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Abstract The well-defined rattle-type magnetic silica

nanocomposite had been synthesized through a facile sol–

gel process accompanied by a hard-template method.

Structural characterizations indicated that the fabricated

nanocomposite, denoted as c-Fe2O3@SiO2–@mSiO2, was

composed of nonporous silica-coating magnetic iron oxide

encapsulated in mesoporous silica hollow sphere. The

textural parameters of the nanocomposite are adjustable by

controlling the preparation conditions. The unique structure

of the prepared nanocomposite showed relatively high

methylene blue adsorption capability and can be used for

removal of dye from aqueous solution. In addition, some

active metallic nanoparticles (such as Pt, Pd) can be

introduced into the cavity of c-Fe2O3@SiO2–@mSiO2 to

construct confined integrated catalytic system. The

designed Pt-based integrated nanocatalyst exhibited not

only high activity and selectivity, but also an excellent

reusability for the selective hydrogenation of nitrobenzol to

aniline. The existence of magnetic core in the nanocom-

posite provides a facile separation from liquid solution.

Graphical Abstract Rattle-type nanocomposite with

nonporous silica-coating magnetic iron oxide nanoparticles

encapsulated in mesoporous silica hollow sphere had been

prepared. This unique nanocomposite exhibits excellent

adsorption capability for methylene blue dye. After loaded

with Pt nanoparticles, the formed functional nanoreactor is

very active for selective hydrogenation of nitrobenzol to

aniline and shows outstanding reusability.
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1 Introduction

In the past few years, mesoporous silica spheres with

hollow interiors have gained more and more attention [1–

4]. Compared with conventional mesoporous silica mate-

rials such as MCM-41 and SBA-15, hollow mesoporous

silica spheres possess some special properties, including

low density, large specific surface area and high adsorption

capacity and permeability, which endow them with

promising applications in catalysis, adsorption, drug
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storage and delivery [5–10]. Magnetic silica nanocom-

posites comprising magnetic iron oxides nanoparticles

(Fe3O4 and c-Fe2O3) and mesoporous silica can combine

their respective merits and exhibit high drug-loading and

targeted delivery properties in biomedicine [11–14]. In

addition, due to the existence of magnetic components, the

nanocomposites can be conveniently separated and recov-

ered with the help of external magnetic field, which is

significant in many applications.

To date, a large number of magnetic silica nanocom-

posites have been synthesized, including the core–shell

structure of magnetic iron oxides coated by mesoporous

silica shell and conventional mesoporous silica materials

with embedded magnetic nanoparticles [15–20]. However,

considering the advantages of hollow mesoporous silica

aforementioned, it will be more meaningful that con-

structing nanocomposites with magnetic cores exist in the

cavities of hollow mesoporous silica spheres, namely the

rattle-type magnetic mesoporous silica nanocomposites [6,

9, 12, 21–24]. Shi’s group prepared for the first time the

uniform rattle-type magnetic hollow mesoporous silica

spheres through sol–gel reactions followed by hydrother-

mal treatment and H2 reduction [23]. Though the material

has high drug storage capacity and sustained release

property, the interior space of the nanocomposite from their

preparation method is tiny and is not easily adjustable.

Zhang et al. [21] reported the preparation of rattle-type

magnetic hollow mesoporous organosilica spheres with

controllable structural parameters. However, their method

needed to use the organic solvent of chloroform and fluo-

rocarbon surfactant, which limited the large-scale synthe-

sis. Zhu et al. [24] synthesized the rattle-type Fe3O4@SiO2

mesoporous spheres through a facile ‘‘sacrificial templat-

ing’’ route, which is very efficient to produce hollow

structure. However, the interior Fe3O4 core of their com-

posite is unprotected. According to our previous report

[16], only the porous silica shell cannot prevent the iron

oxide core dissolving in acid media, which led the appli-

cations of such kind of rattle-type nanocomposites to be

confined to some fields. Therefore, it remains to be interest

and challenge to prepare versatile rattle-type magnetic

mesoporous silica spheres through facile and effective

process. Yue et al. [25] recently had reported magnetic

core–shell mesoporous silica composite and further con-

structed Au-based catalyst. However, no research was

performed about the composite’s adsorption capability.

In this paper, uniform rattle-type magnetic silica

nanocomposites with a layer of dense silica-coating iron

oxide particles encapsulated in mesoporous silica hollow

spheres were prepared by using magnetic silica/resorcinol–

formaldehyde (RF) resin polymer as sacrificial template.

The template of magnetic silica/RF sphere with double-

layered core–shell structure was prepared through extended

Stöber method. The interior space volume of final rattle-

type magnetic nanocomposite is readily adjustable. Such

versatile nanocomposite not only acts as catalyst support to

construct functional nanoreactor, but also exhibits high dye

adsorption capacity.

2 Experimental

2.1 Chemicals

Tetraethylorthosilicate (TEOS), cetyltrimethylammonium

bromide (CTAB), resorcinol, ammonia (25–28 %), ferric

chloride hexahydrate (FeCl3�6H2O), sodium acetate

(NaAc), ethanol and ethylene glycol were purchased from

Tianjin Kermel Chemical Company. Formaldehyde solu-

tion (37–40 %) and sodium citrate dihydrate were pur-

chased from Tianjin Damao Chemical Company.

Dihydrogen hexachloroplatinate (H2PtCl6�6H2O, 99.9 %)

was obtained from Sigma-Aldrich. All the chemicals were

of analytical grade and used as-received without

purification.

2.2 Synthesis of the materials

2.2.1 Magnetite particles (Fe3O4)

The water-dispersible magnetite particles were prepared

through solvothermal method according to previous reports

[26, 27].

2.2.2 Magnetic SiO2/RF resin polymer template

The core–shell magnetic SiO2/RF resin polymer template,

denoted as c-Fe2O3@SiO2@RF, was prepared through a

controllable extended sol–gel (Stöber) method [27].

Briefly, 140 mg magnetite particles were dispersed in

60 mL water and ethanol (volume ratio = 1:3), followed

by the addition of 1 mL ammonia. After that, 0.2 g TEOS,

0.2 g resorcinol and 0.3 g formaldehyde solution were

added into the mixture in turn under mechanical stirring.

The obtained mixture was continuously stirred at 30 �C for

24 h and then was transferred into Teflon-lined stainless-

steel autoclave and heated at 100 �C for another 24 h. The

product was collected by an external magnet and washed

with water and ethanol and dried at 80 �C.

2.2.3 Rattle-type magnetic mesoporous silica spheres

A total of 0.2 g c-Fe2O3@SiO2@RF template was dis-

persed in the solution containing 100 mL water, 60 mL

ethanol, 0.1 g CTAB and 2 mL ammonia. Then, 0.2 g

TEOS was added, and the obtained mixture was
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mechanically stirred at 40 �C for the overnight. The solid

product was magnetically collected and dried at 80 �C and

further calcined at 500 �C in air for 4 h to remove organics.

The obtained rattle-type magnetic mesoporous silica

spheres are denoted as c-Fe2O3@SiO2–@mSiO2.

2.2.4 Magnetic catalytic system

To prepare magnetic catalyst system, 0.2 g c-Fe2O3@

SiO2@RF template was firstly dispersed in 100 mL water

containing 0.023 mmol H2PtCl6, and the solution was

vigorously stirred at 60 �C for 3 h to allow adsorption of

the platinum species onto the polymer surfaces. Then, the

Pt-loading template was magnetically recovered and fur-

ther coated by mesoporous silica shell through a same

process as c-Fe2O3@SiO2–@mSiO2 described above.

After calcination at 500 �C, the sample was reduced by

10 % H2 and 90 % He at 250 �C for 1 h. The finally

obtained catalyst system is denoted as c-Fe2O3@SiO2–

Pt@mSiO2. ICP analysis shows that the Pt amount of the

catalyst is 1.29 %.

2.3 Characterization

Powder X-ray diffraction (XRD) patterns were recorded on

a PANalytical X’Pert PRO powder X-ray diffractometer

with Cu Ka radiation. Transmission electron microscopy

(TEM) images were taken on a Tecnai G2 Spirit electronic

microscope with an accelerating voltage of 120 kV.

Scanning electron microscopy (SEM) images were

obtained on JSM-7800F field emission electron micro-

scope. N2 physical adsorption–desorption isotherm was

measured on a Micromeritics ASAP 1020 apparatus. The

samples were degassed at 350 �C for 4 h before the mea-

surement. The platinum amounts of composite catalysts

were measured by inductively coupled plasma spectrome-

try (ICP) on an IRIS Intrepid II XSP instrument. The phase

of magnetic core was confirmed by 57Fe Mössbauer spec-

troscopy recorded at room temperature with the use of 57Co

(Rh) source. All spectra were computer-fitted to a Lor-

entzian shape with a least-squares fitting procedure.

2.4 Adsorption tests

A total of 20 mg adsorbent was dispersed into 50 mL

methylene blue (MB) aqueous solution with different

concentrations. Then the solution was stirred at room

temperature for a period of time, and its concentration was

monitored by UV–Vis spectrometer with absorbance at

wavelength of 664 nm. For pH-dependent experiments, the

pH value of dye solution was adjusted by 0.1 M NaOH

aqueous solution. The removal rate (R) and adsorption

amounts (Q) were calculated by followed equations:

R ¼ C0 � Ct

C0

� 100% ð1Þ

Q ¼ C0 � Ctð ÞV
M

ð2Þ

whereC0 andCt are theMB concentrations of dye solution in

the beginning and after a period of time, respectively.V is the

volume of dye solution, and M is the mass of adsorbent.

2.5 Catalytic tests

Hydrogenation of nitrobenzene to aniline was performed in

Teflon-lined autoclave (50-mL capacity). Typically, 5 mL

solution of nitrobenzene in ethanol (0.1 M) and 40 mg

catalyst were added into the autoclave. Then the autoclave

was swept by H2 to remove the air and sealed with H2

pressure at 0.3 MPa. Subsequently, the reaction mixture

was stirred at 40 �C for 30 min. The reaction products were

analyzed by means of GC Agilent 6890 equipped with a

HP-5 capillary column and a FID detector. The catalysts

were magnetically recovered and thoroughly washed with

ethanol for recycle tests.

3 Results and discussion

3.1 Synthesis and characterization

Figure 1 describes the synthesis procedure of rattle-type

magnetic mesoporous silica spheres. Firstly, core–shell

Fig. 1 Schematic representation for the preparation of rattle-type c-Fe2O3@SiO2–@mSiO2

J Sol-Gel Sci Technol (2016) 77:279–287 281

123



magnetic silica/polymer sphere c-Fe2O3@SiO2@RF was

prepared through sol–gel process, namely the so called

extended Stöber method. During this process, the initial

Fe3O4 core was oxidized into c-Fe2O3, which was already

demonstrated by our previous reports [16, 27]. Then, the c-
Fe2O3@SiO2@RF was further coated by mesostructural

silica shell with CTAB as the template of mesopores.

Finally, the as-prepared composite system was calcined to

remove the organics, including the surfactant and middle

RF shell, namely the sacrificed template for the hollow

cavity of final product.

Figures 2 and 3 present the TEM and SEM images of

samples at different preparation stages. It is obvious that all

materials show spherical morphology, including the initial

Fe3O4 core (Fig. 2a). The c-Fe2O3@SiO2@RF possesses

clear core–shell architecture with double-layered shell

composed of nonporous silica and RF polymer (Fig. 2b)

[27]. After mesoporous silica coating, the composite shows

Fig. 2 TEM images of a magnetite particles, b c-Fe2O3@SiO2@RF and c c-Fe2O3@SiO2@RF@mSiO2

Fig. 3 TEM (a, b) and SEM (c,
d) images of c-Fe2O3@SiO2–

@mSiO2
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Fig. 4 TEM images of c-
Fe2O3@SiO2–@mSiO2 with

different internal space scales

(a, b) and outer mesoporous

silica shell thickness (c, d)

Fig. 5 Small- and wide (inset)-angle XRD patterns of c-Fe2O3@

SiO2–@mSiO2

Fig. 6 Room-temperature 57Fe Mössbauer spectrum of magnetite

core and c-Fe2O3@SiO2–@mSiO2
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similar structure and morphology to c-Fe2O3@SiO2@RF,

but a slightly rough outer surface. With the removal of RF

middle layer by calcination, the obtained c-Fe2O3@SiO2–

@mSiO2 exhibits obvious rattle-type structure composed

of nonporous silica protecting magnetic core and hollow

mesoporous silica outer shell with thickness of about

30 nm (Fig. 3a, b). SEM images also confirm the near-

spherical morphology and the rattle-type architecture of c-
Fe2O3@SiO2–@mSiO2 (Fig. 3c, d). According to our

previous report, the thickness of RF polymer shell of c-
Fe2O3@SiO2@RF can be facilely adjusted by changing the

dosage of resorcinol and formaldehyde [27]. Consequently,

c-Fe2O3@SiO2–@mSiO2 with varied internal space can be

obtained by using sacrificed template at different scales.

The thickness of outer mesoporous silica shell can also be

adjusted from 15 to 50 nm by changing the amount of

TEOS (Fig. 4).

Figure 5 shows the small- and wide-angle XRD patterns

of c-Fe2O3@SiO2–@mSiO2. The small-angle XRD pattern

exhibits a single weak peak centered at 2.4�, which can be

attributed to the 100 reflections of MCM-41-type meso-

porous silica materials, indicating that c-Fe2O3@SiO2–

@mSiO2 contains slightly ordered mesoporous structure,

but with relative lower-order degree. The diffraction peaks

at wide-angle region are assigned to typical c-Fe2O3 phase.

Nevertheless, considering the similar XRD patterns of

Fe3O4 and c-Fe2O3,
57Fe Mössbauer spectroscopy was used

to further identify the phase of iron oxides. As shown in

Fig. 6, both the initial magnetite core and final c-Fe2-
O3@SiO2–@mSiO2 product present Mössbauer spectra

comprising two sextet subspectra. The difference is that the

magnetite core gives a subspectrum with isomer shifts of

0.63 mm/s (Table 1), indicating the existence of Fe2.5?

oxidation state. By contrast, c-Fe2O3@SiO2–@mSiO2

possesses sextet spectrum with isomer shift of 0.31 and

0.33 mm/s, which refers to the single Fe3? valent state and

further confirms that the inner core of the composite is

maghemite phase [16, 27, 28]. Such result reveals that the

oxidation of initial magnetite core is unavoidable during

the followed treatment. Not only during the calcination, the

oxidation takes place even in silica and RF polymer-coat-

ing process [16, 26]. Figure 7 displays the N2 physical

adsorption/desorption isotherm and pore size distribution

of the composite. Obviously, the material exhibits type-IV

isotherm relating to the outer mesoporous silica shell with

pore size centered at 2.6 nm. The abrupt increase of

adsorption and hysteresis at high relative pressure region

can be due to the existence of hollow interior.

3.2 Adsorption of MB

Removal of MB dye from aqueous solution was utilized to

evaluate the adsorption ability of c-Fe2O3@SiO2–@mSiO2

composite. Figure 8a shows that the c-Fe2O3@SiO2–

@mSiO2 exhibits around 70 % MB removal rate within

10 min for the dye solution with initial MB concentration

of 8 mg/L, which is close to conventional mesoporous

MCM-41. However, it should be noted that the both the

specific surface area and pore volume of c-Fe2O3@SiO2–

@mSiO2 (329 m2/g, 0.33 cm3/g) are lower than that of

MCM-41 (834 m2/g, 0.88 cm3/g). Therefore, the hollow

structure of rattle-type nanocomposite should play a key

role on its adsorption ability [23]. The effects of initial

concentration and pH value of dye solution on the

adsorption amount onto the nanocomposite were also

investigated. With the increasing of initial MB concentra-

tion from 8 to 100 mg/L, the adsorption amount increased

Table 1 Mössbauer hyperfine

parameters of magnetite core

and c-Fe2O3@SiO2–@mSiO2

Sample IS (mm/s) QS (mm/s) B (T) A (%) Component

Magnetite core 0.63 0.02 45 43 Fe2.5?

0.31 -0.02 49 57 Fe3?

c-Fe2O3@SiO2–@mSiO2 0.33 0 48 75 Fe3?

0.31 0 41 25 Fe3?

IS isomer shift relative to a-Fe, QS quadrupole splitting, B magnetic field, A relative subspectral area

Fig. 7 N2 physical adsorption/desorption isotherm and pore size

distribution (inset) of c-Fe2O3@SiO2–@mSiO2
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from 14 to 41 mg/g (Fig. 8b), which can be due to the

enhancement of interaction between MB and adsorbent

[29]. The adsorption capacity also increased with the pH

value of solution (Fig. 8c), which is attributed to the neg-

ative charge of adsorbent surface formed in high-pH con-

dition which can improve the electrostatic interaction with

Fig. 8 a MB removal rate as a function of adsorption time over c-
Fe2O3@SiO2–@mSiO2 and MCM-41 (MB initial concentra-

tion = 8 mg/L, pH = 7.2), b effect of MB initial concentration on

c-Fe2O3@SiO2–@mSiO2 adsorption capability (pH = 7.2), c effect

of pH value on c-Fe2O3@SiO2–@mSiO2 adsorption capability (MB

initial concentration = 40 mg/L), d photos described the magnetic

separation of c-Fe2O3@SiO2–@mSiO2 after adsorption for MB

Fig. 9 TEM image (a) and
XRD pattern (b) of c-
Fe2O3@SiO2–Pt@mSiO2

catalyst. Inset partial enlarged

TEM image
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cationic MB dye [29, 30]. For the existence of magnetic

core, the nanocomposites can be facilely separated from

the solution with the help of magnetic field (Fig. 8d).

3.3 Catalytic application

The unique rattle-type architecture of c-Fe2O3@SiO2–

@mSiO2 can be used as container for active metallic

nanoparticles, such as Pt, to construct composite catalytic

system. Figure 9 presents the TEM image and XRD pattern

of the prepared catalyst system of Pt encapsulated in c-
Fe2O3@SiO2–@mSiO2. As TEM image has shown

(Fig. 9a), there are many Pt nanoparticles in the hollow

space of c-Fe2O3@SiO2–@mSiO2 locating at either the

silica-coated magnetic core or the mesoporous shell. In

addition, all the Pt nanoparticles are uniform in size of

5.8 ± 2.2 nm, which indicates that RF-removed calcina-

tion and followed reduction process did not lead to obvious

aggregation of Pt nanoparticles. Except the diffraction

peaks of c-Fe2O3 core, the XRD pattern of the catalytic

system (Fig. 9b) shows additional characteristic peaks at

39.8� and 46.3�, which can be indexed to (111) and (200)

planes of cubic Pt crystal system, respectively, further

demonstrating the existence of active Pt nanoparticles in

the designed composite catalytic system.

The catalytic hydrogenation of nitroarenes is an envi-

ronmentally friendly process for the production of anilines,

which are important intermediates for agrochemicals,

manufacturing, pharmaceuticals, and so on. Herein, the

catalytic performance of the constructed catalyst was

investigated by selective hydrogenation of nitrobenzene to

aniline. The reaction results are showed in Fig. 10. It can

be found that c-Fe2O3@SiO2–Pt@mSiO2 is very active for

this reaction, giving extreme high conversion ([99 %) and

high selectivity (97 %). In addition, the catalyst exhibits

prominent reusability and maintaining the excellent cat-

alytic property in four reaction cycles. The fifth cycle

showed a little drop in conversion and selectivity but still

maintains a higher level ([85 %). The TEM image

(Fig. 11a) reveals that the size of Pt nanoparticles of the

catalyst after five cycles (8.4 ± 3.3 nm) are bigger than

fresh one, which indicates that the active Pt nanoparticles

tend to aggregate with each other during the reaction and

lead to the activity decline. The composite catalytic system

composed of Pt nanoparticles encapsulated in c-Fe2O3@

SiO2–@mSiO2 is of significant anyway. It possesses not

only high activity but also excellent reusability for selec-

tive hydrogenation of nitroarenes. In addition, other active

metal, such as Pd, can also be introduced into rattle-type c-
Fe2O3@SiO2–@mSiO2 to construct corresponding com-

posite catalytic system (Fig. 11b). In general, the com-

posite catalysts with rattle-type architecture can be

described as ‘‘nanoreactor’’ and exhibit special catalytic

Fig. 10 Catalytic results of c-Fe2O3@SiO2–Pt@mSiO2 catalyst for

selective hydrogenation of nitrobenzol

Fig. 11 TEM images of a c-
Fe2O3@SiO2–Pt@mSiO2 after

five cycles of reaction and b c-
Fe2O3@SiO2–Pd@mSiO2
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performances in some reactions [5, 6, 31–37]. Therefore,

fabrications for the catalytic systems based on c-Fe2
O3@SiO2–@mSiO2 and exploring their catalytic applica-

tions in other reactions need to be further researched.

4 Conclusions

In summary, rattle-type magnetic silica composite with

nonporous silica-coating magnetic iron oxide encapsulated

in mesoporous silica hollow sphere had been prepared

through a simple hard-template method. The textural

parameters of the composite can be adjusted by controlling

the synthesis conditions. The fabricated magnetic com-

posite with such unique architecture can be utilized in

adsorption removal of dye from aqueous solution. In

addition, active metallic nanoparticles can be introduced

into the composite to construct integrated catalytic system.

The designed Pt-based catalyst exhibits high activity and

selectivity and excellent reusability in selective hydro-

genation of nitrobenzol to aniline.
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4. Baù L, Bártová B, Arduini M, Mancin F (2009) Chem Commun

48:7584–7586

5. Zhang Q, Zhang TR, Ge JP, Yin YD (2008) Nano Lett

8:2867–2871

6. Liu C, Li JS, Qi JW, Wang J, Luo R, Shen JY, Sun XY, Han WQ,

Wang LJ (2014) ACS Appl Mater Interfaces 6:13167–13173

7. Tan LF, Liu TL, Li LL, Liu HY, Wu XL, Gao FP, He XL, Meng

XW, Chen D, Tang FQ (2013) RSC Adv 3:5649–5655

8. Yu JG, Le Y, Cheng B (2012) RSC Adv 2:6784–6791

9. Qiang L, Meng XW, Li LL, Chen D, Ren XL, Liu HY, Ren J, Fu

CH, Liu TL, Gao FP, Zhang YQ, Tang FQ (2013) Chem Com-

mun 49:7902–7904

10. Du L, Liao SJ, Khatib HA, Stoddart JF, Zink JI (2009) J Am

Chem Soc 131:15136–15142

11. Zhang L, Qiao SZ, Jin YG, Yang HG, Budihartono S, Stahr F,

Yan ZF, Wang XL, Hao ZP, Lu GQ (2008) Adv Funct Mater

18:3203–3212

12. Zhu YF, Fang Y, Kaskel S (2010) J Phys Chem C

114:16382–16388

13. Yang PP, Quan ZW, Hou ZY, Li CX, Kang XJ, Cheng ZY, Lin J

(2009) Biomaterials 30:4786–4795
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