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We present here a novel and simple synthetic strategy for fabricating core/shell materials (diameter
~400 nm) made up of inorganic nanoparticles confined within a hollow mesoporous carbon shell (shell
thickness~50 nm). This methodology has been applied to the encapsulation of a variety of inorganic
phases such as f&&/y-Fe0;, CoFeO,, LiCoPQ,, NiO, and CsOs. An important characteristic of these
core/shell composites is that, whereas the inner macroporous core can be almost completely filled by
nanoparticles, the porosity of the carbon shell hardly contains deposited nanopatrticles. In consequence,
these materials exhibit large surface areaSq0—700 n¥-g~1), high pore volumes+0.3—-0.6 cn¥-g 1),
and a porosity made up of accessible pores-@f-2.5 nm. We demonstrated the usefulness of these
composites for the immobilization of an enzyme (lysozyme) and proved their easy manipulation by means
of an external magnetic field.

Introduction chemical inertness and mechanical stability. They may be
. used to fabricate functional materials made up of nanopar-
Hollow particles, also referred to as capsules, have recently . ! o o

) . ticles confined within macroporous cores or deposited in the
attracted great attention because they can be used in emergent

applications, such as drug delivery vehicles, highly efficient porous layer of the capsule. What is more, if we could design

. . . these hollow-core/shell nanocomposites so that they have
catalysts, core/shell composites, dye encapsulation, or im-_. . . ) i
A . . sizes in the colloidal range, we could expand their processing
mobilization of biomolecule$.These materials have the

unique feature of providing a protected core suitable for capabilities® A few examples of these nanocomposites have

. - . already been reported in the literatdre.
encapsulating a large variety of substances. Liposomes,

nanoengineered polyelectrolyte multilayer microcapsules, or Our interest has focused on designing colloidal hollow-

micelles are typical examples of capsules. Recently, capsulesc.orE/ shell nanocomposites made up of inorganic nanopar-

. icl nfined within rbon shell containing non r
composed of a macroporous core and a mesoporous morganléCes confined within a carbon shell containing nonobstructed

shell have also generated considerable intérébe advan- pores. Here we present a novel approach for encapsulating

: . . inorgani n within the macropor re of meso-
tages of porous inorganic capsules are that they combine a organic substances wit € Macroporous core of meso

high surface area and a large mesopore volume with a goodporous carbon colloidal capsules. A core/shell system with
these structural properties has important advantages. First,

the performance of such encapsulated nanoparticles in many
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Table 1. Structural Properties of the Core/Shell Composites

textural properties

synthesis
conditions  nanoparticle pore
temperature/time  size SseT Vo size
sample  (atmosphere: By  (nmP  (m%g™Y (cmPgh (nmy
CS—FeOy 260°C/2 h 14 590 0.47 21
CS-CoFeOs  280°C/2h 9 690 0.55 25
CS-LiCoPO;  600°C/1h >30 400 0.32 1.9
CS—NiO 300°C/1h 3 520 0.45 2.1
CS—Cr,03 500°C/6 h 12 490 0.40 1.9

aThe percentage of inorganic phase in these composites is around 50
wt %, except for the CSLICoPO, sample that contains 60 wt % of lithium
cobalt phosphate. Obtained by means of the Scherrer equation applied to
the XRD peaks® Maximum of the pore size distribution.

crucial when the core is loaded with an ele_CtroaCtive Figure 1. lllustration of the synthesis procedure. (A) Carbon capsule; (B)
substance) between the outer surface of the particle and thearbon capsule loaded with the inorganic precursor; (C) inorganic nano-
substance confined inside the core of the capsule. Eourth particles encapsulated within the mesoporous carbon shell. (1) Filling of
th tial fill f th f th | ‘the carbon capsule with the inorganic precursor; (2) conversion of the
_e parua |.|ng or the macroporous core of the c-apsu € inorganic precursor into inorganic nanoparticles. Bar seatt00 nm.
with magnetic nanoparticles will allow the magnetic ma-
nipulation (i.e., extraction from or transport through a liquid the inorganic phase into the macroporous hollow core, the carbon
medium) of large molecules (biomolecules) adsorbed onto capsules were impregnated with a solution of inorganic precursor
the mesoporous carbon shell and/or confined in the core. dissolved in ethanol. This solution was added dropwise until
The techniques usually employed to fabricate core/shell incipient wetness, and then the impregnated sample was dried at
nanocomposites normally entail first the synthesis of the 80 °C. Thls_ process was repeated seve_ral times until the desired
nanoparticles to be encapsulated and then the growing of g@mount of inorganic precursor was attained (current§0% of
coating layer (normally of silica or carboh)These proce- the inorganic phase in the composne). Thg inorganic precursors
. . employed were the corresponding metal nitrates used to obtain
dures are somewhat complex and involve a multistep process )
. . . Fe0y, CoFeO,, NiO, and CsOs. The formula FgO, denotes the
Moreover, they give rise to core/shell nanocomposites that

. . . . magnetic iron oxides with an inverse cubic spinel structure, which
in most cases contain only a few nanoparticles confined comprise hoth magnetite (#@;) and maghemitejyt.Fe,0s). The

iDSide the macroporous core (nanorattl“éé)’ﬁvﬁb'e.%lterna- magnetic properties of these iron oxides are very similar. Maghemite
tively, other methods based on aerosol techniques that areonly differs from magnetite in that all the Fe cations are in the
continuous and easily scaleable lead to materials with atrivalent state. Because it is very difficult to discern, from the XRD
nonpermeable shellThe synthetic strategy reported in this patterns, the exact crystalline phase (magnetite or maghemite)
paper has two important advantages: (a) the macroporouspresent in the iron oxide ferrite nanoparticles, we used the general
core of the carbon capsules can be filled with a significant formula FgO,. In the case of LiCoP¢we employed a mixture of
number of inorganic nanoparticles as opposed to by only aL|H2PO4 and cobalt nitrate dissolved in water. All the products
few of them® and (b) this methodology can be used to were purchased from Aldrich. To convert the impregnated inorganic
encapsulate’a variety of inorganic materials. Finally, to precursor into the desired inorganic phase we used different

d h ial of th ial . _procedures. NiO, GO;, and LiCoPQ were obtained by a simple
emonstrate the potential of these materials, we examine hermal treatment under nitrogen atmosphere at the conditions listed

the immobilization of an enzyme over a core/shell magnetic i, Taple 1. The nanoparticles of ferrites (Bgand CoFgO,) were
nanocomposite obtained using this novel synthetic strategy.synthesized through a procedure recently reported by our group.
Briefly, the impregnated samples were first exposed to propionic
Experimental Section acid vapors at 80C for 15 h and then thermally treated under N
at 280 °C for 2 h. The resulting inorganic core/carbon shell

N Preparatlor_wt O(f: (Itr)lorganlc lCorez[/rSPorous Carbonh S”hell) composites are denoted as-€%, X being the chemical formula
anocompositest-arbon capsules WIth a Macroporous nOTOW COre - ¢, ,q encapsulated compound as deduced by means of X-ray
and a mesoporous shell were prepared by using submlcrometrlcanaIySiS

solid core/mesoporous shell silica sphéms sacrificial templates o

according to the procedure reported by Yoon é&@b incorporate Enzyme |mmqb|l|zat|on. Around 10 mg of t,he CSFe0,-20
composite was dispersed at room temperature in 10 mL of lysozyme

(Aldrich) solution (initial concentration: 0.5 mg lysozyrge?, pH
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Figure 3. XRD patterns obtained for the of the inorganic core/mesoporous
carbon shell nanocomposites.

carbon capsules impregnated following the dropwise tech-
nique are completely filled by the inorganic precursor. This
is clearly shown in the TEM image B in Figure 1 obtained

for a carbon capsule filled with iron(lll) nitrate. Moreover,

TEM inspection of this impregnated sample shows that the
inorganic compound is mainly deposited in the macroporous
core. This suggests that the driving force behind the filling

Figure 2. TEM images obtained for the core/shell nanocomposites. (a)

CS-Fe0, (b) CS-CoFeOs, (c) CS-LICoPQy, (d) CS-NIO, (€) CS- of the hollow core of the carbon capsules by the inorganic
Cr,0s. The inset in (c) shows a spherical capsule after it has been filled COMpound solution is the capillary motion through the
with the inorganic precursor. mesopores of the carbon shell. Once the inorganic precursor

) ) . . is loaded into the carbon capsule, it can be converted into
examined by scanning (SEM, Zeiss DSM 942) and transmission jnorganic nanoparticles by combining the appropriate chemi-
(TEM, JEOL-2000 FXII) electron microscopy. Nitrogen adsorption - an thermal treatments (see the Experimental Section for

af?d des‘.)r.pt'on isotherms  were .performeq @9 *C in a details). The TEM image C in Figure 1 shows an example
Micromeritics ASAP 2010 volumetric adsorption system. The BET o . .
of a carbon capsule loaded with inorganic nanoparticles of

surface area was deduced from the analysis of the isotherm in the o - - A
relative pressure range of 0:00.20. The total pore volume was Magnetic iron oxide spinel. These nanoparticles form ag-

calculated from the amount adsorbed at a relative pressure of 0.99 9lomerates that exhibit a blackberry-like morphology.
The PSD was calculated by means of the Krudkroniee-Sayari We applied this synthetic method to the encapsulation of
method'® The magnetization curves (up to a field of 5 T) of the different types of inorganic nanoparticteBeO,, CoFeOy,
samples were recorded on a vibrating sample magnetometer iCoPQ,, NiO, and CpOs—within a mesoporous carbon
(MLVSM9 MagLab 9 T, Oxford Instrument). The saturation  gshe|l. Typical TEM images obtained for these composites
magnetlzatlonM_s) apd coercivity fleld_valuesl-(c) were obtalr_1ed are shown in Figure 2. They reveal that in all cases the
from the magnetlzat_lon curves. Ir_1 particulll; values were derived inorganic phase occupies the hollow core of the carbon
from 1M extrapolation at high fields. . -
capsule. We also observed that, in some cases, the spherical
morphology of the carbon capsules is partially lost (i.e.;CS
LiCoPQy in Figure 2b). The inset in Figure 2c showing a
The procedure employed to obtain the core/shell nano- spherical capsule after it has been filled with the inorganic
composites is illustrated in Figure 1. Two steps are required precursor clearly indicates that the capsules are deformed
for this objective: (1) the macroporous core of the carbon during heat/chemical treatment. Moreover, it can be seen that
capsules is loaded with an inorganic precursor by means offor many particles the encapsulated inorganic compound does
the dropwise technique; (2) the infiltrated compound is not completely fill the core of the capsule (see Figure 2,
converted into the inorganic nanoparticles by means of parts a and d) because of shrinkage resulting from the
chemical and thermal treatments. The hollow cores of the transformation of the inorganic precursor to the final
inorganic phase. This is clear from a comparison of the TEM
(10) Kruk, M.; Jaroniec, M.; Sayari, ALangmuir1997, 13, 6267. images B and C in Figure 1.

Results and Discussion
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Figure 4. TEM images of (a) carbon capsule containing iron oxide nanoparticles with spinel structur&¢C8); (b) high-magnification image of the
inorganic core; (c) high-magnification image of the porous carbon shell; (d) selected-area electron diffraction (SAED) pattern Q¥ thecBpsulated

inorganic nanoparticles.

Evidence for the formation of encapsulated inorganic size distributions represented in Figure S1/insets (Supporting
phases was obtained by XRD analysis. The XRD patternsInformation). Obviously, a small fraction of inorganic
shown in Figure 3 indicate that the encapsulated inorganic nanoparticles is deposited in the porous carbon shell. In
phases are well-crystallized. The sizes of the crystallites consequence, a reduction in the textural properties of the
deduced by applying the Scherrer equation to the main peakcomposite in comparison with the nonimpregnated carbon
of the XRD patterns are listed in Table 1. In general, the capsules is expected. The importance of this reduction is
encapsulated inorganic phase consists of an agglomeratioranalyzed for the CSFgO, sample, for which the BET
of nanopatrticles. This is clear from the high-magnification surface area and pore volume values, expressed on a carbon
TEM image in Figure 4b, which was obtained from a-€S  mass basis (normalized to carbon content), are 1186 ™
FeOy particle (Figure 4a). The size of these iron oxide ferrite C and 1 cri-g™* C, respectively. These values are substan-
nanoparticles deduced from the TEM image is in agreementtially lower than those obtained for the empty carbon
with the size calculated by means of XRD. The carbon shell capsules, 1870 frg* and 2.0 crrg™?, respectively. How-
encapsulating the inorganic phase hardly contains depositecever, although this is a reduction, the above results show
nanoparticles. This is clearly evidenced by Figure 4c which that after the encapsulation of inorganic phase the carbon
shows a high-magnification image of the carbon layer of a shell still retains a large BET surface area and a high pore
carbon capsule filled by iron oxide nanoparticles {80y volume. Consequently, a significant fraction of its porosity
sample). It can be seen that there is a sharp boundary betweeremains unobstructed. This is important for applications that
the encapsulated inorganic phase and the porous carbon shetequire the rapid transport of species through the carbon shell
(~50 nm in thickness). The selected-area electron diffraction as, for example, when the encapsulated materials are either
(SAED) pattern obtained for the C%egO, composite catalysts or electroactive substances.
confirms the crystallinity of encapsulated iron oxide spinel  In order to demonstrate the potential of the core/shell
nanoparticles (Figure 4d). magnetic nanocomposites, we examined their ability to

The nitrogen sorption isotherms obtained from these immobilize enzymes. For this experiment, the macroporous
nanocomposites (see Figure S1 in the Supporting Informa- core of the composite contained around 20 wt % of iron oxide
tion) show that these materials have a well-developed ferrite nanoparticles (this sample was denoted as &0,
porosity, which can be assigned almost exclusively to the 20). As the model enzyme we used lysozyme, which has
porous carbon layer. In fact, the contribution of the inorganic been extensively investigated for this purpose in other porous
phase to the overall textural properties is negligible. These materials (silica and carbo#).The SEM image in Figure
materials exhibit large BET surface areas and high pore 5a reveals that this core/shell composite consists of highly
volumes (Table 1). Moreover, the porosity is made up of uniform spherical particles with diameters of around 350 nm.
mesopores in the-22.5 nm range as illustrated by the pore The TEM image in Figure 5a (inset) shows that for this
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Figure 5. (a) SEM and TEM (inset) images of the €660,-20 composite. (b) Nitrogen sorption isotherm and pore size distribution (inset) of the CS
Fe0y,-20 sample. (c) Field-dependent magnetization at 300 K of E0,-20 (inset: low-field magnetization). (d) Immobilization of the lysozyme on the
CS—Fe0,-20 nanocomposite (inset: magnetic separation of the k$30,-20 particles loaded with lysozyme).

material the encapsulated iron oxide ferrite nanoparticles ible magnetic behavior (zero coercivity field, see Figure 4c/
occupy only a fraction of the volume of the hollow core inset) with a saturation magnetization value of 9.5 egnti
because of the relatively low amount of inorganic phase Figure 5d shows the immobilization of the lysozyme on the
encapsulated. The capsule was only partially filled in order CS-FgO,-20 nanocomposite. This was carried out at pH
to leave some free space inside the capsule. In recentll close to the isolelectric point of the lysozymel(l). It
experiments with carbon capsules we observed that ancan be seen that around 70% of the enzyme loading is
important fraction of immobilized biomolecules is occupying achieved within the first 10 min. The amount of lysozyme
the macroporous cof@.Then, in our opinion, the partial  immobilized after 24 h is about 122 mg lysozymée
loading of the capsule by the inorganic phase can permit ansupport. In terms of carbon basis the saturation loading is

increase of the storage capacity of the system. The size ofabout 153 mg lysozymg ! C, which is close to the value

the encapsulated iron oxide ferrite nanoparticles was aroun

dreported by Vinu et al., under similar conditions (p+l11),

8—9 nm, as deduced from the TEM image (Figure 5a, inset) for templated mesoporous carbddsThese results prove

and from the XRD pattern (Figure S2 in the Supporting
Information). The CSFe0,-20 material exhibits a large
BET surface area (1370%g ) and a high pore volume
(1.36 cn¥-g 1) as can be inferred from the nitrogen sorption
isotherm (Figure 5b). The pore size distribution (Figure 5b,

that these nanocomposites have a high capacity for im-
mobilizing enzymes. What is more, the support containing
the immobilized lysozyme can be captured by means of a
simple magnet, which demonstrates that the enzyme can be
easily separated (see Figure 5d, inset).

inset) shows that the porous carbon shell of this composite

has a porosity made up of mesopore8(3 nm). As well as
needing to have a large enough load of magnetic materia

it is desirable that the samples display reversible magnetic

Conclusions
l,
In summary, we have described a procedure for success-

behavior (interacting or noninteracting superparamagnetic fully fabricating core/shell nanocomposites (diamet&00

behavior) at room temperatute'® We, therefore, recorded
the room-temperature magnetization curve for the-E§0,~

nm) made up of inorganic nanoparticles confined within a
mesoporous carbon capsule (shell thickne§® nm). This

20 nanocomposite (Figure 5c). The sample displayed revers-synthetic strategy has a great versatility as demonstrated in

(11) (a) Lei, J.; Yu, C.; Zhang, L.; Jiang, S.; Tu, B.; Zhao NDicroporous
Mesoporous Mater2004 73, 121. (b) Vinu, A.; Miyahara, M.; Ariga,
K. J. Phys. Chem. B005 109, 6436. (c) Wang, Y.; Caruso, Ehem.
Mater. 2005 17, 953.

(12) Fuertes, A. B.; ValdeSols, T.; Sevilla, M.; Tartaj, P. Unpublished
results, 2007.

(13) (a) Tartaj, P.; Gonzez-Carréw, T.; Serna, C. Langmuir2002 18,
4556. (b) Tartaj, PCurr. Nanosci.2006 2, 43.

this paper through the encapsulation of a wide variety of
inorganic materials (R®4/y-Fe,0s, CoFeO,, LiCoPQ,, NiO,

and CpOs). A relevant characteristic of these core/shell
composites is that, whereas the inner macroporous core can
be almost completely filled by nanoparticles, the porosity
of the carbon shell hardly contains deposited nanopatrticles.
This feature makes these composites suitable for a wide range
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