Synthesis of nanoV; ¢Mo, 4016 and their catalytic activity in the selective
oxidation of toluene

Ying Ying Liu', Huan Xia?, Zhao Qing Liv!, Zi Li Liv' ™, Jian Liang Zuo'

! Department of Chemical Engineering, Guangzhou University, Guangzhou 510006, People’s Republic of China
’Department of Chemical Engineering, South China University of Technology University, Guangzhou 510006,
People’s Republic of China

= E-mail: gzdxlzl@gmail.com

Published in Micro & Nano Letters; Received on 9th May 2018; Revised on 22nd July 2018; Accepted on 10th September 2018

Molybdenum vanadate is a novel vanadate. It is a functional material with good magnetic, electrical and catalytic properties. However, it is
rarely used in the selective catalytic oxidation field, while the transition metal molybdenum and vanadium are usually used as a catalytic
oxidation catalyst, the complex oxide and salt are naturally concerned. The structure of high-quality single crystalline Molybdenum
vanadate (V3 ¢Mo,40,6) nanorods was synthesised by sol-gel method and high-temperature solid-state reaction. The effects of vanadium
and molybdenum molar ratio and calcination temperature on the preparation of V3 ¢Mo, 4016 were studied. The structure of the catalyst
was characterised by X-ray diffraction, thermogravimetry, X-ray photoelectron spectroscopy, scanning electron microscope and
transmission electron microscope. The experimental results show that the molar ratio of vanadium—molybdenum is 10:7 when the
precursor calcination temperature is 540°C, the single crystalline V3 ¢Mo, 40,6 nanorods with regular shape has been obtained, the
diameter of about 200 nm and the length up to tens of micrometres and the surface is smooth. Catalytic oxidation of toluene to
benzaldehyde is used as a probe reaction for nanoVs; ¢Mo, 4016. The catalytic activity of the catalyst is good, the conversion of toluene is

39.8% and the selectivity of benzaldehyde is 70.1%.

1. Introduction: Vanadate is an excellent functional material. It
can be used as magnetic materials [1, 2], as cathode materials for
lithium-ion batteries [3, 4]. It is widely used in the field of optical
materials such as fluorescence and laser [5, 6]. However, it also
has good catalytic properties, some of which have become mature
industrial catalysts [7]. Their unique physical and chemical proper-
ties primarily come from the structure of the valence change of
vanadium atoms and the interaction of their polyhedral structure
of vanadium oxide, which can show many excellent properties
[8, 9]. The nanostructures of metal vanadate can have different
properties depending on their structure and composition. Different
molybdenum vanadates have attracted wide attention due to its
excellent catalytic, electrical and magnetic properties in the form
of thin films, bulk powders and nanorods [10-13]. The complex
nature makes them difficult to synthesise, especially their nano-
structures. So far, there have been few reports on V3 ¢Mo, 4016
nanostructures. Therefore, it is very important to develop a simple
and effective method for preparing nanoscale V;¢Mo,4016.
Here, we synthesised the nanostructured Vj3¢Mo,40;6 by
sol—gel-high-temperature solid-state reaction.

The selective functionalisation of aromatic hydrocarbons is an
important task in the industry; however, the cracking and oxidation
of C—H bonds require high temperature, high pressure and effi-
ciency catalysts, which are still a significant challenge [14, 15].
Toluene is an aromatic compound that can be oxidised to benzyl
alcohol, benzaldehyde and benzyl benzoate [16]. Among them,
benzaldehyde is the simplest and most important product;
it is widely used in food, pharmaceutical, perfume and pesticide
industries [17]. However, benzaldehyde is easily oxidised to
benzoic acid. The traditional production route of benzaldehyde
is the toluene chlorination and hydrolysis method. However,
chlorine ion is inevitably left in the process, which is not easy
to remove and produce a large amount of wastewater, resulting
in environmental pollution and equipment corrosion [18-20].
What even worst is that benzaldehyde generated by this route
cannot be used to synthesise certain high-quality compounds
such as drugs or fragrances [21]. Therefore, it is very important
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to find a green benzaldehyde synthesis route and to develop
an efficient catalyst for highly selective oxidation of toluene to
benzaldehyde.

Xia et al. [22] used hydrogen peroxide (H,0,) as oxidant, the
conversion of toluene on the V-Mo—Fe-O catalyst was 40.3%
and the yield of benzaldehyde was 84.5%. Mo et al. [23] synthe-
sised Silver vanadate (AgyV40;;) nanoribbons using the
ultrasonic-hydrothermal method. The conversion of toluene on
this ribbon-shaped nanocomposite catalyst was 42.5% and the se-
lectivity to benzaldehyde was 56.4%. Here, we synthesised
nanorod structure V3 ¢Mo, 4016 by sol-gel and high-temperature
solid-phase reaction method, and catalytic oxidation toluene to ben-
zaldehyde under mild conditions.

2. Experimental results: All the chemical reagents used in
the experiments were obtained from commercial sources as
guaranteed-grade reagents and used without further purification.

2.1. Catalyst preparation: In this experiment, citric acid was used
as the complexing agent, synthesised the molybdenum vanadate
catalyst by sol-gel and high-temperature solid-phase reaction.
According to the design of the material ratio, weighed amount
of Ammonium vanadate (NH4;VO;) and Ammonium molybdate
tetrahydrate ((NH4)sM070,44H,0), mixed in 20 ml of deionised
water, stired at 80°C for 30 min, then according to the
molar ratio of n(Citrate Acid Anhydrous (CsHgO7H,0)): n
((NH4)6Mo07,0,44H,0)=8:1, slowly added citric acid, stirred
for 1 h to form a sol, and then the mixed sol was heated up to
100°C and stirred for 2 h to form a gel. The gel was dried at
80°C under vacuum for 10 h, and finally calcined at a certain
temperature to obtain a catalyst sample.

2.2. Catalytic performance evaluation tests: Liquid phase oxidation
of toluene was carried out in a three-neck round-bottom flask, and
0.2 g V36Mo0,4014 catalysts, 2 ml toluene, and 15 ml acetic acid
used as a solvent, were added, and 30 wt% H,O, was subsequently
added dropwise and reacted at 80°C for 30 min. After the reaction,
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the solid catalysts were separated by filtration, and the products were
analysed by using a gas chromatograph (Shimadzu, GC-2014)
equipped with an HPS capillary column and a flame ionisation de-
tector and using the peak-area internal standard method.

2.3. Characterisations: The crystal structure of the catalyst was
analysed by a MASAL XD-3 diffractometer (Beijing Purkinje
company). The test conditions were as follows: copper Ko ray
(1=0.15406 nm), tube voltage and tube current were 36 kV,
20 mA, respectively. Scanning speed of 8°/min. X-ray photoelectron
spectroscopy (XPS) was performed using a multi-functional X-ray
photoelectron spectrometer (Shimadzu Axis Ultra DLD, Kratos,
UK). Analytical catalyst synthesis thermal analysis using SDT
Q600 integrated thermal analyser (US TA company) and differential
scanning calorimeter differential scanning calorimetry (DSC) 204 F1
(Germany Chi equipment company), test conditions: carrier gas is
air, the flow rate is 100 ml/min, increase from 30 to 650°C at
10°C/min. The sample was scanned using the Japanese Electron
Plant Model JSM-7001F thermal field-emission scanning electron
microscope (SEM). The working voltage was 10 kV. Before the
test, the sample was pre-vacuum-sprayed to increase its conductivity.
Transmission electron microscope (TEM) was measured at 200 kV
on a field-emission TEM Tecnai G2 F20 S-TWIN (FEI USA).

3. Results and discussion

3.1. Comprehensive thermal analysis of catalyst precursors: The
catalyst was calcined at high-temperature through a certain ratio
of the mixed vanadium-molybdenum precursor, so the roasting
process is very important for the formation of the catalyst. The
catalyst precursor was prepared by the sol-gel method of
ammonium molybdate and ammonium metavanadate (vanadium—
molybdenum molar ratio of 10: 7), and the thermal analysis of
the catalyst precursor was carried out by thermogravimetry (TG)
and DSC. The thermochemical process of catalyst synthesis is
investigated and the results are shown in Fig. 1.

From Fig. 1, the catalyst precursor has a fast weightlessness peak
at 100 and 250°C. At the same time, the corresponding endothermic
peak appears on the DSC chart, corresponding to the thermal dehy-
dration of the catalyst precursors and the decomposition of ammo-
nium salts. At 440—530°C, there is a relatively large weightlessness
peak. At the same time, DSC shows the corresponding exothermic
peak, indicating that the catalyst precursor decomposes and forms
molybdenum vanadate in this temperature region. The molybdenum
vanadate begins to form at 440°C. When the temperature is above
530°C, the weight will no longer change. However, the DSC
chart shows continue to exotherm, indicating that the catalyst
undergoes solid-phase reaction and crystal transition at 530°C. It
can also be seen from the SEM photograph of Fig. 2 that the precur-
sor forms a uniform rod-like crystal structure through high
temperature.

6.0+

5.5‘ \\‘\}.\_.........
509 TG )

454

psc[®

4.0+

weight, g
DSC/(mW/mg)

35+
. DTG \
v I

b

e o L1

25

6 160 260 GIIJD 460 560 E{I}ﬂ 700
temperature, °C

Fig. 1 Thermograms of vanadium—molybdenum compound precursor
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Fig. 2 SEM images of the catalyst sample

a Calcination for 3 h at 440°C of V:Mo of 10:7
b Calcination for 3 h at 500°C of V:Mo of 10:7
¢ Calcination for 3 h at 540°C of V:Mo of 10:7
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Fig. 3 XRD patterns of the catalyst with various V:Mo mole ratio

640°C
E 540°C
- 500°C
b — = __hn
z 440°C
@
'
£ ) ; 340°C
PDF#84-1952 L | | . . .
10 20 30

2-theta, degree

Fig. 4 XRD patterns of catalyst samples with molar ratios of V:Mo of 10:7
at different calcination temperatures

3.2. X-ray diffraction (XRD) analysis: The XRD patterns of
catalysts were shown in Figs. 3 and 4.

From Fig. 3, we can see that with the increasing vanadium content,
the diffraction peaks of Molybdenum trioxide (MoOs) (JCPDF no.
05-0508) [24] at 260=13°, 23°, 25.5°, 27°, 33.2° and 33.8° in the
XRD pattern are constantly decreasing, and the diffraction peaks of
molybdenum vanadate (V5 ¢Mo,4016) at 20=18.5°, 21.5°, 23.5°,
25°, 27.5°, 28.5° and 33.5°, 34° is constantly increasing. Through
comparison and analysis, it was found that the molar ratio of
vanadium-—molybdenum increases from 6:7 to 10:7, the content of
vanadium increased continuously, the diffraction peak of MoOj3
decreases. When the vanadium—molybdenum molar ratio was 10:7,
MoOs; diffraction peak almost disappeared, the pure V3 Mo, 4016
phase (JCPDF no. 84-1952) was obtained. When the content of
vanadium continues to increase, the molar ratio of vanadium to
molybdenum increased from 10:7 to 14:7. The diffraction peaks of
Vanadic anhydride (V,0s) (JCPDF no. 41-1426) [25] at
20=15.5°,20.5°, 26° and 31° appear in the XRD pattern.
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When the ratio of vanadium to molybdenum is 10:7, the precur-
sors are calcined at different temperatures. As can be seen from
Fig. 4, the V;¢Mo,40,6 phase begins to form at 340°C. When
the calcination temperature reaches 440°C, the diffraction peak
of V36Mo0,4016 (JCPDF no. 84-1952) is basically complete.
When the calcination temperature increased to 500 or 540°C, the
peak intensity increased slightly and the pure V3 Mo, 40,6 phase
was obtained. This result is consistent with the above thermal syn-
thesis analysis. When the calcination temperature reaches 640°C,
the diffraction peak changed greatly, the diffraction peak at
260=23.5° increased greatly, some other impurity peaks appeared,
while the diffraction peaks of the other crystal planes of
V3 6Mo, 4016 phase decreased. This may be due to the change in
its crystal face caused by the temperature changes. It can be seen
from the SEM image that 540°C is the optimum firing temperature.

3.3. XPS analysis: To further study the chemical composition and
oxidation state of the obtained samples, XPS and atomic emission
spectrometer analysis was performed on the catalyst.

As shown in Fig. 5a, the binding energy of Ols is 530.0 and
531.3 eV, corresponding to lattice oxygen and surface oxygen
[26], respectively. Among them, lattice oxygen dominates, indicat-
ing that part of the catalyst surface has occurred hydroxylation
reaction. Fig. 5b shows that the binding energy of Mo3d3/2 is
233.15 eV and the binding energy of Mo3d5/2 is 236.3 eV. The
dual Mo(3d) lines are separated by 3.2 eV and the intensity ratio
is 2:3. The Mo3d5/2 binding energies of Mo, Molybdenum
dioxide (MoO,) and MoO; were 228.0, 229.4 and 232.6 eV, re-
spectively [13]. These results clearly provide evidence that the oxi-
dation state of V3 (Mo, 4014 is+6 (Mo®"). Fig. 5¢ shows the XPS
spectra of V 2p (V2p) spectrum, which shows two peaks binding
energies of 524.8 and 517.5 eV, respectively, corresponding to
V 2p1/2 and V 2p3/2 [27], shows that the valence of vanadium
on the catalyst surface is V"

3.4. SEM analysis: To understand the microstructure of the catalyst,
the precursors with 10:7 ratio of vanadium to molybdenum were
calcined at 440, 500 and 540°C for 1 h The SEM images are
shown in Fig. 2.

From Fig. 2, the catalyst calcined at 440°C has an irregular bulk
structure. The surface of the catalyst may be loaded by MoOs. The
catalyst calcined at 500°C begins to appear rod-like structure, and
its surface is smooth, indicating that no MoO; existed. The
results show that with the increase of temperature, the solid-state re-
action takes place and the crystal form is transformed into rod-
shaped V3 Mo, 4016. However, the nanorods calcined at 500°C
are irregular and have bulk structure. When calcined at 540°C,
the nanorods with regular shape and uniform shape can be obtained.
The diameter is about 200 nm and the length can reach dozens of
microns. The surface is smooth and clean. It is shown that the
crystal form is further changed with the increase in temperature.
However, further increasing the calcination temperature will lead
to catalyst sintering. 540°C is the best calcination temperature,
which is consistent with TG-DSC, XRD analysis results.
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Fig. 5 XPS of catalyst sample
a XPS spectra of Mo 3d

b XPS spectra of O s

¢ XPS spectra of V 2p
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3.5. TEM analysis: The microstructure of the prepared
V36Mo0,40;6 nanorods was further investigated by TEM
measurement. The low-magnification TEM image shows the
morphology of the nanorods (Fig. 6a), consistent with the above
SEM observations. As shown in Fig. 6¢, a single nanorod
high-resolution TEM (HR-TEM) image, in which the lattice
stripes are clearly visible. The distance between adjacent stripes is
0.41 nm, which is consistent with the (201) plane of the
orthogonal V3 ¢Mo,4016. Selected area electron diffraction
(SAED) in Fig. 6b confirms the single crystal nature of nanorods.
TEM analysis shows that the growth direction of the nanowires is
in the (001) direction, resulting in an angle between the ribbon
axis and the nanowire of 60°.

3.6. H,-temperature program reduction (H,-TPR) studies: Fig. 7
was the H,-TPR profile of MoOs, V,0s, and V3 ¢Mo0,4016.

From Fig. 7, in the V5 Mo, 40,4 catalyst, vanadium and molyb-
denum formed to pure V3 ¢Mo, 4016, which was confirmed by
XRD and SEM. Hence, the H,-TPR peaks of V3¢Mo, 4016
centred at 690°C attributed to the reduction of Mo®", and the
peak centred at 550 and 580°C were the reduction of V', In add-
ition, the H,-TPR peak of MoOs is 780°C, which is higher than the
reduction peak of Mo®" in V3 ¢Mo, 40,6, and the H,-TPR peaks of
V,05 are 670 and 710°C, which is also higher than the reduction
peak of V" in V3 Mo, 4016. The change of the reduction peak
of V3 6Mo, 406 catalyst shows that vanadium and molybdenum
form V; ¢Mo, 4014, accelerate the high-valence Mo to become low-
valence Mo and high-valence V becomes low-valence V, and the
lattice oxygen in the catalyst had a higher moving performance.
Therefore, V3 Mo, 401 is more likely to promote oxidation of
the active component and exhibit better catalytic oxidation activity.

3.7. Catalytic performance: The catalyst is used for selective
catalytic oxidation of toluene. According to the literature [22], the
optimum reaction conditions of toluene oxidation are as follows:

a b c

Fig. 6 TEM images of catalyst sample
a TEM images of catalyst sample

b SAED images of catalyst sample

¢ HR-TEM images of catalyst sample
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Fig. 7 H>-TPR profiles of MoO3, V,0s and V3 sMos 406
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Table 1 Effect of composition on the performance of catalysts

Catalysts Toluene Benzaldehyde Yield of
conversion, % selectivity, % benzaldehyde, %

MoOs3 3.2 72.5 2.3

V,0s5 154 67.3 104

Fe,03 34 37.7 1.3

V3.6Mo0,4016 39.8 70.1 27.9

Reaction conditions: catalyst 0.2 g, ice acetic acid as the solvent, H,O,
15 ml, 7=80°C, =30 min.

ice acetic acid as solvent, 15 ml of H,O, and reaction at 80°C for
30 min. Toluene under this reaction conditions with different
catalysts for oxidation. The influence of catalyst composition on
the performance of the catalyst was investigated. The results are
shown in Table 1.

From Table 1, when MoOj; and V,05 are used as catalysts only,
the conversion of toluene is too low, but the selectivity to benzalde-
hyde is high. When Iron sesquioxide (Fe,O3) is used as a catalyst,
the conversion and selectivity are too low. When V3 ¢Mo; 4046
synthesised by the sol-gel-high-temperature solid-state reaction
method is used as a catalyst, the catalytic activity is very good.
The conversion of toluene reached 39.8% and the benzaldehyde se-
lectivity reached 70.1%.

The solvent has a great influence on the oxidation of toluene.
Therefore, the effects of solvents with different acidity on the cata-
lytic reaction were studied. The results are shown in Fig. 7.

From Fig. 8, when ice acetic acid is used as the solvent, both the-
toluene conversion and benzaldehyde selectivity are the highest.
The acidity of the solvent was found to be in the following
order: ice acetic acid>acetonitrile>ethyl acetate. The conversion
of toluene and the selectivity of benzaldehyde increased with
increasing acidity of the solvent. It is indicated that the protons in
the solvent may be involved in the catalytic reaction. The increase
in acidity inhibits excessive oxidation, so selectivity increases,
whereas the influence of the solvent acidity on catalytic reaction
is complex. In addition, acetic acid has a proper polarity which
can turn the reactants and H,O, to form homogeneous reaction
system favour the release of lattice oxygen of catalysts, it increased
the toluene conversion.

SEM analysis showed that different calcination temperatures had
a great influence on the morphology of the catalysts. Different tem-
peratures will lead to different morphologies of the catalysts.
Therefore, the effects of different calcination temperatures (differ-
ent morphologies) on the catalytic performance were studied. The
results are shown in Fig. 9.

From Fig. 9, the catalyst performance is poor when calcined at a
low temperature, which may be due to the presence of MoOj; and

/I toluene conversion

] 70.1 | benzaldehyde selectivity |

toluenen conversion,
benzaldehyde selectivity, %

ethyl acetate

ice acetic acid acetonitrile
Fig. 8 Effect of different solvents on the reaction performance reaction con-
ditions: catalyst 0.2 g, ice acetic acid as the solvent, H,O, 15 ml, T=80°C,
t=30 min
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V,05 in the catalyst. With the increase of calcination temperature,
pure V3 ¢Mo, 40,6 gradually forms, its activity and selectivity
increase. When the calcination temperature increased from 440 to
540°C, the morphology of the catalyst changed from bulk to
regular-shaped nanorods. The catalytic activity increased from
18.7 to 39.8%, and the selectivity increased from 52.3 to 70.1%.
As the calcination temperature increases further, the catalyst sinter-
ing together so that the rod structure cannot be maintained and
the performance of the catalyst decreases. When the calcination
temperature reaches 600°C, the activity decreases to 21.6% and
the selectivity decreases to 60.3%. Therefore, the morphology
of the catalyst has great influence on the catalytic performance,
and the nanorod structure has the best catalytic performance.

Furthermore, in order to determine the reusability of the
V3 6Mo, 40, catalyst, reuse of the recovery catalyst had also
been studied to further evaluate performance of the catalyst. After
the first catalytic reaction, the solid was centrifugally separated
from the reaction mixture, and then washed with acetone and
dried. To obtain recovered catalyst was reused in the next five cata-
lytic runs under the same reaction conditions, and the results are
illustrated in Fig. 10. It was found that the V3 ¢Mo, 404 catalyst
could be reused at least five times. The reactivity of the reused cata-
lyst slightly decreased, and the XRD patterns of the fresh and reused
catalyst did not change, indicating that there was no obvious
change of the surface and structure after the reaction and the
quality of the reused catalyst did not change much, indicating no
significant catalyst loss. This means that the catalyst can be effi-
ciently recovered and reused.
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4. Conclusions: The catalysts with different vanadium—
molybdenum ratios were synthesised by sol-gel and
high-temperature  solid-state reaction method. When the
vanadium—molybdenum ratio is 10:7, pure V3 ¢Mo, 4016 can be
obtained. The results show that the ratio of vanadium to moly-
bdenum has a significant effect on the formation of pure
V36Mo0, 4016, in addition, the calcination temperature has a great
influence on the morphology of the catalyst. When the calcination
temperature is 540°C and the ratio of vanadium-molybdenum
is 10:7, the single crystalline V;¢Mo,4016 nanorods with
regular shape are obtained, the diameter of about 200 nm, the
length up to tens of micrometres, the surface is smooth. The
results of V3 Mo, 406 catalyst evaluation showed that the con-
version of toluene reached 39.8% and the selectivity of benzalde-
hyde was 70.1%. Compared to other catalysts, the nanorod
V3 6Mo, 4016 has high selectivity and high activity. In addition,
the catalyst can be easily recycled and reused for five times
without significant changes in its activity. It provides a new
idea for the study of nanometre rod-shaped single crystal
V3 6Mo, 406 as a new type of vanadate used in the field of select-
ive catalytic oxidation; it can be of wide application.
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