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A new co-casting method has been developed to synthesize novel mesostrydtes€@d/C composites
with y-Fe0s nanoparticles embedded in the wall of ordered mesoporous carbon materfdlsorise
were captured by the framework of polyfurfuryl alcohol in the channel of mesoporous silica; during the
carbonization process, Feg8H,O was decomposed and magneti¢e,0; nanoparticles were formed
and confined in the carbon framework. The=e,04/C composite materials were characterized using
X-ray diffraction (XRD), nitrogen sorption, Mssbauer spectroscopy, X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), and energy-dispersive X-ray (EDX) spectroscopy
techniques; the magnetization strength was measured on a vibrating-sample magnetometer (VSM). Different
amounts of magnetic iron oxides could be introduced into the composites, which led to varied specific
saturation magnetizations. Near-zero coercivity and remanance indicate the superparamagnetic behavior
of the composites.

Introduction So far, numerous novel nanostructure or nanoarrayed materi-

. _ als with this method have been reportel Among them,

Or(_jered S|I|ceou_s mesoporous mate_nals have attraCtGdordered mesoporous carbon is no doubt the most successful
conS|d.erabIe .a“e?”“‘”.‘ since they were first reported ks one. Ryoo et al. first reported the synthesis of mesoporous
poten.tlal apphcgnons in heterogeneous catalys_|s,+g1.<mast . carbon materials (CMK-1, 4) via a nanocasting route using
chemistry, environmental technology, adsorption, chemical

: o mesoporous silica MCM-48 as a hard template. Since then,
sensors, and electrodes because of their large specific surfacgarious types of mesoporous silica and carbon precursors
area, uniform pore size distribution, high thermal stability,

. : ‘ - have been adapted to synthesize mesoporous carbons, such
and surface propertiés? From the viewpoint of applications, as CMK-1 from MCM-48° CMK-2 from SBA-110 CMK-3
the design and synthesis of nonsiliceous mesoporous materiTrom SBA-15! CMK-5 fr(')m SBA-1512 and so,on Unfor-

ZIS are ei\r:e_n m(:;]e Important rt]han Sg'_?fe()lfts_f matenalz. tunately, when preparing mesostructured metal oxides, the
Owever, their Syntheses aré much more ditficut it compared. . o, precursors tend to deposit on the external surface of

\t’;/]'thhth;t (I)f §|I|ce((3jus ll“nater!alst: Itis hard to grtcre]msely gﬁntrol the mesoporous silica, which leads to large particles growing
€ nydrolysis and polymerization process of th€ NONSIICEOUS , isiqa the channels. Thus, for filling the mesopores of

,Fb)\rde(;:i?iz)snoarlyl W?r:ceha;agrsiifsoogge%iﬁrggrfgsr?;’nsesgug:g{g templates, more precursors are needed, which would lead to
Y, P P P an obvious reduction in surface area and pore volume. On

n}a ‘etf'a's using su;fagant')[ templatef \t/\k/]ould I'mt'rt] the|r| ap—d the other hand, though mesoporous carbon is easy to prepare,
plications in many fields because ol the poor thermal and y 5 4,54 gifficult to load functional nanoparticles into the

mechanical stability. As an effective and promising strategy, mesopores because of its open pore structure in between the

nanocasting routes have been developed in recent years. L arbon nanorods and the hydrophobic nature of carbon
provides a pathway to prepare novel mesostructured materialssuncace

with different framewortk golmpOSItI(;)ns.thGeEergllty, th? tS'“' Nanoscale magnetic particles have attracted many interests
ceous mesoporous materialis used as the hard template, angue to their widely promising applications, such as protein

inorganic or organic precursors are introduced to fill the void and enzyme immobilization, RNA and DNA purification,
of pore channels. When the precursors are decomposed or
polymerized, cross-linked nonsiliceous nano.rods occupy the (6) Shin. H. 3 Ryoo, R.: Liu, Z.: Erasaki, T. @ Am. Chem. So@001
channels of the hard template. After removing the mold, a 123 153.

nonsiliceous negative replica to the hard template is obtained. (7) Lee, K.;Kim, Y.; Han, S. B.; Kang, H.; Park, S.; Seo, W. S.; Park, J.
T.; Kim, P.; Chang, SJ. Am. Chem. So2003 125, 6844.

(8) Tian, B.; Liu, X.; Yang, H.; Xie, S.; Yu, C.; Tu, B.; Zhao, [Adv.
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separation of biochemical products and catalysts, and targeted The magneticy-Fe0/C composites were synthesized using
drug delivery!34 For the above applications, magnetic SBA-15 as the hard template, Fg®H;O as iron source, and
particles need to be well-dispersed and chemically stable.furfuryl alcohol as carbon source. Typically, 1.5 mL of furfuryl
So, magnetic carrier technologies in which magnetic particles @/cohol and a small quantity of oxalic acid were dissolved in 10
are incorporated into organic or inorganic matrixes become ML 0f alcohol. This solution was incorporatedant g of SBA-15
promising. Ordered mesoporous materials as inorganicby the wetness impregnation technique. After evaporating the

. h b tudied. which t | th ethanol and polymerizing furfuryl alcohol at 363 K, the residual
carrers have been studied, which not only ensures eunpolymerized furfuryl alcohol was evaporated at 423 K. The iron

stabilization of magnetic particles and avoids their aggrega- sorce was introduced into the composite via the wetness impreg-
tion but also enables their size control and their organization pation technique. Certain mass Fe6H,0 was dissolved in 10

in one-, two- and three-dimensional arrdydlowever, it mL of ethanol, and this solution was then mixed with the
also has its drawbacks. The incorporated nanoparticle in thepolyfurfuryl alcohol/SiQ composite. Being evaporated off the
channel will cause the remarkable reduction of pore volume ethanol, the composite was thermal-treated in argon at 873 K to
and surface area, and the pore blockage, which would carbonize the polyfurfuryl alcohol. The silica template in the
obstruct the mass transfer. In addition, as limited by the pore composite was removed by twice washing with hezev NaOH
dimension, the magnetic particles within the pore channels Solution. The template-free mesoporopsFe,0J/C array was
usually show rather low magnetization strength. In our collected by filtering, washed with water and ethanol, and dried at

revious work. a novel kind of maanetic core/mesonorous 333 K; this sample is denated as meso-Fe/C. A reference sample
P ’ 9 P with 5 wt % iron oxide content, Fe/meso-C, was prepared via

silica She” nan_ospher_es_ with a_ L_Jnlform _par_tlcle Size was loading Fed into a template-free mesoporous carbon under the
synthesized, which exhibits promising application for targeted ¢, me condition as that for meso-Fe/C.

drug de“VerY ir? t_he fl_Jturé_(? However, high coercivity and Powder X-ray diffraction (XRD) patterns were recorded on a
remanance limit its biologic applications, as superparamag- Rigaku D/MAX-2250V diffractometer using GtK o. radiation (40
netic behavior is preferred for these applicatibhMeso- kV and 40 mA). The scanning rate was Ur6in and 8/min for

porous carbon used as the magnetic carrier is promisingthe low-angle and high-angle XRD measurements, respectively.
because of its open porous structure; however, the large size’ Fe Mossbauer spectrum were recorded on a Wissel spectrometer

of magnetic particle would reduce the surface area when thein the constant acceleration mode, using@o(Pd) source. X-ray
guest concentration risé%:2° photoelectron spectroscopy (XPS) analysis was carried out on a

Vacuum Generators Microlab 310-F spectrometer equipped with
Mg K (1253.6 eV) operating at 200 W. Pressure in the analysis
chamber ranged from ¢ 10°8to 1 x 10-° mbar and low-intensity

Herein, we present a novel co-casting route to prepare
mesostructured magnetjcFe,0s/C composites with high

V'FQO? content, Ialfge surfage area, por_e volume and uniform X-rays were focused on an area of about 403imsize. Calibration
pore size. C_arbon is the_ main composition of the framewprk, of spectra was performed by taking the C 1s electron peak=(BE
and magnetic nanoparticles or nanorods are embedded in thegy 6 ev) as internal reference. Nitrogen adsorption and desorption
carbon walls with no largey-Fe:Ozaggregations found  isotherms at 77 K were measured on a Micromeritics Tristar 3000
outside of the composites. The composite shows a super-system. Before measurement, samples were pretreated at 473 K
paramagnetic behavior with reasonably high magnetizationfor 12 h under nitrogen. The specific surface areas and the pore
strength. size distributions were calculated from the BET and BJH data,
respectively. Transmission electron microscopy (TEM) images were

Experimental Section obtained on a JEOL 200CX electron microscope operated at 160
kV. Energy dispersive X-ray spectra (EDX) were collected from
an attached Oxford Link ISIS energy-dispersive spectrometer fixed
on a JEM-2010 electron microscope operated at 200 kV. A
vibrating-sample magnetometer (VSM, Model BHF-55) was used
to study the magnetic properties.

The mesoporous silica template SBA-15 was prepared according
to the literature’! In a typical preparation, the starting composition
was 4.0 g of Pluronic P123, 8.5 g of tetraethylorthosilicate (TEOS),
120 g of HCI (2M) and 30 g of kD. After the reaction at 313 K
for 24 h, the mixture was then transferred into autoclaves and
hydrothermally treated at 373 K for 2 days. The solid product was

filtered, washed with distilled water, dried at 343 K, and calcined Results and Discussions

in air at 773 K (1 K/min) for 4 h. Figure 1 illustrates the schematic procedure used in the
(13) Tong, X..D.; Sun, Y Biotechnol. Prog200, 738 present work for the synthesis of mesostructured magnetic
ong, X.-D.; sun, lotecnnol. Frog . . .
(14) Gruttner, C.; Rudershausen, S.; Telled. Magn. Magn. Mater2001, Fe0,/C composites. In step 1, .a}ﬁer removing the surfactant
225 1. template from mesoporous silica by calcination, furfuryl

(15) Matsura, V.; Guari, Y.; Larionova, J.; Guerin, C.; Caneschi, A, ; ; ;
Sangregorio. C.: Lancelle-Beltran, E.. Mehdi, A: Corriu, R, JJP. alcohol was introduced into the channel and then polymerized

Mater. Chem2004 14, 3026. under the catalysis by oxalic acid. Though the polymer has

(16) 58831‘57*8%‘16“ Zhang, L.; Chen, H.; Shi,JJ.Am. Chem. Soc.  gccupied the channel of mesoporous template, abundant

(17) Wang, Z.; Guo, H.; Yu, Y.; He, NJ. Magn. Magn. Mater2006 small cavities still remained in the polymer framework, which
302 397. _ _ - . make numerous Fe ions be adsorbed in between (step 2).
(18) Ef‘;'ﬁé':'c’hifhé‘}'dé'i”\{v é_“;”iﬁ%?iﬁewc;hé?ﬁh2??23&&&2%“?&1 In step 3, polyfurfuryl alcohol was carbonized undes a4
Ed. 2004 43, 4305. 873 K; meanwhile, FeGi6H,O was decomposed to oxide.
(19) fé“?;u'jés‘ Choi, M.; Kim, T.-W.; Ryoo, RI. Mater. Chem2006 The mesoporous silica template provides a confined space
(20) Lee, J.; Lee, D.; Oh, E.: Kim, J.; Kim, Y.-P.; Jim, S.; Kim, H.-s.; 0 the growth of iron oxide crystal only along the channel
Hwang, Y.; Kwak, J. H.; Park, J.-G.; Shin, C.-H.; Hyeon,Angew. of mesoporous template. In addition, during the conversion

Chem., Int. Ed2005 44, 7427. . .
(21) Zhao, D.: Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.; Chmelka, of the cross-linked polymer web into compact carbon, the

B. F.; Stucky, G. DSciencel99§ 279, 548. carbon also provides a block to confine the growth of iron
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Figure 1. Schematic illustrations of preparing mesostructured meso-Fe/C
composites: (1) the furfuryl alcohol introduction into the channel of
mesoporous silicas and polymerization; (2) iron ion absorption by the
polyfurfuryl alcohol framework; (3) carbonization of the polyfurfuryl alcohol ; b
and the precursor decomposition to oxides in nanoparticle form with low

Fe precursor content (A) and in nanorod form with high Fe precursor content

(B); (4) Removal of the silica template. 10 20 an 1. 5o ®| 0 B0

. C . . . . 2 theta
oxide Such a double limitation makes iron oxide particles Figure 2. High-angle XRD pattern of (a) the reference sample and (b)

and/or nanorods grow only within the pore channels of the mesostructured meso-Fe/C-20 composites.
silica template, and they are finally embedded in the carbon
framework. When the content of introduced Fe precursor is
low, iron oxide nanoparticles form (A), and at increased &
amounts of the Fe precursor, iron oxide particles aggregate
and grow into the nanorodlike form (B). After the silica
template was removedyb2 M NaOH aqueous solution,
mesostructured magnetic meso-Fe/C composites were ob
tained (step 4).

There are several previous reports on the preparation of
functional mesoporous carbonvialoading guest nanopartickés;
however, the guest particles commonly occupied the pore &=
channels. In our recent work, a novel Map@mbedded in :
carbon structure was obtained by the direct reaction betweer| C
the oxidant (KMnQ) and the reductant (mesoporous car-
bon)?® The amount of manganese can be controlled accord-
ing to the reaction time and the concentration of KMnO
aqueous solution. However, a long reaction time for the
purpose of high Mn@ content loading would reduce the

ordering of mesopores, and even result in pore structureli_ -l M
collapsing in some areas because of the damage of th T T T
ordered carbon framework; therefore, the unconfined growth Entegy (Kev)

of MnO, particles can be found in the case of a high loading Figure 3. (A) TEM image of the reference sample; (B) TEM image of

mesostructured meso-Fe/C-20 composites; (C) energy-dispersive X-ray
amount. In the present work, Heions were introduced into (EDX) spectrum taken from the square area in B (D) TEM image of

the polymerized polyfurfuryl alcohol/silica template matriX, mesostructured meso-Fe/C-20 composites taken at the same area as in B
iron oxides formed but were not limited to grow only into but under enhanced electron beam density, giving a much increased

nanoparticles and they could also further grow along and brightness; the inset in D is the HRTEM image of 4,0z nanoparticle

L - . (the scale bar is 5 nm).
within the pore channels of the mesoporous silica into
nanorods under the confinement by the hard silica template;template-removed mesoporous carbon (Fe/meso-C) under the
therefore, the dimensions of either nanoparticles or nanorodssame condition as that for meso-Fe/C composites, large iron
are limited by the pore size of silica template. In this way, oxide particles can be found growing outside of mesoporous
we can obtain magnetic mesostructured iron oxide/C com- carbon (Figure 3A). The high-angle XRD results are shown
posites with magnetic iron oxides present in quasi-zero- in Figure 2. Strong and sharp peaks of iron oxide are found
dimensional nanoparticle and/or one-dimensional nanorodin such a reference sample, indicating that large iron
forms. Comparatively, when FeClwas loaded into a  oxidecrystals formed outside of the carbon particles. In
contrast, magnetic meso-Fe/C composites exhibit much

(22) zhu, S.; Zhou, H.; Hibino, M.; Honma, 1.; Ichihara, Mdy. Funct. weaker and broader characteristic diffraction peaks of iron
Mater. 2003 15, 381. xide, illustrating that the nan le dimension of iron oxi
(23) Joo, S. H.; Choi, S. J.; Oh, I.; Kwak, J.; Liu, Z.; Terasaki, O.; Ryoo, oxide, .USt ating that the nanoscale dime sion oriron o des

R. Nature 2001, 412, 160. as confined by the templates. The pattern of diffraction peaks

(24) Grigoriants, |.; Sominski, L.; Li, H.; Ifargan, I.; Aurbach, D.; Gedanken, s in accordance with that of either magnetite {88 or

A. Chem. Commur2005 921. . . . .
(25) Dong, X.; Shen, W.: gu’ J.; Xiong, L.; Zhu, Y. Li, H.; Shi, J. maghemite ¢-Fe0s3), which all have magentism. Figure 3B

Micropor. Mesopor. Mater200§ 91, 120. is a TEM image of meso-Fe/C. The image shows that the
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Figure 4. RT Mossbauer spectrum of meso-Fe/C-20 sample. Figure 5. XPS spectra of meso-Fe/C-20 sample for (a) Bezmd (b)

Ols.

ordered structure of meso-Fe/C composites, an exact negative
replica of SBA-15 with a hexagonal arrangement of cylindri- large amount of superparamagnetic materials and/or para-
cal mesoporous tubes, has been preserved. A uniform porgnagnetic F& exists in the meso-Fe/C composite. As we
size of about 34 nm can be observed, which is in know, two sextets exist in the Msbauer spectrum of k@,
accordance with the wall thickness of SBA-15. No bulk one corresponding to the tetrahedral sité*Fen and the
aggregates of iron oxides can be found outside of the other to an average oxidation state of*Feion in the
mesoporous carbon particle, and also no nanoparticles largepctahedral sité’ The absence of these two sextets illustrates
size than the wall thickness of the composites can be found.the non-presence of g@., which implies that iron oxide
The much darker areas in the region of meso-Fe/C compositeeXxists iny-F&O; form if consulted with the result of XRD.
framework are believed to be iron oxide nanoparticles and/ Actually, we can also distinguish amongFe;Os, a-F&0s,
or nanorods because of their much higher density thanand FgO, from the parameters in the Nsbauer spectrum.
carbon. The energy-dispersive X-ray (EDX) spectrum (Figure The value of isomer shift (IS) is 0.39 mm/s and hyperfine
3C) taken on the square area in Figure 3B gives the prooffield (H) is 514 KOe fora-Fe0s. In the case of R, the
for the existence of Fe, O, and C. To reveal the existing IS and H values responding to the latter sextet are 0.75 mm/s
state of magnetic iron oxide nanoparticles or nanorods in and 453 KOe, respectively. Here, the' 8&bauer parameters
this composite, a much brighter image at the same area habtained from the spectrum are #50.33 mm/s and H=
been taken on the TEM under enhanced electron beam492 KOg, which are the typical values fp-6,0;. However,
density, as illustrated in Figure 3D. In this image, carbon the IS values ofy-F&0; and a-F&:0; are identical within
framework become bright enough so that pore channels andexperimental error, and thee Fe03 hyperfine magnetic field
the low-density carbon framework can no longer be dif- (H) can be diminished in very small particles by the effect
ferentiated as clearly as in Figure 3B because of the high of magnetic collective excitatior8.So the quadrupole shift
image brightness. However, the dark iron oxide nanoparticles (QS) values become an effective parameter to distinguish
are more clearly revealed, which are dispersed along the wallbetweern-Fe;:0s andy-Fe;0s. The 0 mm/s quadrupole shift
of carbon with uniform sizes corresponding to the pore Vvalue in our sample is in accordance with the reported one,
diameters of the hard template. Magnetic nanoparticles maywhich proves the-Fe;0; form (the QS value oé-Fe;0; is
also show different brightness and/or contrast to the carbon—0.22 mm/s).
framework due to the different particle sizes. The HRTEM  From the XRD patterns, we cannot clearly distinguish
image in the inset of Figure 3D illustrates a crystalline iron between the/-Fe,0O; and FgO, phases; however, with the
oxide nanoparticle of about 5 nm embedded in the wall of XPS technology it is easy to prove the valence of iron ions
carbon in meso-Fe/C composites. Compared to the referencend thus to identify-Fe,0; from FeO,. Magnetite contains
sample where large iron oxide particles are supported on theboth Fé" and Fé&", both of which contribute to the Fezp
outside surface of template-removed mesoporous carbon, itspectrum with the two overlapping componetitén total,
can be concluded that using hard mesoporous silica templateshe main peak of R, for Fe2p,;is 710.4 eV, slightly lower
is a key to preparing mesostructured meso-Fe/C compositeghan that of FgOs, 710.7 eV Obviously, there is no R©,
when nanoscale iron oxide particles and/or nanorods arephase in our case (Figure 5a). A split was found in the main
embedded within the carbon framework. peak, which is proof to differentiate F&,0; from a-Fe,03.2°

The RT Mussbauer spectrum of meso-Fe/C sample is The Ol1s spectrum is shown in Figure 5b. The peak is not
shown in Figure 4. The spectrum can be fitted by a broad
sextet and a doublet. The broad sextet indicates a wide(27) Jiao, F.; Jumas, J.-C.; Womes, M.; Chadwick, A. V.; Harrison, A.;

distribution of iron oxide particle siz& which is due to the 28) ‘mfﬁb PH Ggégn;écgfp?;i %%323%7162? 1126%05-

unlimited growth of the particles in the direction of pore (29) Briggs, D.: Seah, M. FPractical Surface Analysj2nd ed.; Wiley

channel. The strong doublet provides evidence that relatively InterScience: Hoboken, NJ, 1990 ; Vol. 1: Auger and X-ray
Photoelectron Spectroscopy.

(30) Fuijii, T.; de Groot, F. M. F.; Sawatzky, G. A.; Voogt, F. C.; Hibma,

(26) Ni, Y.; Ge, X.; Zhang, Z.; Ye, QChem. Mater2002 14, 1048. T.; Okada, K.Phys. Re. B 1999 59, 3195-3202.
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Table 1.y-Fe,O3 Contents and Pore Structure Parameters of
meso-Fe/C Composites

‘ A
7-Fe0s \
content BET surface pore volume pore size
sample (wt %) area (nd/g) (cm3/g) (nm)
meso-Fe/C-0 0 1357 1.56 34 k
meso-Fe/C-5 14.1 1243 1.54 3.8 W"h
meso-Fe/C-10 28.9 975 1.08 3.9 w M meso-Fe/C-0
meso-Fe/C-20 55.4 599 0.59 3.6 W i
M ‘  meso-FelC-5

so symmetric because of the existence of oxygen-containing .MM
groups (oxygen impurity) in a carbon framework. The |

reported values of O1s binding energy éoFe,0; and FgO, [
are identical £530.0 eV), slightly lower than that for MMM meso-Fe/C-20

meso-Fe/C-10

y-Fe0; (530.6 eV)° The value of 530.8 eV obtained in
the Ols spectrum matches well withFe,0;, and no T y T T - T y T T
shoulder peak is found at the lower binding energy side, ! ? : 4 ® o
indicating the absence of-Fe0; and FgOs. 2 theta

We also prepared the meso-Fe/C composites with different

loading levels of iron oxide via adjusting the amount of B
FeCk, which was introduced into the polyfurfuryl alcohol/

SiO, composite. These samples of different iron oxide

contents are donated as meso-Fe(€= 0, 5, 10, 20), where meso-Fe/C-5

x is the weight percent ratio of-FeOs; to polyfurfuryl
alcohol/SiQ composite. The/-FeO3; contents in the final
products were estimated from the residue contents after
calcining the composite materials in air at 873 K. The
contents ofy-F&0Os; in these samples are listed in Table 1.
These meso-Fe/&composite samples were characterized
by XRD as shown in Figure 6. The meso-Fe/C-0 and meso- meso-Fe/C-20
Fel/C-5 samples exhibit three well-resolved reflections in the
20 range between 1 and 3vhich can be indexed as (100), = =~ = |
(110), and (200) reflections associated with hexagonal 1o 20 30 40 50 60 70 80
symmetry (Figure 6A). Only one weak peak of (100) was 2 theta
detected in both the meso-Fe/C-10 and meso-Fe/C-20Figure 6. XRD patterns of mesostructured meso-Fe/C composites: (A)
samples in the low-angle range, which means that the orderedow-angle XRD patterns and (B) high-angle XRD patterns.
mesostructure has been destroyed after the content of iron

oxide was destroyed. The high-angle XRD patterns of the N2noparticles and/or nanorods, even atfee,0; content of
meso-Fe/Cx composites in Figure 6B show brogeFe0s 55.4 wt %. The surface area (Table 1) is found to decrease

characteristic diffraction peaks. The diffraction peaks in the 9radually from meso-Fe/C-0 to meso-Fe/C-20, and similarly,
meso-Fe/C-5 sample are very weak and broad, and these ifj"® Pore volume decreases also in this order. The main reason
meso-Fe/C-10 and meso-Fe/C-20 samples are much strongJPr such decreases can be attributed to the presence of a large
and sharper, though they are still broad. This is due to the @mount ofy-F&0; because of its much higher density than
growth ofy-Fe,0; nanoparticles into larger size and/or into carbon. However, similar pore size distributions for all meso-
nanorod form in the framework of carbon at increased F€/C composites, in a range of-8 nm, can be found in
y-Fe0sloading amount in meso-Fe/C composites. Figure 7B and Table 1. These data are the additional evidence

Nitrogen sorption isotherms were recorded to investigate for they-Fe&Os; nanoparticles (nanorods) embedded in carbon
the effect of they-Fe,03 content on the pore properties of framework structure; otherwise, the presence of a high
the samples. Figure 7A shows the nitrogen sorption isothermsamount of iron oxide in pore channels must have led to the
of meso-Fe/C-0, meso-Fe/C-5, meso-Fe/C-10, and meso-Fefemarkable decrease of the pore size and much more severe
C-20 samples. All isotherm curves of the samples are found reduction of surface area and pore volume according to the
to be of type IV with a marked leap in the adsorption branch previous report8'~*2 This result is in accordance with the
between relative pressuré@P, of 0.4 and 0.6, which is  TEM image of the composite.

typical for mesoporous solids. This indicates that the ordered  Representative TEM images of the meso-Fe/C composites

mesostructure of meso-Fe/C has been kept after the incorith differenty-Fe,O; contents are shown in Figure 8 (some
poration ofy-Fe,0Oz; nanoparticles or nanorods. The specific
surface areas of these samples are obtained using th :

31) Zhang, W.; Shi, J.; Chen, H.; Hua, Z.; Yan, Ohem. Mater200
Brunauer-Emmett-Teller (BET) method, and the pore ? )13,""&?8, ' en ua an, Ghem. Mater2001
volume and pore size are calculated from the desorption (32) 22882%4L.1;581f(1)i, J.; Yu, J.; Hua, Z,; Zhao, X.; Ruan, Miv. Mater.
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Figure 7. (A) Nitrogen sorption isotherms and (B) the corresponding pore
size distribution for mesostructured meso-Fe/C composites

14

Figure 8. TEM images of mesostructured meso-Fe/C composites: (A)
meso-Fe/C-0; (B) meso-Fe/C-5; (C) meso-Fe/C-10; (D) meso-Fe/C-20. The

much blacker areas in C and D should be caused by the different thicknesses o }
and/or the fragment attachment of the samples. Figure 10. (A) magnetization curves of the meso-Fe/C-5, meso-Fe/C-10,

and meso-Fe/C-20; (B) photogragh of dispersed mesostructured meso-Fe/C
in ethanol before (left) and after (right) being attracted by an outer magnet.

much blacker areas in C and D should be caused by the
different thickness and/or the fragment attachment of the channels with hexagonal structure are identified. When the
samples). For sample meso-Fe/C-0, only regular mesoporougontent of iron oxide increases, the ordered structure can
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still be observed, even in the images of meso-Fe/C-10 andcomposites was tested in ethanol by placing a magnet beside
meso-Fe/C-20 samples, which exhibit very illegible small- the glass bottle (Figure 10B). Without an outer magnet, the
angle XRD peaks (Figure 6A). From the magnified image magnetic composite can be dispersed in ethanol to form a
(Figure 9), a rodlike carbon wall can be clearly identified in dark and stable suspension (left bottle). However, in the right
pure mesoporous carbon after carbonization at 1173 K, andbottle, the black particles were attracted to the magnet within
the surface of the carbon wall is smooth. In the meso-Fe/ a short time. This will provide an easy and effective way to
C-0 sample, which was carbonized at a relatively low separate the magnetic composite from suspensions.
temperature of 873 K, a slightly rough surface is found;

meanwhile, lots of lacunas are found in the carbon wall, due Conclusion

to the incomplete carbonization and the loose compaction, A novel structure of y-FeOsnanoparticles (nanorods)
which led to lower XRD peak intensities than those of embedded in the framework of mesoporous carbon has been
mesoporous carbon prepared at a higher temperaturesgeveloped by a facial and new co-casting process. All the
Accompanying the increase of Fe content, the surface of theresults indicate that, the introduced iron precursor, FeCl
carbon wall became much rougher, which reduced the gH,0, were decomposed and in-situ confined within the
ordering of carbon framework, resulting in more scattered carpon framework, being present in a magnetfee,0; form.
small-angle XRD patterns in high-Fe-content samples. y-Fe&Os grow into nanoparticle and/or nanorodlike forms
Figure 10A shows the magnetization curves of the meso- within and along the wall of carbon framework due to the
Fe/C-5, meso-Fe/C-10, and meso-Fe/C-20 at room temperconfinement of mesoporous silica hard template. Different
ature. The near-zero coercivity and remanance on they.Fe,0; amounts up to as high as 55.4 wt % can be
magnetization curves indicate that most particles are super-incorperated, whereas high surface areas are maintained and
paramagnetic in nature and the very small coercivity and pore size kept almost unchanged as compared to pure
remanance are mainly caused by a fraction of larger iron mesoporous carbon, even at a very hige:0s loading
oxides, such as long nanorod. The corresponding saturationamount. Most nanoscalg-Fe;0s particles or rods in the
magnetizations strength®{) are 1.9, 7.7, and 11.7 emu/g, meso-Fe/C composites exhibit superparamagnetic property,
respectively. These values are much lower than that of bulk with the saturation magnetization strength of 11.7 emu/g at
y-F&:03,2° which is attributed to the nanosize of the-e,0; the highest loading amount. The novel co-casting method
particles and the presence of carbon. After deducting the provides a common path to the synthesis of nanoscale guests
carbon percentages, the saturation magnetizations strengthsmbedded in mesoporous carbon materials.
of y-Fe,0; are 13.5, 26.6, and 21.1 emu/g, respectively. The
value of meso-Fe/C-5 is much lower than those of meso- Acknowledgment. The authors gratefully acknowledge the
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