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Fabrication of magnetic Fe3O4@SiO2@Bi2O2CO3/rGO composite
for enhancing its photocatalytic performance for organic
dyes and recyclability
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Abstract
A novel magnetic Fe3O4@SiO2@Bi2O2CO3/rGO composite comprising of uniform core-shell-structured
Fe3O4@SiO2@Bi2O2CO3 microspheres mounted on reduced graphene oxide (rGO) sheets was successfully fabricated by using
a facile hydrothermal method. The adsorption–desorption isotherm of Fe3O4@SiO2@Bi2O2CO3/rGO belonged to type IV with
an H4-type hysteresis loop. The specific surface areas and magnetization saturation value (Ms) of Fe3O4@SiO2@Bi2O2CO3/rGO
(x = 0.15 g) were 102.12 m2/g and 25.4 emu/g, respectively. Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) exhibited remarkable
photocatalytic degradation activity and mineralization effect for MO and decolorization performance for the mixed solution of
MO, Rh B, and MB. MO degradation by Fe3O4@SiO2@Bi2O2CO3/rGO conformed to a first-order kinetic reaction, and the
corresponding kapp value was 0.05553 min−1. A suitable amount of rGO in Fe3O4@SiO2@Bi2O2CO3/rGO could decrease the
energy band gap, inhibit the recombination of photo-induced electron/hole (e−/h+) pair, and broaden and enhance the response of
the catalyst to visible light, thereby enhancing the visible-light catalytic degradation of organic dyes. The active species produced
in the photocatalysis included •O2

−, •OH, and h+, with •O2
− being the dominant active species. The as-prepared photocatalyst also

showed excellent magnetic separation performance and stability. Results show that the as-prepared Fe3O4@SiO2@Bi2O2CO3/
rGO composite is a promising photocatalyst with considerable application potential in organic dyes removal.

Keywords Degradation mechanism . Hydrothermal synthesis . Magnetic Fe3O4@SiO2@Bi2O2CO3/rGO composite . Organic
dye . Visible-light photocatalytic degradation

Introduction

Methyl orange (MO), rhodamine B (Rh B), and methylene
blue (MB) are typical organic dyes that are widely used in
industrial products and laboratory research (Jiang et al.

2017; Minitha et al. 2017) and have become one of the largest
groups of contaminants in many wastewaters. Given their
complex aromatic structure, difficult degradation, and strong
toxicity, dye wastewater can cause serious environmental pol-
lution and pose a potential threat to human health. Several

Responsible Editor: Ricardo Torres-Palma

* Lihua Liu
llh213@163.com

Gang Su
875042174@qq.com

Lixing Zhang
460259515@qq.com

Xing Liu
1249158985@qq.com

Jianrong Xue
xjr_1111@163.com

Anping Tang
anpingxt@126.com

1 School of Chemistry and Chemical Engineering, Hunan University
of Science and Technology, Xiangtan 411201, China

2 Key Laboratory of Theoretical Organic Chemistry and Function
Molecule, Ministry of Education, Xiangtan 411201, China

3 Hunan Provincial Key Laboratory of Controllable Preparation and
Functional Application of Fine Polymers, Xiangtan 411201, China

https://doi.org/10.1007/s11356-021-14248-z

/ Published online: 6 May 2021

Environmental Science and Pollution Research (2021) 28:50286–50301

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-14248-z&domain=pdf
http://orcid.org/0000-0002-6746-2344
mailto:llh213@163.com


techniques, such as adsorption, reverse osmosis, biological
degradation, chemical and advanced oxidation method, and
photocatalytic degradation, have been extensively studied
for their application in removing these contaminants.
Photodegradation based on semiconductor materials is con-
sidered one of the most effective approaches for contaminant
removal due to its deep oxidation, ease of operation (Zhang
et al. 2019a), and utilization of natural or artificial illumination
(Guo et al. 2016). However, this method often encounters
problems related to its poormorphology, band gap width, high
photo-induced electron/hole (e−/h+) pair recombination rate,
and difficult recovery. These problems have been associated
with the low light-absorption rate, poor quantum and
photodegradation efficiency, and cumbersome operation of
this method. Quite a few photocatalysts, such as TiO2 and
ZnO, can exhibit photocatalytic activity only by ultraviolet
(UV; λ ≤ 387.5 nm) irradiation due to their excessive band
gap widths (ZnO and TiO2 3.2 eV) (Ling et al. 2019). By
contrast, the UV radiation content of solar radiation accounts
for only 5% of the total solar radiation illumination (Anwer
et al. 2019). Therefore, new visible-light-driven photocatalytic
materials must be designed and developed based on an effec-
tive utilization of solar energy.

Among many visible-light catalysts, bismuth semiconduc-
tors, such as BiFeO3 (Wu et al. 2019), BiVO4 (Omrani and
Nezamzadeh-Ejhieh 2020), Bi2WO6 (Zang et al. 2019),
Bi2MoO6 (Varma et al. 2020), BiOX (Marcelino and Amorim
2019), and Bi2O2CO3 (Deng et al. 2020), have attracted wide
attention due to their unique layered structure and excellent
photocatalytic properties. As a typical Aurivillius-type oxide,
Bi2O2CO3 belongs to the tetragonal system and has a unique
layered structure comprising of alternating layers of [Bi2O2]

2+

and CO3
2–. The internal electric field generated by polarization

is conducive to the separation of photo-induced electrons and
holes, which can improve the photocatalytic performance of
Bi2O2CO3 (Zhang et al. 2016). However, the large band gap
value of Bi2O2CO3 (3.2 eV–3.5 eV) (Fan et al. 2019) implies a
high photogenic carrier recombination rate (Peng et al. 2013)
and low quantum efficiency, further highlighting the need to
improve photocatalytic activity. An excellent and practical
photocatalyst should possess not only a high specific surface
area to induce redox reactions and a minimizing recombination
to generate a photo-induced charge but also an excellent sepa-
ration and recycling performance after wastewater treatment.
Various strategies, including heteroatom doping (Li et al.
2018), composition techniques (Bian et al. 2018),
heterojunction configuration (Ran et al. 2020), surface decora-
tion and control of morphology (Zhao et al. 2019), and micro-
structuring approaches (Su and Wu 2018), have been adopted
to improve the essential properties of Bi2O2CO3. Graphene/
reduced graphene oxide (G/rGO) can promote the transfer of
photo-induced electrons and reduce the recombination proba-
bility of photo-induced carriers in semiconductors (Liu et al.

2019a) owing to their typically conjugated large π bond struc-
ture, zero band gap energy, large specific surface area, and high
electron mobility (Jiang et al. 2019). Therefore, G/rGO has
been used to improve the photocatalytic activity of
photocatalysts, such as the graphene/Bi2O2CO3 composite cat-
alyst (Li et al. 2020), core–shell structure of Bi2O2CO3@rGO
(Gurusamy et al. 2017), and Bi2O2CO3 flower-shaped hetero-
geneous junction modified by graphene and TiO2 (Ao et al.
2015). However, the abovementioned photocatalysts are pre-
paredwith sodium citrate, urea, or PVP templates bymeans of a
two-step method at a high temperature for a long time, thereby
resulting in their complex preparation, difficult structure con-
trol, and high cost. In addition, photocatalysts cannot be con-
veniently separated from wastewater and have poor recycling
performance, thereby restricting their application in actual
wastewater treatment.Many studies have proven that composit-
ing preparedmaterials with Fe3O4 particles to endow composite
magnetic properties is feasible if the external magnetic field is
considered (Li et al. 2016b). However, the direct combination
of photocatalysts with Fe3O4 cores may accelerate the recom-
bination of e−/h+ pairs due to the heterojunction between Fe3O4

and the photocatalyst, thereby reducing photocatalytic efficien-
cy (Su et al. 2021). Furthermore, Fe3O4 is unstable under acidic
conditions (Do et al. 2018) and has poor oxidation resistance.
Coating a layer of SiO2 on Fe3O4 microspheres to form a core–
shell architecture has been proven effective in addressing such
issues (Wang et al. 2016; Teixeira et al. 2017).

In this study, a novel Fe3O4@SiO2@Bi2O2CO3/rGO com-
posite with an excellent visible photocatalytic degradation per-
formance for organic dyes and an outstanding magnetic sepa-
rability was designed and controllably fabricated by using a
facile green hydrothermal method with Fe3O4@SiO2 micro-
spheres as a core, porous Bi2O2CO3 as an active layer, and
rGO as a modifying agent. The microstructure, morphology,
and related physicochemical properties of the as-obtained
Fe3O4@SiO2@Bi2O2CO3/rGO composite were measured sys-
tematically. The visible photocatalytic performances of
Fe3O4@SiO2@Bi2O2CO3/rGO were evaluated by the
photodegradation of MO, Rh B, and MB, and the related deg-
radation mechanism was explored by using the diffuse reflec-
tance UV–visible spectrum (UV–vis DRS), photoluminescence
spectrum (PL), electrochemical impedance spectrum (EIS), and
free radical capture test. To the best of our knowledge, no
previous report has attempted to comprehensively discuss the
preparation and evaluation of the visible photocatalytic degra-
dation performance of Fe3O4@SiO2@Bi2O2CO3/rGO for or-
ganic dyes in wastewater. Results show that the proposed mag-
netic composite not only has the high specific surface area and
porous surfaces of Bi2O2CO3 but also has excellent visible
photocatalytic degradation properties, easy separability, and re-
cyclability from wastewater. The well-designed visible
photocatalyst offers broad application prospects in the treatment
of wastewater containing organic dye.
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Experimental

Materials

Iron (III) chloride hexahydrate, polyethylene glycol (PEG-
4000), anhydrous sodium acetate, ethylene glycol (EG),
graphite powder, potassium permanganate, hydrogen perox-
ide, tetraethyl orthosilicate, cetyl trimethyl ammonium bro-
mide (CTAB), bismuth nitrate pentahydrate, iron nitrate
nonahydrate, potassium hydroxide, MO, Rh B, MB, ascorbic
acid (VC), ethylene diamine tetraacetic acid (EDTA),
isopropanol (IPA), benzyl quinone (BQ), and naphthol solu-
tion (5%) were obtained from commercial sources (Materials,
Supplementary Material). All reagents were of analytical
grade and used directly without any further purification.
Distilled water was used in the experiments.

Preparation of the Fe3O4@SiO2@Bi2O2CO3/rGO
composite

Magnetic Fe3O4@SiO2 microspheres were prepared follow-
ing the method described in the literature (Liu et al. 2020). The
Fe3O4@SiO2@Bi2O2CO3/rGO was fabricated by means of a
simple hydrothermal method. Specifically, 4.55 g of CTAB
was dissolved in 100 mL of 50 wt% EG solution and ultra-
sonically stirred for 30 min to obtain a CTAB-EG solution.
Afterward, a mixed solution obtained by dissolving 2.45 g of
Bi(NO3)3·5H2O and 2.05 g of Fe(NO3)3·9H2O in 100 mL
distilled water was gradually added dropwise to the CTAB-
EG solution, and the pH of the mixture was adjusted to 10.5
by a dropwise addition of 10 mol/L KOH solution. After the
mixture was stirred for 4 h at 25 °C, 1.00 g of the as-prepared
Fe3O4@SiO2 was added to the solution and ultrasonicated for
30 min to obtain a new mixture. Meanwhile, a graphene oxide
(GO) suspension was prepared by ultrasonically dispersing
different amounts of GO prepared via the improved
Hummers method (Ribao et al. 2017) in 100 mL distilled
water for 15 min. After the mixture and the GO suspension
were mixed and stirred for 15 min, VC (three times the mass
of GO) was added to the mixture, and the mixture was stirred
for 30 min. The reaction mixture was transferred to a
Teflon™-lined stainless steel autoclave with a 100 mL capac-
ity. The autoclave was sealed and heated at 200 °C and main-
tained for 4 h. Subsequently, the autoclave was naturally
cooled to room temperature, and the black particles were sep-
arated from the reaction mixture by an external magnet. The
extracted particles were washed thoroughly with distilled wa-
ter and anhydrous alcohol. The washing and magnetic sepa-
ration cycle was repeated thrice. The final product, designated
as Fe3O4@SiO2@Bi2O2CO3/rGO (x) (where x refers to the
mass of GO in the initial mixture, g), was acquired by drying
the collected black particles at 80 °C for 24 h. Meanwhile,
Fe3O4@SiO2@Bi2O2CO3 was prepared by following the

same procedure and conditions except for the addition of
GO and VC.

Characterization

X-ray diffraction (XRD) analysis, Fourier transform infrared
spectroscopy (FTIR), Raman spectrum, scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM),
Brunauer–Emmett–Teller (BET) surface analysis, and vibrat-
ing sample magnetometry (VSM) were employed to charac-
terize the structures and properties of the as-prepared samples.
X-ray photoelectric spectroscopy (XPS) was used to investi-
gate the surface composition and chemical state of
Fe3O4@SiO2@Bi2O2CO3/rGO. UV–Vis DRSwas conducted
to investigate the optical absorption property of the
photocatalyst. PL was used to investigate the separation and
recombination of photogenic carriers. EIS test was used to
determine the compound rate of carriers and the transfer ca-
pacity of surface charge in Fe3O4@SiO2@Bi2O2CO3/rGO.
TOC analysis was conducted to determine the mineralization
degree of the photocatalytic degradation reaction (Analysis
details, Supplementary Material).

Visible-light catalytic degradation activity evaluation

Photodegradation performance for individual dye solution

The visible-light catalytic activity of the as-prepared
Fe3O4@SiO2@Bi2O2CO3/rGO was evaluated by
photodegrading the MO, Rh B, and MB solutions. The
photodegradation tests were performed in a CEL–LB70 photo-
chemical reactor (Beijing China Education Au-light Co., Ltd.,
China) by using a 300 W Xe lamp as the simulated solar light
source and a 100-mL double-jacketed beaker equipped with a
circulating cooling system as the reactor, 50 mg of
Fe3O4@SiO2@Bi2O2CO3/rGO was added to the reaction solu-
tion (50mL of 20mg/LMO,RhB, andMB solution) and stirred
for 1 h in the dark to reach an adsorption–desorption equilibrium.
During photodegradation, 2 mL of the suspension was collected
every 15 min and separated via an external magnetic field to be
used later for further analysis. The residual concentrations of the
organic dyes were determined by using a UV–Vis spectropho-
tometer (Shimadzu Corporation, Japan) at 465 nm (MO),
554 nm (Rh B), and 665 nm (MB). All photocatalytic experi-
ments were performed in triplicate, and the average of the ex-
periments was analyzed. The photodegradation kinetics of the
as-prepared catalyst could be described by the Langmuir–
Hinshelwood kinetics model (Eq. (1)) (Thompson et al. 2020).

ln
C0

Ct
¼ kappt; ð1Þ

where kapp refers to the quasi-first-order degradation rate
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constant, and C0 and Ct (mg/L) respectively refer to the concen-
trations of MO, Rh B, or MB initially and at time t, respectively.

Th e TOC o f t h e MO so lu t i o n d eg r a d ed by
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) was measured
every 15 min, and the TOC removal efficiency (RTOC) was
calculated by using the following formula.

RTOC %ð Þ ¼ TOC0−TOCt

TOC0
� 100; ð2Þ

where TOC0 and TOCt represent the initial TOC of the test
solution and that at time t, respectively.

Decolorization performance for the mixed dye solution

The mixed dye solution was prepared by dissolving MO, Rh B,
and MB at 5 mg each in 1 L distilled water. Photodegradation
experiments were conducted according to the method and pro-
cedures described in the “Photodegradation performance for in-
dividual dye solution” section. The sampleswere collected every
15 min, and the chroma of the degradation solution was deter-
mined by using the dilution multiple method after the
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) was separated and
collected by an external magnet.

Visible-light catalytic degradation mechanism studies

UV–Vis DRS, PL, and EIS test

The detailed procedures of the UV-vis DRS, PL spectroscopy,
and EIS measurement are described in Photoelectrochemical
measurement of the Supplemental Material.

Capture experiment

An active species-trapping experiment was conducted by
using various scavengers, including BQ, EDTA, and IPA, to
trap and ascertain the reactive species (superoxide radical
•O2

−, photo-induced hole h+, and hydroxyl radical •OH) dur-
ing photodegradation. The experiment was performed the
same way as that described in the “Photodegradation perfor-
mance for individual dye solution” section except for the ad-
dition of scavengers. The concentration of the scavengers in
the reaction system was 1.0 mmol/L.

Results and discussion

Characterization of the materials

The XRD patterns of the as-prepared Fe3O4, Fe3O4@SiO2,
Fe3O4@SiO2@Bi2O2CO3, and Fe3O4@SiO2@Bi2O2CO3/
rGO are shown in Fig. 1.

The XRD patterns of Fe3O4 and Fe3O4@SiO2 were consis-
tent with the results reported in our previous work (Su et al.
2021). For Fe3O4@SiO2@Bi2O2CO3, apart from the corre-
sponding peaks of Fe3O4, the new emerging diffraction peaks
at 23.9°, 30.3°, 32.7°, and 48.9° were in line with those of the
anatase structure of Bi2O2CO3 (JCPDS No. 41-1488) (Kang
et al. 2019), thereby suggesting that Bi2O2CO3 formed and cov-
ered the Fe3O4@SiO2. The main diffraction peaks assigned to
F e 3 O 4@ S i O 2@ B i 2 O 2 C O 3 a p p e a r e d i n t h e
Fe3O4@SiO2@Bi2O2CO3/rGO patterns except for some weak-
ened diffraction peaks. However, a new broad peak appeared in
the range of 20°–30° in each XRD pattern, which may be due to
the low doping amount of rGO (Wang et al. 2017). These results
indicate that the Fe3O4@SiO2@Bi2O2CO3/rGO composite was
successfully fabricated, and the composition process did not
change the phase of the original Fe3O4@SiO2@Bi2O2CO3 mi-
crospheres. The weakened intensity of the peaks assigned to
Fe3O4@SiO2@Bi2O2CO3 may be attributed to the non-
crystalline rGO that reduced the proportion of the crystalline core
in the composite material (Liu et al. 2019b). In addition, no
significant characteristic diffraction peaks of GO can be seen in
Fig. 1, thereby suggesting that GOwas reduced completely. The
diffraction intensity of eachXRDpattern in the range of 20°–30°

F i g . 1 XRD p a t t e r n s o f F e 3 O 4 , F e 3 O 4@S i O 2 , a n d
Fe3O4@SiO2@Bi2O2CO3/rGO (x)
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did not change significantly along with an increasing amount of
rGO, thereby suggesting that the amount of rGO had a negligible
effect on the diffraction intensity of the as-prepared materials.
Furthermore, the basic phases were the same for
Fe3O4@SiO2@Bi2O2CO3/rGO despite different amounts of
rGO.

The FT-IR spectra of the as-prepared Fe3O4, Fe3O4@SiO2,
Fe3O4@SiO2@Bi2O2CO3, and Fe3O4@SiO2@Bi2O2CO3/
rGO are shown in Fig. 2A. The peaks at 588, 1645 and
3430 cm−1, in the Fe3O4 curve (Fig. 2A[a]) and those at
466, 588, 786, 1051, 1082, and 1112 cm−1 (Fig. 2A[b]) were
consistent with the results reported in our previous work (Liu
et al. 2020; Su et al. 2021). These results suggest that the
Fe3O4 and Fe3O4@SiO2 microspheres were successfully pre-
pared. As can be seen in Fig. 2A(c), newweak peaks appeared
at 623, 839, and 1383 cm−1, which can be ascribed to the
stretching vibration of the Bi−O bond in Bi2O2CO3 and the
out-of-plane bending and antisymmetric vibration of CO3

2−

(Wang et al. 2018; Yang et al. 2019), whereas the peaks at
466, 1051, and 1082 cm−1 ascribed to Fe3O4@SiO2 were
weakened and even disappeared. As shown in Fig. 2A(d),
the peaks at 623, 839, and 1383 cm−1 ascribed to Bi2O2CO3

became stronger when Bi2O2CO3 was formed in the presence
of rGO in the as-prepared Fe3O4@SiO2@Bi2O2CO3/rGO.
The peaks near 3430 cm−1 and 1645 cm−1 can be ascribed to
the stretching and bending vibrations of −OHon the surface of
the as-prepared samples, and the adsorbed water. Despite
adding GO to the prepared of Fe3O4@SiO2@Bi2O2CO3/
rGO, the peaks centered at 1050, 1270, and 1380 cm−1, which
can be ascribed to the stretching vibrations of C−O, C−O−C,
and C−OH (He and Lu 2017), were not observed in the spec-
trum of Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) in Fig.
2A(d). This finding indicates that GO was reduced to rGO in
our reaction system and that the as-prepared composite

photocatalyst comprised Fe3O4@SiO2, Bi2O2CO3, and rGO
components. The presence of rGO promoted and improved
the structure formation of the photoactivity layer of
Bi2O2CO3 and increased the hydrophobicity of the as-
prepared composite photocatalyst to a certain extent. Such a
phenomenon can change the chemical environment, improve
the surface properties of the composite photocatalyst, and ben-
efit the improved interaction between the as-prepared
Fe3O4@SiO2@Bi2O2CO3/rGO and dye molecule with aro-
matic rings, thereby further enhancing the photocatalytic deg-
radat ion towards the dye molecules . Therefore ,
Fe3O4@SiO2@Bi2O2CO3/rGO was successfully fabricated.

Raman spectra were used to further investigate the struc-
ture of Fe3O4@SiO2@Bi2O2CO3/rGO. As shown in Fig. 2B,
the intense peaks at 217 cm−1 and 276 cm−1 in the Raman
spectrum of the Fe3O4 microspheres can be attributed to the
A1g mode of the symmetric stretch of oxygen atoms along the
Fe–O bonds (Sun et al. 2021). After coating the Bi2O2CO3

layer and compositing with rGO, the corresponding peaks
assigned to Fe3O4 were significantly weakened, which may
be attributed to the coating of Bi2O2CO3 and rGO on the
surfaces of the Fe3O4 microspheres. Bi2O2CO3 and rGO in-
creased the size of the composite, thereby moving the inner
Fe3O4 core away from the particle surface and consequently
reducing the proportion of magnetic Fe3O4 in the
Fe3O4@SiO2@Bi2O2CO3/rGO composites. Meanwhile, new
and weaker wide peaks appeared at regions near 1320 cm−1

and 1580 cm−1. These peaks represent the ideal graphite struc-
ture and the defects and disordered carbon impurities on the
graphite microcrystalline (Li et al. 2019), indicating that rGO
was composited in Fe3O4@SiO2@Bi2O2CO3.

Figure 3 shows the morphologies of the as-prepared Fe3O4,
F e 3O 4@S iO 2 , F e 3O 4@S iO 2@B i 2O 2CO 3 , a n d
Fe3O4@SiO2@Bi2O2CO3/rGO. Although the morphologies

Fig. 2 A. FT-IR spectra of (a) Fe3O4, (b) Fe3O4@SiO2, (c) Fe3O4@SiO2@Bi2O2CO3, and (d) Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g); B. Raman
spectra of Fe3O4 and Fe3O4@SiO2@Bi2O2CO3/rGO (x)
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of the as-prepared Fe3O4 [Fig. 3(a)] and Fe3O4@SiO2 [Fig.
3(b) and (e)] were discussed in our previous report (Liu et al.
2020; Su et al. 2021), they are still shown in Fig. 3 for a
convenient comparison. The surface morphology of
Fe3O4@SiO2 [Fig. 3(b)] was similar to that of bared Fe3O4

[Fig. 3(a)] after coating the SiO2 layer; however, the surface
became smooth, and the particle size slightly increased from
approximately 425 to 450 nm [Fig. 3(b) and (e)].

A f t e r f u r t h e r l o a d i n g w i t h B i 2O 2CO 3 , t h e
Fe3O4@SiO2@Bi2O2CO3 microspheres exhibited spherical
and uneven surface morphologies that were covered densely
with many small globular particles with villi, and the average
particle size increased to approximately 500 nm (Fig. 3[c])
with a narrow size distribution. In the fabrication of
Fe3O4@SiO2@Bi2O2CO3/rGO in the presence of GO (Fig.
3[d]), the basic morphologies and particle size of
Fe3O4@SiO2@Bi2O2CO3 loaded onto some flaky substances
were unchanged, thereby suggesting that the GO and its trans-
formation of GO to rGO had negligible effects on their basic
structures. These phenomena may be attributed to the gener-
ated Bi2O2CO3 that is preferentially loaded onto the surface of
Fe3O4@SiO2 to form uniform core–shell structural
Fe3O4@SiO2@Bi2O2CO3 owing to the high similarity be-
tween Fe3O4@SiO2 and Bi2O2CO3 in terms of their surface
properties. Given the significant natural differences between

Bi2O2CO3 and rGO, the generated Bi2O2CO3 cannot be easily
grown on rGO as carriers or dependents. However, given that
Fe3O4@SiO2@Bi2O2CO3 was formed in the presence of rGO
or GO, the formed Fe3O4@SiO2@Bi2O2CO3 and rGO com-
plement or fused their structures, and the as-prepared
Fe3O4@SiO2@Bi2O2CO3/rGO formed a stable composite
structure. The TEM images of Fe3O4@SiO2 and
Fe3O4@SiO2@Bi2O2CO3/rGO are shown in Fig. 3(e)–(f).
The Fe3O4@SiO2 microspheres had a uniform core–shell
structure with a solid black core of approximately 425 nm
and a gray layer of approximately 25 nm as shown in Fig.
3(e). This finding suggests that the SiO2 layer was evenly
and tightly coated on the surface of the Fe3O4 microspheres.
The as-obtained Fe3O4@SiO2@Bi2O2CO3/rGO shown in
Fig. 3(f) comprised microspheres cladded with a granular
coating of approximately 50 nm dispersed on the black rGO
nanosheets. The distinctive granular porous structure of the
Bi2O2CO3 coating layer on the Fe3O4@SiO2 microspheres
benefited light absorption and can improve the photocatalytic
degradation performance of organic matters. The as-prepared
Fe3O4@SiO2@Bi2O2CO3/rGOwas fabricated by the uniform
core–shell Fe3O4@SiO2@Bi2O2CO3 mounted on the rGO
sheet.

The N2 adsorption–desorption isotherms and the pore size
distribution curves of the as-prepared Fe3O4@SiO2@Bi2O2CO3

Fig. 3 SEM images of the as-
prepared samples: (a) Fe3O4, (b)
Fe3O4@SiO2, (c)
Fe3O4@SiO2@Bi2O2CO3, (d)
Fe3O4@SiO2@Bi2O2CO3/rGO;
TEM images of the as-prepared
samples: (e) Fe3O4@SiO2, (f)
Fe3O4@SiO2@Bi2O2CO3/rGO
(x = 0.15 g)
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and Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) are presented in
Fig. 4(a), and the corresponding parameters are shown in
Table S1. The abovementioned materials possessed an IV-type
gas adsorption isotherm with an H4-type hysteresis loop. The
specific surface areas, pore volumes, and pore diameters of
Fe3O4@SiO2@Bi2O2CO3 and Fe3O4@SiO2@Bi2O2CO3/rGO
(x = 0.15 g) were 83.84 m2/g and 102.12 m2/g, 0.19 m3/g and
0.29m3/g, and 9.13 nm and 11.21 nm, respectively. These values
indicate that the twomaterials were naturallymesoporous (Cheng
et al. 2020). Large specific surface areas and porous structures
can provide more active sites for the photocatalytic reaction, in-
crease the utilization of visible light, and eventually improve the
photocatalytic performance.

The magnetization saturation curves of the bared Fe3O4

particles, Fe3O4@SiO2, Fe3O4@SiO2@Bi2O2CO3, and
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) are shown in
Fig. 4(b). The specific parameters of the saturation magneti-
zation of Fe3O4@SiO2@Bi2O2CO3/rGO (x) (magnetization
saturation [Ms], negligible magnetic remnant [Mr], and coer-
civity [Hc]) are shown in Table S2. The Ms values of the as-
prepared materials decreased along with the increase in com-
posite components, and the Ms of Fe3O4@SiO2@Bi2O2CO3/
rGO (x = 0.15 g) was 61.9 emu/g lower than that of the bared
F e 3O 4 p a r t i c l e s . H ow e v e r , t h e a s - p r e p a r e d
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.05–0.25 g) continuous-
ly exhibited an excellent magnetic response for effective mag-
netic separation. This findingmay be ascribed to the decreased
p r o p o r t i o n o f m a g n e t i c F e 3 O 4 c o r e i n t h e
Fe3O4@SiO2@Bi2O2CO3/rGO composite due to the deposi-
tion of non-magnetic components onto the surface of the com-
posites. In addition, the Mr and Hc values of the as-prepared
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.05–0.25 g) indicate that
these samples had superparamagnetic behaviors. As shown in
the lower right corner of Fig. 4(b), the as-prepared samples

can be enriched within 10 s by applying an external permanent
magnet and redispersed after withdrawing the magnet, indi-
cating that such samples have outstanding magnetic separa-
tion performance and redispersibility, and are good for
recycling.

Figure 5 shows the surface composition and chemical state
of Fe3O4@SiO2@Bi2O2CO3/rGO based on the results of an
XPS analysis. Bi (158.32 eV), C (284.36 eV), Si (101.07 eV),
Fe (709.7 eV), and O (529.13 eV) were presented in the full-
range curve of Fe3O4@SiO2@Bi2O2CO3/rGO as shown in
Fig. 5(a), thereby suggesting that the as-prepared
Fe3O4@SiO2@Bi2O2CO3/rGO comprised Bi, C, Si, Fe, and
O . F ig . 5 (b ) shows the O 1s spec t r um o f t he
Fe3O4@SiO2@Bi2O2CO3/rGO comprising three peaks with
differentiated binding energies of 531.5, 531.2, and 528.9 eV,
which can be ascribed to the oxygen peaks of the hydroxyl
carboxyl groups in the Bi2O2CO3 lattice, oxygen in rGO, and
interfacial Si–O–Bi cross-linking bonds, respectively.
F i g u r e 5 ( c ) s h o w s t h e B i 4 f s p e c t r u m o f
Fe3O4@SiO2@Bi2O2CO3/rGO comprising two peaks with
differentiated binding energies of 163.7 eV and 158.4 eV,
which can be ascribed to Bi 4f5/2 and Bi 4f7/2 of Bi

3+, respec-
tively. The positions of the two peaks significantly shifted
relative to those of Bi2O2CO3, indicating that rGO and
Bi2O2CO3 had a certain interface effect in the hydrothermal
process (Huang et al. 2016). As shown in Fig. 5(d), the C 1s
spectrum of Fe3O4@SiO2@Bi2O2CO3/rGO was divided into
the following four characteristic peaks: the peak at 284.2 eV
assigned to the C−C bond in rGO. the peak at 284.7 eV
assigned to the C−O bond in the epoxy and hydroxyl groups,
the peak at 285.8 eV assigned to the C=O bond in the carboxyl
group (Gong et al. 2019), and the peak at 287.3 eV assigned to
the carbonate ion in Bi2O2CO3. Thereafter, the C 1s of the GO
spectrum was fitted to the three characteristic peaks. The

F i g . 4 ( a ) N 2 a d s o r p t i o n – d e s o r p t i o n i s o t h e r m s o f
Fe3O4@SiO2@Bi2O2CO3 and Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15
g); (b) magnetic hysteresis loops of Fe3O4@SiO2@Bi2O2CO3/rGO

microsphere (Insets: the photograph of magnetic separation and
redispersion)
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peaks at 284.9, 286.6, and 287.5 eV corresponded to the bind-
ing energies of C−C, C−O, and C=O bonds, respectively (Li

et al. 2016a). The peak strengths of C−C and C=O in
Fe3O4@SiO2@Bi2O2CO3/rGO were lower than those of

Fig. 5 XPS spectra (a) full range, (b) O 1s, (c) Bi 4f, (d) C 1s, and (e) Fe 2p of Fe3O4@SiO2@ Bi2O2CO3/rGO (x = 0.15 g)
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GO, indicating that GO was reduced. As shown in Fig. 5(e),
the Fe 2p spectrum of Fe3O4@SiO2@Bi2O2CO3/rGO com-
prised two peaks with differentiated binding energies of
711.9 eV and 724.8 eV that can be assigned to Fe 2p3/2 and
Fe 2p1/2, thereby confirming the presence of Fe3O4.

Photocatalytic activity

Photocatalytic degradation performance for a single dye
solution

Figure 6 shows the photocatalytic degradation performance of
Fe3O4@SiO2@Bi2O2CO3/rGO for the MO, Rh B, and MB
single-organic dye solutions under visible-light irradiation.

As shown in Fig. 6(a), the degradation rates of MO, Rh B,
and MB by the as-prepared Fe3O4@SiO2@Bi2O2CO3/rGO (x
= 0.15 g) in the dark were low and generally unchanged after 15
min. The corresponding degradation rates were 10.4%, 8.3%,
and 6.4%. The degradation rates of these dyes can be ascribed
to adsorption. Results also indicate that adsorption/desorption
equilibrations can be achieved within 15 min and that the affin-
ity of the dye molecule to the photocatalyst follows the order of
MO >RhB >MB. Their corresponding photodegradation rates
significantly increased and reached 99.3%, 61.6%, and 39.1%
at the photocatalyst dosage of 1 g/L after 90 min of irradiation.
The photodegradation rates of the three dyes significantly dif-
fered from one another, with Fe3O4@SiO2@Bi2O2CO3/rGO (x
= 0.15 g) exhibiting the highest photocatalytic activity to MO
degradation. The photodegradation rate for MO was consider-
ably higher than those of the other photocatalysts reported in the
literature as shown in Table 1. Such discrepancy may be as-
cribed to the different molecular structures of the dyes (Table 2)
(Ahmad et al. 2020; Rabbani et al. 2017) and their adsorption
behaviors as depicted on the surface of the photocatalyst. On
the one hand, the photocatalytic activity was greatly influenced
by the adsorption behaviors of the photocatalyst toward the dye
molecules because the photocatalytic reaction occurs on the
surface of the photocatalyst. The adsorption behaviors were
largely dependent on the structure of the photocatalyst and the
size and properties of the dye molecules. Given that
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) was naturally
mesoporous (11.21 nm, Table S1), the dye molecule with a
smaller size and surface properties similar to those of the
photocatalyst was more likely to penetrate the pore to generate
stronger adsorption. The Fe3O4@SiO2@Bi2O2CO3/rGO (x =
0.15 g) exhibited the same photodegradation rates sequence
as the adsorption (or affinity) order (MO > Rh B > MB). On
the other hand, the dye molecules played a direct and important
role in the photocatalysis. In the photodegradation of the three
dyes, given the same photocatalyst and light irradiation condi-
tions, the species and amount of the photogenerated active spe-
cies (•O2

−, •OH, and h+) were the same in the degradation of
dyes, resulting in the oxidation contribution of the active

species to the degradation should be equal. However, the three
dyes remarkably differed in terms of their molecular structures.
MO is an anionic azo dye, Rh B is a cationic xanthene com-
pound dye with four N-ethyl groups attached to both sides of
the xanthene rings, and MB is a blue cationic thiazine dye
(Jabeen et al. 2020). Two different reaction pathways, namely,
the oxidation caused by •O2

−, •OH, and h+ and the reduction
arising from the electron transfer from the conduction band to
the azo bond, may be involved in the degradation of azo dyes in
a photocatalytic system (Tang and Huren 1995) except thatMO
molecules were oxidatively degraded by the photogenerated
active species and that the azo bond in MO molecules can be
reduced by the electron transfer from the conduction band of
the photocatalyst. This phenomenon can rupture the conjuga-
tion system and degrade the MO molecules (Tang and Huren
1995). Therefore, the reduction caused by the electrons in the
conduction band may explain why MO had a higher degrada-
tion rate than the other two dyes. The higher photodegradation
rate of Rh B than MB by the photocatalyst can also be ascribed
to the better affinity of the photocatalyst towards Rh B, thereby
making it easier to be captured by the active site on the
photocatalyst (Borthakur et al. 2016).

Figure 6(b) shows the effects of the as-prepared
photocatalysts with different amounts of rGO on the
photodegradation rate of MO. The degradation rate increased
along with irradiation time, and the photodegradation rates by
the Fe3O4@SiO2@Bi2O2CO3/rGO composites were signifi-
cantly higher than those by the Fe3O4@SiO2@Bi2O2CO3.
T h e p h o t o d e g r a d a t i o n r a t e o f MO b y t h e
Fe3O4@SiO2@Bi2O2CO3/rGO with 0.15 g of rGO was the
highest. When the irradiation time was 90 min, the
photodegradation rate of MO by Fe3O4@SiO2@Bi2O2CO3

was only 55.6%, whereas those by the composited
Fe3O4@SiO2@Bi2O2CO3/rGO all exceeded 60% and that
by Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) was nearly
100%. This finding indicates that the photocatalytic activity
of the as-prepared materials can be significantly improved by
composing a suitable amount of rGO. This finding may be
attributed to the improvement in the structure and surface
property of the as-prepared photocatalyst and the interaction
between the photocatalyst and MO molecules. Figure 6(c)

shows the relationship between lnC0 Ct and the reaction time
(t) of Fe3O4@SiO2@Bi2O2CO3@rGO. The good linear rela-

t ionships between lnC0 Ct and t indicate that the
photodegradation of MO by Fe3O4@SiO2@Bi2O2CO3/rGO
conformed to the first-order kinetic reaction. The kapp of
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) was 0.05553
min−1, which was 6.81 times larger than that of
Fe3O4@SiO2@Bi2O2CO3 (0.00816 min−1) and higher than
those of the other Fe3O4@SiO2@Bi2O2CO3/rGO (x). The op-
timal composite amount of rGO in Fe3O4@SiO2@Bi2O2CO3/
rGO was 0.15 g. Figure 6(d) shows the absorption spectra of
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Fig. 6 (a) Degradation rates of MO, Rh B, and MB in the absence and
presence of Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g); (b)
photodegradation rates of MO by Fe3O4@SiO2@Bi2O2CO3/rGO (x)
with different amounts of rGO; (c) kinetic linear fitting curves of the
photodegradation of MO by Fe3O4@SiO2@Bi2O2CO3/rGO (x) with

different amounts of rGO; (d) UV–visible absorption spectra of
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g); (e) change in the TOC re-
moval efficiency (RTOC) with irradiation time ; (f) recyclability of the
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) in the photodegradation of
MO solution via external magnetic separation
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MO under the catalysis of Fe3O4@SiO2@Bi2O2CO3/rGO (x
= 0.15 g). The absorption strength of MO degraded by
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) in the UV–

Visible region completely disappeared after 90 min of
photocatalysis. Furthermore, the maximum absorption peak
of MO did not show a blue shift, thereby suggesting that the

Table 1 Comparison of photocatalytic degradation performance of Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) toward MO with other reported
photocatalysts

Photocatalyst Catalyst
dosage (g/L)

MO concentration
(mg/L)

Light source Time (min) Degradation rate (%) References

Graphene/Bi2O2CO3 0.3 20 UV 12 39 (Ao et al. 2015)

Graphene/Bi2O2CO3/TiO2 0.3 20 UV 12 94 (Ao et al. 2015)

Ag2CrO4-Bi2O2CO3 1.0 10 Vis 120 82 (Fan et al. 2019)

Co3O4-C3N4 1.0 10 Vis 180 99 (Han et al. 2014)

Ag2CO3/Bi2O2CO3 1.0 10 Vis 40 96 (Li et al. 2016a)

Cu3SnS4/TiO2 1.0 10 Vis 120 82 (Li et al. 2017)

Ag/TiO2 1.0 10 UV 60 92 (Ling et al. 2019)

FTO/BiOBr 4.0 10 Vis 300 48 (Liu et al. 2014)

TiO2 0.6 3.5 UV-vis 50 41 (Peng et al. 2013)

Ag/Bi2O2CO3 0.6 3.5 UV-vis 50 91 (Peng et al. 2013)

g-C3N4/Ag2WO4 1.0 10 Vis 150 95 (Zhu et al. 2017)

Fe3O4@SiO2@Bi2O2CO3 1.0 20 Vis 90 55.6 This work

Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) 1.0 20 Vis 90 99.3 This work

Table 2 Molecular structure and absorbance maximum (λmax) of the organic dyes

Dye Molecular structure MW λmax (nm)

MO 327.3 465

MB 319.9 665

Rh B 479.4 554
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photodegradation was primarily caused by photocatalytic
chromophore cracking (Memon et al. 2018). This finding is
consistent with the abovementioned discussion, that is, the
MO molecule was partially degraded by the reduction of the
azo band associated with the photogenerated e− in the conduc-
tion band of the photocatalyst. As shown in Fig. 6(e), the TOC
removal efficiency by Fe3O4@SiO2@Bi2O2CO3/rGO (x =
0.15 g) for MO reached 88.2%, indicating that the as-
prepared photocatalyst can effectively mineralize rather than
simply decolor the MO molecules. Figure 6(f) shows the
recyc l ing ca ta ly t ic degrada t ion per formance of
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) toward MO in
five catalytic cycles. Fe3O4@SiO2@Bi2O2CO3/rGO (x =
0.15 g) was easily collected by the external magnet, washed
successively with distilled water and ethanol, and reused in the
succeeding photocatalytic cycle. The photodegradation of
MO by the regenerated Fe3O4@SiO2@Bi2O2CO3/rGO (x =
0.15 g) slightly decreased, thereby indicating that the as-
prepared Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) had ex-
cellent reusability and stability.

Decolorization for the mixed organic dyes solution

T h e p h o t o d e g r a d a t i o n c a p a b i l i t i e s o f
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) toward the
mixed dye solution in five catalytic cycles are shown in
Fig. S1. In the five cycles, the solution tended to be
colorless after being irradiated for 75 min and became
completely discolored at 90 min in the first and second
cycles (Figs. S1 1st and 2nd). In the first two cycles,
the as-prepared Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15
g) exhibited a certain reduction in decolorization for the
mixed dye solution. In the last three cycles, the decol-
orization ability of Fe3O4@SiO2@Bi2O2CO3/rGO (x =
0.15 g) was generally unchanged. Therefore, after five
cycles, Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g)
maintained a high decolorization effect for the mixed
organic dyes solution, thereby highlighting its excellent
photocatalytic degradation ability and recyclability. This
r e s u l t i n d i c a t e s t h a t t h e a s - p r e p a r e d
Fe3O4@SiO2@Bi2O2CO3/rGO has broad prospects in
treating industrial wastewater containing organic dyes.

Visible-light photocatalytic mechanism

The UV–vis DRS of Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0,
0.05, 0.1, 0.15, 0.2, and 0.25 g) is shown in Fig. 7(a). The
absorbance values of Fe3O4@SiO2@Bi2O2CO3/rGO
composited with different amounts of rGO were all higher than
that of Fe3O4@SiO2@Bi2O2CO3, particularly those of
Fe3O4@SiO2@Bi2O2CO3/rGO with rGO amounts of 0.15 g
and 0.20 g. This finding indicates that a suitable amount of
rGO can broaden the response of the catalyst to visible light

and significantly improve the utilization of visible light. The
Bi2O2CO3 layer was the active substance that absorbed light;
the n value of Bi2O2CO3 was 4 because it functioned as an
indirect semiconductor (Ding et al. 2019). The band gap (Eg)
values of Fe3O4@SiO2@Bi2O2CO3/rGO with rGO amounts of
0, 0.05, 0.1, 0.15, 0.2, and 0.25 g were 3.27, 3.21, 3.16, 3.05,
3.13, and 3.19 eV, respectively, according to Eq. (S1)
(Photoelectrochemical measurement, Supplementary
Material). These values were lower than those of Bi2O2CO3

(3 .3 eV–3 .5 eV) (Fan e t a l . 2019) . The E g o f
Fe3O4@SiO2@Bi2O2CO3/rGO with an rGO amount of
0.15 g was the lowest (3.05 eV), which corresponds to the
highest photodegradation rate (Fig. 6[b]). Therefore, the
Bi2O2CO3 layer in the as-prepared photocatalysts was hierar-
chically nanostructured and composed of fluffy particles, that
can produce multiple reflected and scattered light, thereby in-
creasing the probability of light absorption (SSR effect) (Wang
et al. 2021). In addition, a suitable amount of rGO can effec-
tively promote e−/h+ separation (Benavente et al. 2019).

F i g u r e 7 ( b ) s h ow s t h e PL s p e c t r a o f t h e
Fe3O4@SiO2@Bi2O2CO3/rGO composites with an Xe lamp
excitation wavelength of 370 nm. The strongest peak corre-
sponds to the energy released by the excitation of the electron
transition back to the valence band from the conduction band,
resulting in a photo-induced e−/h+ recombination. The PL in-
tensity values of all Fe3O4@SiO2@Bi2O2CO3/rGO samples
w e r e s i g n i f i c a n t l y l o w e r t h a n t h a t o f
Fe3O4@SiO2@Bi2O2CO3 and reached the minimum for
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g). These results in-
dicate that photocarrier recombination was effectively
inhibited by the composition with a suitable amount of rGO.
The amount of rGO was 0.15 g, which can effectively sup-
press the photo-induced e−/h+ recombination rate. Therefore,
the optimal amount of GO should be 0.15 g.

EIS was used to analyze the interfacial transfer capabilities
of Fe3O4@SiO2@Bi2O2CO3 and Fe3O4@SiO2@Bi2O2CO3/
rGO (x = 0.15 g; Fig. 7[c]). The arc radius of the Nyquist curve
for Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) was signifi-
cantly smaller than that of Fe3O4@SiO2@Bi2O2CO3 under
simulated solar irradiation, implying that the photo-induced
charge of Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) at the
interface migration resistance decreased, whereas the charge
mobility was enhanced (Zhang et al. 2019b). This result ac-
cords with those of the PL test, thereby confirming the highest
photodegradation rate at the rGO amount of 0.15 g.

Figure 7(d) shows the effects of scavengers on the degradation
of MO by Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g). TheMO
solution was completely decolorized after 90 min of photocata-
lytic degradation in the absence of any scavenger. However, the
degradation for MO was inhibited in varying degrees after
adding the trapping agents of EDTA, IPA, and BQ. The photo-
catalytic degradation rate of MO was only 40.3% after adding
BQ, 50.9% for IPA, and 60.6% for EDTA after 90 min of

50297Environ Sci Pollut Res  (2021) 28:50286–50301



degradation. Consequently, the inhibition degree followed the
order of BQ > IPA > EDTA. These results indicate that •O2

−

was the primary oxidative specie, followed by •OH and h+,
which contributed to the degradation of MO. Therefore, the
v i s i b l e - l i gh t c a t a l y t i c d eg r ada t i on o f MO by
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) was the result of
the attack and decomposition of various active species (•O2

−,
•OH, and h+), among which •O2

− was the dominant active
species.

The mechanism of photogenic carrier separation and
migration on the Fe3O4@SiO2@Bi2O2CO3/rGO interface
can be summarized based the abovementioned analysis as
follows. The Fe3O4@SiO2@Bi2O2CO3/rGO were excited
to produce h+ and e− under visible light exposure. The rGO
can rapidly transfer photo-induced e− to its surface through
the large conjugated π bond structure, thereby effectively
blocking the recombination of photo-induced h+ and e−.
Given that the conduction band potential of Bi2O2CO3

(−0.76 eV) (Zhao et al. 2015) was lower than the standard
electrode potential of O2/•O2

− (−0.33 eV; vs. NHE) (He
et al. 2019), the photo-induced e− on the surfaces of
Fe3O4@SiO2@Bi2O2CO3 and rGO can be captured by
O2 molecules on their surface to produce •O2

−. Moreover,
some photo-induced e− can be transferred directly from the
conduction band to the azo band, thereby allowing the dye
molecules with azo band (MO) to undergo reductive deg-
radation. As for the photo-induced h+, the valence band
potential of 2.29 eV was higher than the standard electrode
potential of H2O/•OH at 1.99 eV (vs. NHE) (Huang et al.
2015). Therefore, H2O or OH− in the solution can be oxi-
dized to •OH. Meanwhile, h+ can directly oxidize organic
dye molecules adsorbed on its surface. The organic dye
molecules were degraded and mineralized under the syner-
gistic oxidation of •O2

−, •OH, and h+. MO can also be
degraded by the photo-induced e− reduction in the conduc-
tion band of Fe3O4@SiO2@Bi2O2CO3/rGO.

Fig. 7 (a) UV–vis diffuse reflectance spectra, (b) PL spectra, and (c) EIS Nyquist curves of Fe3O4@SiO2@Bi2O2CO3 and Fe3O4@SiO2@Bi2O2CO3/
rGO (x); (d) the effects of scavengers on the photodegradation of MO by Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g)
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Conclusions

A novel magnetic Fe3O4@SiO2@Bi2O2CO3/rGO composite
was successfully fabricated by using Fe3O4@SiO2 micro-
spheres as a magnetic core through a simple hydrothermal
method. The as-prepared Fe3O4@SiO2@Bi2O2CO3/rGO
composites comprised uniform core–shell-structured
Fe3O4@SiO2@Bi2O2CO3 microspheres that were mounted
on rGO sheets. The unique structure, high surface area, and
mesoporous channels endowed the as-prepared photocatalyst
with high light harvest and abundant active reaction sites.
Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) possessed excel-
lent photocatalytic degradation activity for MO and decolori-
zation performance for the mixed solution of MO, Rh B, and
MB. The photodegradation rate and TOC removal efficiency
of MO by Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) were
99.3% and 88.2%, respectively. The photodegradation of MO
by Fe3O4@SiO2@Bi2O2CO3/rGO (x = 0.15 g) conformed to
the first-order kinetic reaction, and the corresponding kapp was
0.05553 min−1, which was 6.81 times larger than that of
Fe3O4@SiO2@Bi2O2CO3 and higher than those of the other
Fe3O4@SiO2@Bi2O2CO3/rGO (x). A suitable amount of rGO
in the as-prepared photocatalyst can decrease reduce the ener-
gy band gap and accelerate the transfer of photo-induced elec-
trons and provide multiple sites for the O2-capturing photo-
induced electrons to form active species •O2

−, thereby
inhibiting the recombination of light e−/h+ pairs, and broaden-
ing and enhancing the response of the catalyst to visible light,
and improving the visible-light catalytic degradation for the
organic dyes. The active species produced in the
photocatalysis included •O2

−, •OH, and h+, with •O2
− be-

ing the dominant active species. Moreover, the as-
prepared photocatalysts had excellent magnetic separation
performance that benefited continuous and automatic op-
eration, recyclability, and stability. The results demon-
strate that the as-prepared Fe3O4@SiO2@Bi2O2CO3/rGO
composite is a photocatalyst with high application poten-
tial in organic dye removal.
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