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Mesostructured vanadium-magnesium oxides (V-Mg-O) with various morphologies were
synthesized at room temperature using MgCl2 and V2O5 as source materials and a large
number of surfactants as templates. It was found that, among the surfactants employed,
the quaternary ammonium surfactants with long alkyl chains, such as cetyltrimethylam-
monium bromide (CTAB), or the nonionic surfactant Triton-X 100 could template V-Mg-O
mesostructures. In the former case, the synthesized specimen had a lamellar structure and
nanofibrous morphology. In the latter case, the specimen had a lamellar structure but a
particulate morphology. Among the binary mixtures of cationic, anionic, or nonionic
surfactants employed, only the combinations between a quaternary ammonium surfactant
and hexadecylamine (HDA) were effective in templating a lamellar mesophase with
nanofibrous morphology. The binary surfactants were more effective than the single
surfactants in generating a higher regularity of the lamellar mesostructure. Mesostructured
V-Mg-O could be synthesized even using binary mixtures consisting of HDA and a
quaternary ammonium surfactant with a short alkyl chain, such as benzyltrimethyl (neither
of the two was effective when used alone). The mesostructured V-Mg-O nanofibers
synthesized with binary mixtures of surfactants were more stable during heating at high
temperatures than those synthesized with a cationic surfactant alone.

1. Introduction
The synthesis of mesoporous materials with well-

defined structures, templated by supramolecular as-
semblies of surfactant molecules, has received great
attention since their discovery in the early 1990s.1,2 The
driving force for the research activity in this field was
provided by the promising applications of these materi-
als to catalysis, selective adsorption-separation, func-
tional materials, chemical sensors, and so forth.3-11

Depending upon the synthesis conditions, such as the
nature of the template employed, the molar ratios of
inorganic sources to template, the temperature, the pH,
and the reaction time, numerous mesophases have been

prepared.12-21 Silica was employed to synthesize the
hexagonal MCM-41,2 the cubic MCM-48,2,22 and the
lamellar MCM-50.23 Non-silica oxides or their combina-
tions have also been used as sources for the preparation
of mesoporous materials.

Among the various non-silica-based mesoporous ma-
terials, those containing vanadium are important be-
cause of the unique catalytic applications of vanadium-
based oxides in the selective oxidation of hydrocarbons.
Several papers have been concerned with the synthesis
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of vanadium oxide, vanadium-doped silicate, and alu-
mino-phosphoro-vanadate mesoporous materials.24-32

Recently, Yagi et al.33 examined the transformations of
mesoporous vanadium oxide templated by hexadecylt-
rimethylammonium surfactant, which occur during low-
temperature calcination. They observed that the lamel-
lar mesostructure was transformed to other mesophases
during calcination at 433 K and that the mesostructures
were stable below 523 K.

In the present paper, vanadium(V) oxide and mag-
nesium chloride were used as source materials to
synthesize mesostructured V-Mg-O. The nanofibrous
morphology obtained in some cases was not observed
previously when the vanadium source was vanadium
acetylacetonate (V(acac)3).34 Most importantly, the syn-
thesized mesostructured V-Mg-O’s were more stable
than the mesostructured vanadium reported by Yagi.33

This opens the possibility to improve the stability of this
mesoporous material by introducing magnesium into the
vanadium framework.

2. Experimental Section

2.1. Reagents. The reagents were purchased from Aldrich
and used without further purification. Vanadium(V) oxide and
magnesium chloride were used as sources for V and Mg. The
surfactants employed as templates can be divided into four
classes: (I) cationic surfactants (benzyltrimethylammonium
bromide (BTAB), cetylpyridium bromide (CPB), cetyltrimethy-
lammonium bromide (CTAB), dodecyltrimethyammonium bro-
mide (DTAB), myristyltrimethylammonium bromide (MTAB),
hexamine, octamine, hexadecylamime (HDA), octadecylamine,
and eicosylamine); (II) anionic surfactants (sodium dodecyl
sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), and
sodium dioctyl sulfosuccinate (SDSS)); (III) nonionic surfac-
tants (Triton X-100, Span 65, Brij 35, Brij 96, Tween 20, Tween
40, triblock copolymers poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO), poly(ethylene
glycol), poly(propylene glycol), poly(ethylene oxide) diamine
terminated, poly(propylene oxide) diamine terminated, poly-
(4-vinylpyridine-co-butyl methacrylate), and poly(butadiene)-
diol); and (IV) equimolar binary mixtures of surfactants of
classes I and II, or equimolar mixtures of surfactants of a
primary amine and a quaternary ammonium salt of class I.

2.2. Synthesis. The synthesis of the mesostructured
V-Mg-O was carried out using the following steps: (i)
vanadium(V) oxide was dissolved into an aqueous solution of
sodium hydroxide (molar ratio NaOH/V2O5 ) 2) with stirring
and heating at the boiling point; (ii) magnesium chloride and
the surfactants were dissolved into an aqueous solution of
hydrochloric acid (molar ratio HCl/V2O5 ) 2) with vigorous
stirring at room temperature (For the nonionic surfactants, a
suitable amount of ethanol had to be introduced to increase
their solubility.); (iii) the first solution was slowly added to
the second one with vigorous stirring at room temperature,

resulting in a mixture with the molar composition

where x ) 0 for the cationic and anionic surfactants and x )
18 for the nonionic ones. The above mixture had a pH of 3-4
and was stirred for 24 h to yield a homogeneous slurry, which
was then allowed to age at room temperature for 2 days. The
solid product was recovered by filtration, washed with distilled
water, and dried at 373 K for 12 h.

2.3. Characterization. The X-ray diffraction (XRD) pat-
terns were obtained with a SIEMENS D500 diffractometer
using Cu KR radiation of wavelength 1.5406 Å. The diffraction
data were recorded for 2θ angles between 1° and 15°, with a
resolution of 0.02°.

Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) were carried out using a JEM-2010
electron microscope equipped with a tungsten gun operating
at an accelerating voltage of 200 KV. Before the TEM
measurements, the specimens were ground in methanol and
supported on a holey carbon film located on a Cu grid.

Nitrogen adsorption-desorption isotherms were obtained
at 77 K with a Micromeritics ASAP 2010 Gas Sorption and
Porosimetry instrument. The synthesized specimens were first
heated in a flow of nitrogen from room temperature up to 623
K at a heating rate of 10 K/min, and they were kept at 623 K
for 8 h in order to remove the surfactant. The specimens were
then located in an ASAP 2010 apparatus and outgassed at 623
K for 4 h under a vacuum of 1 × 10-3 Torr. The specific surface
area was determined by the BET method, and the pore volume
was calculated at a relative pressure of P/P0 > 0.99, assuming
full surface coverage with nitrogen. The pore size distribution
was obtained from the N2 desorption branch by the BJH
(Barrett-Joyner-Halenda) method.

The chemical composition of the samples was determined
using a Perkin-Elmer model AAS 3030 spectrophotometer. The
specimens were first calcined at 873 K in air for 4 h to
completely remove the organic surfactants and then digested
in a mixed solution of nitric acid and muriatic acid using a
LEM MOS2000 Microwave Digester. Magnesium and vana-
dium were determined using an acetylene/air and an acetylene/
nitrous oxide flame atomic absorption spectrophotometer at
wavelengths of 285.2 and 318.4 nm, respectively.

3. Results and Discussion

3.1. Synthesis of Mesostructured V-Mg-O with
Single Surfactants. Many surfactants are effective in
templating silica mesophases. For example, the alkyl-
trimethylammonium ions with long alkyl chains could
template hexagonal mesophases, the triblock copoly-
mers PPO-PEO-PPO cubic mesophases, and Triton
X-100 lamellar mesophases. We employed the above
popular surfactants and many other surfactants listed
in the Experimental Section to synthesize mesostruc-
tured V-Mg-O’s. It was found that the anionic surfac-
tants (class II) and the amines among the cationic
surfactants (class I) could not template any V-Mg-O
mesophase; most of the nonionic surfactants (class III),
such as the alcohols, ethers, or esters, with long alkyl
chains were also inactive. These findings were provided
by the X-ray diffraction patterns, which exhibited no
characteristic diffraction peaks for 2θ angles between
1.5 and 15°. An exception was the nonionic surfactant
Triton X-100, which could template a mesostructured
V-Mg-O. Figure 1A presents its XRD pattern and
shows that the specimen exhibited equidistanced dif-
fraction peaks at 2θ ) 3.08, 6.28, 9.48, and 12.68°,
indicating a typical lamellar structure. Besides the
above peaks, there are also some weak peaks at 2θ )
10-11°, which were probably caused by a nonindexed
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compound between V, Mg, and O. The chemical com-
positions of the specimens are listed in Table 1.

The same specimen was also examined by transmis-
sion electron microscopy and selected area electron
diffraction (Figure 2). An ordered lamellar structure can
be observed, consisting of gray-black-alternating layers.
The black layers represent the inorganic ones composed
of V, Mg, and O, and the gray layers the space between
them. For the average distance between layers and the
thickness of the layers, the values 2.15 and 0.71 nm,

respectively, could be determined. The SAED patterns
contain two small spots located in line at the same
distance from a central large spot, confirming the
ordered mesostructure of the specimen.

We also examined the textural properties of the Triton
X-100-based specimen by N2 adsorption-desorption,
and the results are presented in Figure 3. One can see
that the N2 adsorption-desorption isotherm belongs to
type IV, according to the IUPAC classification, with a
hysteresis loop specific to mesoporous materials. The

Figure 1. (A) XRD pattern of the as-synthesized mesostructured V-Mg-O prepared with Triton X-100. (B) XRD patterns of the
as-synthesized mesostructured V-Mg-O’s prepared with various quaternary ammonium bromide surfactants: (a) benzyltrim-
ethylammonium bromide (BTAB); (b) cetylpyridium bromide (CPB); (c) cetyltrimethylammonium bromide (CTAB); (d) dodecyl-
trimethylammonium bromide (DTAB); (e) myristyltrimethylammonium bromide (MTAB). (C) XRD patterns of the as-synthesized
mesostructured V-Mg-O’s prepared with binary mixtures of surfactants, consisting of hexadecylamine (HDA) and (a)
benzyltrimethylammonium bromide (BTAB), (b) cetylpyridium bromide (CPB), (c) cetyltrimethylammonium bromide (CTAB), (d)
dodecyltrimethylammonium bromide (DTAB), or (e) myristyltrimethylammonium bromide (MTAB). (D) XRD patterns of the
mesostructured V-Mg-O’s synthesized with CTAB. Before the spectra were recorded, the specimens were pretreated by calcination
in a flow of Ar at various temperatures for 2 h: (a) 373 K; (b) 423 K; (c) 523 K; (d) 623 K. (E) XRD patterns of a mesostructured
V-Mg-O’s synthesized with CTAB + HDA. Before the spectra were recorded, the specimens were pretreated by calcination in
a flow of Ar at various temperatures for 2 h: (a) 373 K; (b) 423 K; (c) 473; (d) 523 K; (e) 573 K; (f) 623 K; (g) 673 K. (F) XRD
patterns of (a) powder CTAB, (b) powder V2O5, and (c) mesostructured vanadium oxide prepared with CTAB.
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specific surface area, the pore volume, and the average
pore size are 232 m2/g, 0.32 cm3/g, and 5.46 nm,
respectively. The pore size distribution curve shows that
the pore sizes of most mesopores are in a narrow range.

Among the cationic surfactants (class I), the quater-
nary ammonium salts with various lengths of their alkyl
chains (e.g., BTAB, CPB, CTAB, DTAB, and MTAB)
were used in the synthesis of mesostructured V-Mg-
O. The chemical compositions of these specimens are
listed in Table 1. The XRD indicated that only the
specimens prepared with CPB (Figure 1B,b) and CTAB
(Figure 1B,c) exhibited lamellar mesostructures, with
almost equidistant diffraction peaks. The d spacings of
these two specimens are listed in Table 2. However, the
specimens prepared with the surfactants BTAB, DTAB,
or MTAB exhibited either very weak or no peaks specific
to mesostructures in the low 2θ range, and only one
broad peak in the higher 2θ range.

The morphology and structure of the specimens
prepared with various quaternary ammonium surfac-
tants were examined by TEM and SAED, and the
micrographs and the diffraction patterns are presented
in Figure 4. All the specimens have (at least in part) a
fibrous morphology; those prepared with CPB (Figure

4a) and CTAB (Figure 4b) possess almost exclusively a
fibrous lamellar structure with high crystallinity, while
those prepared with BTAB, DTAB, and MTAB (not
shown) contained also an amorphous phase. The TEM
micrographs also provided the distance between layers
and their thickness, and the results are listed in Table
2. The specimen templated by CTAB possesses the
largest distance between layers, and the results ob-
tained via XRD and TEM are in agreement. One can
conclude that the quaternary ammonium surfactants
containing long alkyl chains can template mesoporous
V-Mg-O’s, and the longer the alkyl chain, the higher
is the crystallinity, and the larger the distance between
layers. It should be noted that vanadium oxide nano-
tubes and fibers have been also obtained in refs. 35 and
36, respectively.

The SAED patterns (Figure 4) exhibit a long range
ordering, since sharp reflection spots extend over 3-4
orders. The patterns consist of spots arranged in a

(35) Niederberger, M.; Muhr, H.-J.; Krumeich, F.; Bieri, F.; Günther,
D.; Nesper, R. Chem. Mater. 2000, 12, 1995.

(36) Ruckenstein, E.; Chao, Z.-S. Nanoletters, 2001, 1, 739.

Table 1. Chemical Compositions of the Specimens
Prepared with Different Surfactantsa

surfactant atomic ratio of V/Mg

Triton X-100 53.25
BTAB 21.59
CPB 35.29
CTAB 39.24
MTAB 44.49
DTAB 35.74
BTAB + HDA 16.83
CPB + HDA 20.58
CTAB + HDA 24.17
MTAB + HDA 26.85
DTAB + HDA 26.22

a The specimens were calcined in air at 873 K for 4 h before
being used in the atomic absorption spectrophotometric analysis.

Figure 2. Transmission electron micrograph and selected
area electron diffraction pattern of the as-synthesized meso-
structured V-Mg-O prepared with Triton X-100.

Figure 3. N2 adsorption-desorption isotherm and pore size
distribution of mesostructured V-Mg-O synthesized with
Triton X-100.

Table 2. d Spacings of Mesostructured V-Mg-O
Prepared with Different Quaternary Ammonium

Surfactants

TEM XRD

surfactant
distance between

layers (nm)
layer

thickness (nm)
d-spacing

(nm)

BTAB 0.66 0.16
CPB 1.56 0.40 1.97
CTAB 1.70 0.60 2.28
MTAB 0.69 0.21
DTAB 0.64 0.21
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matrix, indicating that the specimens have a lamellar
structure with an ordering within the layer itself.

The textural properties of the specimens prepared
with the quaternary ammonium surfactants were in-
vestigated via N2 adsorption-desorption experiments,
and two of the isotherms and pore size distributions are
presented in Figure 5. One can see that the isotherms
are of type IV and exhibit the characteristic hysteresis
loop of mesostructured materials. The starting points
of the hysteresis loops for the specimens prepared with
CPB and CTAB are at about P/P0 ) 0.4, and for the
specimens prepared with BTAB, DTAB, and MTAB they
are at about P/P0 ) 0.3. Table 3 lists the textural
properties of the specimens. The specimens prepared
with CPB and CTAB had higher specific surface areas

and pore volumes. This indicates that the larger the
alkyl chain of the quaternary ammonium surfactant, the
greater the tendency for the formation of a mesostruc-
tured V-Mg-O. It should be noticed that the average
pore sizes obtained via N2 adsorption are much larger
than the distance between layers determined via XRD

Figure 4. Transmission electron micrographs and selected
area electron diffraction of as-synthesized mesostructured
V-Mg-O’s prepared with quaternary ammonium bromide
surfactants: (a) cetylpyridium bromide (CPB); (b) cetyltrim-
ethylammonium bromide (CTAB). The inset in the right corner
magnifies the region indicated by the arrow by a factor of 10.

Figure 5. N2 adsorption-desorption isotherms and pore size
distributions of V-Mg-O’s synthesized with a quaternary
ammonium bromide surfactant: (a) cetylpyridium bromide
(CPB) and (b) cetyltrimethylammonium bromide (CTAB).
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and TEM. This occurred because of the thermal pre-
treatment of the specimens before the N2 adsorption
experiments.

3.2. Synthesis of Mesostructured V-Mg-O with
Binary Mixtures of Surfactants. The binary mix-
tures between the surfactants of class I (primary amines
and quaternary ammonium salts) and class II (DBSS,
SDBS, and DSS) were inactive in templating V-Mg-O
mesostructures. Evidence in this direction was brought
by the XRD patterns, which were free of the peaks
specific to mesoporous materials. Mesostructured V-Mg-
O’s could be, however, synthesized with binary mixtures
consisting of an amine surfactant and a quaternary
ammonium surfactant. Figure 1C presents the XRD
patterns of the specimens prepared with mixtures
consisting of hexadecylamine (HDA) and a quaternary
ammonium surfactant (BTAB, CTAB, CPB, DTAB, or
MTAB). The almost equidistanced diffraction peaks in
the 2θ angles indicated that the specimens have lamel-
lar structures. Their d spacings were almost indepen-
dent of the nature of the quaternary ammonium sur-
factants employed, and very near to 2.86 nm. Since
hexadecylamine alone failed to template a mesostruc-
tured V-Mg-O and only CTAB and CPB among the
quaternary ammonium surfactants could template such
a mesophase, one can conclude that there is a syner-
gistic cooperation between the two surfactants. One can
also notice that there are some weak peaks for 2θ values
between 9 and 13°, which are probably caused by some
nonindexed compounds between V, Mg, and O. The
compositions of these specimens are listed in Table 1,
which shows that the V/Mg atomic ratios for the binary
surfactants are lower than those for the single surfac-
tants.

Figure 6 presents the TEM micrographs of the
specimens based on mixtures of HDA and a quaternary
ammonium surfactant. All of them have a fibrous
morphology with fibers of an average diameter of about
50 nm and a length of over 1000 nm. Under a higher
resolution, one could observe that the fibers are com-
posed of numerous layers, which have an average
thickness of about 0.6 nm, separated by distances of 2.25
nm, again independent of the nature of the quaternary
ammonium surfactant employed. The sums of the aver-
age thickness and the separation distance coincide with
the XRD d spacings. Figure 6 also contains the SAED
patterns of the specimens, which are similar to those
prepared with the corresponding single surfactants
(Figure 4). They again indicate a lamellar structure with
an ordering within the layers themselves.

Figure 7 presents the N2 adsorption-desorption
isotherms and the pore size distribution of the speci-
mens templated by some of the mixtures of HDA and a
quaternary ammonium surfactant. The textural proper-
ties of these specimens are listed in Table 4. As the

length of the alkyl chain in the quaternary ammonium
ions increases, the specific surface area and the pore
volume of the specimen increase. The average pore sizes
of the specimens obtained via N2 adsorption are larger
than the distance between layers in the lamellar
structure obtained via XRD and TEM for reasons
explained before.

3.3. Stability of the Mesostructured V-Mg-O.
The stability of the mesostructured V-Mg-O was
investigated by XRD and N2 adsorption using specimens
prepared with a single surfactant (CTAB) and a binary
mixture (CTAB + HDA). The as-synthesized specimens
were heated from room temperature to a selected one
at a rate of 5 K/min in a flow of argon and kept at that

Table 3. Textural Properties of Mesostructured
V-Mg-O Prepared with Various Quaternary

Ammonium Surfactants

surfactant
specific surface

area (m2/g)
pore volume

(cm3/g)
average pore

size (nm)

BTAB 14.6 0.02 5.29
CPB 106.6 0.11 4.12
CTAB 178.0 0.30 6.70
MTAB 61.5 0.12 7.82
DTAB 62.7 0.097 6.05

Figure 6. Transmission electron micrographs and selected
area electron diffraction patterns of as-synthesized mesostruc-
tured V-Mg-O’s prepared with binary mixtures of surfac-
tants, consisting of hexadecylamine (HAD) and (a) cetylpyrid-
ium bromide (CPB) and (b) cetyltrimethylammonium bromide
(CTAB). The inset in the right corner magnifies the region
indicated by the arrow by a factor of 10.
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temperature for 2 h. Then the specimens were charac-
terized by XRD or used in N2 adsorption experiments.
Figure 1D presents the XRD patterns of the specimen
based on CTAB, calcined at various temperatures. One
can see that after the specimen was calcined at 423 K

(Figure 1D,b), the characteristic peaks of the lamellar
mesophase disappeared. However, a new peak appeared
at an even lower angle than that for the main peak of
the lamellar structure. This indicates that the lamellar
phase was transformed into a distorted hexagonal or
wormlike one, with a pore size larger than the distance
between the layers. When the temperature was in-
creased to 523 K (Figure 1D,c), the peak decreased in
intensity and broadened toward a lower angle. When
the temperature was increased above 623 K (Figure
1D,d), the peak could hardly be observed, probably
because its diffraction at small angle was screened by
the strong background scattering and/or has a too low
intensity. Hence, with increasing temperature, the
surfactants were gradually removed and the layers
rearranged, generating large pores. A similar behavior
was also observed with the specimen prepared with
CTAB + HDA. As shown in Figure 1E, with increasing
calcination temperature, the specific diffraction peaks
of the lamellar mesophase disappeared, and those of a
distorted hexagonal or wormlike phase appeared at a
lower 2θ than that for the lamellar phase. It should be
noticed that the specimen prepared with CTAB + HDA
was more stable than that prepared with the single
surfactant (CTAB), because some crystallinity survived
at 573 K in the former case but was lost in the latter
one. Additional evidence in the same direction was
brought by the N2 adsorption experiments. When the
specimen based on the single surfactant CTAB was
pretreated in a flow of N2 at 623 K for 6 h, followed by
vacuum treatment for 10 h at the same temperature,
the specific surface area, pore volume, and average pore
size were 178 m2/g, 0.30 cm3/g, and 6.7 nm, respectively.
When another specimen prepared with CTAB was
pretreated in a flow of N2 at 673 K for 7 h, followed by
vacuum treatment for 12 h at the same temperature,
the specific surface area and pore volume decreased to
87 m2/g and 0.20 cm3/g, respectively, and the average
pore size increased to 8.96 nm. This means that 48.9%
of the specific surface area and 65.0% of the pore volume
remained after the treatment at the higher temperature
for a longer time. The same experiment was also
conducted with specimens based on CTAB + HAD. It
was found that the specific surface area and the pore
volume decreased from 238 m2/g and 0.45 cm3/g to 136
m2/g and 0.33 cm3/g, respectively, and the average pore
size increased from 7.6 to 9.7 nm. In this case, the final
specific surface area and volume were 57.1% and 73.3%
of the first, respectively. The higher stability of the
specimen prepared with the binary mixture CTAB +
HDA might be due to the higher magnesium content
(lower V/Mg atomic) ratio (see Table 1) in the specimen
based on the binary surfactant mixture. A detailed study
of the stability of the mesostructured V-Mg-O has
shown that the stability was strongly dependent on the

Figure 7. N2 adsorption-desorption isotherms and pore size
distributions of mesoporous V-Mg-O’s synthesized with
binary mixtures of surfactants, consisting of hexadecylamine
(HDA) and (a) cetylpyridium bromide (CPB) and (b) cetyltri-
methylammonium bromide (CTAB).

Table 4. Textural Properties of Mesostructured
V-Mg-O’s Prepared with Binary Mixtures Composed of

Various Quaternary Ammonium Ions and HDA

surfactant
specific surface

area (m2/g)
pore volume

(cm3/g)
average pore

size (nm)

BTAB + HDA 113.1 0.20 7.17
CPB + HDA 151.9 0.37 9.2
CTAB + HDA 237.7 0.45 7.56
MTAB + HDA 148.0 0.25 6.68
DTAB + HDA 106.5 0.22 8.24
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magnesium content in the mesophase (which is con-
trolled by pH) and the procedure employed to remove
the surfactant from the mesophase. The examination
of the results will be reported in a separate paper.

3.4. Mechanism for the Formation of Mesostruc-
tured V-Mg-O’s. The similarity between the liquid
crystal surfactant assemblies and M41S suggested a
“liquid crystal templating” (LCT) mechanism2 for the
formation of a mesophase from an anionic silicate
species and a cationic surfactant (CTAB). One possible
pathway assumed the presence of a liquid-crystal me-
sophase prior to the addition of the inorganic reagents,
that is, the preexistence of surfactant aggregates (rod-
like micelles), followed by the polymerization of the
silicate anions within the preexisting structures, result-
ing in the formation of the MCM-41. Another possible
pathway assumed the formation of a liquid-crystal
structure from the ion pairs between the silicate anions
and the surfactant cations in solution. In both pathways,
the inorganic components that are negatively charged
were considered to interact with the positively charged
ammonium headgroups of the surfactants and to con-
dense together into a solid framework. The details of
the MCM-41 formation have not yet been fully identi-
fied. We are inclined to believe that both mechanisms
can occur. For instance, when V2O5 alone was used to
prepare a mesostructured vanadium oxide and CTAB
was employed as surfactant, probably the first mecha-
nism occurred. Indeed, Figure 1F, which provides the
XRD patterns of CTAB and V2O5 powders and of V2O5
+ CTAB mesoporous material, reveals that the latter
had a structure similar to that of the CTAB powder.
The equal distance between the XRD peaks of the CTAB
powder indicates a lamellar structure. Because of the
high concentration of CTAB in the solution used to
prepare this mesoporous material (∼100(CMC)), it is
likely that lamellar aggregates of CTAB were present,
within which the vanadium species polymerized to
generate the mesostructure. However, when the amount
of surfactant is small, the ion pairs are expected to be
involved in the self-assembly process.

We will try now to provide possible explanations for
some of the experimental results obtained, namely why
for a pH in the acidic range a fibrous morphology was
generated, why the amount of magnesium included in
the prepared material was low and that of vanadium
large, and why the binary surfactants provided better
materials than the single ones.

In solution, vanadium is present as polyvanadate
anions of different polymerization degrees and charges,
dependent on the pH.37 Under alkaline conditions, the
vanadate anions have a low degree of polymerization,
and there is an equilibrium between the species VO4

3-,
HVO4

2-, H2VO4
-, V2O7

4-, HV2O7
3-, V3O9

3-, and/or
V4O12

4-. Under acidic conditions, the equilibrium be-
tween the polyvanadate anions involves mainly the
decavanadates, V10O28

6-. HV10O28
5-, and H2V10O28

4-,
which have a higher degree of polymerization than those
involved under alkaline conditions. In a previous pa-

per,34 in which vanadium acetylacetonate (V(acac)3) was
employed as the source of vanadium and the prepara-
tion was carried out under basic conditions, no fibrous
morphology was observed for the obtained lamellar
structures. The higher degree of polymerization of the
polyvanadate anions in acidic media appears to be
associated with the formation of a fibrous morphology.

The amount of vanadium included in the mesoporous
materials was much higher than that of magnesium
probably because of the strong attractive interactions
between the decavanadates and the surfactant mol-
ecules (both attractive electrostatic interactions because
of the opposite charges of the two species and van der
Waals attractive interactions) and relatively strong
repulsive interactions between Mg2+ and the surfactant
molecules that have the same charges. The amount of
magnesium increased when the mixture CTAB + HDA
was employed probably because of somewhat weaker
attractive interactions between HDA and decavanadates
than between CTAB and the decavanadates species.

The surface area of the headgroup, a0, is smaller for
HDA than for CTAB. For this reason, the ratio VH/lca0
(where VH is the volume of the hydrophobic group and
lc is its length), which determines the nature of the
surfactant aggregates,38 increases and a lamellar struc-
ture, for which the above ratio should be between 1/2
and 1, becomes more likely. This may explain why, for
all binary mixtures involving HDA, lamellar structures
have been observed.

The higher stability of the materials prepared with
CTAB + HAD than that of those prepared with CTAB
alone might be due to the higher amount of magnesium
present in the former case.

4. Conclusion

Lamellar mesoporous V-Mg-O could be synthesized
by using V2O5 and MgCl2 as sources and a number of
surfactants as templates. The successful surfactants
included the single surfactants Triton X-100, the qua-
ternary ammonium surfactants possessing long alkyl
chains, such as cetylpyridium bromide (CPB) and cetyl-
trimethylammonium bromide (CTAB), as well as binary
mixtures composed of a quaternary ammonium surfac-
tant and hexadecylamine (HDA). The nonionic surfac-
tant Triton X-100 templated a mesoporous V-Mg-O
with a highly ordered lamellar structure but a particu-
late morphology. In contrast, the cationic quaternary
ammonium surfactants, particularly CTAB, and the
binary mixtures consisting of a quaternary ammonium
surfactant and HDA templated lamellar mesoporous
V-Mg-O with a fibrous morphology. The binary mix-
tures of surfactants were much more effective than the
single surfactants in templating a mesostructured
V-Mg-O. The specimens prepared with binary surfac-
tants were more stable during the thermal removal of
the surfactants than those prepared with single sur-
factants.
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