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ABSTRACT

BiFeO3@GO nanocomposite fibers were successfully synthesized by the elec-

trospinning and simple ultrasound method. The structure, morphology, opti-

cal, composition and magnetic properties of BiFeO3@GO samples were

characterized by XRD, FT-IR, SEM, TEM, UV–Vis and XPS analyses. The results

showed that the removal of organic dye pollutants was enhanced by novel

BiFeO3@GO fibers through the adsorption–photocatalytic synergy. The removal

rates of methylene blue (MB), Congo red (CR), Rhodamine B (RHB) and nor-

floxacin (NOR) dyes were increased by 64.5%, 33.6%, 43% and 61.1%, respec-

tively. Then it was a benefit to remove MB when the pH is between 6.0 and 10.0,

while it was favorable for adsorption in a neutral environment and photo-

catalysis in an acidic or alkaline environment. The adsorption process of MB

dyes was more in line with the pseudo-second-order kinetic model for

BiFeO3@GO nanocomposite sample with 3 mg graphene oxide weight (GO3).

The adsorption data were well fitted by Langmuir adsorption isotherm, which

indicated that the adsorption process was a monolayer adsorption. The

adsorption of MB dyes on GO3 nanocomposite fibers appeared to be a favorable

process (0\RL\ 1). Moreover, the trapping experiments showed that �OH was

the main active substance during photocatalysis, and the FT-IR tests indicated

that nanocomposite fibers can degrade MB into CO2 and H2O under the syn-

ergistic effect of adsorption and catalysis.
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1 Introduction

There is no life without water. All life activities

require the support of fresh water, but most of the

earth’s freshwater is in glaciers and underground,

and only a small amount of water (0.29–0.49%) is

available for drinking [1]. Many countries in the

world are facing water resource shortages [2].

Unfortunately, with the rise of industrialization,

many rivers and lakes are polluted due to the

excessive use of dyes in textile coloring [3]. These

sewage contain toxic, carcinogenic and mutagenic

substances that lead serious pollution to the water

environment [4, 5]. Moreover, these hazardous

organic dyes are almost non-biodegradable, so the

removal of organic dyes from wastewater is essential

for human health [6, 7]. How to effectively treat all

kinds of textile dyes has become an urgent problem

[8]. Membrane separation [9, 10], adsorption [11, 12],

photocatalysis [13], flocculation [14–16] and photo-

Fenton techniques [17–19] have been reported by

scholars. Adsorption is a simple, efficient, and low-

cost method, which is favored by many researchers

[20]. The adsorbent can effectively adsorb pollutants

by utilizing its high specific surface area, large

porosity, good pore structure, and a large number of

oxygen-containing functional groups [21, 22]. Carbon

materials have been widely used as the traditional

and most abundant adsorbents. And the porous

carbon materials commonly used to study dye

adsorption mainly include activated carbon, AC [23],

graphene oxide, GO [24], carbon nanotube [25] and

biomass carbon [26].

However, pollutants adsorbed by the adsorbent are

concentrated on the material’s surface, and the

organic pollutants cannot be thoroughly degraded,

which is easy to cause secondary pollution [27].

Therefore, this has attracted much attention to clea-

ner photocatalytic technologies for degrading various

organic pollutants. Photocatalysis is a promising and

environmentally friendly technology [28]. In fact,

photocatalysis as an advanced oxidation process

(AOP) can perform electronic transition motion by

absorbing solar radiation energy (ultraviolet light and

visible light). And then this motion can generate

substances with strong oxidizing and reducing

properties, which can degrade organic pollutants into

CO2 and H2O completely [29, 30].

An antiferromagnetic and ferroelectric property of

bismuth ferrite (BiFeO3, BFO) makes it a good

photocatalytic material for visible light. Besides, it

has a rhombohedral structure with a R3c space group

at room temperature [31].Compared with TiO2 that

can only absorb UV light, BFO can occur photocat-

alytic reactions in the visible light region due to its

narrow band gap (2.2 eV), and its unique magnetism

makes recycling possible [32, 33]. However, the high

recombination rate of photogenerated electrons (e-)

and holes (h?) in pure BFO limits its further appli-

cation as a photocatalyst in wastewater degradation

[34]. Therefore, researchers mainly change the for-

bidden band width of BFO through ion doping [35],

semiconductor composite [36], and noble metal

deposition [37] to reduce the recombination rate of

electron–hole pairs, which is very important to

improve the photocatalytic effect.

As an emerging two-dimensional (2D) material,

GO has become a research hotspot in recent years

and has been applied in many aspects [38]. Further,

the GO can exhibit good adsorption properties due to

its larger surface area, superior biocompatibility,

strong chemical and thermal stability. Not only that,

GO contains oxygen-rich functional groups [(–

COOH), (C–O–C), (–OH) and (C=O)] on its basal

plane and edges, which are very beneficial to elimi-

nate pollutants in wastewater [39, 40]. In addition,

GO has been gradually applied in photocatalytic

research because of its unique transport properties,

high mechanical strength, high carrier mobility, high

electrical conductivity and other fascinating proper-

ties [41]. The composition of GO as a zero-bandgap

material with photocatalysts is considered to be the

most promising strategy [42, 43]. The pollutants in

water are first adsorbed on the surface of the adsor-

bent and then degraded by a photocatalytic process.

This synergistic method can potentially address the

secondary pollution of adsorption and the high

recombination rate of e-–h? pairs during photocat-

alytic degradation [44].

In conclusion, taking advantage of the strong

adsorption property of GO and the photocatalytic

property of BFO in the paper, a new BFO@GO

nanocomposite material with adsorbable and photo-

catalytic properties was successfully prepared by a

simple ultrasonic method. At the same time, the

morphology, chemical composition, valence state,

optical properties and other changes of the composite

materials were studied. Finally, adsorption charac-

teristics and photocatalytic mechanism of the
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composite materials were further researched in the

process of degrading dyes.

2 Materials and methods

2.1 Materials

Fe(NO3)3�9H2O (C 98%), Bi(NO3)3�5H2O (C 98%),

ethylene glycol monomethyl ether, tert-butanol

(TBA, C 98%), glacial acetic acid, N, N-dimethylfor-

mamide, anhydrous ethanol, PVP, and ammonium

oxalate (AO, C 98%) were obtained from Aladdin.

HCl (60–65%), NaOH (C 98%), GO, Congo red (CR),

norfloxacin (NOR), methylene blue (MB) and Rho-

damine B (RHB) were obtained from Macklin Bio-

chemical. All the chemicals in this research were used

as received without additional purification.

2.2 Fabrication of BiFeO3 fibers
and BiFeO3@GO nanocomposite

0.2 mol/L Bi(NO3)3�5H2O (Bi was volatile near the

crystallization temperature, so 5% Bi ion was added

in excess [45, 46]) and 0.2 mol/L Fe(NO3)3�9H2O

were dissolved in 5 mL ethylene glycol methyl ether

with the assistance of ultrasound, and 3 mL glacial

acetic acid was added to adjust the consistency of the

solution, as A solution. In addition, 7.5 mL N, N-

dimethylformamide was accurately measured and

mixed with 4.5 mL absolute ethanol. The concentra-

tion of PVP was controlled at about 9%, which had a

better spinning effect. The mixture was stirred thor-

oughly until colorless and transparent, as solution B.

A uniform BFO precursor solution was formed after

mixing and stirring the A and B solutions for 12 h.

And the pre-spinning solution was put into a 5 mL

syringe. Then the temperature and humidity were

controlled, and a uniform fiber film was spun out

under the conditions of a voltage of 13 kV and a

pushing speed of 0.001 mL/s. The prepared fiber film

was calcined in a Muffle furnace at 550 �C for 2 h,

and the heating rate was 5 �C/min to obtain pure

BFO, as shown in Fig. 1a.

As shown in Fig. 1b, to assemble BFO nanofibers

on GO flakes, the pure BFO and GO sheets were

dissolved in 5 mL of ethanol solvent and sonicated

for 60 min, until BFO fibers and GO sheets were

dispersed entirely. Then, the homogeneous solution

of BFO and GO was dried at 80 �C for 12 h to prepare

BiFeO3@GO nanocomposites. The BiFeO3@GO

nanocomposites with GO weights of 1 mg, 3 mg, and

5 mg were denoted as ‘‘GO1’’, ‘‘GO3’’ and ‘‘GO5’’,

respectively.

2.3 Characterization

To examine the morphology, a scanning electron

microscope (SEM, Zeiss Sigma 300) was used. And

TEM (FEI Talos F200x) with EDX attachment was

used to detect the nanocomposite fiber fine structure

and elemental composition. The crystal structure of

the nanocomposite fibers was investigated using

X-ray diffraction (XRD, Bruker D8 Advance). The

optical characteristics of the nanocomposite fibers

was investigated by UV–Vis diffuse reflection spec-

troscopy (UV–Vis DRS, PerkinElmer Lambda1050).

X-ray photoelectron spectroscopy (XPS, Thermo Sci-

entific K-Alpha) was used to determine the elemental

composition and electronic states of the nanocom-

posite fibers. The Fourier transform infrared spec-

trum (FT-IR, Thermo Nicolet iS 10) was used to detect

functional group of the material and MB dyes

degradation.

3 Results and discussion

Figure 2a shows the XRD patterns of BFO nanocom-

posite with different GO loadings. All the diffraction

peaks are well-matched with the PDF standard card

(JCPDS card no. 70-2035). The peaks at 2h = 22.45�,
31.8�, 32�, 39�, 39.5�, 45.8�, 51.4�, 51.8�, 56.5�, 57� and
57.2� are correspond to (012), (104), (110), (006), (202),

(024), (116), (122), (018), (214) and (300) plane of BFO,

respectively. These diffraction peaks prove that the

prepared pure BFO and BiFeO3@GO nanocomposites

have a rhombohedral structure with space group

R3c. In addition, the added different quantities of GO

do not change the crystal structure of BFO [47, 48].

Figure 2b shows the partial enlarged view of

2h = 9.5�–15.5�. It can be clearly observed that a new

diffraction peak appears at about 11.2� after the

addition of GO, which belongs to the characteristic

peak of GO [49]. As the composition of GO increases,

the characteristic peak intensity of GO was gradually

increased, which indicates that GO and BFO are

successfully combined and exhibit good crystallinity.

In addition, as a metastable structure, the synthesis of

BFO is always accompanied by some secondary
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phases such as Bi2Fe4O9 [50], Bi2O3 [51] and Bi25FeO39

[52]. Due to the kinetics of phase formation [53], a

small amount of impurity phase (Bi2O3, 2h&27.9�)
was observed in both pure BFO and BiFeO3@GO

nanocomposites.

In Fig. 3, SEM morphological features of BFO and

GO3 are depicted. It can be found that the pure BFO

have a continuous fiber structure with uniform size

and good spinning effect from Fig. 3a, b. The fiber

structure of GO3 nanocomposite still keeps intact and

the fiber skeleton is integrity in Fig. 3c, d. Also, long

continuous fibers are broken and recombined into a

compact aggregated structure. From the inset of

Fig. 3a, c, the average particle size of BFO fibers is

0.25 nm, but the particle size distribution of GO3

nanocomposite is more concentrated in the range of

0.2–0.3 nm. This phenomenon may be related to the

reverse Ostwald ripening process [54–56]. Due to

BFO fiber skeleton was broken and dispersed into

solution under high power ultrasonic state, and the

Fig. 1 Schematic depiction for the synthesis of BFO fibers and BFO@GO nanocomposite

Fig. 2 XRD patterns of

a BFO, GO1, GO3 and GO5,

and b 2h = 9.5�–15.5�
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structure is reorganized into tiny droplets with BFO

fibers coated in solution. After ultrasonic treatment,

ethanol evaporates when it was heated up and the

tiny droplets were rapidly deposited and then

formed a unique fiber skeleton that supported each

other, but there were no obvious GO peaks observed

in the figure.

Microstructure of GO3 nanocomposite was further

investigated by TEM. Figure 4a shows that BFO

fibers and GO monolayer were tightly integrated. In

Fig. 4b, the interplanar spacing of GO3 is 0.27 nm,

which corresponds to (110) lattice plane of BFO in

XRD diagram. The presence of lattice planes sug-

gested that well-developed nanocrystallite of GO has

existed in the nanocomposite [57, 58]. Figure 5a–d

shows that the element analysis of GO3 sample was

scrutinized by EDX mapping. From the element dis-

tribution diagram, it can be seen that the sample

contains Bi, Fe, and O elements. It should be noted

that C element of the GO can also be well displayed.

Thus, it demonstrated that BFO and GO have been

successfully recombined.

BiFeO3 is a narrow band gap metal oxide semi-

conductor for photocatalytic materials [59]. In order

to evaluate its optical properties, the UV–Vis diffuse

reflection measurement was used to explore the

effects of GO composition on the band gap and light

absorption capacity of BFO. In Fig. 6a, BFO has

strong light absorption in the range of 200–500 nm,

but the absorption drops sharply above 500 nm. As

the wavelength range of visible light is 400–760 nm,

the application of BFO as an efficient visible light

photocatalyst was limited due to the limited absorp-

tion of visible light. But GO3 nanocomposite showed

better light absorption in the ultraviolet and visible

light range compared with BFO. It indicates that the

light absorption performance of BFO under visible

light was significantly improved after combining

Fig. 3 a SEM particle size distribution image of BFO, b SEM images of BFO, c SEM particle size distribution image of GO3, and d SEM

images of GO3
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with GO. Accordingly, GO3 composite can generate

more photogenerated electron–hole pairs if it has

stronger light absorption [60]. From the Tauc’s Eq. (1)

and Fig. 6b, the corresponding bandgap widths of

GO3 and BFO were estimated to be 1.90 eV and

1.95 eV, which were consistent with the previously

reported BiFeO3/reduced GO [61]. The coexistence of

GO and BiFeO3 may explain the improved optical

properties and decreased bandgap of the GO3.

ahv ¼ Cðhv� EgÞ1=2: ð1Þ

In this equation, C is a constant, h is Planck’s con-

stant, m is the incident photon frequency, a is the

absorption coefficient, and Eg is the band gap value.

XPS was used to analyze the surface chemical

composition, oxidation state, and valence state of

BFO and GO3 samples. As shown in Fig. 7a, the XPS

spectra of GO3 and BFO indicate that the main ele-

ments of the prepared samples contain Bi, Fe, O and

C. The peak of pure BFO was obtained by the C 1s

peak correction at 284.8 eV. The C content in the pure

BFO was 40.95% and the O content was 33.23%. The

C/O ratio was 1.232; the C content in GO3 was

49.06%, and the O content was 35.97%. The C/O ratio

was 1.363. The amounts of O and C were significantly

increased in GO3 compared to pure BFO. In Fig. 7b,

284.47, 286.72 and 287.94 eV represent C–C, C–O, and

COOH/O = C in the C 1s fitted peak of GO3,

respectively [62, 63]. Figure 7c shows the high-reso-

lution spectra of O 1s for BFO and GO3 samples. The

fitted peaks of binding energies at 528.89 and

529.78 eV for O 1s in BFO correspond to Bi–O bonds

and Fe–O bonds, respectively. While the peak with

binding energy of 531.09 eV is related to oxygen

vacancies. Similar conclusions have been got by other

scholars [64, 65]. However, the metal lattice oxygen

and oxygen vacancies of O 1s in GO3 shift to 529.77

and 531.89 eV. The new highest fitting peak at

532.46 eV belongs to COOR. Perhaps this is related to

oxygen-containing functional groups in GO [56]. Two

characteristic peaks of Fe 2p appeared at 710.86 and

724.18 eV for BFO correspond to Fe 2p3/2 and Fe 2p1/

2 in Fig. 7d, respectively [66]. The satellite peak

between Fe 2p3/2 and Fe 2p1/2 is 7.22 eV more than

the peak of Fe 2p3/2 (usually 6–8 eV more than Fe

2p3/2 peak). These characteristics indicate that the

oxidation state of Fe ions is ? 3 in pure BFO. The

results also show that the fitting peaks of Bi 4f and Fe

2p in GO3 shift to a higher binding energy. This may

be due to the existence of GO. Figure 7e shows that

two strong peaks of Bi 4f are appeared at 163.97 and

158.65 eV, belonging to Bi 4f5/2 and Bi 4f7/2 [65]. The

difference between their binding energies is 5.32 eV,

which provides evidence of Bi3? existing in the Bi–O

bond.

In order to investigate the removal capacity of

BiFeO3@GO materials for MB dyes, degradation

experiments were conducted. Firstly, prepared fiber

nanocomposite (0.02 g) was added into 50 mL MB

solution (10 mg/L). Next, the dyes were adsorbed to

the surface of the nanocomposite in dark reaction for

30 min. Finally, MB dyes were degraded by 700 W

xenon lamp irradiation. During the photocatalytic

Fig. 4 TEM image of a and b GO3 nanocomposite
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experiment, samples were taken every 30 min for

absorbance tests. As shown in Fig. 8, the degradation

rates of BFO, GO1, GO3 and GO5 were 24.0%, 52.6%,

94.0% and 88.5%, respectively. This revealed that

GO3 had the highest degradation rate. The degrada-

tion capacity of MB of BiFeO3@GO material has been

improved in varying degrees due to the addition of

GO. Compared with pure BFO, the degradation rate

of MB of GO3 was increased by 70.0%. Furthermore,

GO3 sample showed a better degradation effect of

CR, RHB and NOR. As shown in Fig. 9, under a

synergistic effect of adsorption and catalysis, the

degradation rates of CR, RHB and NOR for GO3 were

increased by 33.6%, 43% and 61.1%, respectively.

Because the adsorption and photocatalysis occur

on the surface of the material, pH is one of the most

critical parameters, which affect the capacity of

materials to degrade [67, 68]. Under different pH

conditions, the adsorption and photocatalytic prop-

erties of GO3 nanocomposite were shown in Fig. 10.

In an acid environment, the absorption capacity of

GO3 to MB dyes was also increased with the increase

of pH value. This may be the competition between

H? and MB cationic dyes for active sites under acid

conditions, which leads to decrease the adsorption

effect [69]. The adsorption rate reached a maximum

at pH 8. When pH[ 8, the adsorption rate began to

decrease. Because pH exceeds pHpzc (point of zero

Fig. 5 EDX element maps of the corresponding area of a Bi, b O, c Fe and d C and Fe
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charge) of GO3 in a strong alkaline environment,

which makes the material surface appear negative

charge. Therefore, excess OH- can inhibit the

adsorption of MB dyes [70, 71]. But the photocatalytic

efficiency was the lowest when the pH is 8, it was

improved in varying degrees with an acidic or a

strong alkaline environment. This is because hole,

superoxide anion and hydroxyl radical play main

roles in the photocatalytic processes [72]. Under

acidic conditions, the presence of H? ions favors the

formation of superoxide anions. While excess OH-

favors the formation of hydroxyl radical under alka-

line conditions [73]. Therefore, photocatalytic degra-

dation efficiency was increased. According to the

above experiments, the changes in pH have different

effects on photocatalysis and adsorption, but the

removal rate of MB dyes is similar when pH is

between 6 and 10. In order to facilitate study work in

the subsequent experiments, the pH 6 with moderate

photocatalytic and adsorption properties environ-

ment was selected as the experimental condition,

unless otherwise specified.

In order to explore whether photocatalytic reaction

can completely degrade MB dyes on the adsorbent,

GO3 materials after dark reaction and photoreaction

were recovered for the FT-IR test. It can be observed

that there are two absorption peaks of BFO at 444 and

555 cm-1 from Fig. 11. This may be attributed to the

bending and tensile vibrations of Fe–O in FeO6

octahedral structure of perovskite bismuth ferrite

[74]. Besides, new absorption peaks appeared at 1115,

1400, 1624 and 3300–3600 cm-1 in the FT-IR spectrum

of GO3. The absorption peak of C-skeleton structure

of C–C single bond corresponds to 1115 cm-1. 1400

and 1624 cm-1 are the bending vibration of O–H in

the hydroxyl group and the stretching vibration of C–

OH in –COOH, respectively. It is well known that the

broad bands in the range of 3300–3600 cm-1 are the

stretching vibrations of water and OH groups. These

emerging absorption peaks illustrated that GO sheets

had been successfully compounded onto pure BFO

[75–77]. New absorption peaks of MB dyes appeared

on GO3 nanocomposite after adsorption [78]. The

peak at 885 cm-1 was related to the rocking vibration

of the phenyl ring skeleton plane. Peaks at 1329 and

1245 cm-1 correspond to C–N bending and stretch-

ing vibrations of N atom attached to the benzene ring,

respectively. The peak at 1383 cm-1 was related to

vibrations of the C–H bond [79, 80]. However, the

characteristic peaks of MB disappeared after illumi-

nation. It shows that MB can be completely degraded

into H2O and CO2 by GO3 through the synergistic

effect of photocatalysis and adsorption. No secondary

pollution was produced.

In general, adsorption kinetics were used to

explain the control mechanism of the adsorption

process. To explore the adsorption potential of GO3

nanocomposite, two commonly applied kinetic

models were used to fit the adsorption process as

shown in Fig. 12. The models were pseudo-first-order

model [Eq. (2)] and pseudo-second-order model

[Eq. (3)], respectively [81].

Fig. 6 a UV–Vis spectrum of BFO and GO3 nanocomposite, and b (ahm)2 versus hm curves
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Fig. 7 XPS spectrum of a BFO and GO3, and high-resolution XPS spectra of b C 1s of GO3, c O 1s, d Fe 2p and e Bi 4f of BFO and GO3
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ln qe � qt
� �

¼ lnqe � k1t; ð2Þ

t

qt
¼ 1

k2q2e
þ t

qe
; ð3Þ

where qe is the adsorption capacity at equilibrium

(mg/g); qt is the adsorption capacity at time t (mg/g);

k1 is the pseudo-first-order kinetic rate constant

(min-1); k2 is the pseudo-second-order kinetic rate

constant [g�(mg/min)].

The results and related parameters were shown in

Fig. 12 and Table 1. It can be seen from Fig. 12 that

the adsorption amount of MB dyes increased rapidly

during 0–5 min due to the rapid occupation of GO3

surface active sites. Then the adsorption capacity is

gradually increased until the adsorption equilibrium.

According to Table 1, a pseudo-second-order kinetic

model had a higher correlation coefficient R2 than a

pseudo-first-order kinetic model. The adsorption of

MB for GO3 sample was more consistent with the

correlation coefficient of pseudo-second-order kinetic

model. The rate-controlling step of the adsorption

process in the pseudo-second-order kinetic model

was attributed to chemisorption, which suggested

that the adsorption of MB dyes for GO3 sample was

affected by the chemisorption mechanism [82].

Adsorption isotherm models are used to determine

the interactions between adsorbents and adsorbates

[83]. Energy-homogeneous monolayer adsorption

and heterogeneous adsorption on the surface of GO3

nanocomposites can be predicted by Langmuir iso-

therm (Eq. (4)) [84] and Freundlich isotherm (Eq. (5))

[85]. The equation can be expressed as:

Fig. 8 UV–Vis absorption spectra of a BFO, b GO1, c GO3 and d GO5
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qe ¼ qmKLqe= 1þ KLqeð Þ; ð4Þ

qe ¼ KFq
1=n
e ; ð5Þ

where qe, qe and qm are the adsorption equilibrium

concentration (mg/g), the adsorption capacity at

equilibrium (mg/g) and maximum adsorption

capacity, respectively. KL, KF and n are the Langmuir

constant (L/mg), the Freundlich constant (mg/g) and

the Freundlich index, respectively.

Figure 13a and b showed the Freundlich and

Langmuir isotherms of MB dye adsorption on GO3

sample, respectively. The key parameters calculated

by Langmuir and Freundlich models were listed in

Table 2. It can be seen that the experimental data

were fitted well with the Langmuir model

(R2 = 0.98578) from Fig. 13 and Table 2. According to

the Langmuir model, the maximum adsorption

capacity would reach 54.177 mg/g when the

adsorption could reach equilibrium. The Langmuir

isotherm model was based on the assumption that

adsorption occurs at equivalently homogeneous sites.

Therefore, this experiment supports a monolayer

homogeneous adsorption of MB dyes on GO3 sample

[86]. The adsorption isotherm process was also

examined using the dimensionless separation factor

(RL), and these values were calculated using the fol-

lowing equation:

RL ¼ 1= 1þ KLCeð Þ; ð6Þ

where Ce is the equilibrium mass concentration of

adsorbent in solution. Value of RL determines the

favorability of an adsorption process. The adsorption

process is favorable when 0\RL\ 1, adsorption is

not acceptable if RL[ 1, the adsorption process is

irreversible in nature when RL = 0. In this study,

calculated RL results were all in the range of 0–1, so

the adsorption of MB dyes for GO3 sample is a

favorable process [63].

The electrons in the valence band (VB) of BFO are

excited and moved to the conduction band (CB)

under visible light irradiation, producing holes in VB

and electrons in CB [87, 88]. Holes and electrons can

generate various reactive oxygen species (ROS), such

as hydroxyl radicals (�OH) and superoxide anions

Fig. 9 Removal efficiency of CR, NOR and RHB by BFO and

GO3

Fig. 10 Removal efficiency of different pH on adsorption and

photocatalysis for GO3 sample

Fig. 11 FT-IR spectra of (a) BFO, (b) GO3, (c) after absorbing,

and (d) after photoreaction
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Fig. 12 a Pseudo-first-order and b pseudo-second-order models of MB adsorption process for GO3 sample

Table 1 Adsorption kinetics

parameters of MB adsorption

for GO3 sample

Pseudo-first-order model Pseudo-second-order model

k1 (min-1) Qe (mg/g) R2 k2 (g�(mg/min)) Qe (mg/g) R2

0.60450 0.70427 0.89889 0.31018 0.85593 0.99449

Fig. 13 a Freundlich isotherm plots and b Langmuir isotherm plots models of MB adsorption process for GO3 sample

Table 2 Adsorption isotherm

parameters of MB adsorption

for GO3 sample

Langmuir Freundlich

qmax (mg/g) KL (L/mg) R2 KF (L/mg) n R2

54.17700 0.05600 0.98578 4.20100 1.52968 0.97486
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(�O2-), which can completely degrade organic pollu-

tants into CO2 and H2O [89]. According to the

obtained band gap results, the VB potential (EVB) and

CB potential (ECB) of GO3 catalyst can be calculated

from Eqs. (7) and (8) [90].

EVB ¼ X � Ee þ 0:5Eg; ð7Þ

ECB ¼ X � Ee � 0:5Eg: ð8Þ

Here X is absolute electronegativity, Ee is the

energy of free-electrons under the standard hydrogen

electrode (4.5 eV), Eg is the band gap (1.9 eV) of GO3

sample. X value of BFO is 5.93 eV.

According to the Eqs. (7) and (8), ECB of GO3

photocatalyst was 0.48 eV and EVB was 2.38 eV. Since

ECB of GO3 was higher than the oxidation potential of

O2, generating directly �O2- was to be an impossi-

bility (e- ? O2 ?
�O2-, �O2- ? 2H? ? H2O2, H2-

O2 ? e- ? �OH ? OH-) [91]. Then, h? and �OH

may play a major role in photocatalytic process. To

identify the main active species during the photo-

catalytic degradation of MB dyes for GO3 sample,

1 mmol of AO and 1 mL of TBA were employed to

quench h? and �OH radicals, respectively. As shown

in Fig. 14, the photocatalytic degradation efficiency

was not changed significantly after adding AO,

which indicates that h? does not directly degrade

pollutants. After adding TBA, the photocatalytic

efficiency was decreased by 42%, which indicated

that �OH played a major role in photocatalytic

degradation process. The photocatalytic mechanism

was shown in Fig. 15 and Eqs. (9)–(12). GO3

nanocomposites were irradiated with visible light to

generate e- and h?. �OH radicals were generated by

the reaction of e- and h? with other substances in

water, which degraded MB dyes to CO2 and H2O.

Fig. 14 Effect of different scavengers on degradation of MB for

GO3 sample

Fig. 15 Mechanism diagram of photocatalysis for GO3 sample
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GO3 þ hv ! e� þ hþ� �
; ð9Þ

H2Oþ hþ ! �OH; ð10Þ

2e� þO2 þ 2Hþ ! �OH; ð11Þ

MBþ �OH ! CO2 þH2O: ð12Þ

4 Conclusion

BiFeO3@GO nanocomposite had been prepared by

electrospinning and ultrasound method. XRD, SEM,

TEM, XPS and FT-IR tests proved that GO sheets had

been successfully recombined on BiFeO3 nanofibers.

The analysis results indicated thatGO3nanocomposite

showed a higher optical absorption capacity and

photocatalytic dyes degradability than pure BFO

sample. The removal rates of MB, CR, RHB, and NOR

dyes byGO3nanocompositewere 94.0%, 88.6%, 66.6%,

and 55.6%, respectively. Moreover, BiFeO3@GO

nanocomposite have lower bandgaps (1.9 eV forGO3),

which are more favorable for photocatalytic reactions.

FT-IR analysis confirmed the complete degradation of

dye pollutants under the synergistic effect of photo-

catalytic and adsorption for GO3 sample. O and C

elements were increased in GO3 compared with pure

BFO. Bi and Fe elements exist in the form of an oxi-

dation state, and the valence state is ? 3. The results

not only illustrate the superiority of BiFeO3@GO

composite over pure BFO, but also open up a new

approach to achieving efficient degradation of dyes.
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70. H.K. Yağmur, İ Kaya, Synthesis and characterization of

magnetic ZnCl2-activated carbon produced from coconut

shell for the adsorption of methylene blue. J. Mol. Struct.

1232, 130071 (2021)

71. X. Tang, G. Ran, J. Li, Z. Zhang, C. Xiang, Extremely effi-

cient and rapidly adsorb methylene blue using porous

adsorbent prepared from waste paper: kinetics and equilib-

rium studies. J. Hazard. Mater. 402, 123579 (2021)

72. Y. Wang, Y. Tang, J. Sun, X. Wu, H. Liang, Y. Qu, L. Jing,

BiFeO3/Bi2Fe4O9 S-scheme heterojunction hollow nano-

spheres for high-efficiency photocatalytic o-chlorophenol

degradation. Appl. Catal. B 319, 121893 (2022)
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