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Abstracts

A simple surface modification scheme is proposed to introduce various nanocrystals including oil-soluble Au nanocrystals, water-
soluble Au nanocrystals and magnetic y-Fe,O3; nanocrystals into mesoporous silica matrix. Disordered mesostructured cellular foam
(MCF) and well-ordered FDU-12 were used as matrix materials. Surface modification of mesoporous silica with particular ligands
enhanced the interaction between the matrix and nanocrystals, thereby facilitating the incorporation. High loading (up to 20% in
weight) and uniform distribution of nanocrystals in mesopores were observed by transmission electron microscopy (TEM). The
physical and chemical properties of nanocrystals were well maintained during this process. Moreover, the obtained composites were

still highly porous with pore volume more than 1.0cm’/g, as evidenced by N, adsorption experiments.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis and applications of various nanocrys-
tals have emerged as one of the most important fields in
material science. Their unique optical, electrical, mag-
netic and catalytic properties cannot be achieved by
bulk materials. The properties of these nanocrystals are
closely related to their particle size, shape, crystallinity
and aggregation degree. For example, the optical
properties of gold nanocrystals can be finely adjusted
by changing their particle size or particle shape [1]; iron
oxide nanocrystals may lose their specific properties
associated with single domain magnetic nanostructures
if they aggregate into large clusters. To keep nanocrys-
tals well dispersed without aggregation and to improve
their chemical stability, as required in most applications,
people usually use inert materials such as silica to
fabricate a coating on the surface of nanocrystals [2-5].

*Corresponding author. Fax: +864315168659.
E-mail address: sqiu@mail.jlu.edu.cn (S. Qiu).

0022-4596/$ - see front matter © 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.jssc.2005.06.040

Mesoporous silica materials can naturally act as host
matrix for various nanocrystals, since they provide
robust, inert and open frameworks with tunable pore
size in nanometer scale. A successful incorporation of
nanocrystals in mesoporous silica matrix can well
maintain the physical and chemical properties of
nanocrystals and improve their stability at the same
time, as achieved by silica coating [6—14]. Moreover, the
obtained nanocrystals/mesoporous silica composites are
still porous with large surface area and well-defined
nanopores, which can be used as multi-functional
materials.

The dominant strategy for synthesizing such compo-
sites has been to in situ grow the nanocrystals inside the
pores of the mesoporous silica. For example, noble
metals including Au, Ag and Pt nanowires have been
prepared through a wetness impregnation route fol-
lowed by thermal decomposition in the channels of
SBA-15 [7,8]; Au nanocrystals were prepared in the
cages of FUD-12 according to a similar impregnation
method [15]; PbS nanocrystals and nanowires were
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fabricated by combining the functionalizations of SBA-
15 surface with thiol groups, absorption of Pb*>* and
heating in a N, atmosphere [16]. As summarized in a
recent review, many other approaches have also been
exploited to prepare various nanocrystal/mesoporous
silica composites [17].

In these examples, however, the loading amount of
nanocrystals has been limited. It can be possibly
explained by that the grown nanocrystals inside the
porous system would restrict further transport of
feedstock materials. This same reason resulted in the
difficulty to produce nanocrystals uniform both in size
and in morphology. Since the properties of nanocrystals
are always size-dependent and morphology-dependent,
new methods for preparing nanocrystal/mesoporous
silica composites are needed to achieve high loading
and high quality of nanocrystals.

On the other hand, there are many well-developed
synthetic methods, through which various nanocrystals
with narrow size and shape distributions can be
prepared. An alternative strategy for the creation of
nanocrystal/mesoporous silica composites is to synthe-
size nanocrystals and mesoporous silica separately and
then incorporate preformed nanocrystals into the
mesoporous matrix. In this way, the nanocrystals are
synthesized externally, so their morphology could be
controlled more accurately. Several examples have been
reported that nanocrystals can be used as template for
mesoporous silica synthesis to obtain nanocrystal/
mesoporous silica composites [6,18,19]. However, due
to the lack of affinity between them, it is difficult to
directly introduce the pre-synthesized nanocrystals into
the mesoporous silica materials densely and uniformly.
In most cases, the nanocrystals are just adhered on the
surface of mesoporous silica particles rather than
entrapped inside the mesopores.

To prevent nanocrystals from aggregation, passivat-
ing ligands such as aliphatic amines [20], thiols [21] and
fatty acids [22], which cover the surface of nanocrystals,
are generally used for the synthesis of nanocrystals.
Also, nanocrystals could be made to be either oil-soluble
or water-soluble, depending on the terminal groups of
the ligands used [20]. Herein we describe a simple
surface modification scheme that enables the incorpora-
tion of nanocrystals in the mesoporous silica matrix.
The whole procedure consists of two steps: First, the
surface of mesoporous silica is modified by particular
functional groups that have suitable interactions (hy-
drophobic interaction or covalent bond) with the ligands
on nanocrystals. Second, the modified mesoporous silica
is mixed with nanocrystal solution, followed by evapor-
ating the solvents under vacuum. Through this ap-
proach, we have successfully incorporated magnetic
y-Fe,O5; nanocrystals and Au nanocrystals in mesos-
tructured cellular foam (MCF) [23], as well as Au
nanocrystals in highly ordered FUD-12 [15].

2. Experimental
2.1. Incorporation of Au nanocrystals in MCF

MCEF was synthesized according to literature [23] and
the organic template was removed by calcination. The
hydrophobic modification of MCF with long alkyl
(octyl) chains was carried out as follows: After degassing
at 150°C under vacuum overnight, 1.0g of calcined
MCF was suspended in 20 mL of toluene. Then 0.6 mL
of triethylamine (4.0 mmol) and 0.45mL of chlorodi-
methyloctylsilane (2.0 mmol) were added sequentially
with stirring. The suspension was stirred at 60 °C for
24h and then filtered. The solid was washed with
portions of toluene for several times and dried under
vacuum. The modified MCF is termed MCF-Cg. Oil-
soluble Au nanocrystals coated with dodecanethiol
ligands were synthesized according to literature [20]. A
total of 20mg of Au nanocrystals were dispersed in
10 mL of toluene by sonication, followed by the addition
of 0.1 g of MCF-Cg. The resulting mixture was stirred at
room temperature overnight. The solvent was then
removed under vacuum (70mbar) at 40°C using a
rotary evaporator. The resulting solid was suspended in
SmL of toluene by stirring and was evaporated again.
This operation was repeated for several times. Finally,
the solid was fully washed by toluene to get Au
nanocrystals/MCF composite.

2.2. Incorporation of magnetic y-Fe,Oz nanocrystals in
MCF

Magnetic y-Fe,O3 nanocrystals coated with oleic-acid
ligands were synthesized according to literature that
could be well dispersed in hydrocarbon solvents [22].
MCF-Cg was employed as matrix material. 40 mg of y-
Fe,O3; nanocrystals was dispersed in 10 mL of toluene
by sonication, followed by addition of 0.1 g of MCF-Cs.
The resulting mixture was stirred at room temperature
overnight. The solvent was then removed under vacuum
(70 mbar) at 40 °C using a rotary evaporator. The solid
was suspended in SmL of toluene by stirring and
evaporated again. This operation was repeated for
several times. Finally, the solid was fully washed by
toluene to get y-Fe,O3 nanocrystals/MCF composite.

2.3. Incorporation of Au nanocrystals in FUD-12

Water-soluble Au nanocrystals coated with mercap-
topropanic acid ligands were synthesized according to
literature [20]. Highly ordered mesoporous silica FUD-
12 was synthesized according to literature [15]. In order
to facilitate the incorporation of Au nanocrystals, the
entrance size of FDU-12 was enlarged via a relatively
high aging temperature (120°C) [15]. FDU-12 was
further modified with amine groups by reacting with 3-
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aminopropyltriethoxysilane (APS). Typically, 1.0g of
calcined FDU-12 was suspended in 20 mL of toluene,
followed by addition of 2.0 mmol of APS with stirring.
The suspension was stirred at 60 °C for 24h and then
filtered. The resulting solid was washed with toluene for
several times and dried under vacuum. The modified
FDU-12 is termed FUD-12-NH,. A total of 0.1 g FUD-
12-NH, was added to a 10mL aqueous solution
containing 20mg of Au nanocrystals. The resulting
mixture was stirred at room temperature overnight.
Water was slowly removed under vacuum (70 mbar) at
40 °C through a rotary evaporator to get Au nanocrys-
tals/FDU-12 composite.

2.4. Characterization

The nitrogen adsorption/desorption isotherms were
measured using a Micromeritics ASAP 2020 M system.
The samples were degassed for 10h at 200 °C before the
measurements. Fourier transform infrared spectroscopy
(FT-IR) measurements were conducted using FTS 7000
series. UV—visible (vis) spectrum of the Au nanocrystals
in toluene solution was measured with a Hitachi U-3310
UV-vis spectrophotometer. The diffuse reflectance
UV-vis spectrum of the Au/MCF composite was
measured with spectrometer of PE Lambda 20, and
BaSO,4 was an internal standard sample. Transmission
electron microscopy (TEM) experiments were per-
formed on a JSM-3010 electron microscope (JEOL,
Japan) with an acceleration voltage of 300kV.

3. Results and Discussion

MCEF is a novel mesoporous silica material templated
by oil-in-water microemulsions [23]. The ultra-large
mesopores have made MCF particularly useful as
catalyst supports and separation media for processes
involving large substrate. Previous studies illustrate that
MCF has uniform, cage-like mesopores with entrances
(or “windows”) narrower than the diameter of the cage
itself. The calcined MCEF in this work showed a type IV
N, adsorption—desorption isotherm (Fig. la) from
which its pore diameter and window diameter were
determined to be 28.5 and 14.8nm, respectively,
according to the BdB-FHH method [24]. The BET
surface area was 535m?/g and the pore volume was
2.1em?/g. The modification of MCF with hydrophobic
alkyl (Cg) groups decreased both pore diameter and
window diameter by ~2nm, so did the surface arca
(345m?/g) and pore volume (1.6cm?/g). However, the
isotherm did not change in shape after modification and
the pore size distribution was still very narrow (Fig. 1b),
suggesting a uniform coverage of Cg groups on MCF
surface. The success of surface modification with long-
chain alkyl groups was also evidenced by FT-IR

2800 -] -
2600 /

2400
2200
2000
1800

1 a

1600 - o
JI

1400 -

1200 -

1000

8004 b

600 e-e—eee

400
200] ¢ "

0 Ja-a—a—a

Adsorbed Volume (cm’/g, STP)

0.0 0.2 0.4 06 0.8 1.0
Relative Pressure (P/P )

Fig. 1. N, adsorption/desorption isotherms of (a) MCF, (b) MCF-Cg,
and (c) Au/MCF-Cg composite. For clarify, the isotherms of MCF-Cg
and Au/MCF-Cg composite are offset by 600 and 1400 along the y-
axis, respectively.
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Fig. 2. FTIR spectra of (a) MCF and (b) MCF-Cg.

spectroscopy. Calcined MCF showed a typical FTIR
spectrum of bare silica (Fig. 2a). After modification with
Cg groups, it exhibited new peaks around 2900 and
1450 cm ™' that are associated with C—H vibration, while
the peak of silanol (SiOH) groups at 3750cm™’
disappeared (Fig. 2b). The weight percent of Cg groups
in modified MCF was 10% (1.3 mmol ligand/g of silica),
as calculated by element analysis.

Peng and co-worker have reported a single-phase
route toward the synthesis of monodispersed Au
nanocrystals [20]. Due to the weak ligands used in that
synthetic scheme, the surface modification of the as-
synthesized Au nanocrystals was quite straightforward
through ligand exchange. Depending on the terminal
groups of the ligands, Au nanocrystals can be either oil-
soluble or water-soluble. For example, oil-soluble Au
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Fig. 3. (a) High-resolution TEM micrograph of the pre-synthesized
Au nanocrystals; (b) TEM micrograph of the Au/MCF-Cg composite
at low magnification; (¢) TEM micrograph of the Au/MCF-Cg
composite at high magnification.

nanocrystals can be prepared by surface modification
with dodecanethiol ligands, while mercaptopropanic
acid ligands can make them soluble in water.

In this study, we prepared hydrophobic Au nano-
crystals dispersed in toluene according to Peng’s method
[20]. These Au nanocrystals are uniform in size (4 nm)
and highly crystalline as illustrated by the high-resolu-
tion TEM image (Fig. 3a). Being extremely hydropho-
bic, MCF-Cg was readily immersed in the toluene
solution of Au nanocrystals. A solvent evaporation
process was employed to promote Au nanocrystals to
enter the mesopores of MCF-Cg, followed by washing
with toluene to remove the residual nanocrystals on the
surface. Element analysis of the product gave 15% of
Au content in weight. Although due to the presence of
non-porous nanocrystals this Au nanocrystals/MCF
composite showed lower surface area and pore volume
than parent material MCF-Cg, it was still highly porous
with 270 m?/g surface area and 1.2cm?/g pore volume.
The N, adsorption isotherm of the composite was not
smooth in the desorption branch and the BJH pore size
distribution was relatively broad (Fig. 1¢). These results
suggested that Au nanocrystals were entrapped in the
mesopores that would partially block the pore system.
TEM image (Fig. 3b) showed that the dispersion of Au
nanocrystals was dense and uniform. High-resolution
TEM image further revealed that Au nanocrystals were
incorporated in the foam-like mesopores of MCF rather
than on the surface of MCF particle (Fig. 3c).

The UV-vis spectrum of the toluene solution of Au
nanocrystals employed in this work was shown in
Fig. 4a. A plasmon resonance band at 520 nm exhibited
the character of nano-sized Au crystals [6,25]. Corre-
spondingly, the diffuse reflectance UV—vis spectrum of
the Au/MCF composite showed an obvious band at the
same region (Fig. 4b), suggesting that the optical
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Fig. 4. (a) UV-vis spectrum of the toluene solution of Au
nanocrystals; (b) diffuse reflectance UV-vis spectrum of the Au/
MCEF-Cg composite.
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property of Au nanocrystals was unaffected during the
incorporation process.

Notably, the surface modification of MCF with Cg
groups is essential towards incorporating oil-soluble Au
nanocrystals. If unmodified MCF is used as host
material, only low loading amount (< 5% in weight)
can be achieved. It is believed that the incorporation is
promoted by the hydrophobic interaction between the
Cg groups on silica surface and the alkyl chains of
dodecanethiol ligands on Au nanocrystals. In addition,
the minus pressure used for solvent evaporation
produces capillary force in mesopores that is also
helpful for entrapping more nanocrystals. If the
incorporation were carried out under normal pressure,
the loading amount of nanocrystals would be about
10%, much less than that through solvent evaporation.

Since various noble nanocrystals, such as Ag, Pd and
Pt, can be synthesized from the same route [20], they are
readily introduced in mesoporous silica via this surface
modification scheme. The obtained composites can be
used as heterogeneous catalysts for different reactions.
Since the nanocrystals introduced in this way are well
dispersed in pores, the resulting catalysts will be active
and stable.

This surface modification scheme could also be
extended to introduce other oil-soluble nanocrystals,
e.g. magnetic y-Fe,O; nanocrystals, into hydrophobic
mesoporous matrix. Magnetic y-Fe,O3 nanocrystals
were synthesized by thermal decomposition of iron
pentacarbonyl in the presence of oleic acid ligands,
followed by controlled oxidation with trimethylamine
oxide, as reported by Hyeon et al. [22]. These
nanocrystals are very uniform in size (~7nm) with
hexagonal shape (Fig. 5a). During solvent evaporation,
y-Fe,O3 nanocrystals were successfully incorporated in
MCF-Cg matrix with a high loading of 20% in weight,
which could also be attributed to the hydrophobic
interaction between the Cg groups on silica surface and
the alkyl chains of oleic ligands on y-Fe,O; nanocrys-
tals. The bright-field and dark-field TEM images of the
same area of the y-Fe,O3/MCF-Cg composite are shown
in Fig. 5b and Fig. Sc, respectively. Since the sample is
thick, the bright-field image is not very informative.
However, the dark-field image clearly indicates that the
magnetic y-Fe>O; nanocrystals were uniformly and
densely distributed in MCF matrix. The bright spots
in the dark-field image correspond to the y-Fe,Oj
nanocrystals (Fig. 5c). The obtained y-Fe,O; nanocrys-
tals/MCF composite has a BET surface area of 220 m?/g
and total pore volume of 1.0cm?/g, as calculated from
N, adsorption isotherm.

Possessing magnetic property and significant porosity
simultaneously, the y-Fe,O3 nanocrystals/MCF compo-
site exhibits great potential in many applications. For
example, it will be useful for heterogeneous catalysis as a
catalyst support that can be easily separated from the

50 nm

Fig. 5. (a) TEM micrograph of the pre-synthesized magnetic y-Fe,O3
nanocrystals; (b) Bright-field TEM micrograph and (c) Dark-field
TEM micrograph of the same area of the y-Fe,O3/MCF-Cg composite.
Inset is a photograph showing the magnetically collectable property of
the y-Fe,O3/MCF-Cg composite.
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Fig. 6. (a) TEM micrograph of Au nanocrystals in FDU-12 functionalized with amine groups on both inner and outer surface. (b) TEM micrograph
of Au nanocrystals in FDU-12 functionalized with amine groups only on inner pore surface. High magnification TEM images of the same sample
with (b) taken in different incidence: (c) [110] and (d) [211]. Arrows in (c) indicates some of the Au nanocrystals entrapped in the mesopores.

reaction system by magnetic field. Its magnetic separ-
ability was illustrated in Fig. 5 (inset) where a magnet
was successfully employed to extract the composite
powder out from solution.

The surface modification method is also applicable for
incorporating nanocrystals into ordered mesoporous
silica, e.g. FDU-12 with a face-centered cubic mesos-
tructure (Fm-3m). Water-soluble Au nanocrystals
(~4nm) with mercaptopropanic acid protective ligands

are incorporated in this case, which were synthesized
according to Peng’s route [20]. Accordingly, we modified
FDU-12 with amine groups (by reacting with 3-APS) to
entrap the Au nanocrystals through strong acid—base
interaction between carboxyl groups and amine groups.
TEM image (Fig. 6a) indicated that in this way a large
amount of Au nanocrystals could be attached to FDU-
12. However, unlike the cases described above, the Au
nanocrystals were located not only in the mesopores but
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also on the outer surface of FDU-12 particles, because
the presence of amine groups on silica surface would
catch Au nanocrystals. The incorporation of Au
nanocrystals exclusively in mesopores could be achieved
by a three-step procedure. First, trimethylchlorosilane
was used to react with as-synthesized FDU-12 (with
surfactant template in the pores) to passivate the outer
surface by Si(CHj3); (TMS) groups. Second, surfactant
templates were removed by solvent extraction. Last,
template-free FDU-12 was reacted with APS to
functionalize the inner surface. In this way, only inner
surface of FDU-12 was functionalized with alkyl amine
groups, while the outer surface was kept inactive to Au
nanocrystals. Similar scheme has been employed by Lin
et al. to synthesize Pt nanoclusters in the pore channels
of SBA-15 [17]. Using the obtained FDU-12-NH, as
matrix, Au nanocrystals were mostly incorporated in the
mesopores as evidenced by TEM image (Fig. 6b). The
high-resolution TEM images of Au-incorporated FDU-
12 taken in [110] and [211] incidences are shown in Fig.
6¢ and d, respectively. From these images the distribu-
tion of Au nanocrystals in mesoporous matrix can be
observed clearly. As indicated by the arrows in Fig. 6c,
Au nanocrystals are indeed in the mesopores and
separated from each other by pore walls. In certain
local regions, the Au nanocrystals form ordered arrays
based on how the mesopores are arranged, which
implies the potential use of this Au/FDU-12 composite
in novel optical and electronic applications. Also, the
TEM images reveal that both the morphology of Au
nanocrystals and the highly ordered mesostructure of
FDU-12 have been well maintained during the incor-
poration process.

4. Conclusions

We have proposed a simple surface modification
scheme for incorporating different nanocrystals in
mesoporous silica matrix to prepare nanocrystals/
mesoporous silica composites. This approach is gener-
ally effective for various nanocrystals, including oil-
soluble Au nanocrystals, water-soluble Au nanocrystals,
and magnetic y-Fe,O3 nanocrystals, as well as mesopor-
ous silica materials with different structures. Since the
nanocrystals are externally synthesized, their morphol-
ogies and properties can be accurately controlled. This
method shows little influence on the physical and

chemical properties of the incorporated nanocrystals.
Also, the structure and porosity of the matrix material
have been well maintained. The obtained multi-func-
tional composites show potential applications in cata-
lysis, separation and optical/electronic device.
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