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One-pot synthesis of yolk—shell mesoporous carbon
spheres with high magnetisation

Wen-jing Liu?, Yu-xin Liu®, Xiang-yang Yan?, Guo-ping Yong?, Ye-ping Xu®,
Shao-min Liu™?

A simple and a novel route for the synthesis of monodisperse yolk—shell magnetic mesoporous
carbon spheres (Fe3;Os@void@C) via a ‘one-pot’ strategy for direct carbonisation and etching
was developed. The synthesised materials were characterised by XRD, TEM, SEM, FT-IR,
EDS, TGA, N sorption, and magnetic susceptibility measurements, and the ideal conditions
for the synthesis of the Fe3Os@void@C spheres were systematically investigated. The
morphologies and the saturation magnetisation values were observed to be strongly influenced
by the composition of the solvent (ethanol:water) and the proportions of TEOS and
formaldehyde used in the synthesis. The synthesised materials possessed a large average pore
diameter (4.5 nm) and a magnetisation strength (62 emu g™!) greater than that of Fe;Oy itself.
The performance of Fe304@void@C in the adsorption of pyrene was tested in aqueous solution,
and fast adsorption rates (approximately 40 min to reach equilibrium) and high adsorption
capacities (77.1 mg g!') were observed. In addition, Fe;Os@void@C exhibited excellent

reusability for the adsorption of pyrene over six adsorption—desorption cycles.

Introduction

In the past few decades, much scientific effort has been directed

towards the design and fabrication of nanomaterials with
controlled morphologies and tailored properties. As an
important family of nanocomposites, mesoporous carbon
nanomaterials have attracted increasing attention because of
their high surface areas, chemical inertness, biocompatibility,
thermal stability, and electrical conductivity. Thus, they have
numerous potential applications as catalyst supports,'?
adsorbents,*>* drug delivery agents,>®’ lithium-ion batteries,®%1°
and supercapacitors.!! However, the extraction of carbon
powders from solutions is difficult.'>!* In particular, the
conventional approach is rather time-consuming and expensive,
so the development of functional mesoporous carbon with
additional physicochemical properties could simplify the
separation process.

Magnetic nanocomposites have fascinated scientists for a
long time because of their unique qualities, which include well-
defined mesoporous structures, unique shapes, and tailored
properties. In addition, the separation of mesoporous carbon or
silica from magnetic nanocomposite working systems is easy.
They are widely used as contrast agents for magnetic resonance
imaging, in magnetic storage media, and in magnetic fluids.
Coatings with polymer, silica, carbon, or other materials over
the magnetic particles can stabilise the naked magnetic
nanoparticles against degradation, prevent aggregation, and

This journal is © The Royal Society of Chemistry 2014

further functionalise the magnetic nanoparticles to extend their
applications in catalysis and biomedicine.

Magnetic mesoporous nanoparticles can be broadly
categorised into four types according to their different
morphologies, structures, and particle sizes:'* monodisperse
magnetic nanocrystals embedded in mesoporous nanospheres,
microspheres encapsulating magnetic cores in a mesoporous
shell, mesoporous materials loaded with magnetic nanoparticles
inside the porous channels or cages, and rattle-type (or yolk—
shell) ~magnetic nanocomposites. As for  magnetic
nanocomposites with core—shell structures, their magnetic
properties are sometimes restrained to a specific range because
the core materials are easily and compactly encapsulated in the
shell material. The use of magnetic nanocomposites with a
yolk—shell mesoporous structure can be an effective solution to
this problem,'>!® because materials with this unique structure,
i.e., with interstitial spaces between the mesoporous shells and
the magnetic cores, can have movable magnetic nanoparticles
packed in the mesoporous hollow shells. Because the large
cavity volume between the yolk and shell provides sufficient
space for the loading of drugs,!” magnetic mesoporous carbon
hollow nanoparticles can be used as drug delivery carriers and
diagnostic agents for cancer. In addition, further investigations
into their applications in catalysis, chemical sensing, lithium-
ion batteries,'® separation membranes, and water-treatment
adsorbents have been reported.

The conventional methodology for the synthesis of yolk—
shell magnetic carbon includes the use of presynthesised core
materials, which are first coated with one or two layers of
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different materials. The inner layer of the two shells, or part of

the core (shell), is selectively removed by dissolution using a
solvent or by calcination. So far, researchers have synthesised
four types of yolk—shell nanoparticles: those with single cores,
multiple cores, multiple shells, and raspberry-like cores.!”
Zhang and Jiang synthesised yolk—shell magnetic mesoporous
carbon using Fe304@nSiO2@mSiO: microspheres impregnated
with a carbon precursor as templates.? A surface-modified
interior cavity and a magnetic Fe3;O4—C double-layered shell
was also synthesised.?! Moreover, the authors prepared yolk—
shell Fe3;O4@C mesoporous composites using a nanocasting
technology that involved infiltration sucrose and sulphuric acid
into  mesoporous  Fe304@SiOx@polymer  microspheres,
followed by carbonisation and etching processes.?
Nevertheless, this multistep hard-template approach is time-
consuming and expensive. Consequently, a simple procedure
for synthesising rattle-type magnetic mesoporous carbon is
much in demand for practical applications.

In this paper, we propose a new route for the synthesis of
yolk-shell magnetic mesoporous carbon spheres
(FesOs@void@C) with a magnetic Fe;O4 particle as the core
and a mesoporous carbon layer as the shell. The route is based
on a ‘one-pot’ strategy for carrying out direct carbonisation and
etching processes. The effect of the composition of the solvent
and proportions of tetraecthoxysilane (TEOS) and formaldehyde
on the properties of the Fe3;Os@void@C were intensively
investigated, and the pyrene-adsorption performance of the
Fe;04@void@C nanocomposites was also investigated.

Experiments

Materials and chemicals

Pyrene was purchased from Sigma-Aldrich. HPLC-grade
acetonitrile was obtained from Thermo Fisher Scientific Corp.
(Fair Lawn, NJ, USA). Trisodium citrate (Na3Cit), anhydrous
FeCl;, sodium acetate (NaAc), ethylene glycol, ammonium
hydroxide (28%), TEOS, resorcinol, formaldehyde (37.0%—
40.0%), ethanol, and sodium hydroxide (NaOH) were of
analytical grade and purchased from Sinopharm Shanghai
Chemical Corp. (China). All reagents were used without further
purification. Doubly distilled water obtained from a laboratory
purification system was used throughout the experiments.

Synthesis

Procedure for the preparation of Fe;O4 nanospheres. Fe;O4
particles were synthesised in accordance with the previously
reported method.?? FeCl; (3.0 g) and Nas;Cit (0.83 g) were
dissolved in 100 mL of ethylene glycol, and NaAc (4.8 g) was
subsequently added with magnetic stirring. After it was stirred
vigorously for 30 min, the yellow solution was sealed in a 100-
mL capacity Teflon-lined stainless-steel autoclave. The
autoclave was heated to 200 °C, maintained at this temperature
for 10 h, and then allowed to cool to room temperature. The
final black product was washed successively with ethanol and
doubly distilled water several times and was finally dried at 60
°C for 8 h.

Procedure for the preparation of Fe;Os@polymer,
Fe;04@C, and Fe;0s@void@C. A mixture consisting of 0.25
g of Fe3O4 nanospheres, 150 mL of ethanol, and 50 mL of H,O
was ultrasonicated for 10 min and then injected into a 250-mL
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three-necked round-bottom flask. Next, 0.3 g of resorcinol and
3.9 mL of 28% NH;3;-H,O were added, and the mixture was
mechanically stirred for 1 h at 30 °C. Then, 0.45 mL of
formaldehyde solution was added dropwise, followed by the
dropwise addition of 0.62 mL of TEOS, and the mixture was
stirred for 6 h. The mixture was subsequently heated at 80 °C
for 8 h under stirring. The resultant solid product was filtered,
washed, and subsequently dried at 60 °C for 12 h. The obtained
sample is denoted as Fe;Os@polymer. For the carbonisation
process, the Fe;Os@polymer nanospheres were heated under a
N; atmosphere to 600 °C at a heating rate of 1 °C min™! and
were maintained at 600 °C for 3 h (denoted as Fe3O04@SiO--C).
The Fe3;04@Si02-C was subsequently etched with 10 mol L™}
NaOH for 12 h at room temperature, and the products were
successively washed with doubly distilled water and ethanol
several times. The obtained sample is denoted as
Fe3;0s@void@C. For comparison, Fe;O4@C was prepared
using the same methods and synthetic conditions previously
described, except that TEOS was not added.?*

Characterisation

Scanning electron microscopy (SEM) images were recorded on
a Philips XL30 electron microscope (Netherlands) operated at
20 kV. A thin gold film was sprayed onto each sample before it
was inserted into the instrument. Transmission electron
microscopy (TEM) images were collected using a JEOL 2010
electron microscope operated at 200 kV. FT-IR spectra were
recorded on a Brock Tensor 27 Fourier-transform infrared
spectrometer after the samples were combined with KBr and
compacted into tablets. Powder X-ray diffraction (PXRD)
patterns of the samples were recorded on a Philips X'Pert PRO
SUPER diffractometer equipped with a nickel-filtered Cu-Ka
radiation source (A = 1.540598 A) operated at 40 kV and 200
mA. Thermogravimetric analysis (TGA) was performed on a
Mettler Toledo TGA-SDTAR851 analyser (Switzerland) over the
temperature range 25-800 °C at a heating rate of 5 °C min™!
and under flowing N> (80 mL min™!). Magnetic characterisation
was performed on a superconducting quantum interference
device (SQUID) magnetometer. Nitrogen sorption isotherms
were measured at 77 K using a Micromeritics Tristar 3000
analyser. The Brunauer—-Emmett—Teller method was utilised to
calculate the specific surface areas. The pore volumes and pore
size distributions were determined according to the Barrett—
Joyner—Halenda model using the desorption branches of the
isotherms, and the total pore volumes were estimated from the
adsorbed amount at a relative pressure P/Py of 0.999.

Application of mesoporous Fe;Os@void@C nanospheres for the
adsorption of pyrene in aqueous solution and the reuse of
Fe3;04@void@C

A pyrene stock solution (200 ug mL!') was prepared by
dissolving 50 mg of pyrene in 250 mL of doubly distilled water.
In the adsorption experiments, 10 mg of magnetic
Fe;0s@void@C or Fe;04@SiO,-C adsorbent was suspended in
500 mL of pyrene water solution with a pyrene concentration
between 0.3 pg mL™' and 1.6 pg mL™!. The resulting mixture
was shaken at room temperature for 5 h. After magnetic
separation using an external magnet in the case of the
Fe;04@void@C nanosphere samples, the equilibrium
concentrations of pyrene were measured by high-performance
liquid chromatography with fluorescence detection (HPLC-
FLD, Agilent 1100) using an excitation wavelength of Acx = 295
nm and an emission wavelength of Aem = 406 nm.

This journal is © The Royal Society of Chemistry 2014
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Approximately 50 mg of Fe;Os@void@C particles was
suspended in 500 mL of aqueous solution with a pyrene
concentration of 1.0 pg mL™'. The adsorption process was
subsequently performed as previously described. After the
adsorption process, the material was washed three times with
methanol and then dried at 60 °C until a constant weight was
reached. This adsorption and desorption procedure was repeated six
times.

Results and discussion

Preparation of yolk—shell magnetic mesoporous carbon
composite spheres

Scheme 1 shows the preparation of yolk—shell magnetic
mesoporous carbon composite spheres. First, Fe;O4 magnetic
nanoparticles were prepared using a solvothermal method.?
The hydrolysis and polymerisation of TEOS and the
polymerisation of resorcinol and formaldehyde were performed
in a round-bottom flask. Because (1) the hydrolysis and
polymerisation of TEOS are faster than the polymerisation of
resorcinol and formaldehyde and (2) TEOS can inhibit the
polymerisation of resorcinol and formaldehyde,?® the hydrolysis
and polymerisation of TEOS was favoured in the early stages of
the reaction. Subsequently, Si(OH)4 (the hydrolysis product of
TEOS) underwent dehydration in the presence of the phenolic
hydroxyl or hydroxyl methyl groups of methylol phenol, and
the TEOS reagent interacted with the phenolic resin.?® As the
reaction progressed and the TEOS hydrolysis and
polymerisation processes neared completion, the
polymerisation of resorcinol and formaldehyde became the
predominant process, resulting in the formation of a phenolic
resin polymer layer (Fe3;Os@polymer). Finally, yolk—shell
magnetic mesoporous carbon spheres were obtained after the
carbonisation and etching processes.

NH,*

NH3+H,0 NH, ‘
‘ | NH
CgHy(OH), N . NH,*
NH+

HCHO+TEOS

Fe;04

oH
O O -
o
) " T ri/
Et0,
< |
Si. OH
O o g Ny

Etching

-—

Polymerization

Si02

HO'

Carbonization

Fe;0,@viod@C Fe;O,@polymer

Scheme 1 Possible synthetic mechanism for mesoporous Fe3;Os@void@C.

The composition of the solvent plays a key role in the
formation of the phenolic resin—-TEOS polymer. After
performing a series of optimisation experiments (ethanol:water
=0:1, 1:1, 2:1, 2.5:1, 3:1, 4:1, 7:1, and 1:0), we determined that
the optimum solvent composition for achieving the best
dispersity and morphology of Fe;Os@polymer is ethanol:water
= 2.5:1-4:1 (Fig. S1, ESI{). The synthesis of the core—shell-
structured Fe;Os@polymer in a solvent with a low ethanol
concentration is difficult. However, because hydroxyl
hydrolytic  polymerisation occurs during the whole

This journal is © The Royal Society of Chemistry 2014
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polymerisation process, polymer adhesion easily occurs in pure
ethanol. Thus, the concentration of ethanol in the solvent must
not be too high.

More importantly, the TEOS content directly affects the
morphology of the cavities and the sizes of the pores after
etching. Therefore, the molar proportion of TEOS is the key
factor governing the structure of mesoporous Fe;Os@void@C.
We synthesised magnetic mesoporous carbon using a certain
quantity of FesO4 and various TEOS:formaldehyde proportions
to obtain mesoporous materials with different properties. We
can draw a few conclusions from the supplementary
information in Fig. S2 (ESIf). When the TEOS content was
zero, the yolk—shell structure could obviously not be formed.
As the amount of TEOS was gradually increased, the final
magnetic materials started to form cavities consistent with the
yolk—shell structure after etching only when the HCHO:TEOS
proportion reached 1:1. Fe;O4 could not be encapsulated in a
polymer layer when the HCHO:TEOS ratio was 1:5, further
illustrating that TEOS inhibits the polymerisation of resorcinol
and formaldehyde. In the syntheses with HCHO:TEOS = 0:1,
we only obtained FesO4 after etching when the outer package
material was pure SiOz.

Fig. 1 (a, ¢, ¢) TEM and(b, d, f) SEM images of (a, b) Fe3;O4 spheres, (¢, d)
Fe3;04@polymer, and (e, f) Fe;04@void@C mesoporous spheres.

J. Name., 2014, 00, 1-3 | 3
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Table 1 Effects of precursor material dosage on the shell thickness of
Fe;Os@polymer spheres.

Fe;04 Resorcinol Formald@hyde TEOS Shell
spheres ©® solution (mL) thickness
@ (mL) (nm)
0.25 0.2 0.3 0.41 40
0.25 0.3 0.45 0.62 60
0.25 0.4 0.6 0.82 80

When the amount of Fe3;Os nanospheres in the previously
discussed reaction system was kept constant, the thickness of
the shells could be tuned between 40 and 80 nm. In addition,
the thickness gradually increased with increasing amounts of
resorcinol, formaldehyde, and TEOS (Table 1). Furthermore,
the shells remained highly uniform and monodisperse. These
results indicate that the mesoporous carbon shell thickness of
Fe;04@void@C can be easily adjusted by changing the amount
of polymer precursor used. A TEM image of this material is
provided in Fig. S3 (ESIt).

Characterisation of Fe;Os@void@C

The morphology of the obtained nanoparticles was
characterised by SEM and TEM. Fig. 1 presents representative
SEM and TEM images of the obtained Fe3O4, Fe;Os@polymer,
and Fe3;04@void@C mesoporous nanospheres. Figs. 1a and 1b
show that the Fe3O4 nanospheres are highly monodisperse and
spherical with a smooth surface and an average diameter of 200
nm. This is likely because Fe3O4 cores whose surfaces are
decorated with citric acid anions facilitate the formation of the
phenolic resin polymer and SiO».2! The formation of a uniform
polymer shell around the Fe;O4 cores is evident in Figs. 1c and
d. The encapsulated nanoparticles are uniform and
monodisperse in solution, and the thickness of the polymer
shells is approximately 60 nm. Because (1) the polymerised
shells outside of the Fe;O4 spheres are covalently bonded three-
dimensional polymer frameworks and (2) the high-temperature
treatment at 600 °C under the N, atmosphere only serves to
carbonise the polymer into carbon, the morphology of the
obtained Fe304@SiO;-C does not undergo a transformation,
and the particles are more monodisperse and uniform than in
samples prepared using common methods. Figs. 1e and 1f show
the nanoparticles with yolk—shell structures after etching with
NaOH (10 mol L™), where the centres are the magnetic cores
and the outer layers are mesoporous carbon materials. The
shells are composed of a dark-contrast inner layer and a light-
contrast outer layer, which are attributed to the Fe3Os4 and
carbon components, respectively. Clearly, the outer carbon
layer can protect the inner magnetic shell from the outside
environment. As is evident in Figs. le and 1f, the nanoparticles
exhibit good dispersibility, which prevents the decrease in
adsorption efficiency caused by agglomeration.

Fig. 2 shows the wide-angle XRD patterns of the Fe;O4 and
mesoporous Fe;Os@void@C samples. The peaks at 26 = 30.3°,
35.6°, 43.3°, 53.7°, 57.5°, and 62.9° can be assigned as the
(220), (311), (400), (422), (511), and (440) characteristic
diffraction peaks of the Fe;Os nanoparticles, respectively
(JCPDS no. 19-629). The intensities of the diffraction peaks of
Fe304 for the Fe;Os@void@C sample are stronger than those
for the FesO4 sample, and the diffraction peaks are narrow.
Furthermore, the (111) and (222) planes of Fe;O4 also appear in
the pattern of the Fe;O4@void@C sample.

4| J. Name., 2014, 00, 1-3
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Fig. 2 Wide-angle XRD patterns of (b) Fe;O4 nanoparticles and (a) mesoporous
Fe;04@void@C spheres.

The EDS pattern reveals that the FesOs@polymer contains
Si, Fe, and C (Fig. S4, ESI{), indicating that the
Fe;Os@polymer materials contain Si. Moreover, the FT-IR
spectra of the three materials (Fe3;Os@polymer, Fe;04@Si02-C,
and Fe3O0s4@void@C) exhibit a strong and wide absorption
band at 1089 cm™!, which is attributable to Si—O—Si
stretching vibrations, and absorption bands at 796 cm™' and 471
cm™!, which are assigned to Si—O symmetric stretching
vibrations. Notably, the broad band at 3450 cm™' is an
antisymmetric stretching vibration of constitutional water, and
the peak at approximately 1638 cm™! is attributed to the
bending vibration of water. Moreover, the weak peak at 960
cm™! is attributable to bending vibrations of the Si—O bonds.
The FT-IR spectra in Figs. 3a and 3c indicate that the signals
associated with Si—O—Si bonds become more intense after
high-temperature calcination of the magnetic carbon material,
and the spectrum in Fig. 3b contains no signal related to
Si—O—Si bonds. We conclude that SiO» was completely
removed by the NaOH (10 mol L") etching process.

Transmittance

3414.92 1

3000 2250 1500
Wavenumber cm™

0-—
3750 750

Fig. 3 FT-IR spectra of (a) Fes;Os@polymer, (b) Fe3;0.@SiO»-C, and (c¢)
mesoporous Fe;04@void@C spheres.

The specific surface areas of the Fe3;Os@void@C samples
with shell thicknesses of 40, 60, and 80 nm (hereafter, called
the Fe3sOs@void@C-40, -60, and -80 samples respectively) and
of the Fe304@Si0,-C-60 sample are 138.0 m? g'!, 235 m? g,
277 m? g7!, and 111.6 m? g!, respectively. The N> adsorption
and desorption curves are presented in Fig. S6a (ESIT), and the
pore size distribution curve is presented in Fig. S6b (ESI{). The
typical type-VI N adsorption and desorption curves of
Fe3;04@void@C demonstrate that this material is a typical
mesoporous material. The results also demonstrate that the
specific surface area of the yolk—shell composite spheres is
greater than that of the Fe;O4@C microspheres. However,

This journal is © The Royal Society of Chemistry 2014
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compared with carbon materials directly synthesised using the
extended Stéber method!” in the absence of TEOS, the
magnetic carbon material with the (Fe3;Os@void@C-60)
prepared in this work is obviously more mesoporous, as shown
in Fig. 4. Furthermore, the Fe3;Os@void@C-60 reaches
saturation adsorption at P/Po = 0.999 (Fig. 4a) and exhibits an
average pore diameter of 4.5 nm (Fig. 4b), which is larger than
that of the Fe3;04@C microspheres, 3.8 nm. The
Fe;:0s@void@C-60 also exhibits a narrow pore size
distribution, whereas the Fe;04@C exhibits wide pore diameter
distribution.

The TGA curves (Fig. S5, ESIT) recorded under N>
demonstrate the stability of the mesoporous nanosphere
materials after calcination at 600 °C in nitrogen and their high
degree of carbonisation.

(a) (b) T
.TAfgg « Fe30,@void@C 7 _0.010 . :esgg@;md@c
o 4 o ’
? « Fe,0,@C - 1 »e-PO3V4
“c160] 34 g go008{ | —
L140] P il
4201 - _:: |°?0.006 i
£ - .. |
51004 - ~ £0.004 [
@ - o |
] 801 - . =4 |
> 60 'i_,.-u‘“ 3 gooo2q , | .
£ 40 ’—u—ro--on.s~o>n—-"’ %0000 N S o0
5 { o 000 o st .
<] 00 02 04 06 08 10 0 5 10 15 20 25
Relative pressure (P/Po) Pore size (nm)
Fig. 4 (a) N2 sorption-desorption curves and (b) pore diameter distribution curves.

The magnetic hysteresis curves obtained at room
temperature (Fig. 5) show that Fe3;Os exhibits a magnetic
susceptibility of 55 emu g~!. Different shell thicknesses in the
Fe;04@void@C materials led to obvious differences in their
magnetic properties. The magnetic susceptibilities of the
magnetic mesoporous carbon materials with shell thicknesses
of 40 nm and 80 nm were 50 emu g ' and 42 emu g,
respectively. However, the magnetic susceptibility of the
magnetic mesoporous carbon material with a 60-nm shell
thickness was 62 emu g~!, which is higher than the magnetic
susceptibility of Fe3Oy itself. The reasons for this behaviour are
not clear and require further research. Nevertheless, the strong
magnetic properties of these materials are advantageous for
their use as magnetic separators.

-= Fe304
801 -« Fe30,@void@C-60
T g0l - FesCa@void@co aesoses
(o)} . -8 -

A _ sfeassaay
E a0l Fe30,4@void@C-80 v{v'ﬂ 2
2 20+
[

2 04

®

N-20-

k]

g,-40— rrryyrI Tl
A A -

S.0] IIiEET

0 . ‘ . .
-20000 -10000 O 10000 20000
Magnetic Feild (Oe)

Fig. 5 Magnetization curves for Fe;Os and Fe;Os@void@C materials with
different shell thicknesses.

Adsorption and separation behaviour and reusability of
Fe;0s@void@C

This journal is © The Royal Society of Chemistry 2014
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Currently, magnetically separable mesoporous carbon materials
are highly attractive for the adsorption and enrichment of
organic pollutants.?”’” For example, polycyclic aromatic
hydrocarbons (PAHs) are priority pollutants that have been
widely distributed in our environment and exhibit toxic,
carcinogenic, and mutagenic properties. In this study, pyrene
was chosen as a model PAH pollutant, and the adsorption of
pyrene on Fes;Os@void@C samples in water was investigated.
Fig. 6a presents the adsorption kinetics of Fe3;Os@void@C-60
as a pyrene absorbent. Clearly, Fe3;Os@void@C exhibits
moderate adsorption rates for pyrene, and it reaches absorption
equilibrium within 40 min, which is a short time compared with
that required by active carbon (approximately 6 h).2® The
isotherms for pyrene adsorption of onto Fe;Os@void@C
samples with different shell thicknesses in water are provided
in Fig. 6b. Fe;04@void@C-60 exhibited the largest adsorption
capacity of 77.1 mg g™!, followed by Fe;Os@void@C-40 (70.0
mg g and FesOs@void@C-80 (48.2 mg g
Fe;0s@void@C-80 possesses the thickest shell, but its
adsorption capacity was not the largest among the investigated
samples. The thick carbon layer prevents the pyrene from
accessing the cavities, because this mesoporous carbon does not
exhibit a highly ordered structure conducive to adsorption. This
lack of order reduces the storage capacity of the cavities for
pyrene. In contrast, the carbon content of Fe;Os@void@C-40 is
too low. Thus, only Fe;Os@void@C-60 has sufficient carbon
outside the Fe3Os core, and this material is likely to have a
greater cavity capacity than Fe;Os@void@C-40 and
Fe;0s@void@C-80. Fe;04@SiO2-C exhibits an adsorption
capacity substantially lower than that of Fe;Os@void@C,
although they have the same carbon thickness. This result may
indicate that the cavity in the Fe;Os@void@C yolk—shell
structure can store a portion of the target species.

In summary, the yolk—shell-structured material exhibits
superior adsorption performance compared with pure
mesoporous carbon. Furthermore, the shell thickness of the
yolk—shell-structured materials strongly influences their
adsorption performance. Fe3;Os4@void@C-60 exhibits the best
performance among the investigated materials for the
adsorption of pyrene in aqueous solution.

32, ‘
< @ e —— = | 80 (B 3
330 o g70~ . '.ﬂ.,,,,.-
Eas E60!
H S50l ¢ o
%'26 i G807 e —
8,0 ¢ ] gaofy T
s 4 -‘ ° 30_.:‘ a —=— Fe30,4@viod@C-40
S 221 ! §. jol# o Fe30,@viod@C-60
g { 22014 —4— Fo30,@viod@C-80
8 2044 51041 + Fey0,@8i0,:C-60
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Time (min) Ce (ug.mL™)

Fig. 6 (a) Adsorption kinetics and (b) adsorption isotherms of Fe;Os@void@C
with different shell thicknesses and Fe;04@SiO2-C with a shell thickness of 60
nm in aqueous solution.

The sorption and desorption cycle was repeated six times
using the same Fe;Os@void@C sample to evaluate its
reusability. The results in Fig. 7 show that the recovery of
pyrene remains greater than 84% over the six cycles, indicating
that FesO4@void@C is reusable after being regenerated.

J. Name., 2014, 00, 1-3 | 5



Journal of Materials Chemistry A

Recovery (%)

Number of use
Fig. 7 Reuse results for Fe;04@viod@C over six cycles

Table 2 compares the adsorption performance of the
obtained Fe3;Os@void@C with the performance of other
adsorbents reported previously. It is clear that the prepared
Fe;0s@void@C materials have the highest saturation
magnetization among the various magnetic adsorbents and a
higher adsorption capacity than multiwalled carbon nanotubes,
mesoporous polysilsesquioxane, and SiO2/Fe304-C. This might
be due to the unique yolk—shell structure and good
dispersibility of the material. In particular, this structure is
helpful for the synthesis of strong magnetic core-shell materials
and for increasing the adsorption capacity.

Table 2 Comparison of the adsorption properties of pyrene on various
adsorbents.

Adsorption .
Adsorbents Morphology capacity Magnetism ef
of adsorbents (emu g—1)
(mg g-1)
Multiwalled
carbon Long tube 42.7 - 29
nanotubes
Activated reticular 147.6 - 30
carbon
mesoporous
polysilsesqui cubic 38.0 - 31
oxane
Sioz/ FCC3O4 rattle 415 29.5 21
S‘(_)é//FCefg)“ rattle 175 228 21
Yolk-shell
MAZNENC v o shell 7.1 62 This
mesoporous work
carbon
Conclusions

In summary, we have developed a facile method for the
preparation of monodisperse yolk—shell mesoporous carbon
spheres by carbonising Fe;Os4@polymer materials synthesised
using resorcinol, formaldehyde, and TEOS. After the SiO; was
removed, the obtained Fe;Os@void@C  mesoporous
nanospheres exhibited a magnetic susceptibility (62 emu g™)
greater than those of samples obtained using other common
methods, which further accelerates its magnetic separation in
aqueous solutions. Preliminary investigations demonstrated that
these mesoporous Fe3Os@void@C composite spheres possess
mesopores, are highly stable, and exhibit moderate adsorption
and separation behaviours and large and tuneable specific
surface areas. In addition, our material can be directly used in
water and has a large adsorption capacity. This material

6 | J. Name., 2014, 00, 1-3

effectively avoids incompatibility with various sorbents and
simplifies the experimental separation procedure. The
Fe;0s@void@C also exhibited excellent reusable performance
for six pyrene sorption—desorption cycles. Therefore, these
yolk—shell magnetic mesoporous carbon spheres have potential
uses in numerous applications.
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