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A new magnetically separable visible-light photocatalyst,
magnetite/Bi-doped carboxylate-rich carbon spheres (Bi-
MCRCSs), was synthesized under ultrasonic irradiation by
using magnetite/carboxylate-rich carbon spheres (MCRCSs)
as a precursor. The Bi-MCRCSs showed much better photo-
catalytic activity than MCRCSs in the degradation of methyl-
ene blue (MB) under visible-light irradiation (λ�420 nm).
Compared with MCRCSs, the Bi-MCRCSs show more inten-
sive photoabsorption in the whole UV and visible region. In
particular, Bi-MCRCSs display a broad absorption band cen-
tered at 550 nm, which give Bi-MCRCSs advantages over
MCRCSs in the utilization of visible light for the degradation
of organic pollutants. Owing to the Bi3+ doping, the BiIII/BiIV

Introduction

Recently, photo-Fenton systems for wastewater treatment
based on ferricarboxylate complexes have attracted much
attention because these photo-Fenton systems can utilize
natural materials (iron salts and carboxylic acids) and solar
energy for the degradation of organic pollutants.[1–3] With-
out the use of unstabilized H2O2, the combination of
carboxylic acids (such as oxalic, malic, citric, and tartaric
acids) and iron (just dissolved or as oxides) can form ferri-
carboxylate complexes that can absorb light irradiation
with high quantum yields to trigger radical chain mecha-
nisms of oxidation.[4–7] Compared with TiO2-based photo-
catalytic systems, the iron-based photocatalytic system
seems to present more advantages because of the abun-
dance of iron salts in nature and its easy removal from
water once used. Iron is the fourth most abundant element
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redox cycle can be established in the FeII/FeIII redox cycle
system, which result in the establishment of dimetallic FeII/
FeIII and BiIII/BiIV photoredox cycles for Bi-MCRCSs. This di-
metallic FeII/FeIII and BiIII/BiIV photoredox cycle possesses a
significantly enhanced photocatalytic degradation rate com-
pared to that of the monometallic photocycles of FeII/FeIII for
MCRCS. The synergistic effects between the FeII/FeIII cycle
and the BiIII/BiIV cycle promote the regeneration of FeII ions
in FeII/FeIII cycle and, hence, accelerate the degradation of
organic pollutants. In addition, the magnetic saturation (Ms)
value is about 20 emu/g. After completion of the reaction,
the Bi-MCRCSs could be rapidly separated under an applied
magnetic field.

in the Earth’s crust and, accordingly, is the most abundant
transition metal in soil and plays a central role in many
biological and chemical processes. The carboxylate group is
one of the most common functional groups in dissolved
organic compounds present in natural waters, for example,
oxalic acid is mainly secreted by plant roots and coexists in
water and soil systems.[8,9]

Under light irradiation, the carboxylate group can be ex-
cited and donate electrons to FeIII species. Therefore, FeIII

centers are photoreduced by carboxylate ligands under light
irradiation and reoxidized by molecular oxygen, ac-
companied by the simultaneous oxidation of organic pol-
lutants. Under favorable conditions, complete photodegrad-
ation of the organic pollutants can be achieved.[10,11] In the
FeII/FeIII photoredox cycle under light irradiation, the re-
duction of FeIII ions to FeII ions is the rate-limiting step in
the overall photo-Fenton reaction. Therefore, the mainte-
nance of a relatively steady FeII recovery is crucial to accel-
erate the FeII/FeIII redox cycles and the oxidation reactiv-
ity.[10,12] By introducing another metal photoredox cycle
into the FeII/FeIII cycle, it can be accelerated and the photo-
Fenton reaction rates can be increased; examples of such
dimetallic systems consist of Fe and Mn or Fe and Cu.[11,13]

In our previous work, we presented a visible-light-driven
solid-state photo-Fenton reagent based on magnetite/carb-
oxylate-rich carbon spheres (MCRCSs).[14] The solidifica-
tion of iron ions and carboxylic acids at the same time was
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realized in the fabrication of the MCRCSs. Carboxylate
groups in the amorphous carbon can form complexes with
Fe3O4 that can produce ·OH radicals under visible-light ir-
radiation. MCRCSs were obtained by a hydrothermal
carbonization (HTC) process. The merit of amorphous
carbon obtained by the HTC process is that rich functional
groups can remain.[15,16] In this work, we present a facile
ultrasonic method for the synthesis of Bi-MCRCSs by using
MCRCSs as the precursor. Compared with MCRCSs, Bi-
MCRCSs shows more intensive photoabsorption over the
whole range of wavelengths investigated, which should be
attributed to N doping. Under visible-light irradiation, the
incorporation of Bi ensures that the BiIII/BiIV redox cycle is
introduced into the FeII/FeIII redox cycle, and a dimetallic
photocatalytic system based on Bi-MCRCSs is formed. The
synergistic effects between the FeII/FeIII redox cycle and the
BiIII/BiIV redox cycle lead to relatively steady recovery of
FeII ions in the FeII/FeIII cycle and, hence, accelerate the
degradation of organic pollutants.

Results and Discussion

Figure 1 (a) presents the typical XRD patterns of the
MCRCSs and Bi-MCRCSs. All of the observed peaks in
the two patterns can be indexed to the face-centered-cubic
phase of Fe3O4 (JCPDS card No. 11-0614). No other char-
acteristic peaks such as the impurities of hematite or hy-
droxides were detected; therefore, the Bi doping did not af-

Figure 1. (a) XRD pattern of Bi-MCRCSs and MCRCSs, (b) Raman spectra of Bi-MCRCSs, (c) SEM image of MCRCSs, and (d) SEM
image of Bi-MCRCSs.
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fect the Fe3O4 crystal structure. No obvious carbon diffrac-
tion peaks are observed, which suggests that the carbon
coating on Fe3O4 is amorphous. Raman spectroscopy can
be used to establish the graphitic nature of carbon materi-
als. The Raman spectrum (Figure 1, b) of Bi-MCRCSs
shows the characteristic wide D and G bands at ca. 1360
and 1580 cm–1, and the large ID/IG value (0.7) indicates the
low degree of graphitization. The morphologies of the
products were detected by SEM. Figure 1 (c and d) are the
SEM images of the precursor MCRCSs and Bi-MCRCSs,
respectively. From Figure 1 (c), it can be seen that the pre-
cursor MCRCSs have a relatively uniform diameter of ca.
4 μm and are composed of a large quantity of small nano-
particles. In comparison with the precursor MCRCSs, some
Bi-MCRCSs are cracked, which should be attributed to cor-
rosion caused by HNO3 and the ultrasonic treatment. En-
ergy-dispersive X-ray spectroscopy (EDS) element mapping
of the SEM image (Figure S1) shows that the Fe and Bi
are homogeneously distributed throughout the sample. The
homogeneous distribution of Fe and Bi on the surface of
Bi-MCRCSs is beneficial for the fabrication of a dimetallic
photocatalytic system based on FeII/FeIII and BiIII/BiIV

photoredox cycles. Figure S2 shows the TEM image of a
broken of Bi-MCRCSs particle. It is clear that the particle
is a typical core–shell structure with an Fe3O4 core and a
carbon shell.

FTIR spectroscopy was used to identify the functional
groups present in Bi-MCRCSs. Figure 2 (a) shows the
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Figure 2. (a) FTIR spectrum of Bi-MCRCSs; (b–e) XPS spectra of Bi-MCRCSs, (b) survey scan (c) Fe 2p, (d) Bi 4f, (e) N 1s; (f) UV/
Vis absorption spectra of Fe3O4 nanoparticles, MCRCSs, N-MCRCSs, and Bi-MCRCSs.

FTIR spectra of Fe3O4 nanoparticles and Bi-MCRCSs. The
bands at 1700 and 1618 cm–1 are attributed to C=O and
C=C vibrations, respectively, which reveals the aromatiza-
tion of gluconate during the hydrothermal treatment. The
appearance of the bands at 1615 and 1397 cm–1 can be as-
signed to the asymmetric and symmetric stretching vi-
brations of COO– groups and confirm that large amounts
of carboxylate groups from the carbon shell are coordinated
strongly to the iron cations.[17] The band at 3400 cm–1 im-
plies the existence of large numbers of hydroxyl groups. The
bands at 2921 and 2860 cm–1 should be attributed to the
–CH2– stretching vibration.[18] The bands at 1300 and
1553 cm–1 can be assigned to C–N and C=N.[19] The bands
at 580 cm–1 in the FTIR spectra of the Fe3O4 nanoparticles
and Bi-MCRCSs are attributed to the Fe–O absorption
band.[20]
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To further identify the chemical states of the Fe and Bi
in the samples studied, Bi-MCRCSs were characterized by
XPS. Figure 2 (b) shows the different XPS spectral regions
that correspond to different elements for the Bi-MCRCSs.
The XPS spectra display the binding energies for Bi (4s), Fe
(2p), O (1s), N (1s), C (1s), and Bi (4f) of the Bi-MCRCSs.
In the Fe 2p XPS spectra (Figure 2, c), the peaks for Fe
2p3/2 and Fe 2p1/2 were observed at 711.2 and 724.5 eV,
which is also indicative of the formation of a Fe3O4 phase
in Bi-MCRCSs.[17] Figure 2 (d) depicts two intense peaks
for Bi 4f7/2 and Bi 4f5/2 with binding energies of 159.6 and
164.9 eV, respectively, which are attributable to Bi3+ ions.[21]

This demonstrates the successful incorporation of the Bi
atoms into the MCRCS precursor. For the N 1s spectra
presented in Figure 2 (e), three component peaks with bind-
ing energies at ca. 405.8, 401, and 400.1 eV were identified
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and are attributed to the NO3
–, C–N, and C=N bonds,

respectively.[22,23] According to the FTIR and XPS results,
it was demonstrated that a large number of carboxylate and
hydroxyl groups remained in the Bi-MCRCSs. Owing to the
strong coordinating ability of carboxylate groups to metal
cations, carboxylate groups from the carbon shell were co-
ordinated strongly to the iron and bismuth cations to form
ferricarboxylate and bismuth carboxylate complexes,
respectively. Figure 2 (f) shows the UV/Vis absorption spec-
tra of the Fe3O4 nanoparticles, MCRCSs, N-MCRCSs, and
Bi-MCRCSs. Compared with the Fe3O4 nanoparticles,
MCRCSs, N-MCRCSs, and Bi-MCRCSs all exhibit en-

Figure 3. (a) UV/Vis spectra of MB vs. photoreaction time in the presence of Bi-MCRCSs; (b) photocatalytic degradation of MB over
the Fe3O4 nanoparticles, Fe3O4@CRCSs, Bi-MCRCSs without O2, MCRCSs, N-MCRCSs, and Bi-MCRCSs; (c) SEM image of
Fe3O4@CRCSs; the inset is the Fe 2p XPS spectrum of Fe3O4@CRCSs; (d) ·OH-trapping PL spectra of Bi-MCRCSs/TA solution; (e) ·OH-
trapping PL spectra of Bi-MCRCSs/TA solution and MCRCSs/TA solution after 60 min of visible-light irradiation. (f) Field-dependent
magnetization curve of Bi-MCRCSs at room temperature; the inset shows the strong attraction of the particles suspended in water toward
a magnet.
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hanced absorption in the whole UV and visible region,
which should be attributed to the carbon coating. N-
MCRCSs and Bi-MCRCSs shows more intense absorption
than MCRCSs in the whole range of wavelengths investi-
gated. In particular, N-MCRCSs and Bi-MCRCSs display
a broad absorption band centered at 550 nm. The enhanced
absorption of N-MCRCSs and Bi-MCRCSs in the whole
visible region should be attributed to the N doping. The
strong absorption in the visible-light region gives N-
MCRCSs and Bi-MCRCSs advantages over Fe3O4 nano-
particles and MCRCSs for the utilization of visible light for
the degradation of organic pollutants.
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The photocatalytic activity of the Bi-MCRCSs was
evaluated by the degradation of methylene blue (MB) in
water under visible-light irradiation (λ � 420 nm) at room
temperature. The main absorption peak of MB at 665 nm
was used to monitor the photocatalytic degradation pro-
cess. Figure 3 (a) presents the UV/Vis spectra of an aqueous
MB solution irradiated by visible light with Bi-MCRCSs as
photocatalyst over various time intervals. The Bi-MCRCSs
exhibit a surprising degradation of MB under visible-light
irradiation. MB was almost completely degraded after
60 min of visible-light irradiation. No new absorption
bands appear in either the visible or the UV region, which
indicates the complete photocatalytic degradation of MB.
Further experiments were performed to compare the photo-
catalytic activities of Fe3O4 nanoparticles, Fe3O4@CRCSs,
Bi-MCRCSs without O2, MCRCSs, N-MCRCSs, and Bi-
MCRCSs (Figure 3, b). Nearly no degradation of MB was
detected under visible-light irradiation when Fe3O4 nano-
particles or Fe3O4@CRCSs acted as the photocatalyst.
MCRCSs exhibits a higher photocatalytic activity, and the
degradation percentage of MB was 43%. In the presence of
N-MCRCSs, MB degradation reached ca. 72% after 60 min
of visible-light irradiation because of its strong absorption
in the visible-light region. It is clear that Bi-MCRCSs pro-
duce the highest degradation percentage of MB (98%) after
60 min of visible-light irradiation without the use of H2O2;
this value is ca. 2.28 times higher than that of the MCRCSs.
The fast photocatalytic degradation rate of MB with Bi-
MCRCSs is possibly attributed to the N and Bi doping.
According to the Fe 2p XPS spectrum of Fe3O4@CRCSs
(inset of Figure 3, c), no Fe could be found on the surface
of Fe3O4@CRCSs obtained by the conventional two steps
method, which implies that the Fe3O4 nanoparticles were
completely coated by carbon. The absence of ferricarboxyl-
ate on the surface of Fe3O4@CRCSs means that MB could
not be degraded. This result indicates that ferricarboxylate
[FeII(RCOO)n

2–n and FeIII(RCOO)n
3–n] on the surface of

MCRCSs, N-MCRCSs, and Bi-MCRCSs is responsible for
their prominent photocatalytic properties under visible-
light irradiation.

Until recently, photo-Fenton chemistry was still far from
being fully understood. Generally, the photo-Fenton reac-
tion with monometallic FeII/FeIII photocycles has been
demonstrated to rapidly degrade many organic compounds
with hydroxyl radicals (·OH).[10] In our previous work, the
solidification of iron ions and carboxylic acids at the same
time was realized by the fabrication of MCRCSs. Carboxyl-
ate groups in the amorphous carbon can form complexes
with Fe3O4, which can produce a high concentration of ·OH
radicals under visible-light irradiation. The monometallic
FeII/FeIII photocycle of MCRCS exhibits excellent photo-
catalytic activity under visible-light irradiation.[14] Accord-
ing to the XPS results, the Bi3+ ions are doped into the
MCRCS and the Bi3+ ions can easily be oxidized to Bi4+

ions by ·OH radicals in the photoredox FeII/FeIII cycling
system, which will result in the establishment of the di-
metallic photoredox FeII/FeIII and BiIII/BiIV cycles for Bi-
MCRCSs. The enhanced photocatalytic activity of N-
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MCRCSs and Bi-MCRCSs can be attributed to the en-
hanced absorption in the whole visible region owing to the
N doping. According to the results shown in Figure 3 (b),
the photocatalytic degradation rate of MB on Bi-MCRCSs
is ca. 1.36 times higher than that of N-MCRCSs, which
should be attributed to the Bi doping. Owing to the Bi
doping, the dimetallic FeII/FeIII and BiIII/BiIV photoredox
cycles of Bi-MCRCSs possess a significantly enhanced
photocatalytic degradation rate compared to those of the
monometallic FeII/FeIII photocycles of MCRCSs and N-
MCRCSs.

A presumable catalytic mechanism for the Bi-MCRCSs
was proposed for the synergistic effects between the FeII/
FeIII and BiIII/BiIV cycles under visible-light irradiation.
The catalytic mechanism is summarized in Scheme 1. Car-
bon materials are often used to enhance the photocatalytic
efficiency of catalysts by acting as photosensitizers for vis-
ible light.[24] The carboxylate groups that remain in the car-
bon are coordinated strongly to Fe3O4 and form ferri-
carboxylate complexes. The FeII(RCOO)n

2–n complexes on
the surface of Bi-MCRCSs are photoexcited by absorption
of visible light (designated by an asterisk), see Equation (1).

FeII(RCOO)n
2–n + hν(λ�420 nm)�FeII(RCOO)n

2–n* (1)

Scheme 1. Proposed dimetallic photoredox cycle for Bi-MCRCSs.

The FeII(RCOO)n
2–n* transfers an electron to O2 and

produces a superoxide radical anion (O2
·–), see Equa-

tion (2).

FeII(RCOO)n
2–n* + O2 � FeIII(RCOO)n

3–n + O2
·– (2)

Further investigation indicates that the Bi-MCRCSs cat-
alyst exhibits an O2-dependent feature in the reaction. In
the absence of O2, the degradation percentage of MB is only
11% after 60 min of visible-light irradiation (Figure 3, b),
which clearly indicates that O2 is necessary for this reaction
system and Bi-MCRCSs can activate O2 under mild condi-
tions. Under visible-light irradiation, FeIII(RCOO)n

3–n is
photoreduced to FeII(RCOO)n

2–n with concomitant pro-
duction of ·OH radicals, as shown in Equation (3).

FeIII(RCOO)n
3–n + H2O + hν(λ� 420 nm)�

FeII(RCOO)n
2–n + H+ + ·OH (3)

The generation of ·OH radicals was investigated by the
terephthalic acid photoluminescence probing technique
(TAPL), which has been widely used for the detection of
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·OH radicals.[25] The terephthalic acid (TA) reacts with the
·OH radicals to form 2-hydroxyterepthalic acid (HTA) dur-
ing the photocatalytic process, which can be measured with
a fluorescence spectrophotometer as HTA exhibits a strong
fluorescence peak (λex = 315 nm, λem = 426 nm). Thus, we
measured the fluorescence intensity of HTA to detect the
·OH radicals indirectly. The photoluminescence (PL) spec-
tra of a Bi-MCRCSs/TA solution under visible-light irradi-
ation are shown in Figure 3 (d). The fluorescence intensity
at 426 nm increased steadily with irradiation time, which
elucidated that Bi-MCRCSs could produce ·OH radicals in
situ under visible-light irradiation without the use of H2O2.
The photoluminescence spectra of MCRCSs/TA and Bi-
MCRCSs/TA solutions after 60 min of visible-light irradia-
tion are shown in Figure 3 (e). It is clear that the fluores-
cence intensity of MCRCSs is three times higher than that
of Bi-MCRCSs, which means that the concentration of ·OH
radicals produced by MCRCSs is higher than that produced
by Bi-MCRCSs. However, the photodegradation rate of the
Bi-MCRCSs is 2.28 times higher than that of MCRCSs. Ac-
cording to the results mentioned above, for the dimetallic
photoredox FeII/FeIII and BiIII/BiIV cycles of Bi-MCRCS,
in the activation of O2, O2 is the main oxidant and the
active oxygen species is O2

·– rather than ·OH.
In the photo-Fenton catalytic cycle, the photoreduction

of FeIII to FeII is the rate-determining step. Therefore, any
strategies to increase the regeneration of FeII ions will pro-
mote the FeII/FeIII cycle and, hence, accelerate the degrada-
tion of organic pollutants, whereas those that prevent the
FeII/FeIII cycle will slow down the reaction.[10,12] In the di-
metallic photoredox FeII/FeIII and BiIII/BiIV cycle, the BiIII

ions behave as a good scavenger for ·OH radicals and are
gradually oxidized to BiIV ions [reaction (4) in Scheme 1].
The BiIV ions can be reduced by FeII ions and photore-
duced by visible-light irradiation, and the BiIII/BiIV cycle
is realized. The scavenging of ·OH radicals by BiIII ions is
propitious to make the reaction (3) shift to right and gener-
ate more FeII ions. A similar result was also found in the
dimetallic FeII/FeIII and CrIII/CrIV photoredox cycle, in
which CrIII ions are oxidized to CrIV ions by ·OH radi-
cals.[26] The synergistic effects between the FeII/FeIII cycle
and the BiIII/BiIV photocatalytic cycle promote the regener-
ation of FeII ions in FeII/FeIII cycle and, hence, accelerates
the degradation of organic pollutants. To confirm the sta-
bility of the high photocatalytic performance of the Bi-
MCRCSs, the circulating runs in the photocatalytic degra-
dation of MB in the presence of Bi-MCRCSs under visible-
light irradiation were checked (Figure S3). After four recy-
cles, the photocatalytic efficiency of the Bi-MCRCSs de-
creased by only 11 %, which indicates that the Bi-MCRCSs
are highly stable. The magnetic properties of Bi-MCRCSs
were studied by using a superconducting quantum inter-
ference device (SQUID) magnetometer at room tempera-
ture. Figure 3 (f) displays hysteresis loops of MCRCSs,
which indicate that it possesses a magnetic saturation (Ms)
value of ca. 20 emu/g. After the completion of the reactions,
the Bi-MCRCSs could be rapidly separated under an ap-
plied magnetic field (inset in Figure 3, f).
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Conclusion

A simple ultrasonic method was used to fabricate Bi-
MCRCSs by using MCRCSs as a precursor. The dimetallic
FeII/FeIII and BiIII/BiIV photoredox cycles of Bi-MCRCSs
possess a significantly enhanced photocatalytic degradation
rate compared to that of the monometallic FeII/FeIII pho-
tocycles of MCRCS. According to FTIR and XPS results,
it was demonstrated that a large number of carboxylate and
hydroxy groups remained in the Bi-MCRCSs, and carboxyl-
ate groups from the carbon layer were coordinated strongly
to the iron cations, which implies that ferricarboxylate com-
plexes are formed. Compared with the Fe3O4 nanoparticles
and MCRCSs, N-MCRCSs and Bi-MCRCSs all exhibit en-
hanced absorption in the whole UV and visible region. The
strong absorption in the visible-light region gives N-
MCRCSs and Bi-MCRCSs advantages over Fe3O4 nano-
particles and MCRCSs to utilize visible light for the degra-
dation of organic pollutants. The synergistic effects between
the FeII/FeIII cycle and the BiIII/BiIV photocatalytic cycle
promote the regeneration of FeII ions in FeII/FeIII cycle and,
hence, accelerate the degradation of organic pollutants. In
addition, Bi-MCRCSs can be easily recycled by applying an
external magnetic field.

Experimental Section
Preparation of Magnetite/Carboxylate-Rich Carbon Spheres
(MCRCSs): MCRCSs were synthesized by the hydrothermal
carbonization (HTC) process. Briefly, FeCl3 (0.5 g) and sodium
gluconate (3 g) were dissolved in deionized water (60 mL), and the
solution was transferred into a Teflon®-lined stainless-steel auto-
clave with a capacity of 100 mL. The autoclave was sealed and
heated at 180 °C for 24 h. After cooling to room temperature, the
black products were washed several times with deionized water and
absolute ethanol. Finally, the washed precipitate was dried in a
vacuum oven at 60 °C for 12 h.

Preparation of Magnetite/Bi-Doped Carboxylate-Rich Carbon
Spheres (Bi-MCRCSs): Bi(NO3)3·5H2O (0.2 g) was first dissolved
in a nitric acid solution (1.2 mol/L, 10 mL) to avoid hydrolysis of
the Bi3+ ions, and the solution was stirred for 30 min. Then,
MCRCSs (0.2 g) were dispersed into the above solution, and the
mixture was given a 300 W (40 kHz) ultrasonic treatment for
30 min at room temperature. After that, the black products were
washed several times with deionized water and absolute ethanol.
Finally, the washed precipitation was dried in a vacuum oven at
60 °C for 12 h, and the Bi-MCRCSs were obtained.

Preparation of Magnetite/N-Doped Carboxylate-Rich Carbon
Spheres (N-MCRCSs): MCRCSs (0.2 g) were dispersed into a 2 m

HNO3 aqueous solution. The suspension was given a 300 W
(40 kHz) ultrasonic treatment for 30 min at room temperature. Af-
ter that, the black products were washed several times with deion-
ized water and absolute ethanol. Finally, the washed precipitate
was dried in a vacuum oven at 60 °C for 12 h, and the magnetite/
N-doped carboxylate-rich carbon spheres were obtained.

Preparation of Magnetite@carboxylate-Rich Carbon Spheres by the
Conventional Two-Step Method (Fe3O4@CRCSs): Fe3O4@CRCSs
were synthesized by the conventional two-step method, the synthe-
sis of Fe3O4 core and the subsequent coating of carbon shell.
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Preparation of Fe3O4 Nanoparticles: FeCl3·6H2O (2.43 g) and
FeSO4·7H2O (1.67 g) were dissolved in deionized water (50 mL) un-
der nitrogen gas with vigorous stirring at 80 °C. Then, 2 m NaOH
aqueous solutions were rapidly added into the solution until the
pH of the solution was adjusted to 10. After heating, the black
suspension was cooled to room temperature naturally. The black
products were washed several times with deionized water and abso-
lute ethanol. Finally, the washed precipitation was dried in a vac-
uum oven at 60 °C for 12 h.

Preparation of Fe3O4@CRCSs: Fe3O4 nanoparticles were first im-
mersed in a 0.1 m HNO3 solution for 5 min and then separated
with a magnet and washed several times with deionized water. Sub-
sequently, sodium gluconate (3 g) and Fe3O4 nanoparticles (0.3 g)
were dissolved in deionized water (60 mL) under vigorous stirring,
and then transferred into a Teflon®-lined stainless-steel autoclave
with a capacity of 100 mL. The autoclave was sealed and heated at
180 °C for 48 h. After cooling to room temperature, the black prod-
ucts were washed several times with deionized water and absolute
ethanol. Finally, the washed precipitate was dried in a vacuum oven
at 60 °C for 12 h.

Characterization: The phase structure and phase purity of the as-
synthesized products were examined by X-ray diffraction (XRD)
by using a Bruker D8 diffractometer with high-intensity Cu-Kα ra-
diation (λ = 1.54 Å). The field-emission scanning electron micro-
scope (SEM) measurements were carried out with a Hitachi S-4800
instrument operating at 15 kV. The samples for SEM were prepared
by dispersing the products in ethanol, placing a drop of the solu-
tion onto the surface of an Al column, and letting the ethanol
evaporate slowly in air. Energy-dispersive X-ray spectroscopy
(EDS) mapping with SEM was utilized to determine the elemental
distribution. Transmission electron microscopy (TEM) images were
taken with a JEOL 2100 transmission electron microscope operated
at 200 kV. Fourier transform infrared (FTIR) spectra of all the
samples were measured with a Nicolet Nexus 470 spectrometer.
Raman spectra were obtained by using a Renishaw Raman system
model 2000 spectrometer. XPS measurements were performed with
an ESCALAB 250 spectrometer (Thermo-VG Scientific) with Al-
Kα X-ray radiation as the X-ray source for excitation. The PL spec-
tra were measured with a Varian Cary Eclipse Fluorescence spec-
trophotometer.The magnetic properties were measured with a
SQUID magnetometer (Lake Shore 7307).

Photochemical Experiments: The photocatalytic activity was evalu-
ated by the degradation of MB under visible light (λ�420 nm).
The visible light was obtained from a 250 W xenon lamp with a
420 nm cutoff filter. A suspension containing powdered catalyst
(100 mg) and a fresh aqueous solution of MB (100 mL, 10 mg/L)
was magnetically stirred in the dark for ca. 1 h to establish an ad-
sorption–desorption equilibrium for the MB species. The suspen-
sions were kept under constant air-equilibrated conditions before
and during illumination. At certain time intervals, 3 mL aliquots
were sampled, and the particles were removed. The filtrates were
analyzed by recording variations of the maximum absorption band
(633 nm) with a UV/Vis spectrophotometer (Shimadzu Corpora-
tion, UV-2450).

Supporting Information (see footnote on the first page of this arti-
cle): SEM image and EDS maps for as-synthesized Bi-MCRCSs,
TEM image of Bi-MCRCSs, cycling runs for the photocatalytic
degradation of MB in the presence of Bi-MCRCSs.
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