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The iron nanoparticles confined in highly ordered mesoporous carbons (OMCs) have been directly syn-
thesized through a simple soft templating method by using resorcinol-formaldehyde (RF) as a carbon
precursor, triblock copolymer Pluronic F127 as a template agent and hydrated iron nitrite as an iron
source. This synthesis was carried out by the carbonization of the F127/[Fe(H,0)9](NO3 )3 /RF composites
self-assembled in an acidic medium, which was generated from the self-hydrolysis of precursory salt.
The effects of iron loading contents on the morphology, pore feature and magnetic properties of the
iron nanoparticles confined in OMCs were characterized by the X-ray diffraction, transmission electron
microscopy, nitrogen sorption and vibrating-sample magnetometer measurement. It was found that Fe3*
was captured by the network of F127/RF and further reduced into metallic Fe nanoparticles during the
carbonization. The results showed that the carbon material exhibited highly ordered mesoporous struc-
ture, and the iron nanoparticles were uniformly confined in the OMC walls when the Fe/R molar ratio
was around 0.1. The saturation magnetization Ms, remanent magnetization Mr, and coercivity Hc of the
Fe/OMC composites increased with the increasing of Fe/R molar ratio. The Fe/OMC composites exhibited
the soft ferromagnetic behavior and the magnetization parameters could be adjusted by the content of
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1. Introduction

Ordered mesoporous carbons (OMCs) reported in 1991 [1] have
attracted significant interest [2-11] due to their structural regular-
ity, large specific surface area, thermal stability, chemical inertness,
biocompatibility, and many potential applications in the fields of
absorption [12], separation [13], hydrogen storage [14], catalyst
supports [15,16], biomedical engineering [17] and energy stor-
age [18-22]. For further applications of OMCs, metal nanoparticles
were employed into the OMCs to modify their properties and
broaden applications in the fields of adsorption, catalysis, lithium-
ion batteries, electrochemical capacitors and magnetic separation,
etc. [23,24]. There are three possible locations of guest particles in
the OMCs. The guest particles may be located inside the mesochan-
nels, within the walls or at the external surfaces of the OMCs. The
metal nanoparticles confined inside the mesochannels and within
the walls of OMCs are effectively protected by OMCs from oxi-
dation and consequently showing long-term stability. When the
metal nanoparticles stay inside the mesochannels, they will cause
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the reduction of surface area and pore volume. Incorporation of
guest nanoparticles inside the walls of OMCs is an effective way
to overcome this drawback. Moreover, in such structure, the guest
nanoparticles are embedded in carbon walls, so they are accessible
to gas and liquid molecules which enter the mesochannels from
outside media [25].

So far, there are generally two routes to insert nanoparticles
into the OMCs. One route is incorporating metal and compound
nanoparticles (Pt [26,27], Ru [28], SnO, [29,30], MnO, [31,32]) into
the pre-synthesized OMCs using impregnation, adsorption or ion
exchange methods. Another route is infiltration of an appropri-
ate carbon precursor and metal source into the mesopores of the
silica template, followed by thermal polymerization, carboniza-
tion and subsequent removal of the silica framework with HF or
NaOH solution [33-38]. Nevertheless, the above routes are fussy,
time-consuming and high cost multi-step synthesis procedures,
including repeated impregnation with carbon and metal precursors
and the removal of hard templates [23]. Meanwhile, the meso-
porous materials containing Fe, Co, Ni magnetic nanoparticles have
fascinating magnetic properties, and many applications includ-
ing magnetic storage media, ferrofluids, and as magnetic carriers
for drug targeting [36,39-42]. Yao et al. synthesized the magnet-
ically separable Ni/OMCs with a highly ordered cubic structure
by the carbonization of the F127/[Ni(H,0)g](NO3),/RF composites
self-assembled in an alkaline medium [23]. Li et al. prepared the
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highly ordered Fe/OMCs using a soft templating route [24]. Xing
et al. synthesized a-Fe-incorporated nanoporous carbon through
nanocasting strategy by using ordered mesoporous silica as a hard
template and sugar as a carbon source [39].

Herein, we employed a simple soft templating method to syn-
thesize magnetic Fe nanoparticles confined in OMCs (Fe/OMCs)
under an acidic medium generated from the self-hydrolysis of
precursory salt. The magnetic Fe/OMCs were fabricated through
the self-assembly of F127, resorcinol-formaldehyde (RF) polymer
and [Fe(H;0)g9](NO3)3. Wherein, RF was used as a carbon precur-
sor, triblock copolymer Pluronic F127 as a template agent and
[Fe(H20)9](NO3)3 as an iron source. The effects of Fe loading con-
tents on the morphology, pore feature and magnetic properties of
Fe/OMCs were investigated.

2. Experimental
2.1. Chemicals

Triblock poly(ethylene oxide)-b-poly(propylene oxide)-b-poly (ethylene oxide)
copolymer Pluronic F127 (M, =12,600, PEO;96PPO7PEO0s) was purchased
from Aldrich Corp., and resorcinol, formaldehyde and hydrated iron nitrite
([Fe(H20)9J(NO3 )3 ) were purchased from Beijing Chemical Corp. All chemicals were
analytical pure grade and were used as received without any further purification.

2.2. Synthesis

The synthesis compositions were in the range of
resorcinol/formaldehyde/F127/[Fe(H,0)9](NO3)3 (molar
ratio)=1:2:0.013:0.05-0.20. The resulting composite was designated as Fe/OMC-M,
M denoted the molar ratio of [Fe(H,0)q](NOs3 )3 to resorcinol (Fe/R) at the beginning
of polymerization. In a typical preparation, 2.45g F127 and 1.65 g resorcinol were
dissolved absolutely in 14 g of ethanol/water (1/1vol%) solution under magnetic
stirring at room temperature (signed A). An appropriate amount of hydrated iron
nitrate corresponding to Fe/resorcinol molar ratio equal to 0.05, 0.10, 0.15, 0.20
was dissolved in 7 g of ethanol/water (1/1 vol%) solution (signed B). When solution
B turned to be a light brown solution, it was dropped into solution A. After stirring
for 2h, 2.3 mL of formaldehyde (37%) was subsequently added dropwise to the
above solution containing F127, resorcinol and [Fe(H;0)9](NOs3 )3 0. Followed by an
additional 2 h stirring, the mixture was kept standing until it turned cloudy and
began to separate into two layers. This two phase mixture was further kept aging
for two days. Subsequently, the upper light layer was discarded while the lower
dark phase was stirred overnight until a sticky monolith was formed. Finally, the
monolith was dried in an oven at 90°C for 12h and carbonized at 800°C for 2 h,
with a heating rate of 1°C/min from 25 to 400°C and 5 °C/min from 400 to 800°C
under a nitrogen atmosphere, to obtain the Fe/OMCs.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku D/max-
2500B2+/PCX system operating with Cu Ko radiation (A = 1.5406 A). For small-angle
XRD measurement with 20 <5°, the step width and acquisition time were 0.002°
and 0.24 s, respectively, and for wide-angle XRD measurement 0.02° and 0.15 s were
employed.

The transmission electron microscope (TEM) images were obtained using a
Hitachi H-800 transmission electron microscope operating at 200kV. The high
resolution TEM (HRTEM) images were recorded on a JEOL JEM-3010 microscope
operating at 300 kV. Before TEM observations, the samples were prepared by dis-
persing the products in ethanol with an ultrasonic bath for 10 min and then one
drop of the resulting suspension was placed on a copper grid.

Nitrogen adsorption-desorption isotherms were measured with an ASAP 2010
Micromeritics Instrument at 77K. Before the measurement, the samples were
degassed at 473K for 12h. The specific surface areas were calculated using the
Brunauer-Emmett-Teller (BET) equation in a relative pressure range between
P[Py =0.05-0.3. The pore size distribution was estimated from the desorption branch
of the isotherm using the Barrett-Joyner-Halenda (BJH) method.

The magnetic properties of Fe/OMCs were measured at room temperature with
a vibration sample magnetometer (VSM, Lakeshore, Model 7307).

3. Results and discussion

The small-angle XRD patterns of Fe/OMC composites with dif-
ferent iron loadings are presented in Fig. 1. As shown in Fig. 1,
the Fe/OMC-0.05, Fe/OMC-0.10 and Fe/OMC-0.15 samples exhibit
intense diffraction peaks at 20 range of 0.8-1°, which can be
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Fig. 1. Small-angle XRD patterns of Fe/OMC composites with different iron loadings.

indexed to [100] reflection of hexagonal mesostructure [24]. A
sharp and narrow diffraction peak at 26 =0.89° can be observed
for Fe/OMC-0.10, which indicates that this sample possesses well-
ordered mesostructure. However, no obvious diffraction peak was
detected in the Fe/OMC-0.20 sample, implying that the optimal
ordering of the hexagonal mesostructure can be obtained when
Fe contents around Fe/R=0.1 and the ordering decreased as the Fe
content was either greater or smaller than this ratio. In the Fe/OMCs
synthesis, when iron precursor [Fe(H,0)g](NO3)3 was added into
the reaction mixture containing resorcinol-formaldehyde (RF) and
F127, the acid was generated due to the hydrolysis of precursory
salt. And it could be used as the catalyst for cross-linking between
resorcinol and formaldehyde. The excess iron loading might disturb
the self-assembly process and thus influence the final ordering of
the mesostructure [24].

Fig. 2 shows the wide-angle XRD patterns of Fe/OMC composites
with different iron loadings. The wide-angle XRD patterns exhibit
resolved diffraction peaks at 20=44.7° for all samples, which are
in accordance with the (110) diffraction of body-centered cubic
(bcc) a-Fe (JCPDS card No. 06-0696). It indicates that Fe3* was cap-
tured by the network of F127/RF and further reduced into metallic
Fe nanoparticles during the carbonization. The weak diffraction
peaks at 35.8° of Fe/OMC-0.05 and Fe/OMC-0.10 samples are in
accordance with the (31 1) diffraction of y-Fe;03 (JCPDS card No.
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Fig. 2. Wide-angle XRD patterns of Fe/OMC composites with different iron loadings.
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Fig. 3. TEM images of Fe/OMC composites with different iron loadings (a) Fe/OMC-0.05, (b) Fe/OMC-0.10, (c) Fe/OMC-0.15, and (d) Fe/OMC-0.20.

00-039-1346). The existence of y-Fe,03 may be due to the fact
that metallic Fe possesses extremely high reactivity and thus some
Fe nanoparticles exposed on the OMC surface can be easily oxi-
dized to iron oxides when exposed in the air. In addition, when
the Fe/R molar ratio were increased to above 0.1, an intensive
diffraction peak at 26 =26°, along with a resolved diffraction peak
at 26 =43 can be seen in the resulting Fe/OMC composites, which
can be indexed to the (002) and (10 1) diffraction peaks for typi-
cal graphite-like carbon. The interlayer spacing value (d spacing)
of the (002) plane is 0.341 nm, a slightly bigger than the value

(0.335 nm) of graphite [43], suggesting that the materials were well
graphitized by the Fe nanoparticles during carbonization. It is well
known that the nanosized transition metals such as Fe, Co, Ni can
accelerate the development of graphitic structure (called catalytic
graphitization) of carbon when they are heat-treated together with
carbon materials in inert gas atmosphere [44-46].

TEM was used to directly observe the mesostructure of car-
bon and the distribution state of iron nanoparticles confined in the
OMCs. Fig. 3 shows the typical TEM images of the Fe/OMC com-
posites with different iron contents. As shown in Fig. 3, the parallel

Fig. 4. Typical TEM image and corresponding HRTEM image of a-Fe particle confined in OMC (Fe/OMC-0.10).
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Table 1
Textural properties of the Fe/OMC composites.
Sample name Unit cell BET surface Micropore Average Pore Volume® Pore wall
parameter? area® (m2g1) surface area® sized (nm) (cm3g1) thickness’
(nm) (m?g1) (nm)
Fe/OMC-0.05 11.53 612 395 3.81 0.46 7.72
Fe/OMC-0.10 11.45 600 385 3.76 0.43 7.69
Fe/OMC-0.15 12.08 381 256 3.74 0.27 8.34
Fe/OMC-0.20 - 313 201 3.77 0.24 -

2 Calculated from XRD results using the formula a=2(3)~"2d; .

b Calculated by the BET model from sorption data in a relative pressure range from 0.05 to 0.3.
¢ Estimated from the t-plot method using the Harkins and Jura standard isotherm with the thickness range 3.5-5.0 A.

d Calculated by the BJH model from the desorption branches of the isotherms.

¢ The total pore volume was estimated from the amount adsorbed at a relative pressure of 0.995.

f Calculated using the formula f=a—d.

carbon nanochannels with a d spacing of about 10 nm can be clearly
observed in the images of Fe/OMC-0.05 (Fig. 3a) and Fe/OMC-0.10
(Fig. 3b), which is consistent with small-angle XRD results (9.9 nm).
The dark spots with a diameter of 6-20 nm are the iron nanopar-
ticles, which are uniformly embedded in the walls of the OMCs.
An orderly arranged strip-like channels structure can be observed
in the Fe/OMC-0.10 (Fig. 3c), and only wormhole-like disordered
structure can be visualized on Fe/OMC-0.20 (Fig. 3d). As shown in
Fig. 4, the HRTEM image of iron nanoparticle embedded in the wall
of OMC illustrates the perfect arrangements of the atomic layers
and lack of defects. The lattice plane distance in Fig. 4b is 2.03 A,
which is consistent with the [110] plane of the a-Fe (JCPDS card
No. 06-0696) [24,47]. The cell parameters calculated from the TEM
images are in good agreement with those (Table 1) calculated from
XRD patterns.

Nitrogen sorption isotherms were recorded to investigate the
effect of the iron loading content on the pore properties of
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Fig. 5. N, adsorption-desorption isotherms (a) and pore size distributions of
Fe/OMC composites with different iron loadings (b).

the Fe/OMC composites. Fig. 5 shows N, adsorption-desorption
isotherms and the pore size distributions of Fe/OMC-M (M =0.05,
0.10, 0.15, 0.20). All samples are found to own typical type IV
isotherms with an obvious Hi-type hysteresis loop, reflecting
the characteristics of mesoporous materials, which are typical
adsorption for mesoporous materials with 2D hexagonal ordered
structure [25]. The sharp inflections between the relative pressures
p/po =0.4-0.7 in these isotherms correspond to capillary condensa-
tion within uniform mesopores. The pore size distribution curves
determined by applying BJH method using the desorption branches
of the isotherms are shown in Fig. 5b. The curves reveal that the
pores of each sample are relatively uniform and centered at around
3.8 nm. Table 1 lists the pore parameters of Fe/OMC composites. As
shown in Table 1, Fe/OMC-0.05 has a BET surface area of 612 m?/g
and pore volume of 0.46 cm3/g. The surface areas and pore volumes
of the specimens decreased with the increasing of iron content.
However, there is a sharp decrease of surface area and pore volume
between Fe/OMC-0.10 and Fe/OMC-0.15 due to the destruction of
ordered mesostructure. These N, adsorption-desorption data are
in well agreement with the small-angle XRD (Fig. 1) and the TEM
(Fig. 3) results. The iron content is a critical factor to form well
ordered mesoporous structure.

The hysteresis curves of Fe/OMC composites were obtained at
room temperature with a vibrating sample magnetometer. The
saturation magnetization Ms, remanent magnetization Mr, and
coercivity Hc are the main technical parameters to characterize the
magnetism of ferromagnetic materials. Fig. 6 shows the magnetic
hysteresis loops of Fe/OMC composites with different iron contents.
Table 2 lists the magnetic parameters of Fe/OMC composites. As
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Fig. 6. Magnetization curves of Fe/OMC composites with different iron loadings.
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Table 2

Magnetic properties of Fe/OMC composites.
Sample name Ms (emu/g) Mr (emu/g) Mr[Ms Hc (Oe)
Fe/OMC-0.05 0.34 0.06 0.18 74
Fe/OMC-0.10 0.48 0.11 0.23 37
Fe/OMC-0.15 0.84 0.29 0.35 305
Fe/OMC-0.20 0.87 0.33 0.38 485

shown in Table 2, with the increases of the iron content, Ms, Mr, and
Hc of the Fe/OMC composites increase. The values are much lower
than those of bulk iron, which are attributed to the nanosize of the
iron particles and the presence of carbon [24]. The lower Ms, Mr and
Mr/Ms indicate that the Fe/OMC composites exhibited soft ferro-
magnetic characteristic, which implied many potential applications
including ferrofluid technology, magnetocaloric refrigeration and
etc. The magnetic separability of the magnetic Fe/OMC compos-
ites was tested in an ethanol solution by placing a magnet near the
glass bottle. The powder Fe/OMC samples were attracted by the
magnet and separated from the solution. The property of magnetic
attraction is quite useful for the separation of carbon in catalytic
applications [48], electromagnetic wave absorbers [49] and adsorp-
tion processes [23].

4. Conclusions

The iron nanoparticles confined in OMCs have been directly
synthesized through a simple soft templating method. The iron
species were spontaneously reduced to metallic iron nanoparticles
during the carbonization process. The carbon material exhibited
highly ordered mesoporous structure, and the iron nanoparticles
were uniformly confined in the OMC walls. The Fe/OMC compos-
ites exhibit the soft ferromagnetic behavior and the magnetization
parameters can be adjusted by the content of iron. Moreover, such
self-protected Fe/OMC composites will be promising materials for
many applications in the fields of separation, catalysis and drug
delivery which could be separated by an appropriate magnetic field.
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