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In the present study, a highly ordered mesoporous silica, nanoscale MCM-41, was synthesized and Eu,O3 was successfully prepared into |
the channels of nanoscale MCM-41 via the following methods: liquid-phase grafting method, thermal diffusion method and microwave- |
assisted synthesis method. The luminescence of Eu** is particularly interesting because Eu,Os is one of the most important rare earth
oxides and the major emission band is centered near 618 nm (red), which is one of the three primary colours (red, blue and green) from |
which a wide spectrum of colours can be generated by appropriate mixing. The Eu** ions show narrow emission bands arising from the |
Dy levels (J = 1, 2 and 3). Several characterization techniques were used to investigate physico-chemical properties of the prepared |
materials and to elucidate their luminescence properties. The prepared (MCM-41)-Eu,0; nanocomposite materials have the ordered |
hexagonal mesostructure of MCM-41 and show the properties of luminescence. The detailed luminescence studies of all the nanocomposite |
materials show that (MCM-41)-Eu,O; present stronger luminescent intensities and higher luminescent quantum efficiencies than bulk
Eu,0;, indicating that the stability limitation of MCM-41 on the Eu,Os in the channels is a benefit for the luminescence properties of the |
(MCM-41)-Eu,0; nanocomposite materials. The emission spectra of (MCM-41)-Eu,O; display the characteristic luminescence of Eu,O; |
and the emission bands of (MCM-41)-Eu,O;s in the long wavelength are Dy — 'F; transitions of Eu,Os in the nanoscale MCM-41. It is |
believed that a markedly enhanced emission occurs owing to the strong interaction between Eu,Os; and MCM-41. Meanwhile, the most |
effective preparative method (the microwave-assisted synthesis method) introduced in this paper is a very promising method for preparing
(MCM-41)-Eu,0; nanocomposite materials. I
|
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INTRODUCTION materials for fundamental spectroscopic studies on luminescent
properties and development of optical active materials'®?'. The
trivalent rare earth ions in oxide emit light at characteristic
structure such as M4IS]’2’ many researchers have reported the . velengths due to intra 4f or inter 4f-5d transitions®. The 4f
potential applications of these materials having uniform pore  ¢jectrons of the rare earth ions are shielded by the outer Ss
structure and an extensively high surface area as catalysis, 4 5p electrons. However, the intensities of 4f-4f transitions
separation, adsorbent, drug delivery and guest-host chemical  jonend strongly on the nature and structure of chemical environ-

supports™. The most popular structures of these materials, o1 4round the rare earth ions. Therefore, the key problem
mesoporous molecular sieve MCM-41, perform favourable  1ojated to rare earth ions is to try to find a suitable matrix

uniformly and highly ordered network of silica with hexagonal material and a proper method to load them. Up-to-date, several
pore diameter in the range of 2-50 nm. These outstanding char- ventional strategies have been developed to incorporate
acteristics such as large internal surface area, hexagonal array rare earths nanoparticles in the channels of mesoporous silica

of one-dimensional cylindrical channels and high thermal MCM-41, SBA-15 and the pores of zeolites, including jon-
stability result in various applications of MCM-41'"'* and these exchange™ 2025 2628

‘ ) ] , wetness impregnation™ =,
properties make MCM-41 material among the best candidates co-condensation®?’, covalent grafting”* and sol-gel* methods.
as hosts for many guest materials'*'* due to their good optical, i s 4 1, synthesized cerium(IIl)-incorporated SBA-15
thermal and chemical stability, especially for rare-earth oxide mesoporous molecular sieves by a two-step direct synthesis
nanoparticles, which may prove useful in luminescence device method in acid media. Trejda ef al.’, applied a new synthesis
applications. Recently, there has been considerable interest in

) ) O route which allowed us to produce niobium-rich SBA-15
the incorporation of the rare earth oxide in the mesoporous materials in which niobium was located exclusively in the

Since discovery of silica with a highly ordered mesoporous

, solid-state diffusion
29,30
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framework. Yada et al.’’, described the rare earth (Er, Tm, Yb,
Lu) oxide nanotubes templated by dodecyl sulfate assemblies.
Different amounts of lanthanum oxide impregnated SBA-15
were synthesized and applied for arsenate removal in the
adsorption process*®. Ordered nanocrystalline mesoporous
cerium oxide was synthesized using MCM-48 molecular sieves
as a hard template®. Additionally, Tb** and Eu** have been
doped in zeolite-Y, B-diketone modified SBA-15 or function-
alized MCM-41 and novel photoluminescence and photo-
physical properties have been observed****.

Europium oxide is one of multifunctional rare earth
oxides and has been studied extensively**. It is widely used
as a red or blue phosphor in television sets and fluorescent
lamps and as an activator for yttrium-based phosphors. It is
also an agent for the manufacture of fluorescent glass.
Europium fluorescence is used in the anticounterfeiting phos-
phors in Euro currency bank notes. Eu** has a great advantage
because the major emission band of Eu** is centered near 620
nm*’. Furthermore, Eu** has non-degenerate ground and emitting
states and the °Dy — "F, transition gives information about the
site symmetry of host. This property permits possible appli-
cation as structural probe of the local environment for techno-
logy of new optics sensors*. Now, a lot of studies are concen-
trated on the loading of rare earth oxides into the porous silica.
Chen et al.* incorporated Eu,O; nanoparticles in the channels
of MCM-41 by solid-state thermal diffusion at different tempe-
ratures and investigated the structure, luminescence and dynamics
of Eu,0; nanoparticles in MCM-41. A coating of the internal
surfaces of SBA-15 by rare earth oxides was impregnated by
calcined host material with different aqueous rare earth nitrate
solutions and subsequently calcined®.

Nanoscale MCM-41 is a novel mesoporous material
synthesized in 2001, In present work, the (MCM-41)-Eu,O;
nanocomposite materials were successfully prepared via
liquid-phase grafting method, thermal diffusion method and
microwave-assisted synthesis method with a nanoscale MCM-
41 as host. Generally, the conventional liquid-phase grafting
method seems difficult to completely avoid adsorption of the
naoparticles on the outer surface of the MCM-41. Therefore,
the surface of nanoscale MCM-41 is functionalized with
organic groups by post synthesis method. However, the post
synthesis method usually would destroy the framework of
mesoporous materials, due to complicated synthetic process,
rigorous preparing conditions and usage of solvent’' ™.
Furthermore, the nanoparticles easily deposit in the channel
or aggregate on the external surface of mesoporous silica,
which makes always the extra framework species form,
irregularly distributes active sites and blocks the channel of
mesoporous silica™. In order to overcome these shortcomings,
the MCM-41 was modified by trimethylchlorosilane before
calcination and the rare earth oxides should be incorporated
into the modified MCM-41. The thermal diffusion method is
applicable and effective procedure for the preparation of
nanocomposites. Compared with the conventional liquid-phase
grafting and thermal diffusion methods, microwave-assisted
synthesis method has many advantages, such as fast crystalli-
zation, homogeneous nucleation and fast supersaturation by
the rapid dissolution of precipitated gels™*. It is also energy

efficient and economical. This method has been applied for
the synthesis of several types of zeolites namely zeolite A, Y,
ZSM-5, MCM-41, SBA-15%. To our best of knowledge, Eu,O;
has not before been incorporated inside the channels of
nanoscale MCM-41 using microwave-assisted synthesis
method. Here, we successfully prepared nanocomposite of
Eu,0s supported in nanoscale MCM-41 via liquid-phase grafting
method, thermal diffusion method and microwave-assisted
synthesis method. The structure and luminescent properties
of (MCM-41)-Eu,O3 nanocomposite materials were studied.
We used chemical analysis, powder X-ray diffraction (XRD),
Fourier transform infrared (FT-IR) spectra, low temperature
N, adsorption-desorption technique at 77 K, high resolution
transmission electron microscopy (HRTEM), environmental
scanning electron microscopy (ESEM) and luminescence
studies to characterize the prepared materials, whereas the most
effective preparative method (the microwave-assisted synthesis
method) introduced in this paper is a very promising method
for preparing (MCM-41)-Eu,O; nanocomposite materials. The
results showed that Eu,Os has been encapsulated inside the
channels of nanoscale MCM-41 and the emissions of (MCM-
41)-Eu,O3 show a significant blue shift due to quantum size
effect compared to that of the bulk Eu,Os. One of the main
objectives of this work is to develop a novel preparation method
for the (MCM-41)-Eu,0; and to investigate their luminescent
properties.

EXPERIMENTAL

Cetyltrimethylammonium bromide (CTMAB, Changzhou
Xinhua Research Institute for Reagents, China), tetraethyl
orthosilicate (TEOS, Sinopharm Chemical Reagent Co., Ltd,
China), sodium hydroxide (Beijing Chemical Reagent Plant,
China ), trimethylchlorosilane (TMSCI, Sinopharmcetical
Chemical Reagent Co., Ltd, China), europium oxide
(Sinopharmcetical Chemical Reagent Co., Ltd, China),
absolute ethanol (Beijing Chemical Reagent Plant, China),
europium nitrate solutions were prepared from europium oxide
and nitric acid. All reagents used in the experiment were of
analytical grade. Deionized water was used throughout the
experiments.

Synthesis of MCM-41: Nanoscale MCM-41 was
prepared according to the procedure described by Cai et al.™.
A1 gof CTMAB was dissolved in 480 mL of deionized water
at 80 °C under vigorous stirring until the solution became
homogeneous. To this solution were added 3.5 mL of NaOH
solution (2 mol L") with stirring. After the solution became
homegeneous, 5 mL of TEOS was slowly dropped, giving rise
to a white slurry. Then the reaction mixture was kept at 80 °C
for 2 h with stirring. The resulting solid product was filtered,
extensively washed with deionized water for three times and
dried in air at room temperature to obtain the as-synthesized
materials. The CTMAB surfactant molecules were then
removed by calcination of the as-synthesized material at 550 °C
in air for 4 h to obtain a white parent powder. The resulting
product was afterwards designated as nanoscale MCM-41.

Preparation of (MCM-41)-Eu,0; nanocomposite
materials: In the experiment the synthesis of (MCM-41)-Eu,0;
nanocomposite materials includes three pathways: (I) The
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modified MCM-41 was prepared on the basis of the method
described in reference®. 0.5 g of uncalcined MCM-41 was
immersed in 30 mL of 1 % (v/v) trimethylchlorosilane absolute
ethanol solution and stirred at room temperature in air for 24 h.
The resulting product was filtered off, washed with absolute
ethanol solution and dried at 50 °C in air. The solid material
was calcined at temperature 550 °C for 24 h and the modified
MCM-41 was obtained. 0.3 g of modified MCM-41 was added
into 30 mL of 1.0 x 10? mol L' Eu(NOs); solution at room
temperature with stirring for 12 h. Then the resulting product
was extensively washed with deionized water and dried at
ambient temperature. Finally, the prepared material was heated
at 500 °C for 3 h. The sample was designed as S1 (liquid phase
grafting method loaded Eu,O; into the modified MCM-41).
Similarly, 0.3 g of unmodified MCM-41 was added into 30 mL
of 1.0 x 10 mol L' Eu(NO3); solution at room temperature
with stirring for 12 h. Then the resulting product was collected
by filtration, washed with deionized water and dried at room
temperature. Finally, the prepared material was heated at 500 °C
for 3 h. The sample was designed as S2 (liquid phase grafting
method loaded Eu,Os; into the unmodified MCM-41). (I) The
formation of Eu,Os in the channels of MCM-41 was conducted
by solid-state thermal diffusion, 0.5 g of MCM-41 was mixed
with 0.0252 g of Eu,O; powder to make the mixture homo-
geneous, the mixed powders were heated at 150 and 500 °C
for 5 h, respectively. Then, the samples were cooled down to
room temperature in an oven and the solid phase thermal
diffusion products were gotten. The samples were designed
as S3 (solid-phase thermal diffusion at 150 °C) and S4 (solid-
phase thermal diffusion at 500 °C). (IIT) 0.5 g of MCM-41
was mixed with 0.0252 g Eu,0Os to make the mixture homoge-
neous. The mixture was irradiated by microwave for 0.5 h at
750 W in a microwave oven, subsequently, the sample was
cooled down to room temperature in the oven. The sample
was designed as S5 (microwave-assisted synthesis method).
The host-guest nanocomposite materials were stored without
air.

Characterization: The content of Eu,O5 in samples was
determined on a Hitachi Z-8000 polarization Zeeman atomic
absorption spectrometer. Powder X-ray diffraction (XRD)
patterns were obtained on Bruker D8/ADVANCE diffracto-
meter with CuK,, radiation (40 kV, 40 mA). The framework of
MCM-41 was observed at low angles (1° < 20 < 10°) and
wide angles (10° < 20 < 90°). Fourier transform infrared (FT-
IR) spectra were recorded on an American Nicolet SDX-FTIR
spectrometer with potassium bromide pellets (99 wt. % of
KBr). Low temperature nitrogen adsorption and desorption
isotherms were obtained at 77 K on a Micromeritics ASAP
2020 V3.01 H volumetric analyzer (The American Mike
Company). The samples were outgassed at 363 K prior to the
measurements. The data were calculated in terms of the model
of Bdb (Broekhoff and de Boer) method®. Surface area and
pore volume were calculated by following BET®' and BJH*
procedures, respectively. High resolution transmission electron
microscopic (HRTEM) images experiments were performed
on a FEI Tecnai G2 F20 field-emission transmission micro-
scope (Netherlands) operating at 200 kV. The samples were
prepared by dispersing the powders in absolute ethanol.

Imaging was enabled by depositing a few drops of suspension
on carbon coated 400 mesh Cu grid. The solvent was allowed
to evaporate before imaging. Environmental scanning electron
microscopic (ESEM) images were taken on a PHILIPS X1.30
field-emission environmental scanning electron microscope
(Netherlands) instrument. The surface distribution of elements
was measured utilizing an energy dispersive X-ray (EDX)
detector Genesis 2000 from EDAX (USA). Luminescence
spectra were collected on a Hitachi F-7000 spectrophotometer
(Japan) at room temperature of 20 °C, using a 150 W xenon
lamp as the excitation source.

RESULTS AND DISCUSSION

The percentages of Eu,Os in different samples were
measured by chemical analysis and their contents were 1.54
% for S1, 1.57 % for S2, 4.76 % for S3, 4.76 % for S4 and
4.76 % for S5 in mass, respectively. It can be seen that Eu,0O;
has been incorporated into the (MCM-41)-Eu,0;
nanocomposite materials.

The small-angle X-ray diffraction patterns (SAXRD) of
the (MCM-41)-Eu,05 and corresponding nanoscale MCM-41
are displayed in Fig. 1. Nanoscale MCM-41 exhibits four well-
resolved peaks that can be indexed as (100), (110), (200) and
(210) reflections associated with a two-dimensional order
hexagonal (space group p6mm) structure'. For the (MCM-
41)-Eu,0O5 sample, one very strong and two weak characteristic
peaks of MCM-41 material are clearly observed, which indicates
that the hexagonal structure of the nanoscale MCM-41 in the
composite material has been well maintained after the above
synthesis process. However, the intensities of the (100), (110)
and (200) reflections for (MCM-41)-Eu,0; are considerably
reduced compared with the corresponding ones of peaks of
the MCM-41 and the peak indexed to 210 diffraction disappeared,
suggesting gradually lowering of long-range order of the
samples. The results are consistent with the successful encapsu-
lation of the Eu,O; within the channels of SBA-15 and suggest
the presence of significant host-guest interaction®.

Intensity (a.u.)

26 ()

Fig. 1. Small-angle XRD patterns of (a) nanoscale MCM-41, (b) S1 (liquid
phas grafting for modified MCM-41), (c) S2 (liquid phase grafting
for unmodified MCM-41), (d) S3 (thermal diffusion at 150 °C), (e)
S4 (thermal diffusion at 500 °C), (f) S5 (microwave-assisted
synthesis)
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Fig. 2 shows the wide-angle X-ray diffraction patterns of
prepared samples. As no distinguishable peak was found, the
pure nanoscale MCM-41 is amorphous. No reflections of
Eu,0O; are visible in the wide angle region for S1 and S2
samples (curve d, e), which suggests that the resultant Eu,Os
introduced during the synthesis was located in the walls of the
nanoscale MCM-41 or that crystalline Eu,Os species were very
well dispersed in the channels. Hence, the Eu,O; cannot be
detected with XRD. As observed in curve c, the characteristic
reflection peaks of Eu,O; are represented for the mechanical
mixture of nanoscale MCM-41 and Eu,O;. After heat treatment
at 150 °C (curve f) the peaks of Eu,Os still appear. However, it
is of interest to note that the characteristic peaks assigned to
Eu,0; disappear completely when the sample was heated at
500 °C for 5 h (S4) or irradiated by microwave for 0.5 h (S5),
as given in curve g or curve h. The phenomenon might be
explained by high dispersion of Eu,Oj; into the channels of the
nanoscale MCM-41, where the Eu,O; no longer exists in bulk
state.

Intensity (a.u.)

0 20 40 60 80 100
26(%)

Fig. 2. Wide-angle XRD patterns of (a) nanoscale MCM-41, (b) Eu,Os,
(c) mechanical mixture of nanoscale MCM-41 and Eu,O; (5 wt %),
(d) S1 (liquid phase grafting for modified MCM-41), (e) S2 (liquid
phase grafting for unmodified MCM-41), (f) S3 (thermal diffusion
at 150 °C), (g) S4 (thermal diffusion at 500 °C), (h) S5 (microwave-
assisted synthesis)

Fig. 3 shows the FT-IR spectra of all samples in the range
2000-400 cm™. Curve b corresponds to the spectrum of
nanoscale MCM-41 and curve c, d, e, f, g are the infrared
spectra of (MCM-41)-Eu,0s. The Si-O-Si vibrations appear
as a very strong band at 1080 cm™ (asymmetric stretching),
the peak at 799 cm™ can be attributed to the symmetric Si-O
stretching vibration. The strong Si-O-Si bending vibration can
be observed at 460 cm™ and the band at 960 cm™ can be assigned
to stretching vibration of Si-OH surface group. In addition,
the peak at 1650 cm™ can be attributed to the O-H bending
vibration mode of the adsorbed water molecules. All bands in
(MCM-41)-Eu,Os samples show a shift to higher wavenumbers
with respect to those of nanoscale MCM-41 molecular sieve.

Transmission (a.u.)
o

2000 1500 1000 500
Wavenumber (cm™)

Fig. 3. Infrared spectra of (a) Eu,O3, (b) nanoscale MCM-41, (¢) mechanical
mixture of nanoscale MCM-41 and Eu,Os (5 wt %), (d) S1 (liquid
phase grafting for modified MCM-41), (e) S2 (liquid phase grafting
for unmodified MCM-41), (f) S3 (thermal diffusion at 150 °C), (g)
S4 (thermal diffusion at 500 °), (h) S5 (microwave-assisted synthesis)

This shift of the peaks is considered as an indication of the
Eu,0; nanoparticles incorporated into the MCM-41%%, Mean-
while, the FT-IR spectrum of bulk Eu,O; sample (curve a) has
two peaks at about 1400 cm™. For the mechanical mixture of
nanoscale MCM-41 and Eu,O; (5 wt %) (curve ¢), the charac-
teristic peaks of Eu,O; appear. However, no characteristic peaks
of Eu,O; emerged in the infrared spectra of (MCM-41)-Eu,0Os
samples, showing that Eu,O; has already been entrapped in
nanochannels of the MCM-41 and equally dispersed on
the surface of nanoscale MCM-41 but not simply doped or
physically absorbed outside.

Nitrogen adsorption-desorption is a technique to assess
the textures of pore materials. Fig. 4 shows the low-temperature
N, adsorption-desorption isotherms of samples at 77 K. All
samples exhibit reversible type Langmuir IV isotherm with
the presence of two hysteresis loops®™®’. The H1 hysteresis
loop in Fig. 4 showed that the materials are typical of
mesoporous materials. The structure data of different (MCM-
41)-Eu,05 nanocomposite materials, extracted from the
adsorption isotherms, are summarized in Table-1. The results
reveal that the doping of Eu,Os has not altered the basic pore
structure of mesoporous MCM-41. A linear increase in
adsorbed volume at low pressures was followed by a steep
increase in nitrogen uptake at a relative pressure 0.3 < P/P, <
0.4, which was due to the uniformity of the mesoporous size
distribution and capillary condensation inside the mesopore
at a characteristic relative pressure®®. The position of the
inflection point is clearly related to the diameter of the mesopore
range and the sharpness of this step suggested the good distri-
bution of the Eu,Os in the channels of the host molecular
sieves’*”2, When the relative pressure is 0.4 < P/P; < 0.9, all
isotherms have a gentle slope. The adsorption of N, at the
surface of the pore channels reaches an equilibrium, which
exhibits a long well defined plateau. Subsequently, the adsor-
ption-desorption isotherms exhibit well defined hysteresis
loops at a relative pressure 0.9 < P/Py < 1.0 due to the existence
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Fig. 4. Low-temperature nitrogen adsorption-desorption isotherms of (a)
nanoscale MCM-41, (b) S1 (liquid phase grafting for modified
MCM-41), (c) S4 (thermal diffusion at 500 °C), (d) S5 (microwave-
assisted synthesis)

TABLE-1
PORE STRUCTURE PARAMETERS OF SAMPLES
Samples dioo a," BET surface Pore volume® Pore size®

(nm) (nm) area (m%g) (cm*/g) (nm)

Nanometer 3.34 3.85 1329 1.33 3.55
MCM-41

S1 385 444 996 0.85 3.52

S4 3.84 443 893 0.80 3.33

S5 391 451 902 0.81 3.36

2
ta9 = Edmo -’BJH adsorption cumulative volume of pores. ‘Pore size

calculated from the adsorption branch.

of noticeable amount of large irregular pores between silica
particles. In the last case the pronounced capillary condensation
steps occur at about P/Py = 0.9 when the capillary condensation
of nitrogen gas in regular and granular pores is completed.
The hysteresis loop was closely related to the degree of order
and the expedite channel structure in samples. Therefore, as
the order degree of samples decreases, the hysteresis loop tend
to disappear at relative lower pressures, which can be attributed
to the reduced pore volume and the condensation in the
adsorption branch starting at lower P/P, is caused by the smaller
pore size. This implies that part of the pore space has been
occupied during the modification of the pore surface and most
of the pores were then filled up by inclusion of Eu,O; into the
pores (curve b). However, the hysteresis in high pressures
corresponds to the mesoporosity character of MCM-41,
confirming that Eu,Os particles have been properly confined
inside the pore channels of nanoscale MCM-41 for all samples
and the mesoporous channels still have been remained.

Fig. 5 presents pore size distributions (PSDs). The three
curves of the samples are close to a Gaussian distribution and
the very narrow pore size distributions peaks are observed for
all samples, which suggests high uniformity of pore dimen-
sions. However, the Sger, the pore size distributions and the
pore volumes were decreased with the incorporation of the
Euw,0s particles. Consequently, the guest Eu,Os in form of large

1.2}
0.8
0.4} a
o .

1.2
0.8
0.4} b
o . | _
1.2r
0.8}
0.4} ¢
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dv/dD (cm® g™ nm™)

1.2}
0.8}
0.4} d
[1]3

2 4 6 8 10
Pore diameter (nm)

Fig. 5. Pore size distribution patterns of samples: (a) nanoscale MCM-41,

(b) S1 (liquid phase grafting for modified MCM-41), (c) S4 (thermal
diffusion at 500 °C), (d) S5 (microwave-assisted synthesis)

particles was partially located inside the MCM-41 pores while
blocking the pores significantly. Compared with the other
samples, the S5 synthesized by microwave diffusion has lower
BET surface area, indicating that the guest Eu,O; particles
relatively hemogeneously cover the internal surface of the
MCM-41. The structure information about the samples derived
from nitrogen adsorption-desorption data are listed in Table-1.

For calculating the blockage effect of Eu,O; on the
channels of the MCM-41 molecular sieve quantitatively, in
this study the normalized surface area of materials (NSA)”
was calculated. According to the NSA value of material the
state of guest in the composite materials can be determined as
follows (Fig. 6)”: (1) When the NSA of composite material is
<< 1, the guest material will form relatively larger particles
(Fig. 6A). These particles enter the channels of the molecular
sieve, blocking the channels, making the pore volume, surface
area and pore size of molecular sieve dramatically smaller.
(2) When the NSA of composite material is approximately
equals to 1, the guest material will form a noncrystal layer,
closely covering inner surface of the molecular sieve (Fig. 6B).
Because these particles attached to inner surface of the
molecular sieve form a new surface, it only covers the original
surface. Thus, the NSA value of this type is close to 1. (3) When
the NSA of composite material is > 1, the guest material will
become very small nanocrystals. It disperses on the internal
and external surface of the molecular sieve (Fig. 6C), because
the size of these nanocrystals is very small, making a signifi-
cant increase of surface area in the composite material. So the
NSA is much larger than 1.

The formula of normalized surface area (NSA) is as
follows™:

NSA = & X ;
I-y SA,

SA, and SA, are the surface area of (MCM-41)-Eu,0;
nanocomposite materials and the original MCM-41 molecular
sieve powder, respectively, y is mass fraction of the Eu,O; in
the composite material.
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Fig. 6. Guest phase assembling inside the MCM-41. (A) type I; (B) Type
IL; (C) Type III [Ref. 73]

In the present study, the NSA values of the S1, S4 and S5
samples are 0.71, 0.82 and 0.73 from the NSA values of the
samples, respectively. We can see that the NSA values of the
(MCM-41)-Eu,05 samples are approximately equals to 1.
Therefore, Eu,Os particles formed noncrystalline layer in the
(MCM-41)-Eu,0; samples. This made pore volume, surface
area and pore size of the molecular sieve smaller. These results
and the nitrogen adsorption-desorption isotherms results are
consistent.

High resolution transmission electron microscopy
images: The homogeneity of the distribution of Eu,Os particles
and its influence on the well-ordered hexagonal array of MCM-
41 are further confirmed from the high resolution transmission
electron microscopic (HRTEM) images (Fig. 7). The ordered
mesoporous structure of nanoscale MCM-41 is confirmed by
HRTEM in Fig. 7A, which clearly displays a worm-hole pore
structure with a narrow average pore diameter of 3.5 nm. The
uniformly well-ordered nanosized channels (about 3-5 nm)
separated by silica walls are packed regularly in a hexagonal
manner. Fig. 7B-E show some representative images of (MCM-
41)-Eu,05 taken from distinct specimens, where the highly
ordered pore structures of MCM-41 are still preserved. The
parallel straight channels (Fig. 7-b) can be observed with the
incident electron beam perpendicular to the channels. When
observed with the incident beam parallel to the channels, as
shown in Fig. 7a, the (MCM-41)-Eu,0; nanocomposite shows
the highly ordered honeycomb-like pore array structure. The
average thickness of the wall is 3-5 nm and the pore diameter is
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Fig. 7. HRTEM image of (A) nanoscale MCM-41, (B) S1 (liquid phase
grafting for modified MCM-41), (C) S2 (liquid phase grafting for
unmodified MCM-41), (D) S4 (thermal diffusion at 500 °C), (E) S5
(microwave-assisted synthesis)

around 3 nm, which is in agreement with the results measured
by N, adsorption-desorption. The Eu,O; nanoparticles could
not obviously be observed in the channels through HRTEM
investigations. This may be due to the fact that the image
contrast between the silica framework and Eu,O; nanoparticles
is weak, as in the case of ZnO*, Fe,0;™, GaN", ZnS’ nanopar-
ticles homogeneously distributed inside the channels of
mesoporous materials.

The environmental scanning electron microscopic (ESEM)
images depicted in Fig. 8 show the top view of nanoscale
MCM-41 and (MCM-41)-Eu,0s. Fig. 8 A shows that the ESEM
images of nanoscale MCM-41 with diameter of 80-160 nm
are apparent. It can be clearly seen that the nanoparticles stack
compactly and usually appear as global particles. The ESEM
images of (MCM-41)-Eu,0; are shown in Fig. 8B-D. Compared
with the morphology and the dimension of MCM-41, the
micrographs of the (MCM-41)-Eu,O; reveal clearly that the
resulting particles are almost perfectly spherical in shape. No
agglomeration is visible. Small spherical particles of the
(MCM-41)-Eu,0; samples with diameters of 90-180 nm are
evident. It is shown that the average diameter of observed particles
increased slightly with doping of Eu,Os, which is consistent
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Fig. 8. ESEM image of (A) nanoscale MCM-41, (B) S1 (liquid phase
grafting for modified MCM-41), (C) S4 (thermal diffusion at 500 °C),
(D) S5 (microwave-assisted synthesis)

with the data of XRD and N, adsorption-desorption. Further-
more, the existence of the rare earth oxide in the coated or doped
materials was examined by the energy dispersive X-ray (EDX)
measurements. The EDX spectrum serves also as arough estimate
for the quantiative determination of the rare earth atoms. A
typical spectrum of S5 is presented in Fig. 9. It shows that Eu
element existed inside the pore channels of nanoscale MCM-
41. As the high surface area of MCM-41 molecular sieve is
mainly due to its nanoscale pore channels, thus the abundant
Euw,0; particles should be homogenously distributed in the
pores of nanoscale MCM-41.

Si
0
C
Au
Eu

i i o e

0.00 1.00 2.00 3.00 4.00 5.00 6.00 keV
Energy (KeV)

Fig. 9. EDX pattern of S5

Fig. 10 shows the luminescence spectra of Eu,0Os and the
(MCM-41)-Eu,0; nanocomposites at room temperature under
the same experimental conditions. We observed the emission
of Eu,0; corresponding to the °Dy — 'F,; (J =0, 1, 2, 3, 4)
transitions in the range of 500-700 nm (curve a), which show
strong inhomogeneous broadening indicative of an amorphous
oxide environment”’. Their narrow emission lines have low
intensity, because they are parity and spin forbidden. The
oscillator strengths of absorption to the excited states of Eu**
ions, as for other rare earth ions, are of the order of magnitude
10°-10°. The emission spectra of rare earth ions arise from
transitions within the 4f shell and the Dy — F, emission is
most suitable for surveying the transition probabilities of sharp
spectral features in rare earths. If a rare-earth ion occupies a
site with inversion symmetry in a crystal lattice, the optical
transitions between 4flevels are strictly forbidden as electric-
dipole transitions, which obeys the selection rule AJ = 0, £1
(J/=0to J =0 being forbidden) or as vibronic electric dipole
transitions. As shown in curve a, the emission (618 nm) corres-
ponding to the Dy — 'F; electric dipole transition of Eu** is
predominantly observed. The emission at 595 nm is considered
to be the °Dy — F, magnetic-dipole allowed transition of Eu™*.
The emission peak at 580 nm is assigned to the "Dy — 'F,
transition of Eu**. The weak emission peak is at 633 nm, which
belongs to the Dy — 'F; transition. In curve b, the spectrum
of mechanical mixture of nanoscale MCM-41 and Eu,0; (5
wt %) was similar as that of the Eu,0s. Moreover, the D, —
'F, also has the strongest emission intensity in the spectrum of
the mechanical mixture of MCM-41 and Eu,0O;. For comparison,
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Fig. 10. Luminescece spectra of: (a) Eu,Os, (b) mechanical mixture of
nanoscale MCM-41 and Eu,03 (5 wt %), (¢) S1 (liquid phase
grafting for modified MCM-41), (d) S2 (liquid phase grafting for
unmodified MCM-41), (e) S3 (thermal diffusion at 150 °), (f) S4
(thermal diffusion at 500 °C), (g) S5 (microwave-assisted synthesis)

emission spectra of the Eu,Os in the modified and unmodified
MCM-41 are presented in curve ¢ and d. Both spectra show
the characteristic emission bands of Eu**. However, the lumine-
scence intensity of *Dy — F, of the Eu,O; in the modified
MCM-41 (curve c) is about 3 times stronger than that in the
unmodified MCM-41 (curve d), showing that the Eu,0O;
particles were mostly incorporated in the channels of modified
MCM-41. Therefore, the decrease of the non-raditive transition
ratio, the luminesence intensity increases’”. In addition, the
broading *Dy — ’F, emission peak of S3 at 614 nm decreases
in intensity, which is due to a charge transfer transition. -OH
groups also can lead to vibrational deexcitation, to which Eu**
is highly susceptible.

The *Dy — ’F, transition is highly sensitive to structural
change and environmental effects. Therefore, the higher tempe-
rature (500 °C) enhanced the activity of Eu* and the stronger
interaction of electron-photon in S4 induced the increase in
intensity of the *Dy — "F, emission peak of S4. In the curve f
and g, the wide bands centered in 520 nm were observed, which
were attributed to the oxygen vacancy in the silicon tetrahedron,
as well as to the presence of superficial defects in the structure
of MCM-41. It is worth noting that the characteristic emission
lines are still obvious in the emission spectrum for S5 (curve
g), the two main characteristic peaks of S5 from *Dy—"F, (590
nm) and *Dy—’F, (612 nm) are dominant. The Dy — 'F,
transition is a typical electric dipole transition and strongly
varies with the local symmetry of Eu** ions, while the "Dy —
’F, transition corresponds to a parity-allowed magnetic dipole
transition, which is practically independent of the host
material®. Therefore, the intensity ratio (R) of °Dy — 'F; to

Dy — "F, is sensitive to the symmetry around Eu** ions and
gives valuable information about environment change®. When
the R value is higher, the Eu** ions occupy sites of lower
symmetry without inversion center (more asymmetric local
environment). Therefore, the fact suggests that the local
symmetry changed as the Eu,O; was incorporated into the
channels of nanoscale MCM-41 and indicates the occupation
of the Eu*" in silica mesopore in low symmetric environment,
probably due to the effect of confinement and some defects
on the surface of nanoscale MCM-41. Otherwise, it is possible
that the formation of unilayer enhances the Eu,0;-MCM-41
distance. The energy transfer between the MCM-41 and the
Eu** is a nonradiative process, which would account for the
increase of the Eu,O; emission. Compared with the emission
peak of bulk Eu,O3 at 618 nm (curve a), the emission peaks of
S1, S4 and S5 show the significant blue shift of 6, 7 and 6 nm
relative to the emission peaks of 612, 611 and 612 nm. It is
suggested that Eu,O; particles have grown inside the channels
of MCM-41 and gave rise to the strongest quantum size ef-
fect. On the base of other reason, the blue shift behaviour can
be attributed to the small size of Eu,O; particles, their large
energy gap and the increase of energy of forbidden band.
Hence, the blue shifting of the band gap dependent transition
is typically characteristic of quantum confinement effect of
the nanoscale Eu,Os brought about by the restricted pore sizes.
Eu,0s is incorporated into the channels of nanoscale MCM-
41 that made molecules of Eu,Os arrange tidily and kinetic
energy decrease. The decreasing kinetic energy increases the
luminescent intensities of the composite materials and peaks
of the emission spectra move to the higher energy levels.

Conclusion

In summary, the microwave-assisted synthesis method for
synthesizing Eu,Os nanoparticles inside the pores of nanoscale
MCM-41 has been reported. The samples exhibited emission
bands at 618 and 590 nm form Eu*. At the same time, the
modified MCM-41 as host for the synthesis of (MCM-41)-
Eu,0O5 was described. Moreover, direct incorporation of Eu,Os;
nanoparticles into the pores of nanoscale MCM-41 by thermal
diffusion method provided various possibilities for fabricating
novel nanocomposite, adjusting the temperature of the synthesis
process is specially important. The Eu,Os were attached in the
inner surfaces of the nanoscale MCM-41, which retains signi-
ficant high ordered hexagonal mesostructure after the incor-
poration of Eu,Os. The preparation of (MCM-41)-Eu,O; by
microwave-assisted synthesis method exhibited the character-
istic luminescence property and higher luminescence quantum
efficiency compared with other methods. An unusually inten-
sified emission band occured at 618 nm though a Dy — F,
electronic transition with Eu,O; nanoparticles embedded in
nanoscale MCM-41 molecular sieves. An enhanced electron-
phonon interaction could thus occur, which promoted the
emission. It was proposed that the emission spectra display
the characteristic emission peak of Eu'* ions through the
intramolecular energy transfers from MCM-41 to Eu,0s.
Furthermore, the channels of MCM-41 in the (MCM-41)-
Eu,0s have the obvious quantum size effect on the nanoscale
Euw,0s. The prepared (MCM-41)-Eu,Os nanocomposites have
the potential application as luminescent materials.
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