
Journal of Catalysis 284 (2011) 109–123
Contents lists available at SciVerse ScienceDirect

Journal of Catalysis

journal homepage: www.elsevier .com/locate / jcat
Sb, V, Nb containing catalysts in low temperature oxidation of methanol – The
effect of preparation method on activity and selectivity

Hanna Golinska-Mazwa, Piotr Decyk, Maria Ziolek ⇑
Adam Mickiewicz University, Faculty of Chemistry, Grunwaldzka 6, 60-780 Poznan, Poland

a r t i c l e i n f o
Article history:
Received 12 July 2011
Revised 8 September 2011
Accepted 8 September 2011
Available online 5 October 2011

Keywords:
Methanol oxidation
VASbAO oxides
Template-assisted synthesis
Nb modification
Methylal production
0021-9517/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.jcat.2011.09.009

⇑ Corresponding author.
E-mail address: ziolek@amu.edu.pl (M. Ziolek).
a b s t r a c t

This study deals with the influence of preparation method of SbVOx binary oxides and modification with
niobium on the catalytic properties in the oxidation of methanol. The samples were prepared in the pres-
ence of a template by two different procedures with and without the template (Pluronic 123). The tem-
plate-assisted synthesis leads to higher surface area and pore volume as well as smaller size particles of
different shapes than those in the materials synthesised without the template. The rutile SbVO4 phase
dominates in all the catalysts studied. The preparation procedure determines the formation of the addi-
tives (V2O5 or Sb2O4) and the concentration of oxovanadium species on the catalyst surface. The presence
of a small amount of Sb2O4 acting as an electronic promoter in the oxidation of methanol is found when
template-assisted synthesis is applied. Such a synthesis involves the formation of reducible oxovanadium
species containing nucleophilic oxygen, playing an important role in the oxidation of methanol. Niobium
loaded changes the selectivity towards DMM production. It has been found that by using different pro-
cedures of synthesis of binary SbVOx oxides and modification with niobium species, it is possible to
obtain catalysts useful for the selective production of desired products (FA or MF or DMM) of methanol
oxidation.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Formaldehyde (FA), which is an important intermediate in the
synthesis of many chemicals, is nowadays produced by oxidative
dehydrogenation of methanol. It is commercially produced on sil-
ver and ferric molybdate catalysts [1–4]. The search for good cata-
lysts for the selective oxidation of methanol, not only to
formaldehyde (FA) but also to methyl formate (MF) and dim-
ethoxymethane (DMM) (methylal), is still continued. Good cata-
lysts for this reaction should contain acid-basic and redox sites
[5]. The mechanism of methanol oxidation on metal oxides has
been the subject of studies of many authors [e.g. 1,4–8]. In most
of the considerations, it is stressed that in the first step, methoxy
species are formed from methanol on acidic sites and with partic-
ipation of nucleophilic oxygen (basic sites). Strong acid centres on
the catalyst surface favour the dehydration of methanol to di-
methyl ether. If the acid centres are of medium or weak strength,
the reaction proceeds by the dehydrogenation route at which
nucleophilic oxygen abstracts proton from CAH bond in methoxy
species. Formaldehyde formed by this pathway is chemisorbed
on the surface. The adsorbing centre must be weak enough to per-
mit easy desorption of FA. If the active centres are stronger, FA does
not desorb from the surface and interacts with the second metha-
ll rights reserved.
nol molecule towards other products: dimethyl ether (DME),
methyl formate, and dimethoxymethane. The scheme of the reac-
tion pathways proposed by Tatibouet [1] and considered by other
authors [e.g. 4] is shown in Fig. 1.

Among the catalysts studied for methanol oxidation, the mate-
rials containing vanadium are of a great interest. The focus is on
both vanadia supported on other metal oxides or different supports
and V-containing mixed oxides materials [e.g. 7,8]. It has been
shown [9] that all these materials contain surface VOx species
which are catalytically active sites for all V-containing mixed oxide
catalytic materials. During the preparation of metal mixed oxides,
because of rapid diffusion kinetics of VOx, conditioned by its low
Tammann temperature coupled with the low surface free energy
of vanadium oxide, VOx species are pushed to the surface of the fi-
nal material [9]. The role of oxygen in the VAO-support bond in the
catalytic oxidation of methanol to formaldehyde has been dis-
cussed in [7].

Recently, much effort has been made towards development of
catalysts selective towards dimethoxymethane, which is a valuable
product of methanol oxidation. DMM can be a potential procetane
because of its high oxygen content and cetane number [10]. If
DMM was used as a fuel additive, the demand for its production
would increase considerably. At present DMM is recognized as
environmentally friendly chemical used in pharmaceutical and
perfume industries. Its traditional production is based on formal-
dehyde condensation with methanol over acidic catalysts such as
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Fig. 1. The reaction pathways in methanol oxidation (according to [1]).

110 H. Golinska-Mazwa et al. / Journal of Catalysis 284 (2011) 109–123
H2SO4 or AlCl3 in a homogeneous system. It requires high temper-
atures and complicated procedure involving the risk of corrosion
caused by acidic catalysts. Therefore, there is a need for one-step
catalytic production of dimethoxymethane in a heterogeneous
system. It is the reason why the search for catalysts for the selec-
tive oxidation of methanol to DMM has been undertaken. Recently,
V2O5/TiO2 [11], V2O5ATiO2 sulphated [12], rhenium oxide [13],
Mo-supported catalysts [14] and FeMo-based catalysts [15] have
been studied for this purpose. Our study of the SbVOx/NbSiOx sys-
tem in the oxidation of methanol [16] indicated that apart from
formaldehyde, DMM is also formed. Li et al. [17] used VSbOx/SiO2

for methanol selective oxidation to formaldehyde and found that
SbAV mixed oxides are more selective to formaldehyde than van-
adia supported on silica because the relative amount of monomeric
VOx species is higher in mixed oxides.

In this work, our focus was on Sb and V oxides without silica,
prepared by different methods and modified with niobium oxide
species, as catalysts for oxidation of methanol. Our aim was (i) to
prepare and characterize new SbVOx catalysts (prepared with the
use of a template), (ii) to define the effect of preparation procedure
on textural and catalytic properties, and (iii) to determine the role
of binary oxide surface properties and niobium additives on the
activity and selectivity in methanol oxidation.

2. Experimental

2.1. Preparation of samples

Two different methods were used for the production of SbVOx

binary oxides. In the first (denoted I), SbVOx was obtained accord-
ing to [18]. The procedure was as follows: 0.5849 g of NH4VO3

(Sigma–Aldrich) dissolved in 12 cm3 of deionised water and
1.4944 g of (CH3COO)3Sb (Sigma–Aldrich) dissolved in 15 cm3 of
0.3 M tartaric acid were mixed in the flask of 100 cm3 and evapo-
rated at rotated vacuum evaporator (BUCHI Rotavopar RII,
100 rpm) for 10 min at room temperature and next at 353 K. The
resulting solid was put into the flat dish (Ø 100 mm) and dried
in oven at 353 K (heating rate 5 K/min) for 24 h, then calcined at
813 K (5 K/min) for 6 h. The amounts of precursors for V and Sb
were determined to have a nominal Sb/V atomic ratio of 1.

The second method (denoted II) was expected to lead to meso-
structured binary oxides. For this purpose, 2 g of template, Pluronic
P123 (EO20PO70EO20) (BASF), was dissolved in ethanol (20 cm3) at
room temperature in PP jar of 500 cm3 and then, nitric acid
(2.5 cm3, 67%) was added to get pH � 6. The obtained solution is
marked as A. Next 1.1698 g of ammonium metavanadate (Sigma–
Aldrich) was dissolved in 30 cm3 of deionised water – the solution
B. (CH3COO)3Sb (2.9888 g) (Sigma–Aldrich) was dissolved in
30 cm3 of 0.3 M tartaric acid – the solution C. So, prepared
solutions B and C were added simultaneously to the solution A
on stirring at room temperature for 5 h. After that, the PP jar was
closed and located in oven at 333 K (heating rate 1 K/min) for
48 h ageing. Next the material was filtered, transferred to a flat
dish (Ø 100 mm) and dried at 333 K (heating rate 5 K/min). After-
wards, the sample was calcined at 813 K (heating rate 5 K/min) in
the tube furnace in the flow of helium (40 cm3 min�1) for 6 h. The
amounts of precursors for V and Sb were determined to have a
nominal Sb/V atomic ratio of 1. The obtained material is labelled
as SbVOx(IIa). The IIb sample was prepared by the same procedure
as IIa, the only difference was that the solutions B and C were
mixed in the flask (150 cm3) before adding to the solution A.

Niobium species were loaded on SbVOx supports by wet
impregnation with ammonium niobiate (V) oxalate hydrate
(C4H4NNbO9) (Sigma–Aldrich) (0.0323 g dissolved in 10 cm3 of
deionised water; molar ratio Nb:Sb:V = 0.2:1:1). One gram of
SbVOx(IIa) or (IIb) sample located in the flask (100 cm3) connected
to the rotated vacuum evaporator (BUCHI Rotavopar RII) was evap-
orated for 1 h. Afterwards, the solution or niobium source was
added and the wet material was rotated (100 rpm) at 353 K. After
evaporation, the material was put into the flat dish (Ø 100 mm)
and dried in oven at 353 K (heating rate 5 K/min) for 24 h, then cal-
cined at 813 K (heating rate 5 K/min) in the tube furnace in the
flow of helium (40 cm3 min�1) for 6 h.
2.2. Characterization of catalysts

In order to establish vanadium, antimony and niobium content
ICP technique (Varian ICP-OES VISTA-MPX equipment) was ap-
plied. Prior to the analysis, 40 mg of the catalyst was mixed with
excess of flux (Li2B2O7 – about 1 g) and melt for 2 h at 1223 K in
oven. The obtained colourless alloy was leached with 2 M HCl
and H2O for 4 days. The solution was analyzed by ICP.

SEM studies were conducted on a Zeiss Evo 40 operating at
17 kV. Powdered samples were deposited on a grid with a holey
carbon film before transferring to electron microscope.

The prepared materials were characterized by X-ray diffraction
(XRD) (AXS D8 Advance, Bruker diffractometer) with the use of Cu
Ka radiation (k = 0.154 nm) in the step scanning mode 0.05� with
the 2 theta range between 10� and 60�.

The phase composition of the samples was also evaluated be-
fore and after methanol oxidation on the basis of FTIR spectra mea-
sured for a mixture of 4 mg of the catalysts and 200 mg of
dehydrated KBr pressed into a pellet. Bruker Vector 22 FT-IR spec-
trometer (resolution 4 cm�1) was applied.

The surface area and pore volume of the catalysts were esti-
mated by nitrogen adsorption at 77 K using the conventional tech-
nique on a Micromeritics 2010 apparatus. Prior to the adsorption
measurements, the samples were degassed in vacuum at 573 K
for 2 h.

UV–Vis spectra were recorded on a Varian-Cary 300 Scan UV–
visible spectrophotometer with an integrated sphere CA-30I. Cata-
lysts, dehydrated at 673 K for 2 h, in the form of powders were
placed into a cell equipped with a quartz window. The Kubelka–
Munk function (F(R)) was used to convert reflectance measure-
ments into equivalent absorption spectra using the reflectance of
SPECTRALON as a reference.

The electron spin resonance (ESR) study was performed at 77 K
and room temperature (RT) using RADIOPAN SE/X 2547 spectrom-
eter. A cavity operating at a frequency of 8.9 GHz (X-band) with
100-kHz field modulation was used. The spectra were recorded
for fresh samples and catalysts evacuated at various temperatures.
Moreover, changes in the spectra after oxygen admission were
analyzed, and the spent catalysts (after oxidation of methanol)
were studied.
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Photoemission spectra (XPS) were collected by a VSW Scientific
Instrument spectrometer, equipped with a standard Al Ka excita-
tion source. Peak intensities were estimated by calculating the
integral of each peak after smoothing and subtraction of the Shir-
ley-shaped background, then fitting the experimental curve by a
least-squares routine supplied by the instrument manufacturer
using Gaussian and Lorentzian lines. Atomic ratios were computed
from the intensity ratios normalized by atomic sensitivity factors.
The binding energy (BE) reference was taken at the C 1s peak from
carbon contamination of the samples at 284.6 eV. An estimated er-
ror of ±0.1 eV can be assumed for all measurements.

Surface properties of the materials prepared were studied by
in situ FT-IR spectroscopy of pyridine adsorbed. Self-supporting
pellets of around 10 mg cm�2 were prepared and located in a clas-
sical glass cell connected to a vacuum-adsorption apparatus for
in situ experiments. IR spectra were recorded at room temperature
with a Bruker Vector 22 FT-IR spectrometer (resolution 4 cm�1). All
the samples were activated in situ at 673 K for 3 h under vacuum
before adsorption of pyridine. Pyridine (Sigma–Aldrich) was ad-
sorbed at 373 K and evacuated at different temperatures (373–
523 K) for 30 min at each temperature. The IR spectra of the acti-
vated samples were subtracted from those recorded after the
adsorption of pyridine. The reported spectra are the results of this
subtraction.

2.3. Activity measurements

The catalysts were pressed (�20 MPa) and granulated to
0.5 < Ø < 1 mm size fraction before each test reaction.

2.3.1. Acetonylacetone cyclization – test reaction
The catalysts were tested in acetonylacetone (AcOAc) cycliza-

tion as the probe reaction. A tubular, down-flow reactor (Ø
8 mm; length 80 mm) was used for AcOAc cyclization reaction that
was carried out at atmospheric pressure, using nitrogen as the car-
rier gas. The catalyst bed (0.1 g, 2 mm height in the reactor) was
first activated for 2 h at 673 K (heating rate 15 K/min) under nitro-
gen flow (40 cm3 min�1). Subsequently, a 0.5 cm3 of acetonylace-
tone (Fluka, GC grade) was passed continuously into the catalyst
at 623 K. The substrate was delivered with a pump system (KD Sci-
entific) and vaporized before being passed through the catalyst
with the flow of nitrogen carrier gas (40 cm3 min�1). The reaction
products were collected for 30 min downstream of the reactor in
a cold trap (liquid nitrogen + 2-propanol) and analyzed by gas
chromatography (SRI 310 C, MXT�-1 column 30 m, temperature
of column 373 K) with TCD detector. Helium was applied as a car-
rier gas.

2.3.2. 2-propanol decomposition – test reaction
The 2-propanol dehydration and dehydrogenation was per-

formed using a microcatalytic pulse reactor (Ø 6 mm; length
80 mm) inserted between the sample inlet and the column of a
CHROM-5 chromatograph. A portion of 0.1 g (3 mm height in the
reactor) of granulated catalyst was activated at 673 K (heating rate
10 K/min) for 2 h under helium flow (40 cm3 min�1). The 2-propa-
nol (Chempur Poland) conversion was studied at various tempera-
tures using 3-ll pulses of alcohol under helium flow
(40 cm3 min�1). The substrate was vaporized before being passed
through the catalyst bed with the flow of helium carrier gas. The
products such as propene, 2-propanone (acetone) and diisopropyl
ether were identified by CHROM-5 gas chromatograph online with
microreactor. The reaction mixture was separated on a 2-m col-
umn filled with Carbowax 400 loaded on Chromosorb W (80–100
mesh) at 338 K in helium flow (40 cm3 min�1) and detected by
TCD.
2.3.3. Methanol oxidation in gas phase
The methanol oxidation reaction was performed in a fixed-bed

flow reactor (Ø 5 mm; length 70 mm). A portion of 0.1 g of the pure
(not diluted) catalyst of the size fraction of 0.5 < Ø < 1 mm was
placed in the reactor (4 mm height in the reactor). The samples
were activated in argon flow (40 cm3 min�1) at 673 K for 2 h (the
rate of heating was 15 K/min). Then, the temperature was de-
creased to that of the reaction. The reactant mixture of Ar/O2/MeOH
(88/8/4 mol%) was supplied at the rate of 40 cm3 min�1 for stan-
dard reactions. Methanol (Chempur Poland) was introduced to
the flow reactor by bubbling argon gas through a glass saturator
filled with methanol. The typical reactions were conducted at
GHSV = 80,000 h�1 g�1

cat. Moreover, for a selected catalyst, the
reactions under different methanol and oxygen compositions were
performed. They were as follows: Ar/O2/MeOH (88/4/8 mol%) with
O2/MeOH molar ratio of 0.5 and Ar/O2/MeOH (92/4/4 mol%) with
O2/MeOH molar ratio = 1. The total flow rate, 40 cm3 min�1, was
the same for all experiments. The reactor effluent was analyzed
using an online two gas chromatographs. One chromatograph GC
8000 Top equipped with a capillary column of DB-1 operated at
313 K – FID detector was applied for analyses of organic compounds
and the second GC containing Porapak Q and 5A molecular sieves
columns for analyses of O2, CO2, CO, H2O and CH3OH – TCD detector.
The columns in the second chromatograph with TCD were heated
according to the following programme: 5 min at 358 K, increase
of the temperature to 408 K (heating rate 5 K/min), 4 min at
408 K, cooling down to 358 K (for the automatic injection on the
column with 5A), 10 min at 358 K, increase of the temperature to
408 K (heating rate 10 K/min), 11 min at 408 K. Argon was applied
as a carrier gas. The outlet stream line from the reactor to the gas
chromatograph was heated at about 373 K to avoid condensation
of reaction products.
3. Results

3.1. Characterization

3.1.1. SEM images
The morphology of binary SbVOx oxides was verified by SEM

images (Fig. 2). There is no doubt that the procedure of synthesis
determines the size and shape of particles. The sample prepared
without the template exhibits larger and oval-shaped particles.
SEM images in different scales allow us to differentiate between
the shape of particles of SbVOx(IIa) and SbVOx(IIb) – both prepared
by template-assisted method. It is also important to stress the
presence of additional phases visible when 1 lm scale is applied.
3.1.2. N2 adsorption isotherms and XRD
Textural parameters and chemical composition of all the sam-

ples used are summarized in Table 1. The surface area of all the
SbVOx samples was higher than that typically reported for rutile-
type mixed oxides prepared with conventional methodologies like
the slurry-redox, leading to surface areas lower than 10 m2/g. The
BET surface area of the catalysts prepared by method II (with the
template) is higher than that of the sample prepared by method I
(without the template). It is clear that the synthesis with the use
of template gives higher surface area and pore volume and also
smaller crystallite sizes. After modification with niobium species,
the surface area of all SbVOx samples decreases.

The N2 adsorption/desorption isotherms of SbVOx samples are
shown in Fig. 3. The isotherms of both materials prepared with the
use of template are of type IV, according to the IUPAC classification.
They are typical of mesoporous materials and exhibit the inflection
point and hysteresis loop at p/p0 at�0.8–0.9. It is not the case for the
sample synthesized by method I. The main difference in the porosity
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Fig. 2. SEM images (at different scales) of antimony–vanadium oxides.
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of both samples prepared according to the same procedure II, but
using the different system of metal sources admission to the tem-
plate solution, is in the total pore volume (higher for the SbVOx(IIa))
and the character of pore size distribution (PSD) (Fig. 4). A wider PSD
is seen for SbVOx(IIa), and this sample contains also very small mes-
opores of ca 2.5 nm, not found in SbVOx(IIb).

The XRD patterns of all SbVOx show well visible forms of crys-
talline bimetallic oxides, SbVO4, which could be assigned to rutile
Sb0.95V0.95O4 (JCPDS 16-0600) structure. The XRD patterns in
Fig. 5 clearly show the domination of rutile Sb0.95V0.95O4 structure.
The samples prepared with the template exhibit additional peaks
at 2 theta = 29.3 and 30.5�, which can be assigned to Sb2O4 phase
described in literature [19]. The peaks are sharper in the pattern
of SbVOx(IIb) sample than in that of SbVOx(IIa), suggesting a better
dispersion of Sb2O4 phase on SbVOx(IIa). This phase is not observed
in the XRD pattern of SbVOx(I), where the other peaks, besides
those of rutile phase, are present. They are assigned to vanadium
oxide crystalline phase (JCPDS 01-0359).



Table 1
Texture/structure parameters and chemical composition.

Catalyst Surf. area BET (m2/g) Pore volume BJH (cm3/g) Sb0.95V0.95O4 size (XRD) (nm) % wt. of Sb % wt. of V % wt. of Nb

2H = 27.4 (110) 2H = 53.4 (211)

SbVOx(I) 13 0.004 34 31 48.6 19.6 –
SbVOx(IIa) 21 0.08 26 17.7 45.9 18.5 –
SbVOx(IIb) 17 0.05 28.6 17.5 50.9 17.1 –
Nb/SbVOx(IIa) 9 0.03 – – 44.3 18.0 6.8
Nb/SbVOx(IIb) 13 0.06 – – 49.7 16.9 7.6
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Fig. 3. N2 adsorption/desorption isotherms for antimony–vanadium oxides.
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Fig. 4. Pore size distribution depending on the preparation procedure.
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The SbVOx sample (IIa) modified with niobium species includes
the Nb2O5 phase deduced form the peaks at the same positions as
those assigned to Nb2O5 in the catalogue (Fig. 5i – JCPDS 19-0864).
However, not all peaks assigned to Nb2O5 are present in both XRD
patterns (Fig. 5g and h), suggesting some distortion of this phase or
mixing of different niobium oxide structures. The reflex at 14�
characteristic of Nb2O5 is present only in the pattern of SbVOx(IIa).
Interestingly, this observation indicates that a slight change in the
preparation procedure of the support (methods IIa vs IIb) results in
a significant change in the texture of niobia phase loaded.

Table 1 reveals two values of particle size of SbVOx supports cal-
culated from two different XRD peaks. Depending on the prepara-
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tion procedure of SbVOx, different particle sizes were obtained.
Method I leads to bigger particles than method II. There is no con-
siderable difference in the SbVOx crystallite size between the sam-
ples prepared according to methods IIa and IIb. The type of
preparation method determines also the phase composition of sur-
face species, which is documented below.
3.1.3. Ultraviolet–visible spectroscopy
UV–vis region examined is associated with the transfer of elec-

tron from oxygen to the transition metal. For all catalysts, low en-
ergy charge transfer, LCT, characteristic of the charge transfer
between vanadium and oxygen, can be observed in the 200–
500 nm region. It is characteristic of V5+ cationic species [20]. The
contribution from d–d transition of V4+ (d1) that gives a broad band
in the 550–800 nm region [20,21] is observed for the catalyst pre-
pared by method IIa (a shoulder at ca 570 nm – Fig. 6a and e). The
UV–vis band at ca 362 nm is very intense as typical of rutile struc-
ture of binary oxide, Sb0.95V0.95O4. Unfortunately, UV–vis spectra
do not allow us to distinguish the niobium, vanadium–antimony
phases. The octahedral coordinated niobium species give a charac-
teristic absorption band at ca. 330 nm according to [22,23], and if
such a band exists in the spectrum of the sample examined, it is
covered by a broad one originating from vanadium species. In nio-
bium impregnated samples, the UV–vis bands from Nb2O5 and
SbVO4 can be located at the same position and therefore, these spe-
cies cannot be distinguished on the basis of these spectra. Litera-
ture [24] describes different antimony oxides, giving rise to the
bands at the same region: assigned to Sb3+ (195–230 nm), Sb4+

and Sb4.33+ (230–280 nm and 480 nm) and Sb5+ (300–340 nm).
The UV–vis spectrum of SbVOx(I) suggests the presence of V2O5

phase deduced from the similar shape of UV–vis spectra for both
materials (Fig. 6c and d) – especially characteristic is the band at
262 nm.
3.1.4. Infrared spectroscopy
To identify the metal species present in the samples, FTIR spec-

tra were measured (Fig. 7). They show bands typical of binary
oxide materials. On the basis of literature [e.g. 25], the IR bands
below 800 cm�1, e.g. at 540, 665, 735 cm�1 for SbVOx(IIa), can be
assigned to typical SbVO4 rutile phase. V@O vibrations give rise
to the IR bands at �1080 cm�1 (trimer) and 1007 cm�1 (monomer)
[26,27], whereas a-Sb2O4 is characterized by a band at ca 450 cm�1

[28]. This band at 450 cm�1 originating from a-Sb2O4 is present
only in the spectra of the materials prepared according to proce-
dure II (with the use of the template) in agreement with the results
obtained from XRD. The bands at 826, 861 cm�1 can be assigned to
the VAOAV vibration [29]. It is also possible to relate the bands at
1007 and 860 cm�1 to the cation vacancies present in rutile
Sb0.9V0.9+xh0.2�xO4 [25]. These bands are not present in the spectra
of SbVOx(I) and SbVOx(IIb). The intensity ratios of these two bands
(1007 and 860 cm�1) related to those at 540 cm�1 are proportional
to the number of vacancies per unit cell. Interestingly, niobium
loading on SbVOx leads to a decrease in the intensity of the band
at ca 540 cm�1 characteristic of SbAOAV vibration and causes a
shift in its position to 551 cm�1. Moreover, it shifts the position
of bands assigned to VAOAV vibration (to 827 and 866 cm�1),
showing that the niobium loaded interacts with vanadium species
and niobium oxide is located near cation vacancies. The intensity
ratio (1007/551 cm�1) increases after niobium loading, suggesting
formation of additional defect holes (cation vacancies). It is worth
stressing the presence of an intense band at ca 740 cm�1 for
SbVOx(I) and SbVOx(IIb) originating from Sb2O3/Sb2O5 [28].

The FT-IR results clearly show that the differences in phase
composition of SbVOx materials depend on the preparation
procedure.
3.1.5. Electron paramagnetic resonance study
The complementary information was obtained from paramag-

netic electron resonance study. Generally, various vanadium(IV)
species can be detected by the ESR technique. V(IV) clusters lead
to a broad signal reflecting significant dipolar interactions found,
e.g. in VMCM-41 samples with a high vanadium content, to which
vanadium was introduced in one pot synthesis [30,31]. The spectra
of the isolated V(IV) species, mainly oxovanadium VO2+ ions, exhi-
bit a hyperfine structure (ESR signal splits eightfold) derived from
the interaction of free electrons (3d1) with the magnetic nuclear
moment of V (I � 7/2). The bulk compound of the rutile structure
ðSb5þ

0:92V4þ
0:8V3þ

0:1�0:2O4Þ and nearly stoichiometric composition
Sb5+V4+O4.5 exhibits also the presence of isolated VO2+ ions besides
dimeric species [32,33]. The ESR spectra obtained within this work
are shown in Fig. 8. The difference between the spectra of SbVOx(-
IIa) and (IIb) is notable. Both exhibit hyperfine structure typical of



200 300 400 500 600 700 800

(d)

362

330

26
2

(c)

F 
(R

)

Wavelength [nm]

(a)

(b)

22
5

575

1

200 300 400 500 600 700 800

330
1

F 
(R

)

Wavelength [nm]

(e)

(f)

22
5 570

Fig. 6. UV–Vis spectra of: (a) SbVOx(IIa); (b) SbVOx(IIb); (c) SbVOx(I); (d) V2O5; (e) Nb/SbVOx(IIa); (f) Nb/SbVOx(IIb).

1400 1200 1000 800 600 400

(a)

0.05

566
742

1070

1245

Ab
so

rb
an

ce
 [a

.u
.]

Wavenumber [cm-1]
1400 1200 1000 800 600 400

0.05

(b)

1007

583

679739

440

1101

Ab
so

rb
an

ce
 [a

.u
.]

1400 1200 1000 800 600 400

1094 1007

866
827

736
665

551

448

(d)

0.05

(c)

448

665

540
735

826

861

10071086
Ab

so
rb

an
ce

 [a
.u

.]

Wavenumber [cm-1] Wavenumber [cm-1]

Fig. 7. FTIR spectra in the skeleton region of: (a) SbVOx(I); (b) SbVOx(IIb); (c) SbVOx(IIa); (d) NbSbVOx(IIa).

H. Golinska-Mazwa et al. / Journal of Catalysis 284 (2011) 109–123 115
VO2+, but in SbVOx(IIa) V4+ species additionally interact with one
another as can be deduced from the broadening of the ESR line.
The g value (1.9665) and a shape of this line are characteristics
for VO2+ dimmers [34]. The spin Hamiltonian parameters for SbVOx

samples are presented in Table 2. Interestingly, the impregnation
with niobium species diminishes the hyperfine structure of the
band assigned to VO2+, suggesting the chemical interaction be-
tween oxovanadium VO2+ species and the niobium loaded
(Fig. 8B). This suggestion was confirmed by the XPS study de-
scribed below. The ESR spectrum of SbVOx(I) sample (Fig. 8A) indi-
cates the well-resolved hyperfine structure originating from V4+

paramagnetic species. [35,36]. It is important to stress that the
hyperfine structure of the spectrum of SbVOx(I) is present also
for the sample exposed to air at room temperature (Fig. 8C), not
only after evacuation at RT.

The difference in V4+ species for SbVOx samples (I) and (IIa)–
(IIb) is not only in the Aiso and giso calculated according to [35] (Ta-
ble 2) but also in their stability under vacuum and oxygen treat-
ment at different temperatures. The data in Table 2 indicate the
presence of isolated vanadyl species with different symmetries like
square pyramidal and octahedral, presenting different distortion.
All the isolated species observed for SbVOx catalysts have been
characterized by average values of giso and Aiso (giso = (gII + 2 g\)/
3; Aiso = (AII + 2A\)/3). The values shown in Table 2 related to those
published in the work [35] and presented in a diagram of Davidson
and Che allow us to state that SbVOx(I) has the lowest value of Aiso

which indicates a partial attenuation of the vanadyl character in
comparison with the species on SbVOx(IIa) and SbVOx(IIb). More-
over, vanadyl groups for SbVOx(I) are likely to be more coordin-
atively saturated, which makes them better resistant to the
reduction and oxidation in contrast to SbVOx(IIa) and SbVOx(IIb)
materials. The values of Aiso and giso for the latter two materials
suggest that the ESR signals may be derived from a 5 coordinated
vanadyl group having a distorted octahedral structure and one
coordination vacancy in the equatorial plane [35].

It is clear from Fig. 9 that vanadium + 4 is oxidized under oxy-
gen atmosphere much easier on SbVOx(IIa) than on SbVOx(I). The
temperature stability of V4+ under vacuum treatment is also higher



240 280 320 360 400

SbVOx(IIa)

SbVOx(IIb)

SbVOx(I)

400

In
te

ns
ity

 [a
.u

.]

Field [mT]

A

240 280 320 360 400

200
Nb/SbVOx(IIa)

SbVOx(IIa)

In
te

ns
ity

 [a
.u

.]

Field [mT]

B

240 280 320 360 400

400

Field [mT]

In
te

ns
ity

 [a
.u

.]

(b)

(a)

SbVOx(I)
C

Fig. 8. ESR spectra: (A) recorded at 77 K; the samples were evacuated for 5 min at RT before scanning the spectra. SbVOx(I) (gain 2.5 times higher); (B) recorded at RT of
SbVOx(IIa) before and after niobium loading; (C) recorded at RT (a) fresh sample in contact with air; (b) fresh sample after connection to a vacuum line and short evacuation.

Table 2
Spin Hamiltonian parameters of isolated V4+ species.

Catalyst gII g\ giso AII (G) A\ (G) Aiso (G)

SbVOx(I) 1.9313 1.9885 1.9693 188.5 69.7 109.3
SbVOx(IIa) 1.9296 1.9852 1.9667 203.3 78.7 120.2
SbVOx(IIb) 1.9324 1.9846 1.9672 203.4 78.4 120.1

116 H. Golinska-Mazwa et al. / Journal of Catalysis 284 (2011) 109–123
in SbVOx(I) as evidenced from Fig. 10. Evacuation of SbVOx(IIa) at
373 K causes the disappearance of the hyperfine structure of the
signal assigned to VO2+ isolated species. The lower stability of
vanadium oxidation state on the catalyst surface can be attractive
in oxidation processes where easy changes in metal charge are
very important.
3.1.6. X-ray photoemission spectroscopy
The XPS spectra of vanadium species are shown in Fig. 11

and the binding energies (BE) for all three metals are indicated in
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Table 3. The deconvolution of the spectra (Fig. 11) allowed identi-
fication of the peak at 516.6 eV on the surface of SbVOx(IIa) charac-
teristic of V4+ cations [37,38]. This species is not observed on
SbVOx(IIb), which can be the reason for the difference in surface
properties of both materials. The standard XPS peaks of V 2p3/2

for V5+, V4+ and V3+ should be located at 517.2, 515.9 and
515.3 eV, respectively [39]. The BE value of V 2p3/2 line
(517.5 eV) is characteristic of V5+ species in VASbAO-based sys-
tems [40] and is observed on both samples prepared according to
methods IIa and IIb. The bulk VSbO4 phase comprises V3+ species
that must be oxidized at the outermost layer since V species in
VSbO4 have a very dynamic redox character [40]. Unsupported oxi-
des show different behaviour, and in addition to V5+, other lower
oxidation states (V4+/3+) could be found [40], but the spectra shown
in Fig. 11 do not indicate the presence of such species, besides the
one at 516.6 eV described above. The BE value for Sb 3d3/2 in the
fresh catalyst described in literature is 539.8 eV [41–43]. In our
catalysts, this value is a little bit higher (540.2–540.5 eV) and does
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Table 3
XPS results.

Catalyst Binding energy (eV)

V 2p3/2 Sb 3d3/2 Nb 3d5/2-

SbVOx(IIa) 516.6 540.5 –
517.6

SbVOx(IIb) 517.5 540.2 –
Nb/SbVOx(IIa) 517.1 540.4 207.7
Nb/SbVOx(IIb) 517.0 540.2 207.8
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not depend on the niobium loading. On the contrary, the binding
energy of V5+ cations decreases after niobium loading (Table 3),
demonstrating the chemical interaction with niobium species.
Identification of the oxidation state of Sb is problematic because
the gap between BE of Sb3+ and Sb5+ is only �3 eV [44]. An addi-
tional complication is that the Sb(3d5/2) peak almost overlaps that
of O(1s) at �531 eV BE. The binding energies of niobium levels are
characteristic of Nb5+ species [37], but its BE is a little bit higher
(207.7–207.8 eV) than that in bulk niobium(V) oxide (207.1 eV
[45]). This phenomenon also supports the occurrence of chemical
interaction between niobium and SbVOx (as indicated above for
vanadium species). It is worth noting that in the XPS spectrum of
SbVOx(IIa), the V4+ signal disappears after niobium loading. This re-
sult supports the observations and conclusions from ESR study,
indicating the interaction between oxovanadium species and nio-
bium loaded.

The above-described characteristic features of the materials
used are responsible for their different surface and catalytic
properties.

3.2. Acidity/basicity determination

3.2.1. Pyridine adsorption
Lewis acid (LAS) and BrØnsted acid centres (BAS) were detected

in the FT-IR spectra after pyridine adsorption at 373 K and desorp-
tion at different temperatures. According to literature, the interac-
tion of pyridine with Lewis acid sites leads to the appearance of
bands at ca. 1450 and�1610 cm�1 [46–48]. The intensity of the first
one is related to the number of LAS, whereas the position of the sec-
ond band characterizes the strength of LAS. Adsorption of pyridine
on BrØnsted acid sites gives a band at �1550 cm�1 and two other
ones in the 1620–1640 cm�1 range. Moreover, the bands at 1445
and 1596 cm�1, if appear, originate from pyridine hydrogen bonded
to surface hydroxyls [48]. The spectra in Fig. 12 do not indicate a
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significant difference between two SbVOx(IIa) and (IIb) samples in
the nature of acidity detected by pyridine adsorption. BAS are only
slightly indicated by a very broad shoulder, whereas pyridine
coordinatively bounded to Lewis acid centres is well characterized
by the band at 1445 cm�1 and that at ca 1607 cm�1. The position of
the latter one is the same for both samples showing the same
strength of LAS. It is confirmed by the results of evacuation at differ-
ent temperatures. Such evacuation systematically decreases the
intensity of IR bands from pyridine adsorbed for both samples.
However, the calculation of the number of LAS shows a much higher
concentration of these centres on the SbVOx(IIa) support at each
temperature of desorption applied (Table 4).

3.2.2. Acetonylacetone cyclization
The cyclization of acetonylacetone (AcOAc) was used as a test

for acid/base properties. This reaction was proposed by Dessau
[49]. The formation of 2,5-dimethylfuran (DMF) occurs at the
acidic centres, whereas the production of 3-methyl-2-cyclopente-
none (MCP) takes place at the basic centres. On the basis of the
MCP/DMF selectivity ratio, the sequence of basicity of the catalysts
studied can be proposed. According to literature [49,50], the basi-
city of the catalyst is demonstrated if MCP/DMF > 1. When MCP/
DMF < 1, the catalyst exhibits mainly acidic properties, while
MCP/DMF � 1 corresponds to the balanced acid–base properties.
Table 5 presents the results obtained from this test reaction. All
the samples tested exhibit both acidity (DMF production) and ba-
sicity (MCP formation) on the surface. The lowest activity is ob-
served for SbVOx(I) sample, whereas all other materials reveal
almost the same AcOAc conversion (a little bit higher after niobium
loading on the support). However, the selectivity differs signifi-
cantly depending on the nature of the sample. The highest basicity
according to MCP/DMF selectivity ratio is found on SbVOx(IIa) and
SbVOx(IIb). This basicity is diminished after niobium loading and
the acidity leading to DMF formation slightly dominates for these
modified catalysts. Interestingly, acidity dominates on SbVOx(I)
support.

3.2.3. 2-Propanol decomposition
The surface properties described above are confirmed by the 2-

propanol decomposition performed as a test reaction at the differ-
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Fig. 12. Infrared spectra: (a) after pyridine adsorption at 373 K and evacuation 5 min a
ent temperatures. Dehydration of alcohol to propene and/or diiso-
propyl ether requires acidic centres (Lewis or BrØnsted), whereas
the dehydrogenation to acetone occurs on the basic sites [51]. It
is noteworthy that ether production requires the presence of pairs
of Lewis acid–base centres. Some authors [e.g. 52] have reported
that acetone formation takes place on redox centres.

The results obtained within this work are shown in Fig. 13. It is
clear that SbVOx(I) exhibits the domination of acidity as follows
from almost 100% selectivity to propene. Acetone formed on Lewis
basic/redox centres dominates on all other samples when the reac-
tion is carried out at 423 K. With increasing reaction temperature,
the selectivity to acetone decreases and that to propene increases.
Interestingly, diisopropyl ether is formed on the SbVOx samples,
but not after niobium loading. It is important to point out that
diisopropyl ether formation requires the presence of pairs of LAS
and LBS (Lewis basic sites). Niobium loading seems to cover the
pairs of the required centres. These pairs seems to originate from
V@O species [53]. Fig. 13 presents also the selectivity for the same
2-propanol conversion (50%). It is clearly seen that the selectivity
to acetone dominates on both SbVOx(IIa) and (IIb) samples,
whereas propene is the only product formed on SbVOx(I). Niobium
loading causes the significant increase in selectivity to propene,
indicating the increase in acidity of the catalysts.

3.3. Methanol oxidation

Table 6 gives the conversion and selectivity for methanol oxida-
tion in steady-state conditions at 423, 473 K (only for SbVOx(I) also
at 523 K). The lowest conversion (8% at 473 K) is observed for
SbVOx(I), and the main products are dimethyl ether, confirming
the significant role of acidic character of the surface, and formalde-
hyde, indicating the presence of basic/redox sites besides acidic
one. Binary oxides prepared by IIa and IIb methods reveal much
higher activity and different selectivity in comparison with
SbVOx(I). Besides formaldehyde, methyl formate and CO2 are pro-
duced in significant amounts. This phenomenon can be explained
by the presence of stronger basic/redox and medium strength
acidic centres on the surface. Interestingly, selectivity obtained
on both, SbVOx(IIa) and SbVOx(IIb) samples, is very similar. It is
in agreement with the observation of similar strength of acidic
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Table 4
Number of Lewis acid centres calculated from FTIR (a band at 1450 cm�1) spectra
after pyridine adsorption and desorption at different temperatures. The extinction
coefficient e1450 � 1.5 lmol�1 from [46,54] was applied.

Temperature of pyridine
desorption for 0.5 h (K)

SbVOx(IIa) Number
of LAS � 1016

SbVOx(IIb) Number
of LAS � 1016

373 15.60 5.89
423 6.95 2.54
473 3.85 0.99
523 2.87 0.93

Table 5
The results of acetonylacetone (AcOAc) cyclization at 623 K.

Catalyst AcOAc conv. (%) Selectivity (%) MCP/DMF

DMFa MCPa

SbVOx(I) 8 71 29 0.408
SbVOx(IIa) 13 32 68 2.125
SbVOx(IIb) 12 19 81 4.263
Nb/SbVOx(IIa) 14 55 45 0.818
Nb/SbVOx(IIb) 14 54 46 0.851

a MCP – 3-methyl-2-cyclopentenone; DMF – 2.5-dimethylfuran.

423 473 523 573
0

10

20

30

40

50

60

70

80

90

100

C
=5

2%

C
=3

6%

C
=1

3%

C
=5

 %

SbVOx(I)

Se
le

ct
iv

ity
 [%

]

Temperature [K]
423 473

0

10

20

30

40

50

60

70

80

90

100

C
=5

8%

C
=2

1%

SbV

Se
le

ct
iv

ity
 [%

]

Tempe

423 473 523 573
0

10

20

30

40

50

60

70

80

90

100

C
=8

9%

C
=6

1%

C
=2

1%

C
=1

1%

Nb/SbVOx(IIa)

Se
le

ct
iv

ity
 [%

]

Temperature [K]
423 473

0

10

20

30

40

50

60

70

80

90

100

C
=1

4%

C
=9

 %

Nb/Sb

Se
le

ct
iv

ity
 [%

]

Tempe

Fig. 13. The results of 2-propanol decomposition at 423, 473, 523, 573
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centres deduced from pyridine adsorption and desorption and sim-
ilar production of acetone in 2-propanol dehydrogenation ob-
served for both samples. Although the selectivity in methanol
oxidation carried out on both samples prepared with the use of
the template is almost the same, the conversion of methanol is sig-
nificantly different. The activity of SbVOx(IIa) is much higher than
that of SbVOx(IIb). It is in line with the number of LAS on the cat-
alyst surface supporting the mechanism of methanol oxidation in
which the first step of the reaction involves the dissociative
adsorption of methanol molecules with the formation of methoxy
species on Lewis acid centres [1,4,54]. One has also to consider the
role of different surface areas of both samples. For the expression
of methanol conversion on 1 m2 of the surface (Table 6), the activ-
ity of SbVOx(IIa) is slightly higher than that of SbVOx(IIb).

Niobium loading on both binary oxides, prepared with the use
of the template, leads to a slight increase in methanol conversion
and to a total change in selectivity. Significant amounts of DMM
are present among the reaction products. Moreover, the selectivity
to FA decreases at 423 K and increases at 473 K after niobium load-
ing on SbVOx. Such behaviour can be explained by the change in
the acidic strength resulting from NbAV interaction and by de-
crease in the amount of active oxygen on the SbVOx surface after
Nb loading. The occurrence of NbAV interaction was indicated by
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Table 6
The results of methanol oxidation (40 cm3 min�1 Ar/O2/MeOH (88/8/4 mol%) flow used as a reactant mixture).

Catalyst Temp. (K) CH3OH conv. (mmol/m2) CH3OH conv. (%) Selectivity (%)

HCHO CH3OCH3 HCOOCH3 (CH3O)2CH2 CO2

SbVOx(I) 473 0.057 8 40 46 3 11 Traces
523 0.243 34 50 43 4 3 –

SbVOx(IIa) 423 0.168 38 57 1.5 28 1 12.5
473 0.261 59 33 1 15 2 49

SbVOx(IIb) 423 0.142 26 56 1 26 4 13
473 0.251 46 30 1 29 3 37

Nb/SbVOx(IIa) 423 0.402 39 33 1 5 36 25
473 0.640 62 69 1 2 15 13

Nb/SbVOx(IIb) 423 0.243 34 27 1 4 39 29
473 0.421 59 59 1 1 21 18

SbV
Ox(I

)

SbV
Ox(I

Ia)

SbV
Ox(I

Ib)

Nb/S
bV

Ox(I
Ia)

Nb/S
bV

Ox(I
Ib)

0

10

20

30

40

50

60

70

80

90

100

C=34%C=39%C=34%C=38%C=34%

 COx
 (CH

3
O)

2
CH

2
 HCOCH

3
 CH

3
OCH

3
 HCHO

Se
le

ct
iv

ity
 [%

]

Fig. 14. Selectivity in methanol oxidation (40 cm3 min�1 Ar/O2/MeOH (88/8/
4 mol%) flow used as a reactant mixture) for the conversion (C) in the range of
34–39%.
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the results of XPS, UV–vis, ESR studies. It leads to more effective
reaction of CH2O adsorbed with methanol molecules towards
DMM which is a competitive process to the oxidation of CH2O to
CHOOH and CO2 (Fig. 1). Stronger chemisorption of FA makes fur-
ther interaction with the next methanol molecules much easier
and DMM is easier formed. However, the increase in the reaction
temperature to 473 K facilitates desorption of formaldehyde due
to the temperature effect. Therefore, the selectivity to DMM is low-
er at this temperature and that to FA is higher.

The reaction selectivity for methanol conversion in the range
34–39% is illustrated in Fig. 14. It is well visible that contrary to
SbVOx(I), SbVOx(IIa) and SbVOx(IIb) lead to generation of significant
amounts of CO2, which requires the presence of oxygen playing the
role of basic/redox centre. The decrease in FA selectivity results in
the increase of CO2 formation. After niobium loading, the highest
changes in selectivity are noted for DMM and MF. One observes
the significant increase in DMM production and decrease in MF
selectivity. The FT-IR spectra of the catalysts after methanol oxida-
tion show some small differences (Fig. 15). Although no shift of the
original frequencies is detected, it is noticeable that the intensity of
the band at �1007 cm�1 decreases, whereas the intensities of the
bands at 540, 665, and 735 cm�1 increase. It suggests some rear-
rangement of the catalyst crystalline phases, which is confirmed
by the ESR spectrum of the used catalyst, in which the hyperfine
structure characteristic of the isolated VO2+ ions disappeared
(Fig. 15).
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For better understanding of the role of acidic centres, the oxida-
tion of methanol was performed on SbVOx(IIa) after the catalyst
poisoning with pyridine adsorption. A portion of 1 ll of pyridine
was injected into the reactor at 473 K in the flow of argon and after
15 min of Ar flowing, the reaction mixture containing methanol
and oxygen was passed. The results are shown in Fig. 16. A consid-
erable decrease in the methanol conversion after pyridine adsorp-
tion is evident. At this temperature, pyridine blocks stronger LAS
and therefore, the weaker acidic centres can interact with the re-
agents giving rise to methanol conversion.

As follows from the mechanism of methanol oxidation, both
acidic centres and surface oxygen are important for the activity
and selectivity of this process. To get a deeper insight into the role
of surface oxygen, the reaction on SbVOx(IIb) was performed at
473 K without the presence of oxygen in the reagents mixture.
The results are shown in Table 7. Methanol undergoes oxidative
dehydrogenation towards FA when the oxygen free mixture is
passed through the reactor. The activity is low and decreases with
Table 7
Methanol conversion on SbVOx(IIb) at 473 K without oxygen (for 120 min) and in the pre

Reaction conditions Time (min) CH3OH conv. (%) Selec

HCH

MeOH + argon 65 12 95
120 10 95

MeOH + O2 + argon 230 40 38
285 43 35

Table 8
Methanol oxidation on SbVOx(IIa) at different reaction conditions.

Reaction conditions Reaction temp., (K) CH3OH co

Ar/O2/CH3OH (88/4/8 mol%) O2/MeOH = 0.5 423 3
473 7

Ar/O2/CH3OH (92/4/4 mol%) O2/MeOH = 1 423 12
473 16
the time on stream. The participation of surface oxygen in FA for-
mation is clear from this experiment. The admission of oxygen into
the reagents mixture considerably increases the conversion and
changes the selectivity, in particular the selectivity to FA. Interest-
ingly, Nb/SbVOx(IIb) was inactive in the reaction of oxygen free
mixture. It suggests that the active oxygen on the surface of SbVOx

interacts with niobium species.
To establish the conditions ensuring the highest DMM genera-

tion, the methanol oxidation reaction was performed in different
conditions. Generally, the idea was to increase the amount of
methanol in the reagents mixture, close to the stoichiometry
needed for the formation of DMM. It was realized by an increase
in the methanol amount in the mixture of gases. The results are
summarized in Table 8. The use of methanol excess or the 1:1
O2: MeOH ratio allows us to obtain 100% selectivity to DMM at
423 K.
4. Discussion

It is known that because of the influence of preparation route on
the structural and phase composition, the catalytic behaviour of
binary oxides (SbVOx) considerably depends on the method of syn-
thesis [55]. In this study, we prepared SbVOx oxides with the use of
the template (Pluronic 123) to increase the surface area and poros-
ity of the material. These binary oxides were used as catalysts and
as supports for niobium species loaded. The main focus was on the
application of the catalysts prepared in the low temperature oxida-
tion of methanol. The use of a template during the synthesis in-
creases not only the surface area and pore volume of the final
material if compared to those of the binary oxide prepared without
the template, but also changes the phase composition of SbVOx

system. The same initial amounts of V and Sb sources used for all
the synthesis procedures give rise to different phase compositions
depending on the synthesis method. All samples contain rutile
SbVO4 phase but in the samples obtained by the template-assisted
preparation, some amounts of a-Sb2O4 phase were also present as
indicated by the FTIR spectra (the band at �450 cm�1) and XRD
patterns (Fig. 5). In contrast, some additional V2O5 phase was de-
tected (XRD, UV–vis) in SbVOx(I) sample. The appearance of these
phases has an impact on the catalytic activity of the surface.
Sb2O4 is a p-type semiconductor [56], and therefore, the electron
transfer can occur from vanadium species in SbVOx to Sb2O4 at
the interface of these two phases. Then oxygen vacancies can be
formed and promote the chemisorption of O2. The oxygen ion
O2� spills over the interface between Sb2O4 and SbVOx. Therefore,
sence of oxygen.

tivity (%)

O CH3OCH3 HCOOCH3 (CH3O)2CH2 CO2

0 0 5 0
0 0 5 0
1 6 15 40
1 5 12 47

nv. (%) Selectivity (%)

HCHO CH3OCH3 HCOOCH3 (CH3O)2CH2 CO2

– – – 100 –
67 Traces – 33 –

– – – 100 –
61 1 6 32 –
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the partially reduced vanadium species can be reoxidized and con-
tribute to the increase in the catalytic activity in methanol oxida-
tion as established for H2S oxidation on V2O5 doped with Sb2O4

[39]. The promoting effect of a-Sb2O4 can be the reason for a con-
siderably higher methanol conversion on both SbVOx(IIa) and (IIb)
samples compared with the activity achieved on SbVOx(I). More-
over, as concluded from ESR spectra, SbVOx(I) contains more satu-
rated VO2+ isolated species than both materials synthesised with
the use of template (method II). Less saturated vanadyl ions are
more active in the chemisorption of reagents. Relation of the activ-
ity to surface area of SbVOx samples prepared by method I and II
confirms the significant higher methanol conversion on samples
IIa and IIb than on I material.

A comparison of the percentage of methanol conversion over
SbVOx(IIa) and (IIb) samples has shown much higher activity of
the first catalyst. Therefore, the activity cannot be related only to
the promoting role of a-Sb2O4 present on both catalysts, but also
to the other features. Firstly, the different surface areas of both
materials should be considered. The activity calculated per 1 m2

of the catalyst surface indicated that more methanol molecules
are converted on 1 m2 of SbVOx(IIa) than on 1 m2 of SbVOx(IIb).
Thus, the higher surface area of SbVOx(IIa) is not the only feature
which can determine its higher activity. Reducible vanadium
VO2+ species have to play an important role in oxidation of meth-
anol. They are different in (IIa) and (IIb) samples. According to ESR
results, isolated VO2+ (V@O) paramagnetic species were present on
SbVOx(IIb), whereas higher concentration of these cations forming
dimmers was found on SbVOx(IIa). V@O plays a role of pair of Lewis
acidic and basic centres. Pyridine adsorption and desorption exper-
iments pointed out a higher concentration of LAS on SbVOx(IIa)
than on SbVOx(IIb), which is in agreement with the ESR results
and activity in acid–base catalyzed reactions, i.e. 2-propanol
decomposition and AcOAc cyclization. The presence and concen-
tration of Lewis acid sites are important, because in the first step
of oxidation of methanol, the methoxy species are formed on these
centres [e.g. 1,4]. The role of these acid centres was confirmed by a
significant drop in methanol conversion after pyridine adsorption
on LAS.

In oxidation of methanol not only acidic centres are involved
but also redox/basic sites. To check whether active oxygen is pres-
ent on the catalyst surface or it is chemisorbed from the gas phase,
the methanol transformation without the use of oxygen in the gas
mixture was performed. It was clear that SbVOx(IIb) catalyst acti-
vates the transformation of methanol to formaldehyde without
gas oxygen, indicating the use of the surface oxygen for this pur-
pose. After a decrease in the activity with time on stream, a mix-
ture of methanol and oxygen was passed through the catalyst
bed and the activity increased and selectivity came to that ob-
served in the standard oxidation of methanol (Table 7). These re-
sults point out that the surface oxygen is used for the oxidation
of methanol to formaldehyde, and the catalyst surface is reoxidised
with gaseous oxygen.

The question arises which oxygen on the catalyst surface is ac-
tive in the oxidation of methanol. The answer to this question
comes from a detailed study of SbVOx modified with niobium spe-
cies. It was shown that niobium (in the form of Nb2O5) loading on
SbVOx(IIa) considerably changes the surface properties of the cata-
lyst, namely: (i) decreases the concentration of V4+ as indicated by
the XPS spectra, (ii) removes the presence of hyperfine structure
from the ESR lines assigned to VO2+ species, (iii) decreases binding
energy of V5+ cations, (iv) eliminates the formation of diisopropyl
ether (requiring the presence of LAS and LBS) in dehydration of
2-propanol, (v) makes the catalyst inactive in the oxidative dehy-
dration of methanol to formaldehyde without the use of gas oxy-
gen. As follows from the above, it is the oxygen from V@O that is
active in methanol oxidation. Niobium loaded blocks the access
to the active oxygen. Such behaviour of niobium species changes
the selectivity of the reaction. According to the reaction scheme
shown in Fig. 1, a competition takes place between the reaction
of chemisorbed FA with oxygen and with other methanol mole-
cules, to DMM production. On niobium-modified catalysts, signifi-
cant amount of DMM is formed, showing the preference of the
interaction of chemisorbed FA with methanol not with oxygen.
By increasing the concentration of methanol in the reagent mix-
ture, one can obtain 100% selectivity to DMM at 423 K even over
the catalysts without niobium species.

Finally, the reason for the difference in surface properties be-
tween SbVOx(IIa) and (IIb) should be discussed. Both samples were
synthesized in the presence of template – the precursors of V and
Sb were added to the solution of Pluronic 123. However, when both
metal sources were admitted from separate flasks, the stirred solu-
tion containing all components was not fully homogeneous and
therefore, the concentration of vanadium species located on the
particle surface became higher (SbVOx(IIa)) than when both metal
sources were mixed before addition to the Pluronic 123 solution
(SbVOx(IIb)). This behaviour determines the catalytic activity and
selectivity of the catalysts.
5. Conclusions

The structure and phase composition – activity and selectivity
dependence in the oxidation of methanol is evidenced within this
study performed on SbVOx catalysts also modified with niobium
species. All the catalysts used contain rutile binary oxides SbVO4

in which reducible oxovanadium species play a role on active cen-
tres in the oxidation of methanol. The nucleophilic oxygen from
V@O species plays a crucial role in the oxidation of methanol. Nio-
bium oxide loading on SbVOx support blocks the active oxygen spe-
cies and changes the selectivity in methanol oxidation towards
DMM formation. Template-assisted synthesis creates unsaturated
VO2+ species (contrary to the stable saturated species in SbVOx(I)
sample) active in the chemisorption of reagents and their further
transformation. The presence of a-Sb2O4 phase formed in the tem-
plate-assisted synthesis promotes the electron transfer from oxo-
vanadium species enhancing the activity in methanol oxidation.
The presented results indicate that using different procedures of
synthesis of binary SbVOx oxides and their modification with nio-
bium species, it is possible to obtain catalysts useful for selective
production of desired products (FA or MF or DMM).
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