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Abstract

CeO; supported V,0s catalysts were prepared by the wetness impregnation technique and their surface structures were characterized by O,
chemisorption, X-ray diffraction (XRD) and Raman spectroscopy (LRS). The surface acidity and basicity were measured by using microcalorimetry
and infrared spectroscopy (FTIR) for the adsorption of NH3; and CO,. Temperature programmed reduction (TPR) was employed for the redox
properties. In particular, isopropanol probe reactions with and without the presence of O, were employed to provide the additional information
about the surface acidity and redox properties of the catalysts. Variation of loading of V,0s and calcination temperature brought about the changes
of surface structures of dispersed vanadium species, and hence the surface acidic and redox properties. Structural characterizations indicated that
V,0s can be well dispersed on the surface of CeO,. The monolayer dispersion capacity was found to be about 8 VV/nm?, corresponding to about
10% V,0s by weight in a V,05/CeO, sample with the surface area of 80 m?/g. Vanadium species in the catalysts (673 K calcined) with loading
lower than 10% were highly dispersed and exhibited strong surface acidity and redox ability, while higher loading resulted in the formation of
significant amount of surface crystalline V,0s, which showed fairly strong surface acidity and significantly weakened redox ability. Calcination
of a 10% V,05/Ce0, at 873 K resulted in the formation of mainly Ce\VVO, on the surface, which showed low surface acidity and redox ability. The
probe reaction seemed to suggest that the calcination at higher temperature might cause the decrease of surface acidity more than redox ability.
Thus, the 10% V,05/CeO, catalyst calcined at 873 K exhibited much higher selectivity to benzaldehyde as compared to other V,0s/CeO, catalysts

studied in this work, although its activity for the conversion of toluene was relatively low.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Supported vanadia are extensively used as industrial cata-
lysts for the processes such as selective oxidation of methanol
to formaldehyde [1] and methyl formate [2], selective oxidation
of o-xylene to phthalic anhydride [3,4], ammoxidation of alkyl
aromatic hydrocarbons [5,6], removal of NO, and SO, [7], oxi-
dation of SO, to SO3 [8], selective catalytic reduction (SCR) of
nitric oxides [9], etc.

Due to the restrictions of thermal stability, mechanical
strength and surface area of bulk V2Os, it is generally not used
directly as a catalyst in industry. It is usually supported on dif-
ferent carriers for different purposes. With a suitable support, its
surface area, thermal stability and mechanical strength could be
improved [10]. Studies indicated that the intensive interactions
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between a support and V,0s, and the dispersion and surface
structures as well as the redox and acid—base properties of V2,05
would be modified by supports [11,12]. Hence, the supported
V705 are sometimes used as model catalysts [13]. In fact, by
employing different supports (such as SiO,, Al,O3 and TiO3)
and loadings, the surface structure [14,15] and number of sur-
face sites as well as the surface acid—base [16-18] and redox
properties [19] can be intentionally monitored.

Due to its prominent ability of storing and feeding oxygen,
CeO; has attracted much attention by the researchers in catalysis
[20] with the emphasis on CeO, supported noble metals used
in the auto-exhaust treatments [21]. There were a few studies
reported for the system of V,05/CeO,. Courcot et al. [22,23]
found that CeVO4 was formed due to the reaction between
V7,05 and CeO; at high temperatures. Knozinger et al. [24] used
V205/CeO, catalysts for the dehydrogenation of propane and
obtained some good results.

In this work, we studied the V,05/CeO; catalysts mainly
in terms of their surface acid—base and redox properties which
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were attempted to be correlated with the catalytic behavior of
these catalysts for the selective oxidation of toluene to ben-
zaldehyde and benzoic acid. Specifically, the surface acidity
and basicity were characterized by employing the microcalori-
metric adsorption of ammonia and CO», while the redox prop-
erty was revealed by the traditional technique of temperature-
programmed-reduction (TPR). Meanwhile, the surface acid-
ity/basicity and redox property as well as their relative impor-
tance were probed by the reaction of isopropanol over the cata-
lysts with and without the presence of O,.

2. Experimental

2.1. Sample preparation

Ce0O, was obtained by calcining Ce(NQO3),-6H20 (A.R.) in
airat 773 K for 5 h. The V,05/Ce0O>, catalysts with various load-
ings (2.5-20wt.% V,0s5) were prepared by using the wetness
impregnation method. Specifically, in each case of preparation,
a known amount of CeO, was added into the aqueous solution
containing the desired amount of vanadium oxalate and stirred.
After being kept at room temperature overnight, it was dried
at 383K for 12 h and then calcined at 673 K for 5h. One sam-
ple (10% V,05/Ce0,) was also calcined separately at 773 and
873 K for 5h, and was termed as 10% V,0s/Ce0O5 (773 K) and
10% V,05/Ce05 (873 K), respectively. A bulk V205 was pre-
pared for comparison by calcining a NH;VO3 (A.R.) at 673K
for5h.

2.2. Characterizations

Surface areas (Sger) of the samples were measured on
the Micromeritics ASAP 2000 instrument employing the BET
method. The samples were degassed at 623 K for 2h and N
adsorption was performed at 77 K.

The dispersion of vanadium species was measured by using
the high temperature oxygen chemisorption method (HTOC)
[25]. A sample was reduced in flowing H» at 640 K for 2 h, and
then oxygen uptake was measured at the same temperature.

The X-ray diffraction (XRD) was performed on a Swiss
made X’TRA X-ray diffractometer using a Cu target with
radiation of 0.15418 nm and a scanning speed of 10°/min.
The applied voltage and current were 45kV and 40mA,
respectively.

Raman spectra (LRS) were collected on a France made JY
HR800 spectrograph with a resolution of 2cm—1.

X-ray photoelectron spectra (XPS) were acquired with a
Britain VG ESCALB MK-II using Mg Ka (1253.6eV) as the
excitation source and C 1s (284.6 eV) as the internal standard.
The surface atomic ratio was obtained by the integral compari-
son of the element peak areas.

Microcalorimetric adsorption measurements were performed
by using a Setaram C80 calorimeter. The samples were calcined
in 500 Torr Oy at 673 K for 1 h followed by evacuation at 673 K
for 2h. NH3 and CO, were used as the probe molecules for
the measurements of surface acidity and basicity, respectively.
The probe molecules were purified with the freeze—pump-thaw

cycles. Microcalorimetric adsorption measurements were car-
ried out at 423 K.

The infrared (FTIR) measurements for NH3 adsorbed sam-
ples were recorded with a Bruker IFS66V FTIR spectrograph.
The samples were self-sustaining wafers with 13 mm in diam-
eter and a thickness of about 20 mg/cm?. A wafer was usually
treated in 500 Torr O at 673 K for 1 h, followed by evacuation
for 2h. About 10-20 Torr NH3 was introduced and then evac-
uated at room temperature after 30 min. The IR spectra of the
surface species were obtained by subtracting the blank from the
spectra with adsorbed ammonia.

The TPR apparatus used was a home-made unit. The hydro-
gen consumption peak was monitored by a thermal conductivity
detector (TCD). The sample holder was a U-tube made of quartz
(9d3). A 5% Hz/N2 gas mixture with a purity of 99.999% was
used for the TPR with a flow rate of 40 mL/min. In each mea-
surement, about 50 mg of a sample was used. After sweeping
with the 5% Hy/N2 mixed gas for 0.5 h at room temperature, the
temperature was raised linearly with a rate of 10 K/min.

2.3. Catalytic tests

The dehydration and dehydrogenation reactions of iso-
propanol were carried out in a home-made fixed-bed micro-
reactor (12) connected to a gas chromatograph. The samples
were heated in air at 673 K for 1 h before the reaction. The car-
rier gas (N2 or air) with a flow rate of 60 mL/min was passed
through a liquid saturator containing isopropanol at 295 K, when
isopropanol was evaporated and passed through the catalyst
bed at a rate of 3mL/min (in vapor). About 0.1g of a sample
(20-40 meshes) was loaded for each test. The data were usu-
ally collected after the reaction for 2 h when the stable state was
achieved. The reaction products were analyzed on-line with gas
chromatograph using a packed column PEG 20000 and a flame
ionization detector (FID).

The catalytic oxidation of toluene was performed in a fixed-
bed micro-reactor (210) connected to a gas chromatograph. Air
with a flow rate of 62 mL/min was passed through a liquid satu-
rator containing toluene at 330 K in order to have a molar ratio
of air to toluene of 5:1. About 0.5¢g catalyst (20-40 meshes),
diluted with 2 mL quartz sand (20-40 meshes), was loaded for
each test. The catalysts were usually treated in air at 673 K for
1 h before the reaction. The reaction temperature was monitored
at 623 K and the reaction data were collected after 2 h in stream
when the stable state was achieved. The reaction products were
analyzed on-line with a gas chromatograph. A capillary column
(HP-FFAP) with a FID was used to detect toluene, benzalde-
hyde, benzoic acid, benzoic alcohol and other possible organic
products while a packed column (Hayesep D) with a TCD was
used to detect CO and CO».

3. Results and discussion
3.1. Surface structures

The surface areas of the catalysts were given in Table 1.
The support, CeO,, obtained by the direct calcination of
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Table 1

Surface area, O, uptake, density of adsorbed O, and calculated density of V on the surface of V,05/CeQ; catalysts

Catalyst SgeT (M2/g) O, uptake? (mmol/g) O density measured® (O/nm?) V density calculated® (V/nm?)
CeO 83 0.119 1.73 0

2.5% V,05/Ce0, 81 0.198 2.94 2.04

5% V,05/Ce0; 72 0.303 5.07 4.60

10% V;,05/Ce0, 56 0.373 8.02 11.83

10% V,05/Ce0; (773 K) 45 0.292 7.82 14.72

10% V,05/Ce0; (873K) 26 0.120 5.56 25.47

20% V,05/Ce0; 48 0.372 9.34 27.60

V705 14 0.270 23.23 473.1

@ Both reduction of samples by H, and O, adsorption were performed at 640 K.

b Supposing that each surface V adsorbs an oxygen atom.

¢ Supposing that all the vanadium atoms locate on the surface (100% dispersion).

Ce(NO3)3-6H,0 had a BET area of 83m?2/g. With the addi-
tion of V,0s, the surface area was decreased with the increase
of loading. There are usually two reasons responsible for the
decrease of surface area of supported catalysts: (1) some pores
are blocked by the supported species [26] and (2) solid reac-
tion may occur between the support and supported species to
form some new compound that is of low surface area [22,23].
In the present work, the calcination temperature (673 K) was
lower than that for the solid reaction between CeO, and V,0s,
and the decrease of surface area might be ascribed to the reason
(2). For the 10% V,05/CeQ, surface area was decreased from
56 to 26 m2/g when the calcination temperature was increased
from 673 to 873 K. This was apparently due to the solid reaction.
In fact, we will show later that a new compound, CeVVOyq4, was
formed when the 10% V205/CeO2 was calcined at higher tem-
peratures. The V,Os used in this work was obtained by the direct
calcination of NH4VO3 and its surface area was determined to
be 14 m?/g.

The monolayer dispersion capacity for V05 can be cal-
culated theoretically [27]. However, the dispersion strongly
depends on the method of preparation and properties of inter-
actions between the support and supported species. V205 may
not be dispersed monolayerly even if the loading is lower than
the monolayer dispersion capacity. For V,05/CeO,, the situ-
ation might be even more complicated since a solid reaction
would occur. Therefore, we prepared the catalysts with different
loadings (2.5-20%) and calcined one of them (10%) at different
temperatures (673, 773 and 873 K) in order to investigate the
factors influencing the dispersion and surface structure of V205
on CeO».

O, adsorption can be used to titrate the dispersion of a
metal oxide on the surface of a support. Parekh and Weller [28]
and Weller [29] proposed a low temperature oxygen adsorp-
tion method (LTOC) while Oyama et al. [25] suggested a high
temperature oxygen adsorption method (HTOC). It was also
suggested that the HTOC might pose less possibility for the
bulk reduction and sintering [30], and therefore, we adopted
this method for the measurements of vanadium dispersion in
this work. Table 1 gives the density of surface oxygen atom
obtained in this way. Different from the supports such as Al, O3,
SiO; and TiOy, CeO; itself adsorbed a large amount of O,
indicating that some Ce** were reduced to Ce3* in H, at 640 K.

Addition of V05 increased the O, uptake, and reached a max-
imum (0.373 mmol/g) at the loading of 10%. Further increase
of V05 loading did not increase the O, uptake, indicating that
the amount of V205 in 10% V205/CeO, might have reached or
even exceeded the monolayer dispersion capacity. For the 10%
V205/CeO3, calcination at higher temperatures decreased O»
uptake, probably due to the decreased surface area or the forma-
tion of CeVOy, that is more resistant to reduction and oxidation.

The surface oxygen density (SOD) measured varied with
V705 loading, too. It increased significantly from 1.73 to
8.02 O/nm? with the loading up to 10%. Further increase of load-
ing did not increase SOD significantly, again indicating the reach
of the monolayer capacity. For the 10% V,0s5/CeO>, calcination
at higher temperatures greatly decreased the O, uptake. How-
ever, the decrease of SOD was not as great as that of O, uptake.
This might be due to the decrease of surface area upon calci-
nation at higher temperatures. It is interesting to note that the
10% V>05/Ce0> (673 K) and 10%V,05/Ce0, (773 K) had the
similar SOD (8.02 O/nm? versus 7.82 O/nm?), indicating some
similarities of surface structure of vanadium species in these two
samples. Calcination at 873 K greatly decreased SOD, implying
the formation of some compound with low redox ability.

Since the reduced CeO> also adsorbed Oy, it was difficult
to estimate the surface V density (SVD) by supposing the 1/1
ratio for O/V. When the loading of V2,05 was low, oxygen must
adsorb on both V and Ce sites. With the increase of loading,
the surface CeO2 might be covered by V,0s5 and oxygen might
be adsorbed mainly on V sites. By comparing SOD measured
with SVD calculated supposing 100% dispersion of V,0s, it is
clearly seen from Table 1 that the measured SOD was greater
than SVD for the samples with 2.5% and 5% V,Os, indicating
that the O, adsorption did occur on both V and Ce sites. In con-
trast, with the further increase of loading, the measured SOD
was lower than calculated SVD, implying that O, adsorption
occurred mainly on V sites. In this case, it seems possible to
estimate the dispersion of V,0s. Suppose that oxygen adsorp-
tion only involved V sites for the 10% V,05/CeO; (673 K), the
dispersion of V,05 was estimated to be about 68%. In addi-
tion, the surface V density of this sample was about 8 V/nm? as
determined by O, adsorption (supposing O/V =1). The mono-
layer capacity can then be estimated to be 6.8% V205 with
the surface area of 56 m?/g. Ten percent V,0s should be the
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Fig. 1. XRD patterns of VV,05/CeO, catalysts.

monolayer capacity for a Vo0Os5/CeO, sample with the surface
area of 80 m?/g. Thus, the vanadia loading in 10% V,05/CeO5
(673 K) (56 m?/g) exceeded the monolayer capacity. The SOD
measured for unsupported V,0s was 22.23 O/nm?, which was
much higher than the theoretical value of 8 O/nm?, indicating
that the HTOC method might have titrated some bulk V20s.
The SODs measured for the 10% V,05/Ce0O, (873 K) and 20%
V7,05/CeO, were about 21.8% and 33.8% of those of calculated
SVDs, owing to the formation of CeVVO,4 and crystalline V205
on the surface, respectively.

Fig. 1 gives the XRD patterns of V205/CeO; catalysts with
different loadings. All the samples exhibited the characteristic
peaks of CeO,. XRD patterns for CeVO4 appeared for the 10%
V,05/Ce0, and 20% V,05/CeO, samples. Knozinger et al.
suggested that VO, and CeO, began to react to form CeVOq4
on the surface at 573 K [24]. With the increase of loading, crys-
talline V2,05 appeared in the 20% V205/CeO2 sample. No XRD
patterns for crystalline V205 and CeVVO4 were observed for the
samples with the loading of V,Os lower than 10%, indicating
the highly dispersed states of vanadium species in these samples.

Fig. 2 shows the XRD patterns for the 10% V,05/CeO;
calcined at different temperatures. The characteristic peaks for
CeVO4 became more intensive and sharper with the increase
of calcination temperature, illustrating the formation of more
CeVOy and the growth of its particle size. Meanwhile, the peaks
for CeO, also became sharper, indicating the sintering of CeOa,
which was consistent with the results of measurements of sur-
face areas and O adsorption.

Intensity (a.u.)

20 30 40 50 60
2 Theta (degree)

Fig. 2. XRD patterns of the 10% V,05/CeO, catalyst calcined at different tem-
peratures.

20%V,0/Ce0,

10%V,0,/Ce0,(873)

Intensity (a.u.)

10%V505/Ce0, (773)

Ce0,

1200 1000 800 600 400 200
Raman shift (cm>l)

Fig. 3. Raman spectra of VV,05/Ce0O, catalysts. Samples were calcined at 673 K
except for other two 10% V,0s/CeO, samples which were calcined at 773 and
873 K, respectively, as indicated.

In Fig. 3 are shown in the Raman spectra of CeO; and
V705/CeO, catalysts. CeO, exhibits a characteristic Raman
peak around 458 cm~! [23,31], while crystalline V,0s has
the typical Raman peaks around 990, 694, 526, 403, 299 and
281cm~1 [32]. The set of peaks at 857, 795, 782, 376 and
256 cm~1 belongs to CeVO, [23]. When the loading was low
(2.5% and 5% V,05), the Raman spectra only showed the peak
for CeOg, revealing the highly dispersed state of vanadium
species in these two samples. Raman peaks for crystalline V205
appeared in the 10% V,05/CeO,, indicating that the amount
of V205 in this sample exceeded the monolayer capacity. The
20% V205/Ce0; sample exhibited intensive Raman peaks for
the crystalline VV2,0s. Wachs and coworker [13] suggested a SVD
of 8 V/nm? for the monolayer dispersion of vanadia over CeOo,
which was coincident with our value measured (8.02 \V/nm?) for
the 10% V,05/CeO;. It should be mentioned that the XRD pat-
tern did not show any sign for the presence of crystalline V,05
in the 10% V,05/Ce0s>. Instead, the XRD clearly indicated the
presence of CeVOy in the 10% V,05/Ce0O,, while the Raman
spectrum only showed a very weak peak for CeVVOy in this sam-
ple. This is a case that indicates the advantage to use different
techniques for the determination of surface structures of vana-
dium species. With the increase of calcination temperature, the
Raman peaks for CeVVO,4 became more intensive while those for
crystalline V2 Os disappeared. This result indicated the diffusion
of vanadium cations into the lattice of CeO, and the formation
of more CeVOg4 on the surface with the increase of calcination
temperatures.

XPS spectra for the 10% V,0s/CeO, are shown in
Figs. 4 and 5. The corresponding binding energies and sur-
face V/Ce atomic ratios were summarized in Table 2. With the
increase of calcination temperature, the binding energies for O
1s and Ce 3ds, were lowered, probably due to the formation
of CeVO;,. In fact, cerium in CeVO,4 was in the valence of +3.
Literature data showed that the binding energy for V°* in V05
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Fig. 4. XPS spectra of O 1s and V 2p in the 10% V,0s/CeO; catalyst calcined
at different temperatures.
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Fig.5. XPS spectra of Ce 3d in the 10% V,0s/CeO,, catalyst calcined at different
temperatures.

was between 517.4 and 516.4 eV, while it was between 515.7
and 515.4eV for V** in V,04 [33]. With the increase of calci-
nation temperature from 673 to 773 K, the binding energy of V
2p3/2 in 10% V,05/Ce0O, decreased from 516.70 to 516.45¢eV,
indicating some extent of reduction of vanadium cations. Fur-
ther increase of calcination temperature to 873 K did not bring
about the further decrease of binding energy, probably due to
the formation of CeVOQy, in which vanadium cations were in
the valent state of +5. The surface VV/Ce atomic ratio increased
and then decreased with the increase of calcination temperature,
revealing that vanadia spread further on the surface of CeO; and
then diffused into the lattice of CeOs.

3.2. Acid-base properties

Fig. 6 displays the results of microcalorimetric adsorption of
NH3 on CeOy, V205 and the V,05/CeO; catalysts at 423 K.

Table 2
Binding energies (eV) of O 1s, Ce 3ds/2, and V 2p3, as well as V/Ce atomic
ratios for the 10% V,05/CeO; catalyst calcined at different temperatures

Calcination Binding energy (eV) VI/Ce atomic ratio
temperature (K)
O1s Ce 3dspp V 2p3p
673 529.20 882.10 516.70 0.44
773 529.15 882.00 516.45 0.47
873 529.10 881.75 516.45 0.31
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Fig. 6. Differential heats vs. coverage for NH3 adsorption at 423K on V;0s,
Ce0; and V,05/Ce0, catalysts.

The results showed that CeO» was quite acidic, with initial heat
of 142 kJ/mol and coverage of 1.9 mol/m? for the adsorption of
NH3. Addition of V,0s5 enhanced the surface acidity: the ini-
tial heat was 169 and 177 kJ/mol with the NH3 coverage of 2.4
and 2.7 mol/m?, respectively, for the 2.5% and 5% V,0s5/CeO5.
The strong acid sites must be due to the highly dispersed vana-
dia since either CeO, or V705 alone displayed lower initial
heat for ammonia adsorption. Similar results have been reported
for V,05/TiO, catalysts [17,18]. Further increase of loading of
V705 did not bring about the further increase of initial heats, but
increased the ammonia coverage significantly, indicating the for-
mation of weak acidic sites. These weak acid sites might be due
to the crystalline V', Os that appeared when the loading exceeded
the monolayer capacity for the 10% and 20% V,05/CeQ5. Simi-
lar results were reported for V,O5/SiO, catalysts [17,18]. V205
usually does not spread on SiO. It forms crystalline grains on
the surface of SiO, and creates weak acid sites. The surface
area of V,0s5 was low. Microcalorimetric adsorption of ammo-
nia showed that the surface acid sites on V2,05 were not strong,
but dense. The initial heat was 137 kJ/mol and the coverage was
about 4.5 mol/m? for the adsorption of ammonia on unsupported
V705,

The results of microcalorimetric adsorption of ammonia on
the 10% V,05/Ce0O> calcined at different temperatures were
shown in Fig. 7. Although surface areas were decreased greatly
after calcination at temperatures higher than 673 K, the initial
heat and site density for ammonia adsorption did not decreased
significantly. In fact, the initial heat and site density for the

200
— —0— 673 K calcined
g IGO'X\ —m— 773 K calcined
- A —4— 873 K calcined
2 A\
51200 A\
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80y N N
5 A LN O
5 A_g-m e g
£ 404 \A\'A\_._‘\t\..
=
0 T T T T T T
00 05 1.0 LS 20 25 3.0 35

NH; Coverage (pmol-m?)

Fig. 7. Differential heats vs. coverage for NH3 adsorption at 423 K on the 10%
V205/CeO;, calcined at 673, 773 and 873 K, respectively.
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Fig. 8. FTIR spectra for NH3 adsorption at room temperature on V,05/CeO;
catalysts.

samples calcined at 673 and 773 K were essentially the same,
again indicating that these two samples might have similar
surface structure. Only after calcination at 873 K, the initial
heat and site density were decreased for ammonia adsorption.
FTIR spectra for ammonia adsorption on V2,05, CeO, and
V,05/Ce0, samples were shown in Figs. 8 and 9. It is generally
believed that the IR peaks around 1393, 1450, and 1680 cm—1
are due to the vibrations of NH4* produced by the NH3
adsorption on Bronsted acid sites, while the peaks around 1610
and 1230-1260cm~! are due to the coordinatively adsorbed
NH3 on Lewis acid sites [34,35]. We assigned the peaks at
1460 and 1360cm~! for Bronsted acid sites while those at
1552, 1235cm~?1 for Lewis acid sites on CeO,. Thus, both
Bronsted and Lewis acid sites were quite a few on CeO;. On the
other hand, V205 displayed mainly the Bronsted acidity with
a main IR peak around 1425cm~1. The IR spectra of 5-20%
V,05/CeO, samples were similar to that of V705, clearly
evidencing that the surface of CeO, was covered by V20s. The
IR spectrum for the 10% V,05/CeO; calcined at 873 K still
showed the main peak for Bronsted acid sites (Fig. 9), indicating
that the surface of this sample was also mainly covered by
vanadium species although both XRD and LRS demonstrated
that the main species on the surface of this sample might be
CeVOy. The IR peaks at 1605 and 1260 cm~—1 became weaker
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Fig. 9. FTIR spectra for NH3 adsorption at room temperature on 10%
V;,05/CeO;, calcined at 673 K (a) and 873K (b).
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Fig. 10. Differential heats vs. coverage for CO, adsorption at 423 K on CeO;
(0), 2.5% V,05/Ce0; (A), 5% V205/Ce0; (OJ), 10% V,05/CeO,, (®) and 20%
V;,05/Ce0; (O) calcined at 673 K as well as the 10% V,0s/CeO; calcined at
773K (O) and at 873K (O).

when calcined at higher temperature, indicating the diffusion
of surface crystalline V,Os into the lattice of CeOs.

CeO, is an amphoteric compound, exhibiting both surface
acidity and basicity. Fig. 10 presents the results for microcalori-
metric adsorption of CO; at 423 K on CeO; and the V,05/CeO
samples. CeO, exhibited the initial heat of 138 kJ/mol and site
density of about 1.2 pmol/m? for CO, adsorption. Addition of
even small amount of V,05 (2.5%) greatly decreased the site
density for CO, adsorption, indicating the well dispersion of
V205 on the surface of CeO,. With the further increase of
loading of V,0s, the base sites as titrated by CO, continued
to decrease up to 10% V,0s5/CeO, with which surface crys-
talline V2Os appeared. Calcination at temperatures higher than
673 K further decreased the surface sites for CO, adsorption,
apparently owing to the formation of CeVOg,.

3.3. Redox properties

TPR is frequently used to study the redox property of metal
oxide catalysts. Figs. 11 and 12 present the TPR results for V2 Os,
CeO; and V,,05/Ce0;, catalysts with different loadings and cal-
cination temperatures. Although a detailed description of these
TPR profiles is difficult, some useful information can still be
obtained by observing the systematic changes of these profiles.

Fig. 11 shows that there were two TPR peaks around 715
and 833K for CeO, at lower temperature region that can be
attributed to the reduction of surface Ce** to Ce®* [36]. The
peaks with temperatures higher than 1100 K might be assigned
to the reduction of bulk CeO2 [36]. Addition of 2.5% V,0s5
brought about the increase of the peak around 830K, appar-
ently owing to the reduction of surface vanadium species, and
almost did not change the peaks for CeO; at the high temper-
ature region. At the same time, the peak around 715K for the
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Fig. 11. TPR profiles of V205, CeO; and V,05/CeO; catalysts.

reduction of surface CeO, was significantly decreased. Increase
of loading to 5% led to more changes of the TPR profile: the peak
at 715 K for surface CeO, disappeared and the unresolved peaks
for bulk CeO, were diminished to a much smaller peak around
1080 K. Since 5% V05 is close to the monolayer capacity, this
result indicates that covering CeO; surface by vanadium species
inhibited the reduction of CeO, both on the surface and in the
bulk. Thus, the peaks around 830 and 1080 K in the TPR profile
of 5% V,,05/CeO, may be assigned to the reduction of surface
vanadium species and bulk CeO,, respectively. It appears that
the reduction of surface vanadium species on CeO; was totally
different from that of bulk V,0s. In fact, Fig. 11 shows that
the TPR profile of our bulk V2,05 sample possessed four peaks
around 972, 1047, 1153 and 1218 K, which was different from
those reported in the literature [37,38].

10% and 20% V,05/CeO, samples had the similar TPR pro-
files, with two peaks around 870 and 990 K. As compared to
those of 2.5% and 5% V,05/CeOy, it is apparent that the low
temperature peak shift to higher temperature while the high tem-
perature peak shift to lower temperature in the TPR profiles of
10% and 20% V,0s5/Ce0>. In addition, the area of the peak at
the higher temperature increased significantly. We attributed the
peak around 870 K to the reduction of surface vanadia while that
around 990K to the reduction of bulk CeOs. This assignment
was consistent with the results of structural characterizations
as well as the TPR results for the 10% V,05/CeO> calcined at
different temperatures (Fig. 12).

967
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Fig. 12. TPR profiles of 10% V,05/CeO; calcined at different temperatures.

Raman spectroscopy indicated the presence of crystalline
V205 on the surface of 10% and 20% V205/CeQO; samples. It is
reasonable that the crystalline V2,05 particles exhibited reduc-
tion peak temperature higher than the highly dispersed vanadium
species. Thus, the reduction peak around 870 K in the TPR pro-
files of 10% and 20% V,0s5/CeO3 can actually be assigned to
the reduction of crystalline V205 with highly dispersed vana-
dium species on the surface. In addition, the two samples had the
high loading of V205 and XRD results revealed the formation
of CeVO,. The formation of CeVO4 could be facilitated during
TPR process. Thus, the peak around 990 K in the TPR profiles
of 10% and 20% V,05/CeO; can be assigned to the reduction
of bulk Ce** to Ce®* with the formation of CeVOj.

The TPR results from the 10% V,0s/CeO>, calcined at dif-
ferent temperatures support the above assignments. It is seen
from Fig. 12 that both peaks shift to lower temperatures with
the increase of calcination temperature. In addition, the area
of the peak at lower temperature became smaller. This may
be explained as this. Increasing calcination temperature pro-
moted the diffusion of vanadium cations into the lattice of CeO»,
which decreased the amount and size of surface crystalline V05
and thereby led to the lower reduction peak temperature and
decreased peak area. No apparent peak area change can be
observed for the peak at higher temperature. The peak also shifts
to lower temperature, which might be due to the formation of
CeVOy, that facilitated the reduction of Ce** to Ce3*.

3.4. Isopropanol probe reaction

The isopropanol (IPA) probe reaction has been extensively
used to characterize the surface acid/base properties. It is gener-
ally true that IPA converts to propylene (PPE) and diisopropyl
ether (DIPE) on acid sites while converts to acetone (ACE) on
base sites when the reaction is performed in an inert atmosphere
[39]. However, when the reaction is carried out with the pres-
ence of Oy, IPA can be oxidized to ACE, which may be used to
characterize the redox property of a catalyst [40-42].

Table 3 and Fig. 13 present the results for the probe reac-
tion of IPA on CeO2, V205 and V20s5/CeO, catalysts in N»
at 493 K. CeO;, exhibited low activity for the reaction. Addi-
tion of V205 greatly enhanced the activity due to the increase
of surface acidity (increased the selectivity to PPE and DIPE).
The IPA conversion reached maximum at the loading (V20s)

Table 3
Conversion of isopropanol on CeO;, V,05 and V,05/CeO, catalysts in N, at
493K

Catalyst IPA conv. Sel. to Sel. to Sel. to
(%) PPE (%) DIPE (%) ACE (%)
Ce0; 0.6 76 0 24
2.5% V,05/Ce0> 13 74 10 16
5% V,05/Ce07 4.6 58 34 8
10% V,05/Ce0; 218 51 46 3
20% V,05/Ce0; 7.0 48 44 8
V705 7.2 71 1 28

Note: IPA, PPE, DIPE and ACE represent isopropanol, propylene, diisopropyl
ether and acetone, respectively.
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Fig. 13. Conversion of isopropanol (M) and selectivity to propylene (O), diiso-
propyl ether (OJ), and acetone () on CeO3, V205 and V205/CeO; catalysts in
Nz at 493 K.

of 10%. Then, the conversion of IPA decreased with the further
increase of loading. This indicates that the addition of V05
with the loading significantly higher than the monolayer capac-
ity could not lead to the high surface acidity. In contrast, high
loading of V205 might cause the decrease of surface area and
the formation of surface crystalline V205 and thus decreased
the activity for the conversion of IPA. The selectivity to ACE
decreased with the increase of V2Os loading up to 10%. This can
be explained by the gradual neutralization of surface basicity of
Ce03 by V20s. Further increasing V2Os loading, the selectivity
to ACE increased again. This might be caused by the direct dehy-
drogenation of IPA on vanadium species [43]. In addition, the
selectivity to PPE decreased while that to DIPE increased with
the increase of V205 loading for the V,05/CeO> catalysts. This
result indicated that the formation of surface crystalline V,0s5
might decrease the surface acidity, which is consistent with the
results of microcalorimetric adsorption of ammonia presented
above. It is generally believed that strong acid sites favor the
dehydration in a molecule of IPA to form PPE while the weak
acid sites favor the dehydration between two molecules of IPA
to form DIPE.

Table 4 gives the results of IPA probe reaction in Ny for
the 10% V,05/CeO, calcined at different temperatures. The
conversion of IPA at 413 K on these samples was high enough
for a comparison. Since the reaction temperature is relatively
low, DIPE was the main reaction product (>90%). The results
in Table 4 showed that the 10% V,05/CeO,, calcined at 673 and
773 K exhibited similar surface acidity for the conversion of
IPA. Calcination at 873 K greatly decreased the IPA conversion,
reflecting the decreased surface acidity. These results agree well

Table 4
Conversion of isopropanol in Ny at 413K on the 10% V,0s5/CeO; catalysts
calcined at different temperatures

Catalyst IPA conv.  Sel. to Sel. to Sel. to
(%) PPE (%) DIPE (%) ACE (%)

10% V,0s5/Ce0; (673K) 6.1 6 92 2

10% V,0s5/Ce0, (773K) 7.8 5 95 0

10% V,0s5/Ce0; (873K) 0.8 8 92 0

Note: IPA, PPE, DIPE and ACE represent isopropanol, propylene, diisopropyl
ether and acetone, respectively.

Table 5
Conversion of isopropanol in air at 393K on CeO, V,05 and V,05/Ce0,
catalysts

Catalyst IPAconv.  Sel. to Sel. to Sel. to
(%) PPE (%) DIPE (%) ACE (%)
Ce0; 0.3 9 0 91
2.5% V,05/Ce0; 4.5 1 2 97
5% V,05/CeO> 4.6 1 0 99
10% V,05/Ce0; 3.2 5 2 93
10% V05/Ce0; (773K) 3.0 2 6 92
10% V20s5/CeO; (873K) 1.1 4 0 96
20% V,05/Ce07 4.6 13 35 52
V205 7.8 25 52 23

Note: |PA, PPE, DIPE and ACE represent isopropanol, propylene, diisopropyl
ether and acetone, respectively.

with the surface acidity for the samples as measured by the
microcalorimetric adsorption of ammonia.

Table 5 presents the results for the probe reaction of IPA on
Ce02, V205 and V205/Ce02 catalysts in air at 393 K. The pres-
ence of Oy greatly enhanced the conversion of IPA as well as
the selectivity to acetone, an oxidative dehydrogenation product,
indicating that the redox process over these catalysts under-
went easily for the probe reaction. Although the surface area
of V,05 was much lower than that of CeO», it exhibited much
higher activity than CeO, for the selective oxidation of IPA.
This demonstrates that V,Os possesses stronger redox ability
than CeO,. The product selectivity showed that CeO, exhibited
mainly redox property with acetone as its main product while
V7,05 displayed acidic property with the formation of mainly
dehydration products.

Addition of 2.5% and 5% V,0Os on CeO; greatly enhanced the
conversion of IPA. The selectivity to acetone was also increased.
Such result suggests that the vanadium species highly dispersed
on CeO; was of strong redox ability and displayed little sur-
face acidity for the IPA probe reaction with the presence of
O5. Further increase of loading (V20s) to 10% resulted in an
increase of selectivity to propylene and a decrease of selectivity
to acetone, indicating the increase of surface acidity owing to the
formation of crystalline V205 in the 109% V,05/CeO, (Raman
result). The catalyst with 20% V,0s exhibited significant sur-
face acidity with 48% dehydration products. In fact, this sample
possessed significant amount of crystalline V05 particles on
the surface (Raman and XRD results).

The 10% V,05/CeO; calcined at different temperatures
showed the similar selectivity for the IPA probe reaction with
the presence of O,. They exhibited mainly the redox property
with acetone as the main product. Increase of calcination tem-
perature decreased the conversion of IPA. It is interesting to note
that the 10% V,05/Ce0> (673 K) and 10% V,05/CeO, (773 K)
exhibited similar conversion and selectivity for the IPA probe
reaction. This indicates that although the structural characteri-
zations showed some differences in surface phases in the two
samples, the main surface structure of the two samples might
be essentially the same, leading to the similar surface acidity
and redox property. The active sites in this case might be the
highly dispersed vanadium species in the two samples. Structural
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Table 6

Results of selective oxidation of toluene on CeO;, V205 and V,05/Ce0O, catalysts at 623 K

Catalyst Tolue conv. (%)  Sel.to BAo (%)  Sel.to BA (%)  Sel. to BAc (%)  Sel.to COx (%)  Total sel. (%)  Total yield (%)
CeOy 20.9 0 0 0 100 0 0

2.5% V,05/Ce0, 25.0 0 17.3 0 82.7 17.3 4.3

5% V,05/Ce0> 24.7 0.7 17.8 0.2 81.3 18.7 4.6

10% V,05/Ce0, 214 0 184 0 81.6 18.4 3.9

10% V,05/Ce0; (773 K) 22.4 0.6 14.0 1.0 84.4 15.6 35

10% V,05/Ce0; (873K) 4.0 2.7 59.6 0 37.7 62.3 25

20% V,05/Ce0, 235 0.6 135 0.3 85.6 14.4 34

V,05 4.2 0 52 0 46 52 2.2

Note: Tolue, BAo, BA and BAc denote toluene, benzyl alcohol, benzaldehyde and benzoic acid, respectively.

characterizations showed that the surface of 10% V,05/CeO;
(873 K) was mainly covered by CeVOy. It exhibited low con-
version of IPA even with the presence of O,. But the selectivity
to acetone was increased as compared to the other two counter-
parts. Thus, this sample possessed low surface acidity and weak
redox ability, but its redox ability did not seem to be decreased
as much as its acidity.

3.5. Selective oxidation of toluene

Table 6 gives the results for the selective oxidation of toluene
over CeOz, V205 and V,0s/Ce0; catalysts at 623 K. Only
non-selective reactions occurred on CeO, and V205 was not
active at all at 623K for the reaction. All the V,05/CeO,
catalysts calcined at 673 K exhibited similar conversion of
toluene (21-25%), and the catalysts containing 2.5-10% V,0s
(673 K calcination) showed the similar selectivity to benzalde-
hyde (17-18%). Structural characterizations above showed that
the 2.5% and 5% V,0s5/CeQ, possessed exclusively while the
10% V,05/Ce03 (673 K) mainly the highly dispersed vanadium
species on the surface. Only small amount of crystalline V205
were present on the surface of 10% V,05/CeO; (673K). In
addition, these samples exhibited similar catalytic behavior for
the IPA probe reaction with the presence of O,. Thus, the sim-
ilar surface structure as well as the similar surface acidity and
redox property might be responsible for the similar behavior
of these catalysts for the selective oxidation of toluene. The
20% V,05/Ce0, catalyst possessed significant amount of crys-
talline V,0s5 on the surface and exhibited significant surface
acidity in the IPA probe reaction even with the presence of Os.
Thus, the sample exhibited lower selectivity to benzaldehyde for
the oxidation of toluene. It was known that the surface of 10%
V,05/Ce0; (873 K) was mainly covered by CeVOy, displaying
weak surface acidity and a relatively stronger redox property in
the IPA probe reaction with the presence of O,. Accordingly, this
catalyst exhibited low toluene conversion (4%), but significantly
enhanced selectivity to benzaldehyde (~60%). Although the cat-
alysts 2.5-10% V,05/Ce0; (673 K) exhibited mainly the redox
property for the IPA probe reaction with the presence of Oy,
they showed mainly the surface acidity for the IPA probe reac-
tion in N2. That might be why the selectivity to benzaldehyde
over these catalysts was low. In contrast, the 10% V,05/CeO>
(873 K) showed low surface acidity even for the IPA probe reac-
tion in Na.

A few types of surface species may exist when V;0s is
dispersed on CeO, [44]. These surface species may involve
the following: (1) isolated VVO4 unit, (2) dimeric or polymeric
vanadium species, (3) two-dimensional network of vanadium
species, (4) three-dimensional crystalline V2,05 and (5) CeVOy,
a product of solid phase reaction. Structural characterizations
showed that in the catalysts studied in this work, the 2.5% and
5% V,05/CeO, might have dimeric or polymeric vanadium
species on the surface. In the 10% V205/CeO2 sample, there
might be the two-dimensional network of vanadium species
on the surface since the amount of vanadia in this sample
exceeded the monolayer capacity. Some crystalline V,0s and
CeVO4 were also observed in this sample. Significant amount
of three-dimensional crystalline V,Os were present in the
20% V,05/CeO, sample. Calcination at temperatures higher
than 673 K resulted in the formation of significant amount of
CeVOy.

There might be three types of V-O bonds in the sup-
ported V,0s catalysts, i.e. V=0, V-0-V and V-O-support
[44]. Dumesic and coworker suggested the formation of V-OH
(surface acid sites) from V=0 [16]. The density of V-OH
increases with the increase of loading up to the monolayer
capacity when it reaches maximum. This trend was observed
in our IPA probe reactions for the V,05/CeO5 catalysts. The
redox property of the catalysts might be mainly originated
from the bonds V-O-support instead of the V-O-V bonds.
This is because that bulk V205 exhibited mainly the acidic
rather than the redox property. Weckhuysen and Keller [44]
ascribed the activity of selective oxidation of methanol to
formaldehyde to the VV-O-support bonds in the supported vana-
dia catalysts after comparing the effects of different supports.
Christodoulakis et al. [45] also found that the V-O-support
bonds played an importantrole in the supported vanadia catalysts
for the dehydrogenation of propane. It is difficult to determine
the surface density of the V-O-support bonds directly. How-
ever, it is reasonable to infer that the highest density of the
surface V-0O-support bonds might be reached when the load-
ing of V205 is lower than the monolayer capacity, since once
the loading reaches the monolayer capacity, the surface vana-
dium species would form a two-dimensional network in which
V-0-V may be the most popular bonds. The V,0s loading
in the 5% V,05/Ce0O, was close to the monolayer capacity as
discussed above. This catalyst might possess strongest redox
ability in the catalysts studied here. In fact, it exhibited the
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highest activity for the selective oxidation of IPA and toluene.
The so-called highly dispersed vanadium species we mentioned
above can be taken as the isolated, dimeric and polymeric vana-
dium species. The surface V—-O-Ce bonds seemed important
for the selective oxidation of toluene. However, once CeVOg4
was formed, the activity for the oxidation reactions decreased.
It seemed that the oxygen anions in CeVVO4 were less active
than those in CeO, and V205 since they were more strongly
bonded in the lattice of CeVOg4 than in those of CeO, and
V20s. The reason may be simple. The valent states of Ce
and V are relatively stabilized at +3 and +5, respectively, in
CeVOy, leading to the weakened redox ability of CeVO,. There-
fore, the catalyst with abundant surface CeVVO,4 exhibited low
activity for the oxidation of toluene, but high selectivity to
benzaldehyde.

4. Conclusion

In conclusion, we demonstrated in this work that V205 can
be well dispersed on the surface of CeO,. The monolayer dis-
persion capacity was found to be about 8 VV/nm?, corresponding
to about 10% V205 by weight in a V205/CeO, sample with the
surface area of about 80 m?/g. Variation of loading of V/,Os and
calcination temperature brought about the changes of surface
structures of dispersed vanadium species, and hence the surface
acidic and redox properties. Microcalorimetric adsorption of
NH3 and CO; indicated that CeO, possessed fairly strong
surface acidity and basicity. Addition of V05 enhanced the
surface acidity as well as the redox property, but decreased the
surface basicity. Isopropanol was mainly converted to dehy-
dration products (propylene and diisopropyl ether) without O»,
while mainly to oxidation product (acetone) with O, over the
V,05/Ce0; catalysts. However, V2,05 and the 20% V2 05/CeO;
catalyst exhibited surface acidity with the formation of signif-
icant amount of dehydration products in the isopropanol probe
reaction even performed with the presence of O,. The combi-
nation of the reactions for the conversions of isopropanol with
and without the presence of O, seems to probe the variations of
surface structure, acidity and redox property of the V,05/CeO;
catalysts sensitively. The probe reaction revealed that vanadium
species were highly dispersed on the surface of the V,05/CeO>
catalysts with loading lower than 10%, although structural
characterizations (XRD and LRS) indicated the presence of
small amount of phases such as crystalline V,05 and CeVO, in
the 10% V205/CeQ,. The 20% V,05/CeO, catalyst possessed
significant amount of crystalline V205 on the surface and there-
fore it exhibited catalytic properties similar to bulk V2 Os for the
probe reaction. Calcination of the 10% V,05/CeQ, catalyst at
873 K resulted in the formation of mainly CeVVO4 on the surface,
which showed low surface acidity and redox ability. However,
the probe reaction indicated that the calcination at 873 K seemed
to cause the decrease of surface acidity more than redox ability.
Thus, it exhibited much higher selectivity to benzaldehyde
as compared to the other V,0s5/CeO, catalysts studied in
this work, although its activity for the conversion of toluene
was low.
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