard recombination of electron–

hole pairs and to improve photocatalysis perfor-

mance of the rGO-containing composite. Moreover,

the anchoring Cu2O particles on rGO layers can slow

down the oxidation of Cu2O into CuO [56]. Besides,

the strong adsorption of MB dye molecules onto rGO

makes Cu2O/rGO@NWPF to have high photocat-

alytic efficiency [55, 57].

Recycle ability

Reuse of the Cu2O/rGO@NWPF photocatalyst was

implemented, in which after each reaction cycle, the

Cu2O/rGO@NWPF was naturally dried and contin-

uously employed to use as a photocatalyst for the

next cycle. The Ct/Co ratio has been used to evaluate

the remaining catalytic activity after each cycle. As

shown in Fig. 7a, the Cu2O/rGO@NWPF composite

showed excellent stability and reusability with

approximately only 10% loss of the photocatalytic

activity after the fourth cycle. The decrease in pho-

tocatalytic activity can be attributed to the absorption

of intermediates onto the Cu2O/rGO@NWPF

nanocomposite [58] or aggregation of Cu2O that

decreased accessible photocatalysis areas. However,

the FE-SEM image of Cu2O/rGO@NWPF nanocom-

posite after four cycles of treatment cannot observe

any visible aggregations or change in morphology of

Cu2O nanoparticles (Fig. 7b). XRD and FTIR analysis

of used Cu2O/rGO@NWPF were also investigated

and are shown in Fig. 7c-d. As displayed in Fig. 7c,

Cu2O particles peaks of the used composite in XRD

measurement are not different from those of the ini-

tial composite. However, compared to FTIR spectra

of as-prepared sample, change in adsorption band of

the sample after being continuously used for four

times was observed. The result from Fig. 7d shows

that the adsorption band related to O–H stretching

was slightly moved from 3363 cm-1 and 1585 cm-1

to 3350 cm-1 and 1579 cm-1. This shifting can be

explained by the formation of hydrogen bonding

occurring on the surface of the used composite and

the additional participation of N–H stretching

vibration absorbance of MB molecular [59]. As a

result, the stability of Cu2O nanoparticles-supported

photocatalyst and the reusability of Cu2O/

rGO@NWPF composite without exhibiting any sig-

nificant loss of photocatalytic activity for degradation

of MB have been confirmed.

Conclusions

In this study, a facile method for the fabrication of

Cu2O/rGO@NWPF composite with high MB degra-

dation efficiency was demonstrated. The character-

ized results from FE-SEM, EDX, BET, XDR, FTIR, and

Raman analyses revealed the structure of the com-

posite and displayed the dense distribution of Cu2O
Figure 6 A possible mechanism for the photocatalytic reaction

for MB degradation using Cu2O/rGO@NWPF as a photocatalyst.
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nanoparticles (with diameter size in the range

60–130 nm) on rGO layers decorated on the NWPF’s

surface. The catalytic ability of Cu2O/rGO@NWPF

composite toward MB dye under solar light irradia-

tion was studied. Results demonstrated that 96%

removal efficiency for MB was achieved in 120 min

and the degradation reaction was followed by the

first-order reaction mechanism with the highest

apparent of 0.0291 min-1. Consequently, the modifi-

cation of Cu2O/rGO with NWPF enhances not only

high photocatalytic activity of the synthesized com-

posite but also its flexible applications.
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