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Abstract: High-surface-area mesoporous CexZr1-xO2 materials synthesized through a surfactant-assisted 
approach of nanocrystalline particle assembly are utilized as a promising support for VOx-based catalysts. 
The catalytic properties of the resultant VOx/CexZr1-xO2 nanocatalysts are evaluated by the oxidative 
dehydrogenation of propane using a microreactor-GC system. It is indicated that the catalyst particles are 
on a nanoscale, having a mesoporous structure with uniform pore-size distribution and high surface area. 
The catalytic behavior of these mesoporous nanostructured VOx/CexZr1-xO2 catalysts for the oxidative 
dehydrogenation of propane reaction relies on the vanadia loading amount, the calcination temperature, the 
surface area and the Ce/Zr ratio of the supports, the particle size of active compounds, and the additional 
contribution to the propylene formation derives from the contribution of the catalytic dehydrogenation of 
propane under oxygen-lean conditions. The catalyst prepared with 8 wt% vanadia loading on Ce0.2Zr0.8O2 
exhibits high and stable catalytic performance in the oxidative dehydrogenation of propane reaction. 
Keywords: VOx/CexZr1-xO2 catalysts; Mesoporous materials; Nanostructure; Oxidative dehydrogenation of 
propane; Vanadia species
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1. Introduction

Propylene is a crucial raw material for a range 
of products such as polypropylene, acrolein, 
polyacrylonitrile, and acrylic acid. Studies 

on propylene from low-cost, abundant propane 
have been receiving significant attention on account 
of the growing demand for propylene. The direct 
dehydrogenation of propane (DHP) is one of the 
on-purpose propylene production technologies[1,2], 
successfully employed on an industrial scale, utilizing 
chromium-based catalysts with Al2O3 support and 
alkali metal promoters[3]. However, major challenges 
associated with this process are the thermodynamic 
deactivation and limitations, which significantly impact 
the catalyst properties and stability[4-6]. For instance, 
DeRossi and coworkers synthesized a series of Cr/
ZrO2 catalysts which exhibited higher catalytic activity 
compared to the identically synthesized Cr/SiO2 
catalysts and Cr/Al2O3

[6,7]. Nevertheless, it was also 
revealed that an enhancement for the thermal durability 
to against the harsh reaction temperature and surface 
areas of those Cr/ZrO2 catalysts were still required[6].

In contrast, oxidative dehydrogenation of propane 
(ODHP), using O2 as cofeeding gas, can solve 
these problems. This succedaneous process is 
thermodynamically favored owe to the low process 
temperature and enhanced catalyst durability by the 
prevention of coke deposition. In addition, this process 
is neither bound by equilibrium nor endothermic, 
and thus has important advantages compared to the 
established DHP processes. Unfortunately, till now, 
a low selectivity towards propylene caused by the 
formation of undesirable by-products due to the deep 
oxidation of propane and propylene severely influence 
the industrial application[8,9]. The main cause of the 
selectivity limitation derives from the conversion-
selectivity relationship: a rise of propane conversion 
results in a decrease in propylene selectivity. A 
considerable amount of work was carried out for the 
promotion of selectivity to propylene during the ODHP 
by different methods. It was reported that alkali metal 
additives could enhance the selectivity to propylene 
in the ODHP on MoO3/TiO2, V2O5/TiO2

[10,11], V2O5/
Al2O3

[12] and V2O5/SiO2, V2O5/MgO[13-15] catalysts; the 
effect was explained by the modification of the acid–
base properties of the catalysts with the alkalis. In the 

studies of Kondratenko and coworker, the ODHP reaction 
over VOx/γ-Al2O3

[16] and VOx/MCM-41[17] catalysts 
indicated that the propylene selectivity could be 
boosted when replacing O2 using N2O, suggesting that 
the enhanced ODHP performance with N2O resulted 
from the lower ability of N2O to enable the re-oxidation 
of the reduced VOx species, i.e., the reduction degree 
of catalyst in the presence of N2O is higher than that 
in the presence of O2

[18]. When CO2 was utilized as 
the oxidant, the propylene selectivity over a Ga-based 
catalyst was enhanced[19]. However, an understanding 
of the effect of the dehydrogenation of propane for the 
promotion of the selectivity to propylene during the 
ODHP under oxygen-lean conditions is still necessary 
to be solved clearly.

Different kind of support materials and catalysts 
have been investigated in the ODHP reaction to 
date. VOx-based catalytic systems have been found 
to be one of the most active catalysts[20] on account 
of their capacity to easily alter the oxidation state 
of vanadium between +3 and +5 quite. Supported 
vanadium oxide catalysts are typically more selective 
than the unsupported bulk V2O5 materials due to the 
strong interactions between the VOx species and the 
oxide support substrates (e.g., Al2O3, Nb2O5, TiO2, ZrO2 
and SiO2,)

[21-26]. Previous work has reported that the 
interactions between the deposited vanadium oxides 
and oxide support materials determine the structure 
of the generated surface VOx species[24]. It was found 
that dehydrated VOx species on catalyst surface had 
[VO4] coordination with one terminal V = O bond and 
the polymerization degree was different on different 
carriers. Besides, at high surface vanadium oxide 
ratio, crystalline V2O5 bulks also exist. The activity 
and selectivity of these catalysts depend a lot on the 
specific oxide support and the loading of vanadium oxide. 
Lemonidou and coworkers[25] investigated the ODHP 
over a series of VOx-based catalysts with supported on 
ZrO2, MgO, Al2O3 and TiO2 as supports and found that 
the activity (moles of propane converted per gram of 
the catalyst) was prominently influenced by the type 
of support. The VOx-based catalysts with different 
mesoporous supports have also been found to be selective 
and active for the ODHP process[17]. Mesoporous 
materials with high surface areas can promote the 
dispersion of the surface active VOx species. 

Generally, total oxidation reaction is the main use of 
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the CeO2 containing materials in catalysis fields[27,28]. 
The capacity of oxygen storage and release on CeO2 
support can provide more oxygen for oxidation 
processes, resulting from the redox couple “Ce4+/
Ce3+”[27,29]. Gong and coworkers have reported that the 
introduction of ZrO2 to CeO2 could effectively regulate 
the structure of the CeO2 crystallite and could form a 
Ce-Zr-O solid solution, achieving a great promotion 
on the O2 storage capacity of CeO2, the thermal 
resistance, the redox property and highly dispersive 
metal compounds[30-32]. Chen and coworkers[33] minutely 
investigated the effects of different Ce/Zr ratios for the 
CexZr1-xO2 catalysts. It was revealed that Ce0.8Zr0.2O2 
was the most texturally stable composition[32,34]. 
Besides, the catalytic behavior of CeO2 support 
could be significantly modified by the introduction 
of the dopants with strong interact with the CeO2 
support[27,28]. The V-doping CeO2 materials have 
stimulate great interests on the ODHP reaction[35,36]. 
Meanwhile ,  the  cata lyt ic  performance re l ies 
significantly on plenty of factors, including the acid-
base character, the redox properties and the chemical 
nature of the active oxygen species, which in turn 
depend on the type of support, loading and dispersion 
of active metals[37].

In this paper, we prepared a series of mesoporous 
nanostructured VOx/CexZr1-xO2 catalysts through a 
surfactant-assisted method for the ODHP and DHP. 
The structural and textural properties of the prepared 
VOx/CexZr1-xO2 nano-catalysts were characterized by 
a combination of thermogravimetric and differential 
scanning calorimetry (TG-DSC), transmission electron 
microscopy (TEM), X-ray powder diffraction (XRD), 
N2 adsorption-desorption isotherms, ultraviolet and 
visible spectrophotometry (UV-vis), H2-temperature-
programmed reduction (H2-TPR), Raman and X-ray 
photoelectron spectroscopy (XPS) methods. The effects 
of the VOx content, calcination temperature and Ce/Zr 
ratio on the catalytic activity of these mesoporous VOx/

CexZr1-xO2 catalysts were also studied in detail.

2. Experimental

2.1 Catalyst Preparation
The ceria-zirconia mixed oxides CexZr1-xO2 (x = 0, 0.2, 
0.5, 0.8, 1) were synthesized utilizing a surfactant-
assisted method of nanoparticle assembly. Specifically 
speaking, 6 mmol of cetyltrimethylammonium bromide 
(CTAB) was dissolved in 200 mL distilled water under 
15 min ultrasound irradiation at room temperature, 
then a calculated amount of Ce(NO3)2•6H2O and a 
calculated amount of Zr(NO3)4•5H2O were added. After 
vigorously stirring for 0.5 h, NaOH solution (0.2 mol/
L) was dropwise added to the above solution until the 
pH value of the mixed solution became 10. Next, the 
mixed solution was further stirred vigorously for 12 
h. The final suspended solution was aged for 3 h at 
90 °C, then washed using hot water, then dried in an 
oven for 6 h at 110 °C, finally milled and calcined for 
2 h at 500 °C. 

The supported vanadium-based catalysts were 
synthesized by a wet impregnation method utilizing 
an ammonium metavanadate solution. The NH4VO3 
was dissolved in water by heating slowly, and then, the 
finely powdered mixed oxide support was added to the 
clear solution. The excess water was then evaporated, 
and the resulting solid was dried at 110 °C in air for 6 h, 
followed by calcination at 600 °C for 6 h. The vanadia 
loading contents were 2, 4, 8, 10, and 15 wt%, and the 
corresponding VOx/Ce0.8Zr0.2O2 catalysts were named 
as 2VCe8Zr2, 4VCe8Zr2, 8VCe8Zr2, 10VCe8Zr2 and 
15VCe8Zr2, respectively. The catalysts with 8 wt% 
vanadia loading supported on CexZr1-xO2 of different 
Ce/Zr ratio (CeO2, Ce0.8Zr0.2O2, Ce0.5Zr0.5O2, Ce0.2Zr0.8O2 
and ZrO2) were denoted as 8VCe, 8VCe8Zr2, 
8VCe5Zr5, 8VCe2Zr8 and 8VZr, respectively. The 
textural and composition properties of the catalysts are 
presented in Table 1. 

Table 1. Chemical composition and textural properties of the catalysts

Catalysts Calcination 
temperature (ºC)

Mean particle 
size (nm)

Surface areaa 
(m2/g)

Pore volumeb 
(cm3/g)

DBJH-ad
c 

(nm)
DBJH-de

d 
(nm)

Average pore 
diametere (nm)

CeO2 500 8.3 139 0.161 2.7 4.5 4.6
Ce0.8Zr0.2O2 500 6.2 106 0.109 3.3 3.6 4.1
Ce0.5Zr0.5O2 500 4.4 102 0.106 3.2 3.5 3.8
Ce0.2Zr0.8O2 500 7.3 169 0.180 3.6 3.6 4.2

ZrO2 500 6.1 146 0.156 2.6 3.5 4.3
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2.2 Catalyst Characterization 
The XRD were operated on a Rigaku D/max-2500 
diffractometer with Cu Kα radiation at 40 kV and 100 
mA. The TEM was performed on a FEI Tecnai G20 
microscope. The trace content of samples were ultrasonic 
dispersed in ethanol solution for 10 min, and then 
deposited on carbon coated copper grid as TEM samples. 
The TG-DSC measurements were carried out making 
using of a TA SDT Q600 instrument using referential 
α-Al2O3 under N2 atmosphere at a heating rate of 5 °C/
min. N2 adsorption-desorption isotherms were carried 
out on a Quantachrome NOVA 2000e sorption analyzer 
at liquid nitrogen temperature (77 K). Before measured, 
the samples were degassed at 200 °C overnight. The 
surface area and pore size distribution of the samples 
were calculated by the Brunauer-Emmett-Teller (BET) 
method and the Barret-Joyner-Halenda (BJH) model, 
respectively. Temperature-programmed reduction (TPR) 
was performed over 50 mg of a catalyst at a heating rate 
of 10 °C/min under a mixture of 5% H2 in a N2 flow (30 
mL/min). A thermal conductivity detector (TCD) was 
used to measure the uptake amount during the reduction 
process. The Raman spectroscopy measurement was 
carried out on a LabRAM HR800 spectrometer (Horiba 
Jobin Yvon, France) with a charge-coupled device (CCD) 
detector at ambient temperature and a 514 nm single-
frequency laser under moisture-free conditions. For 

the purpose of avoiding the thermal damage during 
operation, the sample was mounted in a spinning holder. 
The XPS was conducted on a Perkin-Elmer PHI 5600 
spectrophotometer with MgKα radiation. The operating 
conditions remained unchanged at 187.5 eV and 250.0 W. 
The C1s peak was fixed at a binding energy of 284.6 eV 
in order to subtract the surface charging effect. Diffuse 
reflectance UV-vis absorption spectroscopy was conducted 
on a JASCO V-570 UV-V-NIR spectrophotometer with 
barium sulphate as the reference. 

2.3 Catalytic Testing
The ODHP and DHP reactions were performed in 
a fixed bed quartz reactor (Φ = 8 mm) containing 
0.5 g catalyst at atmospheric pressure. Mixed gases 
consisting of 10% O2, 10% C3H8 and 80% N2 with a 
total flow rate of 50 mL/min, and 90% N2 and 10% 
C3H8 with a total flow rate of 50 mL/min, were 
utilized as the reaction gases for the ODHP and DHP 
reactions, respectively. The reaction temperatures 
ranging from 200 °C to 600 °C at 50 °C intervals were 
performed. The reaction products were detected by 
online chromatographic analysis with a TCD detector 
using a TDX-01 column for O2, CO, CO2 and CH4 
separation, an OV-1 column for C3H8, C3H6, C2H4, CH4 
and H2 separation, and He as a carrier gas. 

Table 1. Chemical composition and textural properties of the catalysts                             Continuation Table:

Catalysts Calcination 
temperature (ºC)

Mean particle 
size (nm)

Surface areaa 
(m2/g)

Pore volumeb 
(cm3/g)

DBJH-ad
c 

(nm)
DBJH-de

d 
(nm)

Average pore 
diametere (nm)

2VCe8Zr2 500 6.2 106 0.130 2.9 4.0 4.9
4VCe8Zr2 500 6.2 99 0.104 4.0 3.6 4.2
8VCe8Zr2 500 6.2 92 0.085 3.4 3.6 3.7
10VCe8Zr2 500 6.2 84 0.098 5.1 3.6 4.6
15VCe8Zr2 500 6.2 68 0.092 4.9 3.6 5.4

8VCe 500 8.3 61 0.122 7.4 5.8 7.9
8VCe5Zr5 500 4.4 80 0.085 3.4 3.5 3.6
8VCe2Zr8 500 7.3 148 0.159 3.9 4.5 4.3

8VZr 500 6.1 146 0.160 3.4 3.5 4.4
8VCe2Zr8 550 7.6 101 0.138 5.2 4.1 5.5
8VCe2Zr8 600 8.3 44 0.122 1.2 0.7 1.1
8VCe2Zr8 650 10.4 22 0.093 2.7 1.3 1.7
8VCe2Zr8 700 12.1 16 0.098 3.5 1.8 2.5
a: Multipoint BET surface area; b: Total pore volume at P/P0 = 0.99; c: Maximum of the BJH pore diameter as 

determined from the adsorption branch; d: Maximum of the BJH pore diameter as determined from the desorption 
branch; e: BJH average pore diameter (4V/A)
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3. Results and discussion

3.1 Characterization of the Catalysts

3.1.1 Thermogravimetric analysis 
The TG-DSC result of the CexZr1-xO2 precursor is 
revealed, as shown in Figure 1. It can be obviously 
observed that the endothermic peak between 75 °C and 
180 °C on the DSC pattern, coupled with an arresting 
weight loss on the TG curve, can be attributed to the 
desorption of the chemical and/or physical adsorbed 
water located on the catalyst surface and/or pore 
structure of the catalyst. The dominating weight loss 
on the TG curve between 180 °C and 480 °C, along 
with a strong exothermic peak at 220 °C and a shoulder 
at approximate 255 °C, belongs to the pyrolysis of 
the carbon species and the decomposition of the 
surfactant. It is also found that the total weight loss 
is 18.8 wt%. Besides, no obvious crystalline phase 
transformation can be observed. After the temperature 
rises to 500 °C, the weight of the precursor no longer 
changes, indicating that the carbon species (surfactant 
molecules) in the catalyst can be eliminated completely 
after calcination in air at 500 °C. Thus, for the studied 
vanadia-based catalysts, the proper calcination 
temperature under air atmosphere is 500 °C because 
the extortionate temperature calcination can lead to 
an increase of catalyst size and a reduction of specific 
surface area. 

 
Figure 1. TG/DSC patterns of the precursor of CexZr1-xO2

3.1.2 X-ray diffraction
The XRD patterns of the synthesized VOx/Ce0.8Zr0.2O2 
catalysts with different content of vanadia loading 
are presented in Figure 2a. The main reflections are 
at 28.6°, 33.3°, 47.5° and 56.8° (2θ) corresponding 
to the cubic fluorite structure of CeO2. Besides, no 
obvious other phases are detected. This indicates that 

the ZrO2 dopant is contained within the lattice of CeO2, 
maintaining the fluorite structure while forming a solid 
solution[32]. As shown in Figure 2a, when the vanadia 
content is below 10 wt%, no XRD reflections of V2O5 
and CeVO4 structure are present, which indicates that 
the supported vanadia species are highly dispersive on 
the support surface and the size of powdery particles 
are too tiny to be detected by the conventional XRD 
method. However, when the vanadia content rises to 15 
wt%, the weak diffraction peaks appeared at 24.0° and 
32.7° (2θ) are attributed to the CeVO4 crystal phase. 
Daniell and coworkers suggested that CeO2 and VOx 
species would react to form CeVO4 at 573 K[35].

Figure 2. (a) XRD patterns of the catalysts with different VOx 
contents supported on Ce0.8Zr0.2O2 calcined at 500 °C; (b) XRD 

patterns of CexZr1-xO2 mixed oxides calcined at 500 °C; (c) XRD 
patterns of catalyst 8VCe2Zr8 calcined at different temperatures
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The XRD spectra of the mixed Ce-Zr oxide supports 
are shown in Figure 2b. As the Ce content varies, 
the support Ce-Zr oxides exhibit a phase transition 
from cubic structure to tetragonal structure where the 
ideal fluorite-type structure has the space group Fm-
3m while the tetragonal phase belonging to the P42/
nmc group has oxygen displacements from an ideal 
fluorite position[38]. This suggests the formation of Ce-
Zr-O solid solutions. It is previously indicated that the 
CexZr1-xO2 solid solutions have a tetragonal structure 
when x ≤ 0.5 and a fluorite-type cubic structure when 
x > 0.5[39]. From Figure 2a, the ceria and Ce0.8Zr0.2O2 
are crystallized in a cubic fluorite-type structure. The 
main diffraction peaks located at 2θ ≈ 28.6° and 47.5° 
are shifted towards higher diffraction angles for the 
cerianite structure, after the introduction of ZrO2 in 
the CeO2 lattice. This was attributed to the shrinkage 
of the lattices on account of the replacement of Ce4+ 
with a smaller Zr4+, being in agreement with the 
Vegard rule[40]. The tetragonal structure typical of CeO2 
appeared with x > 0.5.

The XRD patterns of a series of 8VCe2Zr8 catalysts 
calcined at different temperatures are shown in Figure 
2c. With an increase in the precalcination temperature 
of the 8VCe2Zr8 catalysts from 500 °C to 700 °C, 
the relative strength of Ce0.2Zr0.8O2 phase increases 
gradually, indicating that the crystallinity and the 
particle size of support Ce0.2Zr0.8O2 increase after high-
temperature heating treatment. When the catalyst was 
calcined at 650 °C and above, two weak diffraction 
features of CeVO4 structure at 24.0° and 32.7° (2θ) 
were observed, indicating that the reaction of VOx and 
CeO2 occurred after high temperature calcination. The 

V coverage also results in the formation of CeVO4, 
originating from the intimate contact between the 
Ce0.2Zr0.8O2 support and the dispersed VOx species, 
which indicates that the formation of CeVO4 is 
more easily than ZrV2O7. The mean particle sizes 
of Ce0.2Zr0.8O2, calculated by the Scherrer's equation 
with a half width of the diffraction peak of the (111) 
plane, are presented in Table 1. It is seen that the mean 
particle sizes of the Ce0.2Zr0.8O2 are in the range of 7.3-
12.1 nm when the calcination temperature of catalysts 
was from 500 to 700 °C. 

3.1.3 Nitrogen adsorption-desorption analysis
The nitrogen adsorption-desorption isotherms and the 
corresponding pore size distributions of the CexZr1-

xO2 supports and the VOx/CexZr1-xO2 catalysts with 
different vanadia contents and calcined at different 
temperatures are shown in Figures 3-5, and the- textual 
properties are listed in Table 1. The isotherms of all 
the surfactant-assisted synthesized catalysts exhibit 
a classical type IV which is the symbol of typical 
mesoporous materials. At a high relative pressure (P/
P0) range, a well-defined hysteresis loop, coupled 
with a relatively sharp steep desorption branch and 
a sloping adsorption branch is observed, indicating 
that the effective radii of the narrow entrances are of 
equal size while the effective radii of the mesopores 
are heterogeneously distributed[41]. The H2-type 
of the hysteresis loop is typical for hierarchical 
scaffold-like mesoporous structures and wormhole-
like mesostructures deriving from the surfactant-
assisted nanoparticle assembly[41,42].

 
Figure 3. (left) N2 sorption-desorption isotherms and (right) the corresponding pore size distribution curves of the CexZr1-xO2 

support with different Ce/Zr ratios: (a) CeO2, (b) Ce0.8Zr0.2O2, (c) Ce0.5Zr0.5O2, (d) Ce0.2Zr0.8O2, (e) ZrO2. The volume was shifted 
by 140, 120, 90, 0 and -25 for the curves of datasets a-e, and the dV/dD value was shifted by 0.08, 0.06, 0.04 and 0.01 for the 

curves of datasets a-e, respectively
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The N2 adsorption isotherms of the prepared catalysts 
present an obvious increase in the P/P0 range of 0.2-0.4, 
which is typical characteristic of capillary condensation 
within mesopores. The pore size distribution curves 
of the CexZr1-xO2 supports and the VOx/CexZr1-xO2 
catalysts with different vanadia contents present one 
single peak centered at 2.6-3.6 and 2.9-5.1 nm (Figures 
3 and 4), respectively, manifesting the porosity is 
homogeneous. As the vanadia content increases from 
0 to 15 wt%, the surface area of the catalyst decrease 
from 106 to 68 m2/g (Table 1), mainly due to the 
agglomeration of vanadia species on the Ce0.8Zr0.2O2 
support. The pore size distributions of the 8VCe2Zr8 
catalysts calcined at different temperatures are also 
narrow while the pore size increases with the calcination 
temperature (Figure 5). The average pore diameters of 
the 8VCe2Zr8 catalysts increase from 4.4 to 5.5 nm when 

the calcination temperature is from 500 to 550 °C, 
while the surface areas decrease from 148 to 101 m2/
g (Table 1). With a calcination temperature at 700 °C, 
the location of the inflection point in the isotherms of 
8VCe2Zr8 moved to a higher P/P0 range of 0.7-0.9, 
indicating an increase in the pore size, while the surface 
areas decreased to 16 m2/g (Table 1). According to 
Table 1, the vanadia addition can significantly affect 
the textural properties of the resultant catalysts. The 
surface area of the high Ce content support (Ce0.8Zr0.2O2) 
and the CeO2 support shrinks to a great certain due to 
the addition of V, indicating that the V species tend 
to block the pore structure of CeO2 corresponding to 
the obvious reduction of the pore volume after the V 
introduction. With the V addition to high Zr content 
support (Ce0.2Zr0.8O2) and pure ZrO2 support, the 
reduction of those supports become unobvious. The 

 
Figure 4. (left) N2 sorption-desorption isotherms and (right) the corresponding pore size distribution curves of the VOx/

Ce0.8Zr0.2O2 catalysts with different VOx contents: (a) Ce0.8Zr0.2O2, (b) 2VCe8Zr2, (c) 4VCe8Zr2, (d) 8VCe8Zr2, (e) 10VCe8Zr2, 
and (f) 15VCe8Zr2. The volume was shifted by 160, 125, 90, 50 and 20 for the curves of datasets a-e, and the dV/dD value was 

shifted by 0.1, 0.075, 0.055, 0.04 and 0.015 for the curves of data sets a-e, respectively

 
Figure 5. (left) N2 sorption-desorption isotherms and (right) the corresponding pore size distribution curves of the 8VCe2Zr8 
catalysts calcined at different temperatures: (a) 500 °C (b) 550 °C, (c) 600 °C, (d) 650 °C, and (e) 700 °C. The volume was 

shifted by 40, 25, 20 and 15 for the curves of the datasets a-d, and the dV/dD value was shifted by 0.075, 0.05, 0.025 and 0.012 
for the curves of datasets a-d, respectively
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high Zr content of CexZr1-xO2 supports may help the 
distribution of VOx species and inhibit the formation of 
large VOx agglomeration.

3.1.4 Transmission electron microscopy
The TEM images of the Ce0.8Zr0.2O2 and 8VCe8Zr2 
samples calcined at 500 °C are presented in Figure 
6. It is clearly indicated that the VOx/Ce0.8Zr0.2O2 
catalysts with different vanadia loading content possess 
wormhole-like disordered mesoporous structures 
resulting from the agglomeration of the uniform 
nanoparticles. The accessible pores are connected 
randomly, lacking a discernible long-range order 
among the small Ce0.8Zr0.2O2 particles, which is well 
in agreement with the N2 adsorption–desorption 
isotherms. The nanoparticles in these prepared catalysts 
demonstrate regular shapes with particle sizes of 
approximately 4 nm, consistent with the crystallite size 
calculated from the XRD patterns.

 
Figure 6. TEM images of (a) Ce0.8Zr0.2O2 and (b) 8VCe8Zr2 

catalysts calcined at 500 °C

3.1.5 Temperature-programmed reduction with 
hydrogen 
It is believed that the oxidative dehydrogenation 
reactions of alkanes over supported transition metal 
oxides are carried out by a redox mechanism, and the 
reductive ability of the catalyst plays an important 
role. Thus, the reduction properties of the mixed oxide 
supports were studied by temperature-programmed 
reduction; the hydrogen consumption profiles as a 
function of temperature are plotted in Figure 7. CeO2 
is well known to undergo surface and bulk reductions 
at approximately 520 °C and 800 °C, respectively. The 
former peak at 520 °C is well corresponding to the 
reduction peak of the Ce4+ species on catalyst surface, 
which is depending a lot to the surface area of the 
support. The latter originates from the bulk reduction of 
the oxide[41]. The TPR curve of the Ce0.8Zr0.2O2 support 

presents a primary reduction peak at approximately 
520 °C and another weak and broad reduction peak at 
about 780 °C (Figure 7a). The low-temperature peak at 
520 °C is more dominant compared to the TPR profile 
of CeO2. These results are consistent with the findings 
of previous studies of CexZr1-xO2

[43,44], indicating that 
the introduction of Zr element into CeO2 increased the 
reducibility of Ce4+ species because of the increase of 
the oxygen mobility for oxides with intermediate Ce/Zr 
ratios. Pure V2O5 can be reduced in four characteristic 
steps at H2 atmosphere. As reported by Machold et 
al.[45], the four-step reduction process of V2O5 could be 
depicted as: V2O5→V6O13→VO2→VnO2n−1→V2O3 (4 
< n < 8). 

Figure 7. H2-TPR profiles of the catalysts

The TPR curves of the VOx/CexZr1-xO2 catalysts 
present peaks which are generally shifted to lower 
temperatures compared to pure V2O5 bulks. For 
8VCe2Zr8, new reduction peak appeared with a maxima 
at 460 °C and the broader peak becomes visible (780 °C). 
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The first reduction peak is derived from the formation 
of polymeric and monomeric VOx species on the 
CexZr1-xO2 support surface and the interaction between 
the VOx species and the CexZr1-xO2 support[45]. An 
increase of vanadia loading to 15% results in more 
altering in the TPR profile, namely, the peak at 520 
°C assigned to the surface CeO2 species disappeared, 
and two reduction peaks can be observed at 620 and 
780 °C. Ten percent V2O5 is close to the monolayer 
capacity, suggesting that the coating VOx species 
on the CexZr1-xO2 surface inhibited the reduction of 
Ce4+ species located in the bulk and on the catalyst 
surface. In agreement with the literature[46,47], it is 
indicated that the catalysts containing V2O5 are more 
difficult to be reduced compared to the samples with 
vanadate species, which is identical to the decreased 
degree of V dispersion. Obviously, the peaks at above 
500 °C can serve as an indicator of the existence of 
agglomerated V2O5 phase. However, the reduction 
temperature of the pure V2O5 is still higher than that 
of V2O5-containing catalysts. The peak at 780 °C 
corresponded to reduction of CeVO4

[48]. This result is 
consistent with the XRD results.

The reductive ability of the VOx species interacting with 
different supports has already been investigated[24,25,49]. 
It is revealed that the small polymeric species are 
reduced more rapid at lower temperatures than the 
large polymeric species and isolated structures. Figure 
7b shows the TPR curves of the catalysts with 8 wt% 
vanadia supported on CexZr1-xO2. The reduction peaks 
of catalyst 8VCe appear at 500, ~550 and ~780 °C. The 
low temperature peaks (500~600 °C) are attributed to 
a combination of two redox couples: V5+/V4+ and Ce4+/

Ce3+. The high-temperature peak is attributed to Ce4+/
Ce3+ in the bulk. With a decreasing cerium content, 
the low-temperature peaks (500~600 °C) shift to a 
lower temperature, whereas the higher temperature 
peak gradually disappeared. Clearly, this phenomenon 
implied that the formation of CexZr1-xO2 solid solution 
through introducing ZrO2 into the CeO2 lattice 
promoted the release of the bulk lattice oxygen while 
the different Ce/Zr ratios of the supports influenced the 
formation of VOx species on the CexZr1-xO2 surface. 

3.1.6 Raman spectroscopy 
Raman spectroscopy was utilized to measure the 
structure of the VOx species both in crystalline and 
amorphous form. The Raman spectrum (Figure 8) of 
8VCe8Zr2 shows smaller bands at 239 and 590 cm-1 
and a large band at 460 cm-1. These Raman bands are 
the most intense ones for CeO2

[36]. The intensity of the 
band at 460 cm-1 nearly disappears in 8VCe2Zr8. For 
8VCe2Zr8 catalyst, new Raman spectrum bands appear 
at 310 and 630 cm-1, which are typical characteristics 
of the monoclinic phase of ZrO2

[43]. These findings 
corroborate the XRD data. The band at approximately 
1010 cm-1 in 8VCe8Zr2 and 8VCe2Zr8 is corresponding 
to the isolated species (V = O stretching mode). However, 
the coexistence of the broad at approximately 837 cm-1 
indicates the V–O–V modes in the polyvanadate 
structures[49]. Martínez-Huerta et al.[36] observed that 
CeVO4 exhibited an intense Raman band at 755 and 
839 cm-1. Thus, the attribution of the band at 750 cm-1 
in the spectra of 8VCe8Zr2 to the Ce-O-V stretching 
mode is reasonable, indicating that the surface 
vanadium species interact with the CexZr1-xO2 supports.

 
Figure 8. Raman spectra of the 8VCe8Zr2 and 8VCe2Zr8 catalysts
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3.1.7 Diffuse reflectance UV-vis spectroscopy
Figure 9 illustrates a comparison of the diffuse 
reflectance spectra of 8VCe8Zr2 and 8VCe2Zr8 
catalysts. These spectra exhibit charge-transfer bands 
below 500 nm. The CT bands at 320 nm and 244 
nm can be assigned to the tetrahedral chains of VOx 
linked to each other by V-O-V bridges and isolated 
tetrahedral VOx

[50]. An additional weak band at 340 nm 
is observed in these catalysts, revealing the presence of 
either isolated octahedrally coordinated or oligomeric 
tetrahedrally V5+ species[50]. The bands centered at 
ca. 243-250 and 315-320 nm assigned to the O→V 
bonds are also well conformed to the reported VOx 
catalysts on different supports[16,17,51,52]. The band at 
highly aggregated vanadia entities, related to the 
484 nm[50], cannot be observed in the spectra, indicating 
no aggregated VOx species arise on the 8VCe8Zr2 and 
8VCe2Zr8 catalysts. The results are well corresponding 
to the XRD, H2-TPR and Raman results, which suggest 
the vanadia species are finely dispersed on the catalyst 
surface. However, the absorption edge energies of 

these two catalysts are different. The energy decreases 
with the increase of the Ce/Zr ratio of the supports, 
reflecting an increase in the dimensionality and size of 
the VOx domains with the vanadium surface density 
increases[52]. Below the vanadium surface density, the 
ratio of isolated/polymeric surface vanadium species 
decreases continuously with the vanadium surface 
density. The percentage of vanadium species on the 
polymeric surface with bridging V-O-V bonds in the 
vanadium phase of the dehydrated supported can 
also be quantified from the UV-vis DRS edge energy 
(Eg) values in the sub-monolayer region[53]. Thus, the 
polymeric surface vanadium species of 8VCe2Zr8 
are greater than those of 8VCe8Zr2. This may be one 
of the reasons that the low-temperature reduction 
peaks (500~600 °C) shift to a lower temperature with 
a decrease in the cerium content during temperature-
programmed reduction with hydrogen. However, the 
isolated species are more different to be reduced than 
the aggregated surface VO4 species[10,24]. 

 
Figure 9. Diffuse reflectance UV-vis spectra of the 8VCe8Zr2 and 8VCe2Zr8 catalysts

3.1.8 X-ray photoelectron spectroscopy
For the purpose of acquiring explicit information 
on the chemical states of the anions and cations and 
determining the surface composition of the prepared 
catalysts, X-ray photoelectron spectroscopy was 
conducted. The XPS V 2p spectra of 8VCe8Zr2 and 
8VCe2Zr8 are shown in Figure 10a. The V valence 
states were determined taking the V 2p3/2 peak into 
account. After Shirley background subtraction, the V 
2p3/2 peaks were fitted with Gaussian-Lorentzian curves, 
and the results are reported in Table 2. The V3+, V4+ and 

V5+ oxidation states were asserted when the binding 
energies of V 2p3/2 were 514.0 eV, 516.2 eV and 517.1 
eV, respectively. In the fresh catalysts 8VCe8Zr2 and 
8VCe2Zr8, V5+ and V4+ could be detected[18,45], but V3+ 
was not identified. However, the surface V5+/V4+ ratio 
is different. For 8VCe8Zr2, V5+ is the main vanadium 
state. Because of the increase in the V4+ content, the 
8VCe2Zr8 catalyst shows initial oxidation states of 
~4.5, indicating that the “polyvanadate” net structure 
reported by Klose[54] comprises the chains with [V3O7]

− 
as the base unit on the surface.
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Table 2. Surface V4+/V5+, Ce3+/Ce4+ and Ce/Zr ratios of the 
catalysts estimated according to the XPS results

Catalyst Surface V4+/
V5+ ratio

Surface Ce3+/
Ce4+ ratio

Surface Ce/
Zr ratio

8VCe8Zr2 0.13 0.12 4.88
8VCe2Zr8 0.48 0.13 0.31

As depicted in Figure 10b, the O 1s peak at BE = ca. 
529.4 eV can be deconvoluted into two components: 
one at 531.6 eV and the other at 529.5 eV. The former 
is attributable to surface hydroxyl group species, while 
the latter is attributable to surface lattice oxygen[38].

In Figure 10c, two sets of Ce 3d signals are evident: 
one set has peaks at BE = 900.8, 903.3, 907.4 and 
916.5 eV attributing to Ce 3d3/2, while the other set 
has peaks at BE = 882.4, 884.3, 889.1 and 898.2 eV 
attributable to Ce 3d5/2

[38,55]. The signals at BE = 884.3 
and 903.3 eV are corresponding to Ce3+, while the 
others are corresponding to Ce4+[38,55]. The coexistence 
of Ce4+ and Ce3+ ions indicate the presence of oxygen 

vacancies in/on the catalysts. The V5+-O2--Ce3+ sites 
result from the well-dispersed vanadia on the CeO2 
support[36]. A reduction in the values of the BE of the 
Ce 3d5/2 (882.4 eV) appears compared to that of bulk 
CeO2 (882.9 eV). This shift can be explained by the 
established interaction between the ZrO2 and CeO2, i.e., 
the formation of Ce–O–Zr bonds[38].

Figure 10d manifests the photoemission spectra of 
Zr 3d of the prepared catalysts which exhibit a doublet 
corresponding to Zr 3d5/2 approximately 181.9 eV 
and Zr 3d3/2 approximately 184.2 eV. Interestingly the 
binding energy of Zr 3d5/2 is lower than that in ZrO2 
(182.9 eV), but higher than that in Zr metal (180.0 eV), 
and similar to ZrOx (0 < x < 2, 181.4 eV)[38]. Thus, the 
formation of CexZr1−xO2 solid solutions is proved.

The surface atomic contents of V, Ce and Zr are 
4.43%, 6.44% and 20.83% for 8VCe2Zr8, and 4.68%, 
27.88% and 4.35% for 8VCe8Zr2, respectively, 
estimated by XPS. For 8VCe8Zr2 and 8VCe2Zr8, 

Figure 10. XPS analysis of the 8VCe8Zr2 and 8VCe2Zr8 catalysts: (a) V 2p spectrum; (b) O 1s spectrum; (c) Ce 3d spectrum; 
and (d) Zr 3d spectrum
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the surface atomic ratios of V/(V+Ce+Zr) are 0.139 
and 0.126, respectively, which are higher than those 
calculated for the preparation. Consequently, the 
isolated and polymeric VOx species spreading on the 
surface of catalysts are deriving from the vanadium 
oxides[45]. With regard to the Ce/Zr atomic ratio, it 
should be noted that the Ce/Zr ratio (4.88 and 0.31) 
is higher than the nominal atomic ratio (4 and 0.25), 
indicating surface enrichment in cerium. 

3.2 Catalytic Performance

3.2.1 Oxidative dehydrogenation of propane
The catalytic behavior of the synthesized VOx-
based catalysts in the ODHP reaction was studied 
using a molar ratio of C3H8/O2 at 1:1 as cofeeding 
gas under a range of reaction temperatures between 
200 and 600 °C. With the exception of the ideal 
product (propylene), the presence of O2 in the 
reacting mixture facilitates the oxidation reactions 
of propane and/or propylene to form CO and CO2. 
Small amounts of ethane, ethylene, and oxygenates 
(e.g. acetaldehyde and acetic acid) were also traced. 
The values of propane conversion as a function of 
reaction temperature are shown in Figure 11. It is 
revealed that an increase in the propane conversion 
with temperature is usually accompanied by an 
increase of the selectivity toward the carbon oxides 
and a decrease of the selectivity toward propylene. 
The catalytic activity of VOx/Ce0.8Zr0.2O2 catalysts is 
improved with the increase of VOx loading content 
from 2 to 8 wt%, and thus, the 8VCe8Zr2 catalyst 
demonstrates the highest catalytic activity. However, 

a further increase in the VOx content resulted in a 
decrease in the catalytic activity. The initial activity 
with the increase of vanadium content may be 
related to an increase in the concentration of the 
surface vanadium oxide species. The lower activity 
of 15VCe8Zr2 must be ascribed to the formation of 
CeVO4 (CeVO4 has low catalytic activity) due to 
high vanadium loading[35]. This finding reveals that 
the activity of the prepared catalysts significantly 
depend on the dispersion of the surface VOx species, 
supported by the XRD and H2-TPR results. In Table 
1, the surface area of VOx/Ce0.8Zr0.2O2 with different 
VO x content catalysts initially decreases with 
vanadia loading and then remains relatively constant, 
as reported with similar observations[17,35,52,54]. The 
initial reduction of the surface area might result 
from the plugging of pore structures. This behavior 
suggests that 8VCe8Zr2 has the largest amount of 
monolayer dispersive VOx species on the surface 
and the most active species with a higher ODHP 
activity.  The V2O5 supporting on mesoporous 
nanostructured Ce0.8Zr0.2O2 significantly improves 
the catalytic performance of V2O5, which could run 
this reaction at relatively low temperature (250 °C). 
The higher conversion of 18.42% was obtained for 
8VCe8Zr2 at 350 °C. The conversion of propane at 
the low temperature upper end of performance data 
has been reported for cerium-supported vanadium 
catalysts[35,56]. The higher surface area of mesoporous 
nanostructured catalysts may promote the higher 
dispersion of oxidation catalyst nanoparticles, thus 
improving the catalytic performance.
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The ODHP activity of the catalysts with 8 wt% 
VOx supported on CexZr1-xO2 is presented in Figure 
12. When compared to the supported pure ceria, the 
catalysts utilizing binary ceria-zirconia oxides as 
supports exhibit higher propane conversions. These high 
conversions may result from the Zr4+ ions in the lattice 
which promote the formation of oxygen vacancies on 
the surface of the binary oxide supports, determined 
by the H2-TPR results. However, this must not be the 
only reason, as the results of the DR UV-vis, Raman, 
H2-TPR and XPS studies indicate that different Ce/
Zr ratios of the supports impacted the formation of the 
VOx species on the CexZr1-xO2 surface. In addition, the 
activity of 8VCe2Zr8 is higher than the activity of the 
8VZr catalyst, which may be attributed to Ce3+ ions 
appearing on the surface of the binary ceria-zirconia 
oxide-supported V2O5. The coexistence of Ce3+ and Ce4+ 
ions suggests the presence of oxygen vacancies on/in 
the catalysts. The catalytic performance of 8VCe8Zr2 
and 8VCe2Zr8 are reported in Figure 13. The selectivity 
toward propylene decreases with the increase of propane 
conversion, accompanied by increased selectivity toward 
CO at a lower propane conversion (for 8VCe8Zr2 is < 
27% and for 8VCe2Zr8 is < 22%). The selectivity to 
CO2 remains rather constant. This behavior indicates 
that CO is formed from propylene under oxygen-excess 
conditions. At higher reaction temperatures, the oxygen 
becomes limiting. The selectivity to CO decreases with 
the increase of propane conversion, accompanied by 
an increased selectivity to CO2. Thus, CO2 generates 
at higher propane conversions directly from propane. 
However, the most interesting results are the increasing 

selectivity toward propylene with increasing propane 
conversion under the same conditions. Especially for 
8VCe2Zr8, this behavior is obvious. The additional 
contribution to the formation of propylene may originate 
from the contributions of the catalytic dehydrogenation 
and the homogeneous reactions, especially when the 
reaction process is performed under O2-lean conditions. 

Figure 12. Conversion of C3H8 and selectivity to C3H6 as a 
function of the temperature of reaction of the 8VOx/CexZr1-xO2 

catalysts

Figure 11. Conversion of C3H8 and selectivity to C3H6 as a function of the temperature of reaction of the VOx/Ce0.8Zr0.2O2 
catalysts with different VOx contents
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Figure 14 shows the ODHP catalytic performance 
of the 8VCe2Zr8 catalysts calcined at different 
temperatures. The catalytic activity of the 8VCe2Zr8 
catalyst decreased with the pre-calcination temperature 
rising from 500 to 700 °C. The loss of activity 
may be related to the formation of CeVO4 at high 
calcination temperature. For this series of catalysts, 
the loss of activity may result from the large decrease 
of surface area with vanadia loading. In Figure 14b, 
the 8VCe2Zr8 catalyst calcined at 700 °C exhibits a 
slightly high selectivity to propylene at low reaction 

temperatures ( < 400 °C). Despite its low activity, 
the better selectivity of the 8VCe2Zr8-700 catalyst 
must be attributed to the existence of the surface sites 
with the low reactivity upon the formation of cerium 
vanadate. The lower selectivity of 8VCe2Zr8-700 
at higher reaction temperatures ( > 400 °C) may be 
attributed to the catalytic dehydrogenation of propane 
to propylene over the surface vanadium species under 
oxygen limiting conditions, whereas CeVO4 does not 
demonstrate catalytic dehydrogenation activity. 

 
Figure 13. Selectivity to C3H6, CO and CO2 as a function of the degree of the conversion of the C3H8 catalytic activity of 

8VCe8Zr2 and 8VCe2Zr8 in ODHP

 
Figure 14. (a) Conversion of C3H8 as a function of the temperature of reaction of the 8VCe2Zr8 catalysts calcined at different 

temperatures; (b) Selectivity to C3H6 as a function of the temperature of the reaction of the 8VCe2Zr8 catalysts calcined at 
different temperatures

3.2.2 Direct dehydrogenation of propane
The activity of 8VCe8Zr2 and 8VCe2Zr8 towards 
direct propane dehydrogenation was evaluated to 
study the relationship between the ODHP and catalytic 

direct dehydrogenation of propane, shown in Figure 
15. Interestingly, the 8VCe8Zr2 catalyst exhibits less 
activity for propane conversion and more selectivity 
for propylene than 8VCe2Zr8 under oxygen-excess 
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conditions (at a lower reaction temperature). The 
catalytic dehydrogenation cannot be operated at this 
temperature. However, the propylene is primarily 
formed through the direct dehydrogenation of propane 
instead of the oxidative dehydrogenation pathway with 
a further increase of the reaction temperature. It can 
be seen that propane begins direct dehydrogenation 
to propylene over 8VCe8Zr2 and 8VCe2Zr8 at 350 

and 400 °C, respectively. This behavior leads to the 
increasing selectivity toward propylene with the 
increasing conversion of propane under oxygen-
lean conditions (at a higher reaction temperature). 
This finding indicates that the direct dehydrogenation 
of propane plays an important role in the oxidative 
dehydrogenation of propane over supported vanadium 
catalysts, especially at higher reaction temperatures.

 
Figure 15. Conversion of C3H8 in ODHP, selectivity to C3H6 in ODHP and conversion of C3H8 in DHP as a function of the 

temperature of the reaction of the 8VCe8Zr2 and 8VCe2Zr8 catalysts

The results of the DR UV-vis, Raman, H2-TPR and 
XPS studies indicate that the different Ce/Zr ratios of 
supports make a great difference on the formation of 
the VOx species on the CexZr1-xO2 catalyst surface. The 
polymeric surface vanadium species of 8VCe2Zr8 are 
greater than those of 8VCe8Zr2. In combination with 
the results of the catalytic performance, we suggest that 
the catalysts with polymerized VOx species are more 
strongly oxidizing toward CO and less selective for 
propylene than the catalysts with isolated VOx species 
in the ODHP. Furthermore, the polyvanadate species 
show high activity to the direct dehydrogenation of 
propane. These results agree with the previous reports 
about the ODHP using vanadia catalysts, indicating 
that the isolated vanadate species were significantly 
less active than polyvanadate[54]. However, there have 
been several different ideas about the active species 
on the catalytic dehydrogenation of n-butane over a 
VOx-based catalyst. Jackson et al.[51] proposed that 
the reduced polyvanadate species are the optimum 
compounds for dehydrogenation reaction, whereas 
McGregor and coworkers[57] identified the isolated 
vanadia species as the active compounds for the 
dehydrogenation of butane. The recent work on the 

nature of active phase of VOx catalysts supported on a 
SiBeta zeolite for dehydrogenation reaction of propane 
to propylene also suggested that the aggregation degree 
of VOx species determined the deactivation rate and 
propylene selectivity[26]. 

3.2.3 Catalyst stability in the oxidative dehydrogenation 
of propane
DHP is a highly endothermic equilibrium limited 
reaction that is generally carried out at a proper 
atmospheric pressure and relatively high temperatures. 
Catalytic deactivation may be induced by the high 
temperatures required to achieve a sensible propane 
conversion for the dehydrogenation reaction. The 
VOx-based catalysts in DHP suffer from two typical 
deactivation types: (i) coke deposition, a reversible 
deactivation and (ii) the changes of the active V 
phases, an irreversible deactivation[50]. The DHP 
reaction operated over mesoporous nanostructured 
VOx/CexZr1-xO2 catalysts in the ODHP at higher 
temperatures. Thus, in order to understand the 
catalytic behavior of the prepared catalysts, time-on-
stream studies were carried out. Figure 16 exhibits 
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the catalytic performance of the 8VCe2Zr8 catalyst 
in an 80 h at 450 °C. The steady-state values of ca. 
24% for the conversion of propane, of ca. 32% for 
the selectivity to propylene and of ca. 6% for the 
propylene yield were obtained during the experiment. 
The good stability of 8VCe2Zr8 in the OHDP, 
feeding oxygen as well as the propane, indicates that 

this alternative process is energetically favorable 
on account of the lower required temperatures and 
the sequential enhanced catalytic stability by the 
prevention of coke deposition. Furthermore, this 
reaction is neither endothermic nor equilibrium 
limited and therefore provides important advantages 
compared to DHP processes.

 
Figure 16. Variation in the conversion of C3H8, selectivity to C3H6 and yield of C3H6 with time-on-stream over 8VCe2Zr8 in 

the ODHP at 450 °C 

Figure 17a shows the Raman spectra of the 8VCe2Zr8 
catalyst after 80 h on stream under C3H8-O2 conditions. 
The Raman spectra are similar for the used and 
fresh samples. The Raman bands of the catalyst do 
not disappear after the reaction, indicating that the 
deposited hydrocarbons do not appear on the surface 
of the catalyst[56]. Furthermore, no new bands appear 
in the spectra. For the DR UV-vis study, over time, the 

absorbance increases, if the absorbance between 600 and 
800 nm are corresponding to the coke formation[18]. 
However, the DR UV-vis spectra of the used and fresh 
catalysts are very similar (Figure 17b), suggesting that 
the mesoporous nanostructured 8VCe2Zr8 catalyst 
present a stable catalytic performance in the oxidative 
dehydrogenation of propane.

 
Figure 17. (a) Raman spectra of the fresh and used 8VCe2Zr8 catalysts; (b) Diffuse reflectance UV-vis spectra of the fresh and 

used 8VCe2Zr8 catalysts
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4. Conclusions
By the approach of a surfactant-assisted method of 
nanoparticle assembly, mesoporous nanostructured 
VOx/CexZr1-xO2 catalysts with narrow mesopore size 
distributions and high surface areas were successfully 
synthesized. The CeVO4 phase contained in the 
catalysts with excessive VOx content ( > 10%) or 
calcined at high temperatures ( > 650 °C), has negative 
influence on the catalytic performance of the ODHP 
reaction. The results of the H2-TPR, Raman, DR XPS 
and UV-vis studies indicate that different Ce/Zr ratios of 
the supports influenced the formation of VOx species on 
the CexZr1-xO2 surface. Detailedly, adding ZrO2 to CeO2 
lattice to form solid solution is conducive to the release 
of bulk lattice oxygen, boosting the ODHP reaction. 
The polymeric surface vanadium species with relatively 
low catalytic activity are greater on/in 8VCe2Zr8 than 
on/in 8Vce8Zr2, determined by XRD and H2-TPR. 
The existence of V-O-V and V-O-Zr bonds which are 
identified as highly reactive sites[58] are detected via 
UV-vis spectroscopy on the 8VCe8Zr2 and 8VCe2Zr8 
catalysts with no obvious V = O bonds, causing the 
higher catalytic activity of these catalysts compared to 
other VOx/CexZr1-xO2 catalysts. In combination with the 
results of the catalytic performance, it is suggested that 
the catalysts with polymerized VOx species are more 
strongly oxidizing toward CO and less selective for 
propylene than the catalysts with isolated VOx species 
in the ODHP. Furthermore, the polyvanadate species 
show high activity to the direct dehydrogenation of 
propane. The 8VCe2Zr8 catalyst exhibits a stable 
catalytic performance in the oxidative dehydrogenation 
of propane. 
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