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Abstract Silica spheres with sub-micrometer sized solid
core and mesoporous shell (SCMS) structure were syn-
thesized, and aluminum was incorporated into the meso-
porous shell framework by impregnation method to
generate SCMS aluminosilicate (AISCMS) nanospheres.
The impregnation of aluminum into the SCMS spheres
generates the acid sites on the framework due to the
presence of AI’" ions. The AISCMS was then used to
support molybdenum ion species on the mesoporous shell
framework. A solid-state reaction of MoO3 with AISCMS
followed by thermal reduction generated paramagnetic
Mo(V) species. The dehydration produced a Mo(V) species
that is characterized by electron spin resonance with
ge > g1 > gi- The structural properties of active sites in
the AISCMS were characterized by means of XRD, UV-
Vis, 2?A1 MAS NMR, FT-IR, and energy dispersive X-ray
spectrometric measurements. Upon O, adsorption, the
Mo(V) ESR signal intensity decreased, and a new O,
radical was generated. The Mo species in the dehydrated
Mo-AISCMS is found to exist as oxo-molybdenum species,
(M00O,)" or (MoO)**. Since the AISCMS has a low
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framework negative charge, the MoO, " with a low positive
charge can be easily stabilized and thus seems to be more
probable in the AISCMS framework.

Introduction

Considerable interest in nanoporous materials such as
zeolites and mesoporous molecular sieves stems from
application potential towards catalysis, adsorption, sepa-
ration processes, drug delivery and release, and optical and
electrochemical process due to their well-developed
ordered porous structures with high specific surface area,
large pore volume, and narrow pore size distribution [1-3].
Amine molecules or surfactant micelles have been used as
structure directing templates for the fabrication of the
nanoporous materials [4-8]. These porous materials were
mostly produced in amorphous powder type. Recently,
porous materials with specific morphologies as well as the
mesostructure have attracted enormous attentions due to
more specific applications [9, 10]. Thus, the synthesis of
tailored nanostructured particle has been a major challenge
in advanced materials science. The focus mainly lies on
understanding the formation mechanism of the nanostruc-
tured particles and on the conditions to tailor their particle
morphology, particle size, and pore structure [10]. Many
new nanostructured shell frameworks with either solid core
or hollow core were generated depending on the removal of
core templates, some of which were applied to controlled
materials release through nanoporous shell [9—-12].
Recently, structurally important novel sub-micrometer
sized silica spheres with solid core and mesoporous shell
(SCMS) structure were synthesized [11]. The core size and/
or shell thickness of the SCMS particles can be controlled
independently by two separate synthesis processes,
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consisting of solid core formation by the Stober method
(first step) and subsequent formation of the mesoporous
shell by the Kaiser approach (second step) [13, 14].
Octadecyltrimethoxysilane (C;g-TMS) has been used as a
porogen to generate the mesopores in the shell. The mes-
oporous silica layer on each silica particle was generated
by co-hydrolysis and subsequent condensation of tetraeth-
oxysilane and the C;3-TMS. The mesopores in the shell of
the SCMS particles can be regulated with ordered or dis-
ordered arrangement depending on the types of pore-gen-
erating surfactants [8]. Like all the mesoporous silica
materials, the silicon dioxide in the silica walls surrounding
the SCMS spheres possesses an amorphous nature [1-3].
The incorporation of aluminum into the SCMS framework
causes a negative net charge on the framework that is
compensated by protons. Therefore, it is expected that
aluminum-containing SCMS (AISCMS) silica spheres will
possess an ion-exchange capacity by other charge balanc-
ing cations such as paramagnetic transition metal ions as
found in zeolite [15, 16]. Such transition metal ion species
in the AISCMS system may offer potential for specially
tailored catalytic applications [17].

It is well-known that molybdenum-loaded catalysts are
useful for industrial processes such as Fischer-Tropsch
synthesis, epoxidation, and methanation [18]. Also, oxo-
molybdenum complexes catalyze a number of biologically
important oxo-transfer reactions such as conversion of
sulfite to sulfate and xanthine to uric acid [19]. The
molybdenum species have been investigated on silica and
alumina [20], Y [21], ZSM-5 [17], mordenite zeolites [22],
and silicoaluminophosphate (SAPO) molecular sieves [23—
25]. From those studies it was concluded that Mo(V) has
various coordinations depending on the support and the
preparation methods and that these determine the catalytic
activity [25, 26]. However, there is only a few study about
Mo species supported on mesoporous materials. MoOj3
supported on hexagonal mesoporous silica power was
reported as efficient Mo catalyst for olefin metathesis [27].
Mo-MCM-41 was examined for photocatalytic reactivity
[28]. Mo-containing AI-MCM-41 catalysts were also tes-
ted for thiophene hydrodesulfurization [29]. However,
there has been no study about the structure and application
of Mo species in mesoporous materials with structurally
important morphology despite their importance in cataly-
sis and adsorption. In particular, the potential catalytic
application of the metal ion sites requires detailed char-
acterization of their environment in the mesoporous
materials including their framework position and coordi-
nation structure.

In the present work, Mo ion species were exchanged for
the first time into the mesoporous framework through solid-
state reaction of MoOj; with the AISCMS nanospheres to
form Mo(VI)-AISCMS. The paramagnetic Mo(V) species

generated by thermal reduction were characterized by
electron spin resonance (ESR), FT-IR, and UV-Vis spec-
troscopy to gain information about the coordination of the
Mo species. This study illustrates that the Mo(V) ion spe-
cies in dehydrated Mo-AISCMS exists as (MoO,)" or
(M00)*" in an extra-framework position.

Experiments
Synthesis of SCMS aluminosilicate spheres

Solid core and mesoporous shell silica was synthesized
according to literature [11, 12], and the following proce-
dure describes the synthesis of the SCMS silica spheres
with a core diameter of 180 nm and a shell thickness of
50 nm. About 3.14 mL of aqueous ammonia (32 wt%) was
added to a solution containing 74 mL of ethanol and
10 mL of deionized water. Six milliliter of tetraethoxysi-
lane (TEOS) was added to the above-prepared mixture at
303 K with vigorous stirring and the reaction mixture was
stirred continuously for 1 h to yield uniform silica spheres
(Stober silica solution). A mixture solution containing
5 mL of TEOS and 2 mL octadecyltrimethoxysilane (C;g-
TMS) (90%, Aldrich) (i.e., molar ratio of TEOS to C;g-
TMS = 4.7) was added to the colloidal solution containing
the silica spheres and further reacted for 1 h. The resulting
octadecyl group incorporated silica particles were retrieved
by centrifugation, and further calcined at 823 K for 6 h
under an oxygen atmosphere to produce the final SCMS
silica material. Aluminum was incorporated into the sili-
cate framework through an impregnation method. A total
of 1 g of the SCMS silica was added an aqueous solution
containing 0.27 g of AICl;-6H,0 in 0.3 mL of water, and
the resulting slurry was stirred for 30 min. The powder was
dried in air at 353 K. Finally, the Al-impregnated SCMS
silica was calcined at 823 K for 5 h in air to yield SCMS
aluminosilicate (AISCMS).

Synthesis of Mo-AISCMS

Mo-AISCMS material was prepared by a procedure similar
to the procedure for Mo-SAPO-34 [24]. 0.0048 g of natural
MoOj3(Aldrich) was ground well in a mortar with a pestle
followed by mixing with 0.2359 g of calcined AISCMS for
30 min. The mixture was pressed in a stainless steel die
with a force of 2.5 ton for 10 min to produce a pellet with
10 mm diameter x 4 mm thickness in size. The pellet was
ground to a fine powder and then calcined at 828 K for
10 h in flowing oxygen. After calcinations, the as-synthe-
sized Mo-AISCMS was cooled to room temperature and
put in a desiccator.
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Sample treatment and measurements

N, adsorption and desorption isotherms were measured at
77 K on a KICT SPA-3000 Gas Adsorption Analyzer after
the sample was degassed at 423 K to 20 u Torr for 12 h.
The specific surface areas were determined from nitrogen
adsorption using the Brunauer—Emmett-Teller (BET)
equation. Total pore volume was determined from the
amount of gas adsorbed at the relative pressure of 0.99.
Pore size distribution (PSD) was derived from the analysis
of the adsorption branch using the Barrett—Joyner—Halenda
(BJH) method.

Powder X-ray diffraction (XRD) patterns were recorded
on a Phillips PW 1840 X-ray diffraction using Cu Ku
radiation with a wavelength 1.541 A. Chemical analysis of
the samples was carried out with Oxford Energy dispersive
X-ray spectrometer. The MAS-NMR spectra were recorded
at 9.4 T using a Bruker DSX600 solid-state NMR spec-
trometer. 2’ Al-MAS spectra were measured at 104.18 MHz
using a 7/20 pulse and a recycle delay time of 1 s. The
4 mm rotor was spun at a frequency of 13.2 kHz. External
AICI; was used as a chemical shift reference. Ammonia-
TPD (temperature programmed desorption) was performed
with gas chromatography (Micromertex Autopure 2920)
attached with TCD (thermal conductive detector). The
AISCMS and SCMS samples were filled into the quartz
tube and finally connected in the vacuum line on-lined with
gas chromatography. The samples were activated in situ at
573 K for 3 h in the presence of high-purity helium with a
flow rate of 140 mL/min to remove physically adsorbed
water and then cooled to 298 K. The samples subsequently
were adsorbed with NH; at 373 K for 2 h. NH3-TPD was
performed at the region of 373-1073 K with the heating
rate 278 K/min. The diffuse reflectance (DR) UV-Vis
spectra were recorded using a Varian model Cary 1C
spectrometer with an integrating sphere accessory.

ESR spectra were recorded with 300 MHz spectrometer
(Jeol model JES-FA) at 77 and 298 K using 3 mm
0.d. x 2 mm i.d. Suprasil quartz tube. Magnetic field was
calibrated with a Jeol model ES-FCB gauss meter. The
as-synthesized Mo-AISCMS was first evacuated to a final
pressure of 10~* Torr and then heated under vacuum from
295 to 773 K atregular intervals to study the behavior of the
Mo species as a function of the dehydration. The tempera-
ture was raised slowly and held at several temperatures, each
for 5-10 h. ESR spectra were measured at 77 K to observe
the change of the Mo species in the Mo-AISCMS. To study
the redox behavior of the Mo species, the dehydrated sample
at 773 K was contacted with 50 Torr of O, at RT for 2 min
and then evacuated at same temperature briefly for 1 min to
remove physically attached oxygen. FT-IR spectra were
recorded with Nicolet Impact 410 DSP spectrometer using
KBr pellets coupled to an AT-386 SX computer.
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Results and discussion
Characterization of AISCMS

Figure la and b show the scanning electron microscopic
(SEM) and transmission electron microscopic (TEM)
images of the AISCMS. The SEM image reveals that the
particles are spherical and uniform with diameters of
~280 nm and no agglomeration takes place. The TEM
image shows clearly a 180 nm sized core and a 50 nm
thick mesoporous shell. The mesopores were randomly
distributed over the shell, whereas the core was dense and
non-porous. Some particles are deformed, and this defor-
mation seems to be the result of mechanical stress during
the thermal removal of octadecyl groups incorporated in
the silica particles.

XRD patterns of the AISCMS are shown in Fig. lc. The
XRD pattern typical of hexagonal-type mesoporous struc-
ture despite being rather poorly resolved could be obtained
with a d-spacing of ca. 3.3 nm. The unit cell parameter (a)
was calculated to be 3.8 nm on the basis of 2d;o/y/3 from
d1po which is obtained from 20 of the first peak in the XRD
pattern by Bragg’s equation [30] (2dsinf = J,
J = 1.541 A for the Cu Ku line). Chemical analysis of the
AISCMS samples was carried out with Oxford Energy
dispersive X-ray spectrometer. The ratio for Si/Al is found
to be 11.

Typical nitrogen sorption isotherms at 77 K and the
corresponding pore size distribution are shown in Fig. 1d.
The nitrogen isotherms indicate a linear increase of the
amount of adsorbed nitrogen at low pressures (less than
plpo = 0.25), and a hysteresis between the adsorption
branch and the desorption branch appears. The resulting
isotherm can be classified as a type IV isotherm with H2-
type hysteresis according to the IUPAC nomenclature. The
steep increase in nitrogen uptake at relative pressures in the
range between p/py = 0.3 and 0.50 is reflected in a narrow
pore size distribution. The pore size from the PSD maxi-
mum was estimated as ca. 2.4 nm with a narrow PSD. The
AISCMS exhibits specific surface area of ca. 396 m*/g and
total pore volume of ca. 0.32 cm®/g, which are mainly
attributable to the presence of the mesopores in the shell.
From the unit cell parameter ao, which is equal to one
internal pore diameter plus one pore wall thickness, the
wall thickness is determined to be 1.4 nm.

27Al MAS NMR

2’Al MAS NMR spectroscopy was used to confirm the
incorporation of aluminum into the framework of as-syn-
thesized SCMS silica particles. The *’Al MAS NMR
spectrum of the sample in Fig. 2 gives a single sharp res-
onance at 56.2 ppm from Al in tetrahedral (framework)
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Fig. 1 a SEM and b TEM
images of AISCMS with a core
diameter of 180 nm and a shell
thickness of 50 nm. ¢ XRD
pattern of the AISCMS.

d Nitrogen sorption isotherms at
77 K for calcined AISCMS and
pore size distribution
determined by BJH method
(insert)
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Fig. 2 *’Al MAS NMR spectrum of calcined AISCMS

coordination. In addition, less intense lines are also
obtained at ca. 30 and —1.4 ppm corresponding to octa-
hedral coordination, which indicates a non-framework Al
species. A rough estimation of the intensity of the lines
corresponding to the non-framework Al species compared
to the intensity of the line at 56.2 ppm shows that about
70% of the Al species are framework species. The spec-
trum is in good agreement with the previous data [31-35],
indicating it is not likely that the non-framework aluminum
affects the location of Mo ion species.
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Ammonia-TPD

The substitution of some silicone by aluminum in the
framework of SCMS also generates acid sites in the
framework. NH53-TPD was used to confirm the acid sites.
The TPD signals at 200 and 400 °C in the AISCMS sample
were 6 times and 2 times higher than those of the SCMS,
respectively, as shown in Fig. 3. The comparison of the
curves on Fig. 3a and b leads to a conclusion that at 400 °C
AISCMS sample has more strong acid sites than SCMS one
due to the presence of framework Al of the former. The
signal occurring at lower temperature of 200 °C can be
assigned to non-framework Al species.

ESR investigation

To study the redox behavior of Mo-AISCMS, as-synthe-
sized Mo-AISCMS was dehydrated by slowly raising the
temperature from RT to 773 K. The ESR spectra of the
Mo-AISCMS samples before and after various treatments
were measured and shown in Fig. 4. The as-synthesized
Mo-AISCMS before dehydration produced no ESR signal
due to the diamagnetic Mo(VI) ion species. During dehy-
dration, the Mo(VI) species is thermally reduced to the Mo
species with lower oxidation state and starts to display

@ Springer
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Fig. 3 Ammonia-TPD profiles (a) 0005 (b) 0.004
for a SCMS and b AISCMS
desorbed at same heating rate of - 0.004 - - 0003 |
5 °C/min 5 3
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(a) atoms as Mo(V)s., where the subscript denoted the coor-
g,=1.931 dination number, while monooxo-molybdenum (MoO)** is
a Mo(V)4., coordinating to 3 framework oxygen atoms and
one extra-framework oxygen atom. Since the AISCMS
300G o, =1.878 possesses low framework negative charge with Si/Al ratio
- of 11, (MoO)** with a high positive charge cannot be
() easily stabilized. Thus, the Mo(A) species is likely to be

1

| &

Fig. 4 ESR spectra of as-synthesized Mo-AISCMS at 77 K a after
dehydration at 773 K for 10 h and then b after 50 Torr of O,
adsorption for 2 min at room temperature following the dehydration.
The O, radical signal was expanded to clearly resolve the g values in
the bottom of b

axially symmetric paramagnetic ESR pattern. One main
Mo species corresponding to paramagnetic Mo(V) was
developed and assigned to Mo(A) with a reversed g value
(gn = 1.878, g, = 1.931) after dehydration at 773 K for
10 h. On the basis of previous works on Mo-SAPO-n
systems [24, 25], two oxo-molybdenum (MoO,)" and
(Mo0)>" are most probable for the paramagnetic Mo(A).
The dioxo-molybdenum (MoO,)™" is likely coordinated to 3
framework oxygen atoms and two extra-framework oxygen

dioxo-molybdenum (MoO,)" with a low positive charge
existing as Mo(V)s. in accordance with those in SAPO
system with weakly negative framework charge [24, 25,
36, 37]. The ESR parameters of the Mo species in
Mo-AISCMS sample are shown in Table 1 in comparison
with the ESR parameters of previously reported Mo species
in SAPO frameworks [24, 25].

Table 2 g values of O, radicals formed in molybdenum/oxide
systems

System Species g, 2 g3 Ref

MoO3/SAPO-11 2.021 2.014 2.008 [25]

MoO3/SAPO-5 @ 2.020 2.015 2.006 [25]

am?* 2.024 2013 2.006 [25]
MoO3/SAPO-34 (AP 2.029 2.021 2.013 [24]

(B)* 2.029 2019 2.013 [24]
MoOs/AISCMS 2.023 2.012 2.009  This work

* Produced by O, absorption on activated sample
° Major species
¢ Produced by O, absorption on a sample reduced by ammonia

Table 1 Comparison ESR parameters of Mo(V) in Mo-AISCMS at 77 K along with those in MoH-SAPO-5 and 34

Treatment Species MoH-SAPO-5 [25] MoH-SAPO-34 [24] Mo-AISCMS [this work]
g gL’ g’ gL g’ gL’
Dehydration A 1.877 1.952 1.884 1.979 1.878 1.931
B 1.849 1.960 1.884 1.962

4 Estimated uncertainty is +0.003

® ¢ is measured at the maximum peak position of the derivative signal in order to compare with the previous literature

@ Springer
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Upon O, adsorption, the Mo(V) ESR signal intensity
decreases and new O, radical is formed as observed
previously [24, 25]. The coordinated structures can be
deduced from the differences in the ESR parameters

(a) g, =1931

.
2,=1878
A,=83C

Ig, 1578
Fig. 5 a ESR spectrum at 77 K of dehydrated *’Mo-AISCMS at

773 K for 10 h, enriched with 97Mo, and b simulated ESR spectrum
derived with the magnetic parameters deduced from a spectrum

Fig. 6 FT-IR spectra of (a)
a reference AISCMS and

b Mo-AISCMS, both of which

are calcined at 550 °C for 10 h

% T

(b)

3438

between the dehydrated species and species adsorbed with
an adsorbate such as oxygen. The O, radical signal was
expanded for better resolution and shown in the bottom of
Fig. 4b. Table 2 summarizes the ESR parameters of the
O,” radicals formed in various molybdenum/oxide
systems.

Figure 5a shows the ESR spectrum of a dehydrated
“"Mo-AISCMS sample obtained with °’Mo-enriched
MoQOj;. Interestingly, six hyperfine lines were observed with
the same g values as those in Fig. 4a. The ESR parameters
of “’Mo-AISCMS sample are g, = 1.931,A, = 37 G, and
gan = 1.878, Ay = 83 G. Figure 5b shows a simulated ESR
spectrum revealed by EPRR (electron paramagnetic reso-
nance running) with the magnetic parameters deduced from
the spectrum in Fig. 5a. The simulated spectrum fits well
the experimental one. This hyperfine was assigned to the
™o (I = 5/2) isotope, which is 9.6% natural abundant.

FT-IR

The FT-IR spectrum of the Mo-AISCMS samples is shown
in Fig. 6b along with that of the reference material, AlS-
CMS. The Mo-O stretching bands are observed in the 950-
700 cm ™! range, while the Al-O stretching and deforma-
tion modes are in the 600-400 cm™! range [38]. An
absorption peak at 673 cm ™! appeared after calcinations at
550 °C for 10 h of as-synthesized Mo-AISCMS is assigned
to a Mo—O band. Unfortunately, the other absorption bands
near at the 946 cm™' corresponding to the Mo—O stretch-
ing band could not be identified because they are expected

2500 2000 1500 1000 500

Wavelength/cm!
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Fig. 7 Diffuse reflectance
UV-Vis spectra of a dehydrated
Mo-AISCMS and reference
materials, b MoOj3, and

C A]z(MOO4)3

(a) 262
214 293
(b)
335

(©

282

2(I)O 3(I)0 4(I)O
Wavelength/nm

to appear at absorption band similar to those of AI-O
modes and silica framework [39]. It is reasonable to assign
the absorption peak at 673 cm™' to the asymmetrical
Mo-O stretching bond.

UV-Vis investigation

DR UV-Vis spectrum of the Mo-AISCMS sample is shown
in Fig. 7a along with those of other reference molybdenum
oxides. The absorption bands appeared at around 200-—
240 nm and 240-300 nm, which are assigned to the charge
transfer from O®~ to Mo> T, indicating that dehydrated Mo
species are Mo-oxide species [24, 25, 28]. Unfortunately,
the local structure of Mo oxides, such as the tetra- or penta-
coordinated Mo oxide could not be clearly identified by
electronic transition because they exhibit a similar energy
gap between HOMO and LUMO level [28]. None of the
samples showed absorption at wavelengths longer than
340 nm. The result indicates highly dispersed Mo oxides.

Conclusions

In the present work, Mo ion species was exchanged
for the first time into the AISCMS framework to form

@ Springer

Mo(VI)-AISCMS. Paramagnetic Mo(V) species was gen-
erated from Mo(VI) by thermal reduction during dehy-
dration. The paramagnetic Mo(V) species were
characterized by ESR, FT-IR, and UV-Vis spectroscopy to
gain information about the coordination of the Mo species.
The ion-exchange site seems to be located within the shell
forming the mesoporous corona of the AISCMS structure.
ESR results indicate that the Mo(V) species exist as oxo-
molybdenum ions as either (MoO,)" or (MoO)*". The
(Mo(V)-0,)" species seems more probable due to low
negative framework charge of the AISCMS.
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