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ABSTRACT Fe3O4 microsphere is a good candidate as support for catalyst because of its unique magnetic property and large surface

area. Coating Fe3O4 microspheres with other materials can protect them from being dissolved in acid solution or add functional groups

on their surface to adsorb catalyst. In this paper, a carbon layer was coated onto Fe3O4 microspheres by hydrothermal treatment

using polyethylene glycol as the connecting agents between glucose and Fe3O4 spheres. Through tuning the added amounts of reactants,

the thickness of the carbon layer could be well-controlled. Because of the abundant reductive groups on the surface of carbon layer,

noble metal ions could be easily adsorbed and in situ reduced to nanoparticles (6-12 nm). The prepared catalyst not only had unique

antiacid and magnetic properties, but also exhibited a higher catalytic activity toward the reduction of methyl orange than commercially

used Pd/C catalyst.
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1. INTRODUCTION

R
ecently, there is an increasing amount of interests

in fabricating nano/micrometer-scale carriers that

have important applications in life and materials

science (1). Among them, Fe3O4 spheres are a promising

candidate for their unique magnetic response, large surface

area, and low cytotoxicity (2-6). Though Fe3O4 spheres have

many advantages as a kind of magnetic carriers, people still

find that there are two limitations in their practical applica-

tion. One is that Fe3O4 spheres can not be used in strong

acidic solution. As reported by our group, the Fe3O4 micro-

spheres could be absolutely dissolved after being ultrasoni-

cated in 1 M hydrochloric acid (HCl) for 1 h even after they

were coated by a layer of conducting polymers (7). The other

important limitation is that Fe3O4 microspheres have few

functional groups on their surface. As is well-known, the

support for drug or catalyst must have abundant functional

groups on its surface to adsorb the drug or catalyst.

However, pure Fe3O4 spheres can hardly adsorb the drugs

or catalysts. Considering the above two limitations, people

have to coat Fe3O4 spheres with other materials to protect

them from being dissolved in acid environment and add

functional groups on their surface. Among them, silica has

being mostly used as the coating material because it can

efficiently inhibit the hydrogen ions to get through (8, 9).

However, inorganic silica shells also have few functional

groups on their surface and must be chemically modified

before being used as support for catalyst (2). The modifica-

tion process is usually inconvenient for industrial application

and the modificative agents such as 3-aminopropyl-triethoxy-

silane are usually toxic, which limit their application in drug

delivery, catalyzing the degradation of water pollutants and

other processes related to life science. In addition, various

polymers, such as polypyrrole and polyaniline, have also

been used as the coating material for Fe3O4 spheres (7, 10).

Though there are always a plenty of functional groups on

their surface, the gaps in the network of polymers may allow

the hydrogen ions to get through and dissolve the Fe3O4

cores. Therefore, it is not very appropriate to use such

polymers as the coating material for Fe3O4 spheres.

Recently, a new carbon material has aroused many

interests because it is prepared by the hydrothermal treat-

ment of low-cost glucose (11-13). The preparative process

belongs to “green chemistry” because the reactant is safe

and the preparative process causes no contamination to the

environment. Moreover, according to the research about

glucose-based carbon spheres (12), during the hydrothermal

process, glucose was first polymerized in water, and then

formed small spheres. After the spheres were formed, they

began to carbonize along with being coated with newly

formed polysaccharide. Finally, the carbon spheres formed

the structure of inner dense carbon layer and outer polysac-

charide layer. The carbon layer can efficiently protect the

Fe3O4 spheres from being dissolved in acid environment

because its dense structure can inhibit the hydrogen ions to

get through. Moreover, the outer polysaccharide layer offers

a great many functional groups, such as carboxylic, alde-

hyde, and hydroxyl groups, on their surface. Therefore,

catalytic noble metal nanoparticles (NPs) can be easily
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loaded on them. Considering the above advantages, many

groups have tried to coat Fe3O4 spheres or NPs with glucose-

based carbon layer. Wang et al. used oleic-acid-decorated

Fe3O4 NPs as the core of Fe3O4/carbon spheres (14). Zhang

et al. reported the fabrication of functional 1D magnetic NPs

chains with thin carbon coatings by using urea as the

surfactant (15). However, the size uniformity and the thick-

ness of carbon layer still need to be better controlled and its

application as catalyst support needs to be investigated.

In our work, we successfully prepared carbon-coated

Fe3O4 (Fe3O4@C) microspheres by using environmentally

friendly surfactant polyethylene glycol (PEG) as the connect-

ing agents between Fe3O4 spheres and glucose. Moreover,

the influence of reaction time and the used amount of

reactants on the final morphology of the products were

investigated. The formed product has a well core-shell

structure, which can be evenly coated with nearly monodis-

persed Pd NPs. Compared to commercially used Pd/C

catalyst, the as-synthesized catalyst exhibits a higher cata-

lytic activity and better recyclability toward the reduction of

organic dye such as methyl orange (MO). Its catalytic activity

toward the hydrogenation of allyl alcohol was also investi-

gated and compared to Pd/C.

2. EXPERIMENTAL SECTION
2.1. Materials. All the reagents were of analytical grade and

used without further purification including PdCl2 (Aldrich),
FeCl3 · 6H2O, FeCl2 · 4H2O, anhydrous sodium acetate (NaAc),
glucose, PEG (Mw ) 1500 and 20 000), ethylene glycol, ethanol,
MO, concentrated nitric acid (HNO3), concentrated HCl, and allyl
alcohol. The water used in the experiments was distilled water.

2.2. Preparation of Fe3O4 Microspheres. The Fe3O4 micro-
spheres were prepared according to Li’s method (16). The
detailed process is as follows: FeCl3 · 6H2O (1.08 g, 4 mmol) was
dissolved in ethylene glycol (40 mL) to form a clear solution,
followed by the addition of NaAc (2.88 g) and PEG (0.8 g, Mw )

20 000). The mixture was stirred vigorously for 30 min and then
sealed in a teflon-lined stainless-steel autoclave (40 mL capac-
ity). The autoclave was heated to and maintained at 200 °C for
8 h, and then allowed to cool to room temperature. The black
products were washed several times with ethanol and dried at
60 °C for 6 h.

2.3. Preparation of Fe3O4@C Microspheres. In a typical
experiment, Fe3O4 microspheres (0.05 g), glucose (4 g) and PEG
(0.5 g, Mw ) 1500) were dispersed in distilled water (20 mL) by
ultrasonicating for 15 min. The mixture was stirred for 30 min
and then sealed in a teflonlined stainless-steel autoclave (40 mL
capacity). The autoclave was heated to and maintained at 180
°C for 12 h, and then allowed to cool to room temperature. The
black products were separated by externally applied magnetic
field and washed several times with water and ethanol. Finally,
they were dried at 60 °C for 6 h.

2.4. Preparation of Pd NP-Loaded Fe3O4@C Nanospheres.
Fe3O4@C microspheres (50 mg) were dispersed in absolute
ethanol (25 mL) after ultrosonicating them for 20 min. PdCl2
(11.1 mg) was then added into the above suspension, followed
by reacting at 70 °C for 20 min under vigorous stirring. After
the reaction, the product was separated by externally applied
magnetic field, washed with distilled water twice, and dried at
60 °C for 6 h.

2.5. Characterization. Scanning electron microscopy (SEM)
measurements were performed on a SHIMADZU SSX-550
microscope. Transmission electron microscopy (TEM) experi-
ments were performed on Hitachi 800 (Tokyo, Japan) and JEM-

1200 EX (JEOL) electron microscopes with an acceleration
voltage of 200 kV. Fourier transform infrared (FTIR) spectra of
KBr powder-pressed pellets were recorded on a BRUKER VEC-
TOR 22 Spectrometer. X-ray diffraction (XRD) patterns were
obtained with a Siemens D5005 diffractometer using CuKR
radiation. Analysis of the X-ray photoelectron spectra (XPS) was
performed on an ESCLAB MKII using Al as the exciting source.
The room-temperature magnetization in the applied magnetic
field was performed by model JDM-13 vibrating sample mag-
netometer (VSM). Inductively coupled plasma atomic spectrum
(ICP) was performed on Perkin-Elmer OPTIMA 3300DV.
Ultraviolet-visible spectra (UV-vis) were recorded on a Shi-
madzu UV-2501 PC spectrometer.

2.6. Catalytic Activity Measurements. 2.6.1. Catalytic
Reduction of MO. As a model reaction, we compared the
catalytic activity of the final product with commercially used
Pd/C catalyst on the reduction of MO by NaBH4. In a typical run,
catalyst aqueous solution (0.02 mL) was added to a mixture of
MO (1.5 mL, 0.2 mM) and NaBH4 (1.5 mL, 30 mM). The final
concentration of Pd in the MO solution was kept constant (0.015
mg/mL) and the absorption spectra of the reaction solution were
recorded at different times after the addition of the catalyst.

When the catalytic reaction was completed, the Fe3O4@C/
Pd spheres were separated by externally applied magnetic field.
Then they were ultrasonicated in HNO3 aqueous solution (1M)
for 5 min to remove the absorbed dye. After that, they were
reused in the catalytic reaction. The recyclability of the as-
synthesized catalyst was determined by measuring the degra-
dation time when the MO was fully degraded.

2.6.2. Catalytic Hydrogenation of Allyl Alcohol. Acrylic
acid (10.0 mmol), Fe3O4@C/Pd catalyst (10.6 mg containing 2
µmol Pd), and methanol (30.0 mL) were introduced into a 50
mL reaction vessel. The catalytic reaction was carried out at 303
K under a constant hydrogen pressure (1.0 MPa) and stirring.
A sample was withdrawn at a regular interval and analyzed by
Gas Chromatography (GC-6890) equipment with flame-ioniza-
tion detector and 30 m capillary column (HPINNOWAX). Yield
was determined by the following equation: yield ) [area of
product]/[area of substrate + area of product] ( 17-19). As
control, the hydrogenation was also carried out by using 5%
Pd/C as catalysts (4.3 mg containing 2 µmol Pd).

3. RESULTS AND DISCUSSION
3.1. Formation Mechanism and Morphology.

Compared to Fe3O4 microspheres (Figure 1A,B), it can be

seen that when the reaction time was 12 h, uniform

Fe3O4@C spheres (Figure 1C,D) with diameters mainly

between 280 and 350 nm could be obtained and the

FIGURE 1. SEM and TEM images of (A, B) Fe3O4 and (C, D) Fe3O4@C
microspheres.
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thickness of the carbon layer was 55-60 nm which was

much thicker than those reported by other groups (14). To

get Fe3O4@C microspheres with uniform size and well

morphology, the influence of the reaction time and the

added amount of PEG to the final morphology of the

products was investigated. When the reaction time was

prolonged to 24 h, Fe3O4 cores were dissolved and big

carbon spheres (1-5 µm) appeared (Figure 2A,B). Such

results were caused by the long-term carbonization of the

polysaccharide layer during which acid would be released

in the center of such spheres. The accurate form of such acid

is not clear yet but according to the transformation process

from polysaccharide to carbon layer, only carbon, oxygen,

and hydrogen atoms could leave the polymer chain and

form the acid. As a result, such acid may be organic car-

boxylic acid or inorganic carbonic acid. To further confirm

the form of the released acid, we filtered the supernatant

after reaction and added it into 1 M CaCl2 solution. However,

as no precipitate was formed, the acid was not inorganic

carbonic acid. Moreover, the filtered supernatant was also

dropped on a KBr pellet to see its infrared spectrum (curve

d in Figure 6A). As the peaks at 1718, 1666, and 2923 cm-1

that were attributed to CdO, CdC, and CO-H and the bands

in the range of 1000-1300 cm-1 that corresponded to C-O

stretching and O-H bending vibrations can be observed, it

might be concluded that the acid should be some kind of

organic carboxylic acid. The longer the carbonization pro-

cess lasted, the more the acid would be released in the

mixture. On the other hand, according to our experimental

results, the appearance of big carbon spheres was mainly

caused by the quick aggregation and deposition of the

polysaccharide layer. As reported before, polysaccharide

first formed in the mixture and then deposited onto the

spheres (12). When the reaction time was shorter than 12 h,

the amount of polysaccharide in the mixture was fewer and

its deposition proceeded in a mild and controllable way.

However, when the reaction proceeded further, more and

more polysaccharide would form in the mixture and reach

an oversaturation state. At this time, excess polysaccharide

would aggregate into pure carbon spheres, which would then

grow in a fast and uncontrollable way, leading to big carbon

spheres. As reported in the experimental section, after the

reaction, the slurry was placed under externally applied

magnetic field to separate the product and the supernatant.

It was found that the supernatant separated from the

mixture after reacting for 24 h was in deeper brown than

that after reacting for 12 h, indicating that more polysac-

charide formed.

The amount of PEG used in the reaction was then tuned

to see its influence on the final morphology of the composite

spheres. As shown in Figure 2, when no PEG was used in

the reaction, Fe3O4 spheres could only be wrapped with a

thin carbon layer and most of the polysaccharide aggregated

to form big carbon spheres. This was due to the weak

interaction between Fe3O4 surface and glucose-based ma-

terials. Further doubling the amount of PEG would lead to

Fe3O4@C microspheres with similar morphology to those

obtained under normal conditions, indicating that PEG

played an important role in shaping the core-shell structure

as the connecting agent. This was due to the unique sticky

property of amphiphilicity PEG to Fe3O4 spheres and polysac-

charide. Finally, it tightly bound glucose-based polysaccha-

ride to the surface of Fe3O4 spheres and a well core-shell

structure was prepared.

In our work, the added amounts of Fe3O4 nanospheres

and glucose were also tuned in order to control the thickness

of the carbon layer. However, the thickness was not control-

lably tuned as we expected. When the used amount of Fe3O4

microspheres was halved, only a few hollow carbon spheres

and a lot of big aggregated carbon spheres instead of

core-shell Fe3O4@C spheres could be observed (Figure 3).

The morphology was similar to those when the reaction time

was prolonged to 24 h and could be explained in the same

way. In detail, as the Fe3O4 seeds were fewer in the mixture,

the formed polysaccharide was excessive and hence self-

aggregated into big carbon spheres. Moreover, the carbon-

ization of excessive polysaccharide on Fe3O4 spheres would

produce more acid and finally the Fe3O4 cores were dis-

solved. In conclusion, we could not get Fe3O4@C spheres

with thicker carbon layer by halving the used amount of

Fe3O4 spheres but we could get Fe3O4@C spheres with

thinner carbon layer by doubling the used amount of Fe3O4

spheres (Figure 3C,D). Similar results could be obtained by

changing the used amount of glucose. Figure 3E,F showed

that halving the amount of glucose could get Fe3O4@C

spheres with thinner carbon layer, while doubling the amount

of glucose could only get big carbon spheres with a few

Fe3O4@C spheres. However, Fe3O4 cores were not dis-

solved, though more glucose was used. This might because

that the explosive formation of carbon spheres happened.

FIGURE 2. SEM and TEM images of Fe3O4@C microspheres: (A, B)
reacting for 24 h; (C, D) without PEG and (E, F) with double amount
of PEG.
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Therefore, less polysaccharide was absorbed onto the sur-

face of Fe3O4 microspheres, resulting in less acid releasing

in the center of Fe3O4 microspheres. Accordingly, Fe3O4

cores were reserved. In conclusion, the thickness of the

carbon layer could be easily tuned to a small value by

controlling the amounts of the reactants. However, it was

difficult to get a thicker layer because the self-aggregation

of polysaccharide would always happen instead of deposi-

tion to the Fe3O4@C microspheres.

Once the Fe3O4@C microspheres were formed, they

could be stable in a relatively acid environment. The Antiacid

ability of the Fe3O4@C composite microspheres was inves-

tigated and compared to pure Fe3O4 microspheres by ultra-

sonicating them in 1 M HCl solution at 45-50 °C for 70 min.

After the acid treatment, pure Fe3O4 microspheres were fully

dissolved and their dispersion turned to light yellow which

was the color of Fe3+ ions (left in Figure 4A,B). However, the

dispersion of Fe3O4@C composite spheres did not exhibit

much change (right in Figure 4A,B). ICP results showed that

the weight percentages of Fe3O4 in Fe3O4@C composite

microspheres before and after the acid treatment were

16.61 and 14.23%, respectively. This means that only about

16.7% of the Fe3O4 cores were dissolved and 83.3% were

reserved. This superior antiacid ability of the Fe3O4@C

composite microspheres was due to the protection by the

thick and dense carbon layer coated onto the Fe3O4 cores.

The as-prepared Fe3O4@C nanospheres could act as

magnetic supports for palladium NPs because the carbon

layer has a lot of reductive groups on their surface. After the

in situ reduction process was carried out, nearly monodis-

persed Pd NPs (6-12 nm) were evenly grown on the surface

of Fe3O4@C microspheres (Figure 5A). ICP result showed

that the weight percentage of Pd in the final product was

about 2%. The morphology and size distribution of the Pd

NPs in our product were also compared with those of Pd NPs

in commercially used Pd/C catalyst. According to Figure 5,

it could be observed that the Pd NPs loaded on Fe3O4@C

microspheres have a smaller average diameter (9.05 nm)

than those on Pd/C (18.99 nm).

3.2. Structural Characterization of Fe3O4@C
and Fe3O4@C/Pd Microspheres. In order to confirm

the existence and the kinds of these surface groups, FTIR

spectra of Fe3O4, Fe3O4@C and Fe3O4@C/Pd spheres were

performed in Figure 6A. As shown, the spectra of Fe3O4@C

and Fe3O4@C/Pd spheres exhibited similar peaks at 1706

and 1612 cm-1, which were attributed to CdO and CdC

vibrations, respectively, supporting the concept of aroma-

tization of glucose during hydrothermal treatment. More-

over, the bands in the range 1000-1300 cm-1 were corre-

sponding to C-O stretching and O-H bending vibrations,

implying the existence of a large number of residual hy-

droxyl groups on their surface (12).

Raman spectra of Fe3O4@C and Fe3O4@C/Pd spheres

were performed to investigate the structure of the carbon

layer. The two curves in Figure 6B showed two strong peaks

FIGURE 3. SEM and TEM images of Fe3O4@C microspheres: (A, B)
with half amount of Fe3O4 microspheres; (C, D) with double amount
of Fe3O4 microspheres; (E) with half amount of glucose; and (F) with
double amount of glucose.

FIGURE 4. Photographs of Fe3O4 (left) and Fe3O4@C (right) micro-
spheres (A) before and (B) after acid treatment.

FIGURE 5. TEM image of (A) Fe3O4@C/Pd microspheres and (B) Pd/C
before catalytic reaction; size distribution of (C) Fe3O4@C/Pd mi-
crospheres and (D) Pd/C; TEM image of (E) Fe3O4@C/Pd microspheres
and (F) Pd/C after catalytic reaction.
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at 1591 and 1359 cm-1, which were attributed to in-plane

vibrations of crystalline graphite and disordered amorphous

carbon, respectively (12). The relatively higher peak at 1591

cm-1 indicated that the carbon layer made from glucose had

an ordered, graphitelike structure, whereas the disordered

peak at 1359 cm-1 might originate from the defects on the

surface of carbon layer.

From the XRD spectra of all the samples in Figure 6C,

the characteristic diffraction peaks of Fe3O4 at 2θ ) 29.91,

35.41, 43.11, 57.21, and 62.81° could be observed and

were well-indexed to the cubic spinel structured magnetite

(JCPDS file No.19-0629) (20), indicating that the crystallite

phase of Fe3O4 can be well-preserved during the reaction.

After the coating process, a wide peak centered at 2θ )

20.55° was observed, indicating that the carbon matrix was

amorphous (13). Finally, the characteristic diffraction peaks

of Pd at 2θ ) 40.1, 46.6, and 68.1°, which corresponded to

(111), (110), and (100) crystalline planes of Pd (JCPDS

5-0683) (21) were observed in the spectrum of Fe3O4@

C/Pd spheres, indicating that Pd element existed in the form

of Pd0, not Pd2+.

To further confirm that in our product, the Fe3O4 core has

been fully wrapped by the carbon layer, we performed XPS

spectra to show their surface elements (Figure 7). Compared

with Figure 7A, the characteristic peak of Fe element abso-

lutely disappeared after the coating of carbon layer (Figure

7B). In addition, after the loading of Pd NPs, the sharp peaks

centered at 341.5 and 335.7 eV appeared (Figure 7C), again

verifying that the existing form of Pd elements was Pd0.

The magnetic properties of the obtained composite

spheres were investigated with a VSM. Typical magnetiza-

tion curves as a function of the applied field at room

temperature (300K) were shown in Figure 7D. The saturation

magnetization decreases from 76.8 to 13.0 and 9.7 emu g-1

along with the increase of coating materials. ICP results show

that the weight percentage of Fe3O4 in Fe3O4@C and

Fe3O4@C/Pd composite sphere are 16.61 and 13.32%,

respectively, which are approximately proportional to their

saturation magnetization. All the samples exhibit a magnetic

coercivity of about 136 Oe because the sizes of Fe3O4

spheres already exceed the critical size of a single magnetic

domain (22).

The Fe3O4@C/Pd composite sphere could be easily sepa-

rated by externally applied magnetic field. As shown in the

insert images in Figure 7D, the black particles were attracted

toward the magnet in a very short time, which provides an

easy and efficient way to separate and recycle the materials

from heterogeneous reaction systems.

3.3. Catalytic Activity and Recyclability of
Fe3O4@C/Pd Composite Microspheres toward the
Reduction of MO. We have investigated the catalytic

activity and recyclability of Fe3O4@C/Pd composite micro-

spheres and compared them with commercially used Pd/C

(5%) catalyst. As the reduction of MO with NaBH4 could be

easily monitored by UV-vis absorption spectroscopy with-

out the formation of any appreciable byproduct, it was

selected as the model reaction which proceeded quite slowly

in the absence of catalyst (23). From Figure 8, it can be

observed that the spectrum of the mixture of the MO and

NaBH4 solution was dominated by the band at 464.5 nm,

which corresponded to intermolecular charge transfer for

MO. The intensity of this characteristic band decreases very

little after 12 h. To confirm that the decrease in the charac-

teristic band of MO in the presence of Fe3O4@C/Pd was

caused by the catalytic reduction of MO, not the adsorption

of MO by the carbon layer, we also performed the UV-vis

FIGURE 6. (A) FTIR spectra of (a) Fe3O4, (b) Fe3O4@C, (c) Fe3O4@
C/Pd microspheres, and (d) the supernatant after preparation of
Fe3O4@C. (B) Raman spectra of (a) Fe3O4@C, (b) Fe3O4@C/Pd
microspheres. (C) XRD spectra of (a) Fe3O4, (b) Fe3O4@C, (c) Fe3O4@
C/Pd microspheres.

FIGURE 7. XPS spectra of (A) Fe3O4, (B) Fe3O4@C, and (C) Fe3O4@
C/Pd microspheres. (D) Magnetization vs applied magnetic field at
room temperature for: (a) Fe3O4, (b) Fe3O4@C, and (c) Fe3O4@C/Pd
microspheres. Inset in D shows the photographs of the dispersion
of Fe3O4@C/Pd microspheres before (above) and after (below)
magnetic separation.
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spectra of MO solution before and after adsorbed by Fe3O4@

C/Pd for 12 h in Figure 8B. The results showed that very few

MO can be adsorbed by the carbon layer in the catalyst. As

a result, MO reduction is a suitable reaction to evaluate the

activity of the prepared catalyst. In Figure 9, the successive

absorption spectra of the reduction of MO catalyzed by Pd/C

(Figure 9A) showed that after the addition of Pd/C catalyst,

the reduction reaction of MO was accelerated and completed

after 40 min. Compared to Pd/C, in the presence of as-

synthesized Fe3O4@C/Pd composite spheres, the band at

464.5 nm decreased a lot more quickly and totally disap-

peared after only 2 min (Figure 9B). In panels A and B in

Figure 9, the used Pd content in the mixed solution was

0.015 mg/mL for both Pd/C catalyst and Fe3O4@C/Pd com-

posite spheres. Using Fe3O4@C/Pd as the catalyst, even

when the Pd content was tuned to 0.00725 mg/mL in the

mixed solution, the reduction still proceeded very fast and

was completed after only 8 min. The results indicated that

the catalytic activity of Fe3O4@C/Pd composite micro-

spheres was superior to Pd/C catalyst. This may be due to

the fact that in our products, Pd NPs with smaller average

size were evenly dispersed on the Fe3O4@C surface. Com-

paratively, as reported by Corma et al., the average diameter

of Pd NPs in Pd/C was 14.52 nm (24). Similarly, from Figure

5, we can observe that the average diameter of Pd NPs in

Pd/C used here was 18.99 nm. As a result, the catalyst of

Fe3O4@C/Pd composite microspheres had larger surface

area, which could offer more catalytic sites toward the

reduction of MO than Pd/C catalyst.

More detailed information about the catalytic activity of

the composites is known by studying the kinetics of the

reduction reaction. The sodium borohydride in the reactive

system is requested to greatly exceed the content of MO, so

that the rates of the reduction are assumed to be indepen-

dent of the concentration of sodium borohydride, and thus

the kinetics of the reduction could be treated as pseudo-first-

order in MO concentration (25, 26). The ratio of absorbance

At of MO at time t to its value A0 measured at t ) 0 directly

gives the corresponding concentration ratios Ct/C0 of MO.

Thus the kinetic equation of the reduction could be shown

as dCt/dt ) Kappt or ln(C0/Ct) ) ln(A0/At) ) Kappt, where Ct is

the concentration of MO at time t and Kapp is the apparent

rate constant, which can be obtained from the decrease of

peak intensity at 464.5 nm with time.

According to the above equation, the relations of

ln(C0/Ct) versus time t can be obtained. By calculating the

slope of the fitting line, a value of Kapp is obtained which is

1.44 to Fe3O4@C/Pd, whereas it is 0.26 to Pd/C. A higher

value of Kapp means higher catalytic activity of the catalyst.

According to the results, we can calculate the approximate

time to reduce a certain amount of MO.

The immobilization of Pd NPs with magnetic support

may render them a practical recyclable nanocatalyst. As

a recyclable catalyst, another important factor, the renew-

able catalytic activity, was also investigated by performing

the MO reduction five times using the recycled composite

nanocatalysts. The catalytic activity of the recycled com-

posite nanocatalysts was characterized by the reaction

time when the reduction was fully completed. For com-

parison, Pd/C was also separated by centrifuging and

recycled in the reductive reaction. The used Pd content

in the mixed solution was 0.02 mg/mL and was kept the

same for both Pd/C catalyst and Fe3O4@C/Pd composite

microspheres in the recycling experiments. After each

cycle, the catalysts were ultrasonicated in 1 M HNO3

aqueous solution for 5 min to remove the absorbed MO

and its leuco form on the catalysts. As clearly shown in

Figure 9D, the reduction time after each cycle was 10 s, 2,

FIGURE 8. (A) Absorption spectra of MO and NaBH4 mixed aqueous
solution after (a) 1 min and (b) 12 h. (B) Absorption spectra of MO
aqueous solution (a) before and (b) after addition of Fe3O4@C/Pd
aqueous dispersion for 12 h.

FIGURE 9. Successive absorption spectra of aqueous solution con-
taining MO and NaBH4 after the addition of (A) Pd/C and (B, C)
Fe3O4@C/Pd aqueous dispersion. The concentration of Pd in the
mixed solution is 0.015 mg/mL in A and B, whereas it is 0.0725 mg/
mL in C. (D) Reduction time of MO in five successive cycles with
Pd/C catalyst and Fe3O4@C/Pd microspheres.
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8, 12, and 30 min for Fe3O4@C/Pd composite microspheres,

whereas it was 24, 57, 75, 83, and 210 min for Pd/C catalyst.

The increasing trend of the reduction time could be observed

for both Fe3O4@C/Pd composite spheres and Pd/C catalyst.

The reduction time was prolonged after each cycle because

the loss of the catalyst might happen during its reclamation.

More importantly, the aggregation of the Pd NPs might also

happen after each cycle, and thus the surface area of the

catalyst as well as the catalytic sites were decreased. How-

ever, it was obvious that as-synthesized Fe3O4@C/Pd com-

posite spheres exhibited superior renewable catalytic activity

than Pd/C catalyst. According to our observation, two rea-

sons were suggested to explain the phenomenon. First, as

the Fe3O4@C/Pd composite spheres were reclaimed by

external magnetic field, the loss of them was very few. On

the other hand, as reported above, the abundant functional

groups on the surface of the carbon layer could tightly bind

the Pd NPs and efficiently prevent them from leaching and

aggregating which can be confirmed by the TEM images of

Fe3O4@C/Pd microspheres and Pd/C before and after cata-

lytic reaction (Figure 5). According to the two unique proper-

ties of Fe3O4@C/Pd composite microspheres, their catalytic

activity was better reserved after each cycle than Pd/C

catalyst.

Furthermore, the catalytic activity of our product toward

the hydrogenation of olefin (allyl alcohol) was also investi-

gated and compared to Pd/C (5%) catalyst (see Figure 10).

However, in contrast to the reduction of MO, Fe3O4@C/Pd

exhibited lower catalytic activity than Pd/C. After reacting

for 4 h, the yield of reaction product propanol was 3.58%

when using Fe3O4@C/Pd as catalyst, whereas the value was

13.79% when using Pd/C as the catalyst. This might be due

to the porous active carbon having higher hydrogen adsorp-

tion and storage capacity that favored the catalytic hydro-

genation of allyl alcohol. This also inspires us to do more

work to control the morphology of the outer carbon layer to

be a porous structure in the future to enhance its catalytic

activity toward the hydrogenation of olefins.

4. CONCLUSIONS
In conclusion, novel Fe3O4@C hybrid microspheres

using glucose as the carbon source were constructed and

used as the support for catalytic noble metal NPs. In

catalysis, these nanocomposites provided not only large

surface areas for high loading of catalysts but also the

ability to be easily separated from the reaction mixture

by externally applied magnetic field. Furthermore, the

thick carbon layer could efficiently prevent the Fe3O4

cores from being dissolved by acid. The prepared Fe3O4@

C/Pd composite microspheres were then used in the

catalysis of the reduction of MO and the results showed

that they had enhanced catalytic activity and renewable

catalytic activity when compared with commercially used

Pd/C catalyst. This environmentally friendly magnetic

carrier has more potential applications in the life and

materials science such as drug delivery, ferrofluids (27),

magnetic storage media, stem cell labeling, and magnetic

resonance imaging (MRI) (28-30). Finally, the method of

coating carbon layer on inorganic cores can be applied to

other inorganic materials to obtain multifunctional compos-

ite spheres.
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