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Spherical-particle MCM-41 was synthesized at room temperature, and, then, impregnated with aqueous
solutions of NH4VO3 to produce variously loaded VO,/MCM-41 composite materials. Bulk and surface
properties of the materials thus produced were characterized by means of X-ray powder diffractome-
try (XRD), infrared spectroscopy (FTIR), N, sorptiometry and X-ray photoelectron spectroscopy (XPS).
Results obtained indicated that subsequent calcination at 550°C (for 2 h) of the blank and impregnated
MCM-41 particles, results in materials assuming the same bulk structure of MCM-41, and exposing uni-

ﬁg&‘_’z’s" formly mesporous, high area surfaces (P, =2.0-2.3 nm; 974-829 m?/g), except for the material obtained
VO,/MCM-41 composites at 20 wt%-V,0s that was shown to suffer a considerable loss on surface area (down to 503 m?/g). XPS
Mesoporous results implied that the immobilization of the VO, species occurs via interaction with surface OH/H,0

groups of MCM-41, leading to the formation of vanadate (VO3 ~) surface species, as well as minor V-0-Si
and V,0s-like species. However, in all cases, the vanadium sites remained pentavalent and exposed on

X-ray diffractometry
X-ray photelectron spectroscopy

the surface.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

MCM-41, which stands for Mobil Composition of Matter No. 41
[1], is a pure silica material that shows a highly ordered hexagonal
array of unidirectional, hexagonally shaped mesopores with a very
narrow pore size distribution [1-3]. It has attracted researchers
from many disciplines since its discovery in 1992 [1]. This has
been largely owing to a wide range of applications in various fields;
including catalysis, sorption, separation, removal of environmen-
tal pollutants, and electronic and optical devices [4,5]. However,
the enormous interest in MCM-4 is due, essentially, to a number
of specific properties [2,3]: a well-defined crystallographic struc-
ture, a uniform size distribution (2-10 nm), a specific pore volume
(up to 1.3 mL/g), a high specific surface area (up to 1500 m?/g), and
high thermal and chemical stabilities. Consequently, MCM-41 has
been regarded by catalysis chemists and engineers as being a cat-
alytic grade material [3] that should be sought for specific catalytic
performances [2].

Nevertheless, pure MCM-41, i.e. a 100%-silica material, shows
limited catalytic applications [2]. This has been ascribed [2] to its
neutral framework structure and low surface reactivity. Therefore,
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potential research efforts have been exerted to devise means and
ways of modification of MCM-41 with catalytically functional addi-
tives, by means of incorporation, grafting, or loading of various
metal or metal oxide species [2].

Modification of MCM-41 with vanadium-oxygen (VOy) species
has been the focus of active research in the very recent years
[6-8]. It is worth noting, however, that VOx-modified MCM-41 was
first prepared some fifteen years ago by Reddy et al. [9]. Based on
early characterization studies [10,11], performed on the materials
then obtained [9], it was concluded that: (i) vanadium centers in
the as-synthesized and calcined forms of VOx-modified MCM-41
assume the same coordination state, and do not establish direct
chemical bonding with the silicate framework, and (ii) vanadium
occurs simultaneously in framework and extra-framework type of
species. Ever since, these conclusions have been a subject of con-
tinuous debate, and experimental evidences for the exact nature of
the vanadium-oxygen species thus established have been sought
[5].

Various preparation methods of pure and modified MCM-41
materials have been attempted [2]. Accordingly, VO species are
generally introduced via two different ways: (i) during the syn-
thesis of the parent gel of MCM-41 (this way is described as
direct synthesis, and the product is denoted V-MCM-41) or (ii)
by the impregnation (or grafting) of the as-synthesized MCM-
41 particles (this way is described as post-synthesis, and the
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product is designated V/MCM-41). V-MCM-41 is usually prepared
by a hydrothermal method using vanadyl sulfate hydrate and
cetyl (hexadecyl) trimethyl ammonium bromide (CTAB) [12-14],
whereas V/MCM-41 is often obtained by the grafting of vanadyl
acetyl acetonate on MCM-41 [14,15].

Within the above context, however, the following preparative
events have received general consensus: (i) a fine control over the
porosity and morphology of pure MCM-41 is achievable at room
temperature when a tetra-n-alkoxysilane (such as tetraethoxysi-
lane, TEOS) is added to an aqueous solution of a cationic surfactant
in the presence of ammonia as a catalyst and ethanol as a homog-
enizer [3,16] and (ii) a modified MCM-41 of a large exposure of
the modifying species and high hydrophobicity is obtainable when
the pure material is first prepared via the above described non-
hydrothermal method, and the modifying species are introduced
via post-synthesis techniques (impregnation or grafting) [17].

Therefore, the present investigation was carried out to prepare
V/MCM-41 (at various vanadia loading levels) via impregnation
of room-temperature-synthesized spherical MCM-41 particles.
Subsequently, bulk and surface properties of the materials thus
obtained were characterized by means of X-ray powder diffrac-
tometry (XRD), infrared spectroscopy (FTIR), N, sorptiometry and
X-ray photoelectron spectroscopy (XPS). The principle objective of
the present work was to help bridging existing gaps [2,5] in the cur-
rent understanding of the nature of the vanadium-oxygen species
thus established.

2. Experimental
2.1. Preparation

2.1.1. Chemicals

Cetyl trimethyl ammonium bromide (CTAB), a 98% pure
C16TMABTr product of Aldrich; tetraethoxysilane (TEOS), a 98% pure
Si(OCyHs)4 product of Sigma-Aldrich; ammonium vanadate, a AR-
grade NH4VO3 product of Aldrich; oxalic acid, a AR-grade H,C,04
product of Aldrich; ammonia solution (25% NH3 ), a Merck product;
and an absolute ethyl alcohol, a C;HsOH product of Alfa Acer, were
procured and used as received. All preparations were carried out at
22+1°C.

2.1.2. Procedure

Blank MCM-41 was prepared by a surfactant (CTAB) assisted
sol-gel method, using TEOS as the source of silica and the method
detailed elsewhere [3,16]. The resulting silica gel was filtered,
washed, and dried at 90°C for 24 h, and, then calcined at 550°C
for 3 h. The targeted calcination temperature was approached by
heating at 1 °C/min.

V/MCM-41 materials containing 5, 10 and 20%-V,03 (w/w) were
prepared by incipient-wetness impregnation of MCM-41 parti-
cles with the appropriate aqueous solution of NH4VO3 and oxalic
acid (1:2 molar ratio). The resulting materials were dried at 90°C
for 24 h, and, then calcined at 550°C for 3 h by a heating rate of
1°C/min.

For clarity, the VOyx-modified materials thus obtained are
denoted below as V5, V10 and V20, where the Arabic numeral
stands for the weight percentage of the modifier included. Hence,
the blank MCM-41 is denoted VO, i.e. VOx-free.

2.2. Characterization methods

2.2.1. X-ray powder diffractometry (XRD)

XRD patterns were obtained (at room temperature and
20=10-80°) using a Philips 1840 diffractometer (Netherlands),
equipped with Ni-filtered Cu-K, radiation (A=0.15418 nm). The

measured patterns were matched with standard data [18] for crys-
talline phase identification purposes.

2.2.2. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra (averaged 40 scans at 4000-400 cm~! and the res-
olution of 4cm~1) were taken from KBr-supported test samples,
using a Nicolet FTIR Magna-IR 560 system (USA).

2.2.3. Scanning electron microscopy (SEM)

SEM micrographs were obtained, using a JEOL microscope
model JSM-5600 (Japan). Test samples were coated with gold
before examination.

2.2.4. Nitrogen sorptiometry

Nitrogen adsorption-desorption isotherms were measured (at
—196°C) according to the recommendations of the IUPAC [19],
using a model 100 Autosorb, Quantachrome Instrument Corpora-
tion (USA). Prior to exposure to the adsorptive gas atmosphere, test
samples were degassed to 0.1 Pa at 250°C for 2 h. Specific surface
area (Sger/m2g~1) and adsorption constant, ¢, were calculated using
the BET equation [20]. Total pore volume (Vp/cm? g=1) was calcu-
lated at p/po =0.95. The pore width (Py/nm) distribution over the
range of (2-50 nm) was generated from the adsorption branch of
the isotherms via BJH method [21]. Calculations were performed
using Autosorb 1 software for windows (copyright, 1995-2003,
Quantachrome Instruments).

2.2.5. X-ray photoelectron spectroscopy (XPS)

XPS spectra were recorded using a VG SCIENTIFIC 200 spectrom-
eter (UK) using AlK,, radiation of 1486.6 eV, operating at 13 kV and
23 mA. The spectra acquisition and handling were carried out by
means of an on-line ECLIPSE data system (UK). The test samples
were compacted onto the sample holder (8 mm in diameter) in
an ambient atmosphere, mounted and stored in the introduction
chamber until a vacuum of 10~2 to 1019 Torr (1 Torr=133.4Pa)
was reached. Then, the sample was transferred to the analysis
chamber for data acquisition (0.2 eV step; 250 ms dwell time; 0.7 eV
resolution; up to 10 scan). The binding energy values (BE/eV) were
determined with respect to the C(1s) line (284.6 eV) originating
from adventitious carbon, and the standard deviation of the peak
positions was estimated to be +0.2 eV. The surface atomic percent-
age of the elements detected was calculated from the peak areas
(in counts eV/s) with integral subtraction of the background. Com-
posite photoelectron emission peaks were deconvoluted in order
to resolve component peaks.

3. Results and discussion
3.1. XRD patterns

XRD patterns determined for pure and VOx-modified MCM-41
are exhibited in the diffractograms stacked in Fig. 1. A diffractogram
obtained for pure vanadia (V,05) sample, which was prepared and
calcined similarly at 550°C, is also given in Fig. 1 for reference
purposes. It is obvious from the figure that the diffractograms of
the three modified materials (V5, V10 and V20) are quite sim-
ilar to that of the pure MCM-41 (VO0), in reflecting nothing but
the amorphous-like nature of MCM-41 materials in the high-angle
range scanned [22]. Thus, the loaded VO species did not manifest
themselves in detectable, separate three-dimensional crystalline
structures. Alternatively, the VO species are most likely dispersed
in two-dimensional monolayer and/or non-crystalline structures
in the three modified MCM-41 materials. On the other hand, the
VOy species did not cause detectable modifications to the initial
structure of the host MCM-41 material.
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Fig. 1. X-ray powder diffractograms obtained for calcined, pure (VO) and VOx-
modified MCM-41 materials. The top diffractogram of bulk V,0s5 is given for
reference purposes.

3.2. IR spectra

Fig. 2 shows IR spectra recoded for the uncalcined (a) and cal-
cined (b), pure and VOx-modified MCM-41 materials. The spectra
of the modified materials in each set (uncalcined or calcined) are
shown to be closely related to that of the blank MCM-41 mate-
rial (VO). Characteristic silica bands can be observed at 3430 cm™!
(VOH of associated silanol groups), 1630cm~! (SOH of water
molecules), and <1440 cm~!. The set of bands at <1440 cm™! are
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Fig. 2. FT-IR spectra taken of uncalcined (a) and calcined (b), pure and VOx-modified
MCM-41 materials.

due to silicon-oxygen framework vibration of MCM-41 [16,23]:
the bands at 1224 and 1087 cm~! are due to vas(Si-O-Si) vibra-
tions; whereas, the bands at 956, 800 and 464 cm~! are assignable
respectively to v,5(Si-OH), vs(Si-0-Si); and §(Si-0-Si) vibrations.
The absence of absorption near 3740 cm~!, usually observed for
silica-rich materials [23,24], may imply that isolated silanol (Si-
OH) groups are either scarce or associated in hydrogen-bonding
[24]. Moreover, three absorptions (at 3200, 1750 and 1400 cm™!)
are shown to grow stronger with the VOy loading level of the uncal-
cined materials (Fig. 2(a)). These bands are indeed relevant to the
impregnated NH4VO3 species, since they are assignable to stretch-
ing and bending vibrations of NH4* ions [23]. A further support to
this assignment is the fact that these bands are absent in the spectra
of the corresponding calcination products (Fig. 2(b)), which may, on
the other hand, be considered indicative of the complete decom-
position of the impregnated NH4VO3 species upon calcination at
550°C.

Accordingly, the IR spectra (Fig. 2) may help making two
observations that are worth consideration. The first is to do
with the absence of detectable absorptions (at 3000-2700cm™1)
assignable to vCH vibrations reminiscent to surfactant species
(CTAB). Whereas the second observation is to do with the modi-
fication conceded by the contour and intensity of the absorption
at 956 cm~! in the spectra of the calcination products (Fig. 2(b)),
which is assignable to the rocking mode of vibration of Si—-OH
groups. Similar observations have been considered [17] to account
for two different ways of introducing the thermally genesized VOy
species in the as prepared precursor (CTAM containing material):
(i) by exchange with quaternary ammonium ions of the surfactant
species, and/or (ii) by grafting of the vanadium precursor species via
reaction of the latter with silanol groups. Lang et al.[17] have denied
the former way, and have favored an alternative way, whereby the
introduction of metal precursors is facilitated via interaction with
Si—-OH groups. Compatibly, modifications conceded by the con-
cerned v,5Si-OH absorption near 960cm~! have been attributed
[25] to the incorporation of various heteroatoms into framework
sites of porous metallo-silicates, which may correspond in the
present case to framework Si—O-V stretching vibrations of V/MCM-
41, and/or to perturbations in the silanol vibration due to adjacent
VOy ionic species [26]. Thus, for the present case, introduction of
metal precursors in the calcined precursor (free from CTAB) is facil-
itated via interaction with Si-OH groups. Moreover, the absence
of a peak near 820cm~! in the spectra obtained for the calcined
materials (Fig. 2(b)), assignable to V-O-V deformation modes of
crystalline V,05 [27], confirms the absence of three-dimensional
VOy structures, which is in line with the XRD results (Fig. 1).

3.3. N adsorption isotherms

Nitrogen adsorption-desorption isotherms determined (at
—196°C) on the different calcined materials are compared in Fig. 3.
The isotherms are closely similar to the typical type-IV isotherm
for MCM-41 materials [28]. They show an early gradual increase of
the multilayer adsorption, followed by a relatively steeper increase
at 0.20<p/po > 0.30, which is indicative of capillary condensation
inside narrow mesopores [3,28]. At higher relative pressures, the
V5 and V10 materials show an extended plateau, thus implying
the absence of pore filling (at p/pg > 0.30) in wider mesopores. In
contrast, the isotherm determined on the V20 material displays a
narrow hysteresis loop at p/pg > 0.65, thus revealing capillary con-
densation in wider mesopores.

Table 1 cites a typically high specific surface area of 907 m2/g
for VO (the blank MCM-41) material. It shows, moreover, that the
V5 and V10 materials assume comparably high specific surfaces
areas (974 and 829 m?/g, respectively), whereas the V20 mate-
rial is shown to suffer a considerable loss on surface area (down
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Fig. 3. N, adsorption-desorption isotherms determined (at —195°C) on calcined,
pure and VOy-modified materials.

to 503 m?/g). A similar trend of variation is shown (Table 1) to
be maintained by the total pore volume (V}) value. On the other
hand, the comparably low adsorption constant, cger, values (32-44)
cited in Table 1 for the four test materials may imply that the
modification with VOy species did not alter significantly the sur-
face chemistry of MCM-41. Furthermore, the modification with VO,
species is shown (Table 1) not to alter significantly the average pore
width (Py=2.0-2.3nm) of the blank VO-material (P, =2.0nm).
Hence, the results set out in Table 1 relate the sole detectable sur-
face textural changes (the loss on surface area and pore volume)
to increasing the loading level of VO, to 20%. This relationship can
be sustained by the pore width distribution curves (Fig. 4), which
are similar in monitoring a single peak at Py, = 2.2 nm for the blank
and the three modified materials, but show and additional broad
peak, centered around Py =20 nm, only for the V20 material. This
latter result may justify the display in the isotherm of V20 only of
a high-relative-pressure hysteresis loop (Fig. 3).

3.4. Scanning electron micrographs

SEM micrographs were obtained for the calcination products of
pure and VOx-modified MCM-41 materials, but Fig. 5 only compares
those obtained for the blank VO (a) and the modified V20 material
(b). The micrographs visualize the typical spherical morphology of
the MCM-41 particles (400 4 100 nm in diameter) [3]. The particles
of VO, V5 and V10 were found to be non-agglomerated; i.e., loose.
However, some appreciable particle aggregation can be observed
for V20 in Fig. 5(b), which is most likely a consequence of the high-
level VOx-loading of the material. This result may presume that
it was the surface structure assumed at such a high level of VOx-
loading that facilitated the observed particle aggregation on the
indicated scale of magnification (Fig. 5(b)).

Table 1

Values of the BET surface area (Sger) and c-constant (cger), and total pore volume
(Vp) and pore width (Py) as derived for calcined, pure and VO,-modified MCM-41
materials.

Material SBET/m? g~! CBET Vpfem?® g1 Py /nm

Average BJH
VO 907 32 0.456 2.0 2.2
V5 974 30 0.478 2.0 22
V10 829 37 0.412 2.0 22
V20 503 44 0.292 23 2.2

Pore Width Distribution

Vo

dVp /dRp

Pore width/nm

Fig. 4. BJH pore width distribution curves obtained for the calcined, pure and VOy-
modified materials.

3.5. X-ray photoelectron spectra
The calcination products of pure and VOyx-modified MCM-41

materials were subjected to XPS surface analysis, in order to reveal
the nature and oxidation state of the modifying VOy species. The

Fig. 5. SEM micrographs obtained for the calcined, pure (a) and 20 wt%-V,0s mod-
ified (b) MCM-41.
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Fig. 6. Deconvoluted Si2p, O1s and V2p XPS spectra obtained for the indicated calcined, pure and modified MCM-41 materials.

analysis disclosed the exposure of carbon, oxygen and silicon atoms
on all of the four test materials, in addition to vanadium atoms but
only on surfaces of the modified materials (V5, V10 and V20). Si2p,
O1s and V2p photoelectron emission spectra are compared for VO,
V5 and V20 in Fig. 6. It is obvious from Fig. 6 that most of the peaks
monitored are composite and, therefore, peak deconvolution was
carried out to resolve the component peaks. Binding energy, assign-
ment and atomic proportion corresponding to each of the peaks
resolved are summarized in Table 2.

Table 2 indicates that the carbon detected is due to minor surface
species (3.5-5%), which may be related to remains of the surfactant
used and its oxidation products. The oxygen detected is due, mostly,
to oxide (02~) ions of vanadium-oxygen (I) and silicon-oxygen (II)
species, as well as oxygen of OH/H,O species (III). The vanadium
encountered belongs to three different types of V-0 species: vana-
date (VO3 ™) species (I), V-0-Si species (II), and V,0s5-like species
(II1). On the other hand, the silicon is suggested to be related to
SiO,-like structure, where the resolved, weak peak near 105eV is
a satellite of the principle peak at ca. 103 eV.

Based on the total atomic proportions of oxygen, silicon and
vanadium, as cited in Table 2, the O/Si atomic ratios that can be
calculated for the modified materials (1.91-1.94) are very close to
that (1.94) obtained for the pure MCM-41 material. The fact that
these O/Si relative ratios are very close to that (2.0) expected for
SiO, may imply that the added VO, species did not alter signifi-
cantly the SiOy stoichiometry of the host’s surface. On the other
hand, the V/Si relative proportion that can be calculated from the
total atomic proportions of the two elements (Table 2) would be

found to increase (from V/Si=0.13 up to 0.18) with the VOx-loading
level (from 5 up to 20 wt%). This result may imply spreading of VO
species on the host’s surface.

Considering the relative atomic proportions of the three oxy-
gen species resolved (I-III; Table 2), calculated ratio for oxygen
species I/Il is found to increase (from 0.018 up to 0.039) with
the VOy-loading level, whereas that calculated for oxygen species
/Il is found to decrease (from 0.043 down to 0.023). These
results may consolidate the suggestion put-forward in the liter-
ature [3] favoring the introduction of VO species via interaction
with OH/H,0 atomic groups of MCM-41. On the other hand, the
trend of variation of the atomic proportion determined for the
three different species resolved for vanadium, as a function of
the VOx-loading level, may help suggesting that the initial vana-
date (VO3) precursor species remain as the major VOx-species
(3.3-3.1%), whereas the minor VSiOy species increase with the load-
ing level (from 0.7 up to 1.1%). On the other hand, the third type
of vanadium-oxygen species, i.e. the V,05-like species, emerge on
the V10 material and increase (from 0.6 up to 1.1%) on the V20
material.

The above XPS analysis results may imply that the introduction
of the VO species occurs most likely via interaction with surface
OH/H,0 groups of MCM-41, leading largely to the anchorage of
the precursor vanadate (VO3;~) species. Moreover, minor V-0-Si
and V,0s5-like species are also established on the surface, with
the latter species being formed at >10 wt%-VOy. In all cases, how-
ever, the vanadium sites remain pentavalent and exposed on the
surface.
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Table 2

Binding energy (BE), assignment?, and atomic proportion (%) for peaks resolved by deconvolution of XPS spectra obtained over the C1s, O1s, V2p and Si2psp, photoelectron emission regions for surfaces of calcined, pure and

VO,-modified MCM-41 materials.

Surface chemical composition and corresponding XPS characteristics

Material

512]:)3/2

V2p3),

Ols

Cls

(I1) Si**[Si0,

105

(1) Si**[Si0,

103

(1I1) V5* |V, 05

523

(11) V5* |VSiOx

521

(1) V3*[(VOy )~

517

(1II) OH/H,0

(1) 02~ /Si0

533

(1) 0% VO

(1lI) 0=C-0/0=C-H
2883 530

(1) C-0
286.0

(1) C-C/C-H
284.6

535

BE/+£0.5eV

32.4*

62.8*

4.8*
3.0

Vo

0.5

31.9

3.8

59.0

0.1

1.7

31.8*

4.0*
33

60.7*
1.0

3.5%
2.0

V5

4.6

27.2

0.7

25

57.2

1.5

31.0*

4.7*
32

60.1*
1.8

34*
2.2

V10
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23

29.3

0.6

0.9

1.6

56.7

1.2

30.5%

5.6*
3.1

58.9*
2.2

5.0*
3.5

V20

0.5

30.0

1.5

1.1

1.3

56.7

1.5

2 Assignments are suggested in accordance with the following corresponding references. C1s (I), (1) and (III): Ref. [29]; O1s (I): Ref. [30], (II): Ref. [31], and (III): Ref. [32]; V2ps); (I): Ref. [33], and (III): Ref. [34]; Si2ps; (I): Ref.

[35].

b Asterisk (*)-labeled magnitudes are the total atomic percentages of the elements encountered on each test material, whereas those given underneath are those determined for each corresponding species.

4. Conclusions

The above presented and discussed results may help drawing
the following conclusions:

1. The room-temperature preparation method applied leads to the
synthesis of spherical particles of MCM-41 like material expos-
ing uniformly mesporous (Py =2.0-2.2 nm), high specific area
(907 m?/g) surfaces covered with associated silanol groups.

2. The post-synthesis impregnation of the MCM-41 particles thus
obtained with aqueous solutions of NH4VOs3, at increasing load-
ing level up to 20wt%-V,0s, results in the establishment of
dispersed vanadate species on the host’s surface.

3. The subsequent calcination at 550°C of the vanadate-
impregnated MCM-41 particles, gives rise to materials assuming
the same bulk crystalline structure and uniformly mesporous,
high area surfaces (Py =2.0-2.3 nm; 974-829 m?2/g), except for
the material obtained at 20 wt%-V,05 that was shown to suffer
a considerable loss on surface area (down to 503 m2/g).

4. Anchorage of the precursor vanadate species occurs most likely
via interaction with the OH/H,0 surface atomic groups of the
host MCM-41.

5. The initial vanadate species remain, despite calcination, the
major vanadium-oxygen species established on surfaces of
MCM-41 at all loading levels accomplished.

6. Minor vanadium-oxygen species are manifested in the form of
V-0-Si and V, 05 like species, with the latter being formed only
at >10 wt% loading levels.

7. In all cases, however, vanadium sites assume the pentavalent
state.
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