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Abstract 

The dispersion of vanadium oxide, VzOs, on tetragonal zirconia, t-ZrO,, and the effect of the dispersed vanadium oxide on the texture of 
zirconia have been studied by X-ray diffraction (XRD), laser Raman spectroscopy (LRS), differential thermal analysis (DTA) and BET 
surface-area measurements. The results indicate that the dispersion of vanadium oxide possibly proceeds by the incorporation of V5+ ions 
into the vacant surface sites on the support, provided that the loading amount of vanadium oxide is not higher than its dispersion capacity. 
Quantitative XRD results give a dispersion capacity of 0.42 mm01 V,O,/lOO m2 t-ZrO,, which is in good agreement with the value evaluated 
by the incorporation model. On the other hand, the dispersed vanadium oxide species effectively inhibit the sintering of zirconia and its 
conversion from tetragonal to monoclinic phase. When the loading of VzO, is below its dispersion capacity, the crystallization temperature 
and the surface area of the samples strongly depend on the content of vanadium oxide. Crystalline V205 appears when its loading is higher 
than the dispersion capacity, but it has little influence on the physical properties of the samples. 0 1998 Elsevier Science S.A. All rights 
reserved. 

Keq’~ords: Dispersion capacity; Incorporation model: Textural properties; ZrO,; V,Os 

1. Introduction 

Metal oxide-oxide support interactions have attracted 
much attention because of the wide application of supported 
metal oxide systems. It has been well demonstrated that under 
appropriate conditions many kinds of metal oxides can be 
dispersed on the surface of the supports. However, the micro- 
scopic nature of the interaction between metal oxide and 
support remains unclear, and a diversity or even contradiction 
of results and interpretations can be found in the literature. 
Xie and Tang [ 1 ] were the first to report that metal oxide can 
disperse spontaneously as a monolayer on tbe surface of y- 
Al,O, by the calcination of their physical mixture under ambi- 
ent atmosphere, and the dispersion capacities of a series of 
metal oxides on y-A120, have been measured quantitatively 
by the XRD method. It has been well documented that when 
the loading amount of a metal oxide is lower than its disper- 
sion capacity, it can be highly dispersed on the surface of the 
support by calcination [ I]. Margraf et al. have studied they- 
Al,O,-supported molybdenum oxide system in detail. They 
concluded that the spreading of molybdenum oxide occurs 
during calcination of the physical mixture in the absence and 
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in the presence of water vapour, whereas a chemical trans- 
formation of MOO, into a surface polymolybdate is only 
observed in the presence of water vapour. The spreading 
process has been discussed in terms of solid-solid wetting in 
the formation of a monolayer of the dispersed species on the 
surface of y-&O3 [ 2,3]. The importance of the interaction 
between the dispersed oxide species and the support in the 
properties of the samples is self evident. It has been reported 
that in some of the supported oxide systems, due to the strong 
interactions between the dispersed oxide species and the sup- 
port, appropriate calcination eliminates the differences in 
samples prepared by different methods [ 4,5]. In other words, 
in these systems the ultimate surface species formed after 
calcination is basically unaffected by the path used to obtain 
it. Comparison of the Raman spectra of calcined Mo0a/Ti02 
samples obtained by equilibrium adsorption, dry impregna- 
tion or calcination of a physical mixture has shown that the 
surface molybdates on TiO, are similar in all three cases, 
regardless of how they are formed [4]. Similar conclusions 
have been drawn in studies of the MoO,/CeO, system [S] . 
Concerning the interaction of the dispersed oxide species and 
the surface of the support, an incorporation model has been 
proposed, suggesting that the dispersed metal cations are 
incorporated into the vacant surface sites of the support with 

0254-0584/98/$ - see front matter 0 1998 Elsevier Science %A. All rights reserved. 
PIi SO254-0584(98)00154-O 



Z. Liu er al. / A4aterials Chemistry and Physics 56 (1998) 134-139 135 

their accompanying anions positioned on the top for extra 
charge compensation ]5-81. With the assumption that the 
( 110) planes on y-Al,O, and the ( 111) planes on CeO, are 
preferentially exposed, the incorporation model has been 
used to evaluate quantitatively the dispersion capacities of 
various ionic compounds on y-A1203 [ 6-81 and CeO, [ 51, 
and the results are consistent with the experimental data. 

Vanadium oxide catalysts in combination with different 
kinds of promoters are widely used for reactions such as the 
oxidation of hydrocarbons [ 9, lo], the amnoxidation of aro- 
matics or methylaromatics [ 111, and the reduction of NO2 
by NH, [ 121. Great efforts have been made to investigate the 
nature of the active sites and the surface structures of these 
catalysts [ 13-151. Usually the supports used are TiO, and 
A1203 [ 16- 191; comparatively fewer studies have been car- 
ried out on zirconia-supported systems [ 20,211. 

Due to its interesting thermal and mechanical properties, 
zirconia has received increasing attention in a wide range of 
practical applications ranging from catalysis to ceramic mate- 
rials. Zirconia has three polymorphic forms, i.e., the mono- 
clinic, tetragonal and cubic phases, which are stable at 
different temperature ranges. Although the monoclinic phase 
is thermodynamically more stable at room temperature, the 
tetragonal (t) phase, which is usually stable between 1100 
and 24OO”C, can be stabilized at room temperature under 
certain conditions. Several studies have been devoted to the 
effects of adding various metal cations on improving the 
stability of tetragonal zirconia (t-Z&&) [ 22-241. Such influ- 
ence should be related to the interactions between the metal 
oxides and the support. 

The aim of this work is to investigate the dispersion behav- 
iour of vanadium oxide on t-ZrO, and the influences of sup- 
ported vanadium oxide species on the structural properties of 
zirconia by means of X-ray diffraction (XRD), laser Raman 
spectroscopy (LRS), differential thermal analysis (DTA) 
and BET surface-area measurements. 

Table 1 
Physical properties of samples 

2. Experimental 

2.1. Sample preparation 

Hydrous zirconium oxide was prepared by rapidly adding 
concentrated NHSOH to a 0.3 M ZrOCl,. SH,O (A.R) aque- 
ous solution, the final pH value of the suspension being 
adjusted to 10.3-10.6. The precipitate was washed with dis- 
tilled water until the pH value reached 7 and no chloride ions 
were detected, and then dried at 373 K for 10 h. 

Tetragonal zirconia (t-ZrO,) was prepared by the method 
described elsewhere [ 251. After calcining at 773 K for 4 h, 
the t-ZrO, had a BET surface area of 68 m’/g. 

Samples of various vanadium oxide contents were pre- 
pared by two methods: (I) samples denoted as VZ( I) series 
were prepared by incipient wetness impregnation of the 
hydrous zirconia powder [Zr(OH),] with a solution of 
NH,VO,, followed by drying and then calcining at 773 K for 
2 h in flowing air; (II) samples denoted as VZ( II) series 
were obtained by through grinding of the physical mixture of 
t-ZrO, and Vz05 at room temperature in ambient atmosphere. 
The physical parameters of the samples thus obtained are 
listed in Table 1. 

2.2. Sample characterization 

The BET surface area was measured by nitrogen adsorp- 
tion at 77 K in a Micromeritics ASAP2000 adsorption 
apparatus. 

Differential thermal analysis (DTA) was carried out on a 
Rigaku-TG-DTA thermoanalyser with a heating rate of 10 
K/min in flowing air. 

X-ray powder diffraction patterns were collected by a Shi- 
madzu XD-3A diffractometer with Ni-filtered Cu Ko radia- 
tion (0.15418 nm) . The X-ray tube was operated at 35 kV 
and 15 mA. o-Alumina powder was used as a reference for 
quantitative analysis. 

Sample ’ Content of Vz05 

(wt.% V~05/zr02) (mm01 V,OJ 100 m* ZrOz) 

BET surface area 

(m*io) 

ViaI) 2.81 0.35 45.2 

V,Z(I) 5.78 0.46 69.2 

V,Z(I) 8.77 0.79 49.7 

v,au 13.57 28.1 

V,Z(I) 27.50 21.8 

V,Z(I) 36.37 22.4 

VIZ(n) 2.50 0.20 
VzZ(Tr) 5.32 0.43 

VJ(U) 8.03 0.65 
van) 10.88 0.88 
V,Z(II) 21.76 1.76 

V,~Z(JJ) 42.92 3.47 

’ V, vanadium oxide; Z, ZrOz; (I) and (II) designate preparation methods (I) and (II), respectively. 
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Laser Raman spectra were recorded by a Bruker RF-100 
spectrometer with a wavenumber accuracy of 4 cm-‘. The 
samples were measured in powder form and a Na:YAG crys- 
tal laser was used for excitation. 

3. Results and discussion 

3.1. The dispersion behaviour of vanadium oxide on t-ZrO, 

It has been reported that V,05 can be easily dispersed on 
an oxide support such as TiOp [ 26-281. As the Tamman 
temperature of the bulk V,O, is 481 K, which can be calcu- 
lated from TTamman = O.STmeiting [ 291, and it is expected that 
the surface Tamman temperature is even lower, V205 could 
be dispersed on t-&O, by grinding a physical mixture of the 
two components. Fig. 1 shows the X-ray diffraction patterns 
of the mechanically ground samples of the VZ( II) series. The 
disappearance of the peaks corresponding to the crystalline 
V,05 phase is obvious for the low-loading samples after 
grinding, indicating the formation of the highly dispersed 
species in these samples (Fig. la’,b’). However, when the 
content of V205 in the sample is higher than that of sample 
V,Z(II) i.e., higher than 0.43 mmol VzO,/lOO m2 t-ZrO,, 
the peaks of crystalline V,O, remain detectable although their 
intensities decrease noticeably after grinding. 

To investigate the influence of calcination temperature on 
the dispersion of V,OS on t-ZrO,, XRD patterns of the 
V6Z( 11) sample calcined at different temperatures are shown 
in Fig. 2. The intensities of the characteristic peaks of crys- 
talline V205 remain unchanged for samples calcined in the 
temperature range 573 to 773 K, as can be seen in Fig. 2c-e. 
Moreover, the similarities between the peak intensities of the 
above three calcined samples and the mechanically ground 
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Fig. 1. XRD patterns of VZ( II) samples with various VzO, loadings (mm01 
VzOJIOQ m* t-ZrQ) before (a, b, c, d, e) and after (a’, b’, c’, d’, e’) 
grinding. a and a’, V,Z(II) 0.20; b and b’, V,Z(II) 0.43: c and c’, V,Z(II) 
0.65; d and d’, V,Z(II) 0.88; e and e’, V,Z(II) 1.76. * and 0 denote the 
peaks of bulk V,O, and t-ZrO, phase, respectively. 

28 
Fig. 2. XRD patterns of V,Z(II) sample. a and b, before and after grinding, 
respectively; c-f, calcined at 573,673,773 and 823 K for 1 h, respectively. 
*, 0 and A denote the peaks of bulk Vz05, t-ZrO, and m-ZrO,, respectively. 

sample (Fig. 2b) suggest that calcining the impregnated sam- 
ple below 773 K and grinding the physical mixture at room 
temperature have a similar effect, i.e., the formation of a 
highly dispersed V,05 species on the surface of t-ZrO, wia 
no change in the bulk phase of the support. However, when 
the calcination temperature is raised to 823 K, the intensities 
of the characteristic peaks of crystalline V205 decrease 
noticeably. In the mean time, the characteristic peaks of 
monoclinic zirconia (m-ZrO,) are detected. Apparently, the 
high-temperature calcination leads to the diffusion of the 
dispersed V,O, species into the bulk of the support and the 
phase transformation of part of the t-ZrO, to m-ZrO,. 

Fig. 3 shows the Raman spectra of the V205 supported on 
t-ZrO, samples prepared by mechanical grinding, and the 
spectrum of t-ZrO, is also listed for comparison. As reported 

IO00 800 600 400 200 

Raman shift, cm” 
Fig. 3. Raman spectra of VZ(II) samples with various V,O, loadings (mm01 
V105/100 m2 t-ZrO,) before (b’) and after (b, c, d, e) grinding. a, t-ZrOi 
band b’, V,Z(II) 0.20; c, V,Z(II) 0.43; d, V,Z(II) 0.65; e, VJ(n) 1.76. 
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Fig. 4. Amount of residual crystalline V,OS vs. total amount of V,Os in 
V,Os/t-ZrO,(II) samples after grinding. 

in the literature [ 26,301, the bands at 995,702 and 285 cm-’ 
and those at 643, 462, 315 and 267 cm-’ are attributed to 
bulk V,Os and t-ZrO, respectively. The existence and dis- 
appearance of the crystalline V205 in the spectra of Fig. 3b 
and Fig. 3b’ of the V,Z( II) sample before and after grinding, 
respectively, further confirm the XRD results discussed 
above and also prove that V205 can be effectively dispersed 
on the surface of t-ZrOz by mechanical grinding. From the 
spectrum (Fig. 3e) of the VsZ( II) sample, which has a V,O, 
loading about three times its dispersion capacity, one can see 
only the characteristic peaks of the bulk phase V205, and 
none of the Raman bands of the support has been detected. 
The absence of the t-ZrO, Raman bands in this sample should 
be related to its very high loading of V205. Similar to the 
XRD results, the bands corresponding to the bulk phase V,05 
are not detectable until the loading of Vz05 exceeds a certain 
amount, i.e., = 0.43 mmol Vz05/ 100 m* t-ZrO,. With the 
further increase of the amount of V205 loading, the charac- 
teristic bands of the bulk V20s appear in the high-loading 
samples, as shown in Fig. 3d,e. 

The dispersion capacity of V,O, on t-ZrO, has been meas- 
ured by XRD quantitative analysis using ~-A1,0~ as a ref- 
erence [ I]. Fig. 4 shows the correlation between the amount 
of residual crystalline V,05 and the total amount of V,O, in 
the samples. The disper%n capacity of 0.42 mmol V,O,/ 
100 m2 t-ZrO, (2.5 V20s molecules/rim’) measured from 
the intercept of the straight line on the x-axis is very close to 
the value of 2.4 V205 molecules/rim’ ZrOz proposed by 
Miyata et al. [ 3 11. 

The dispersion capacity can also be evaluated by the incor- 
poration model [ 5-81, with the consideration that the ( 111) 
plane is preferentially exposed on the surface of t-ZrO, 
[ 32,331. As shown in Fig. 5, there is one vacant site in each 
unit mesh of 0.116 nm2, corresponding to a vacant site density 
= 1.43 mmol/ 100 m*. With the assumption that upon dis- 
persion vanadium cations are incorporated into the vacant 

0 02’ 

e Zr4’ 

@ v+ 
0 Vacant site 

Fig. 5. A tentative model of the surface vanadium oxide species formed on 
the ( 111) plane of t-ZrO,. 

surface sites, the oxygen anions associated with the V5 + ions 
are staying on top of the incorporated cations as capping 
oxygen anions for charge compensation. As there are five 
capping oxygen anions accompanying two incorporated 
vanadium ions, the shielding effect produced by the capping 
anions would prevent part of the neighbouring vacant sites 
from being occupied. With the increase of the loading amount 
of V,05, a close-packed layer consisting of oxygen anions 
will finally form on the surface of t-ZrO, [ 11. From the above 
discussion, the average size of each V,O, molecule dispersed 
on the surface is evaluated to be 0.42 nm’, and the dispersion 
capacity of V,O, on the ( 111) plane of t-ZrO, thus derived 
is 0.40 mmol V,05/ 100 m2, which is in good agreement with 
the experimental results of XRD. 

3.2. The influence of vanadium oxide on the texture of Zi-0, 

Fig. 6 shows the X-ray diffraction patterns for the samples 
prepared by incipient wetness impregnation of zirconia with 
an aqueous solution of NH,VO,. As shown in Fig. 6a, zir- 
conia exists almost exclusively in the monoclinic crystalline 
form in the pure zirconia, i.e., in the V,Z( I) sample without 
any added vanadium oxide, after calcining at 773 K. With 
the increase of the V,O, content in the samples sequentially 
from V,Z( I) to &Z(I), the amount of m-ZrO, in these sam- 
ples decreases correspondingly, as shown in Fig. 6b,c. It is 
interesting to note that when the V,05 content is close to its 
dispersion capacity, i.e., about 0.46 mmol V205/100 m2 t- 
ZrO,, only the t-ZrO, phase is detected, as shown in Fig. 6c. 
With the further increase of the V205 content to exceed its 
dispersion capacity, the bulk V205, Zr2V,0, and m-ZrO, 
phases are observed. These results indicate that when the 
V,O, loading is beyond the dispersion capacity, the residual 
crystalline V20, can react with the zirconia support to pro- 
duce Zr,VzO, accompanied by the conversion of a small 
amount of t-ZrO, into m-ZrO,. 
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Fig. 6. XED patterns of VZ(1) samples with different V,05 contents (wt.% 
V,OS/ZrOz) prepared by incipient impregnation of hydrous zirconia with 
NH4V0, aqueous solution and calcining at 773 K for 2 h. a, pure ZrO,; b, 
V,Z(I) 2.87; c, V,Z(I) 5.78: d, VaZ(I) 8.77: e, V,Z(I) 13.57; f, V,Z(I) 
27.50. *, 0, A and W denote the bulk V205, t-ZrOz, m-ZrO, and ZrVzO, 
phases, respectively. 

Apparently the addition of vanadium oxide has a signifi- 
cant influence on the structure of zirconia, which should be 
related to the interaction between vanadium oxide and the 
zirconia. It is well established that t-zirconia is metastable at 
room temperature. Calcining t-zirconia at high temperatures 
for a period of time will always result in its conversion, which 
starts at the surface of the particles and proceeds towards the 
centre of the crystal with the formation of the monoclinic 
phase [ 321. Accordingly, as there is no vanadium oxide in 
the V,Z(I) sample, zirconia exists in the form of m-ZrO, 
after being calcined at 773 K for 2 h. By the addition of 
vanadium oxide, the incorporation of the dispersed vanadium 
ions into the vacant surface sites of the zirconia leads to the 
separation of zirconium-zirconium ions and thus the inhibi- 
tion of the sintering as well as the decrease of the surface 
energy of the t-ZrO, sample. This is in evidence that the 
presence of the highly dispersed vanadium oxide species on 
the surface will significantly stabilize the me&table t-ZrOz 
phase. When the loading of V,O, is low, partial conversion 
of t-ZrO, to m-ZrO, has been observed. With the increase of 
the loading amount of V,05, the stabilization effect increases, 
as evidenced by the gradual decrease of m-ZrO, in the sam- 
ples after calcination. Finally, when the loading of V,O, 
reaches its dispersion capacity, the whole surface is covered 
by a monolayer of capping oxygen. Under this situation no 
m-ZrO, has been detected, the zirconia existing almost exclu- 
sively in the form of t-ZrO, phase, as shown in Fig. 6c. 

The stabilizing effect of the dispersed vanadium species 
on the support is also related to the changes of the BET surface 
area of the samples, as listed in Table 1. The fact that the 
surface area of the sample increases with the increase of its 
vanadium loading in samples V,Z( I) and V,Z(I) should be 
related to the anti-sintering effect induced by the highly dis- 
persed vanadium oxide species. The maximum anti-sintering 
effect is observed in the sample with a V,O, content close to 

its dispersion capacity. Afterwards, with the further increase 
of the loading amount of V205, due to appearance of the bulk 
V20, and the product Zr,V,07 of the interaction between it 
and the support, the surface area of the samples begins to 
decrease dramatically. 

It has been reported that the crystallization temperature of 
hydrous zirconia is about 697 K [ 341. However, our XRD 
results have shown that no crystalline ZrO, has been detected 
in the vanadium-containing hydrous zirconia samples after 
calcining at 753 K for 1 h. It seems reasonable to suggest that 
the addition of vanadium oxide delays the crystallization 
process of the hydrous zirconia. To examine the influence of 
vanadium species on the structural changes of the precursor 
during calcination, differential thermal analysis results of 
samples with different V,O, loadings are shown in Fig. 7. 
The DTA profiles of the pure hydrous zirconia and NH,V03 
are also listed for comparison. As can be seen in Fig. 7f, pure 
NH,VO, has four endothermic peaks in its DTA profile; the 
first three peaks are due to the decomposition of NH,V03 and 
the fourth one is responsible for the melting of V,05. Fig. 7a 
shows a sharp exothermic peak at 697 K corresponding to 
the crystallization of the pure hydrous zirconia [ 341, A nota- 
ble influence of V20, on the crystallization of hydrous zir- 
conia has been observed, as shown in Fig. 7b-e. The 
exothermic peak due to the crystallization ofhydrous zirconia 
is shifted from the 697 K of the pure hydrous zirconia to 
higher temperatures, i.e., from 697 to 793 K for V,Z( I), and 
to about 853 K for V,Z(I), V4Z(I) and V,Z( I). The similar 
crystallization temperatures of the V,Z(I), V,Z(I) and 
V,Z(I) samples reveal the fact that as the loading of vana- 
dium is beyond its dispersion capacity, the further addition 
of V20s has little effect on the crystallization temperature of 
the sample. The result is in agreement with both the XRD 
and BET surface-area measurements discussed above. In 
addition, as shown in Fig. 7b,c, the absence of the endother- 
mic peak due to the melting of V,O, in the low-loading 
samples might provide indirect evidence for the absence of 

I I 1 I I 

0 373 573 773 973 

Temperature(K) 
Fig. 7. DTA profiles of N&VO, and the hydrous zirconia samples with 
different V,O, contents (wt.‘% V,O,/ZrO,). a, pure hydrous zirconia; b, 
Viz(I) 2.87; c, V,Z( I) 5.78; d, V,Z(I) 13.57; e, VhZ(I) 36.37; f, NH,VO,. 
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bulk V205 phase in these samples. The above DTA results 
confirm that there are two kinds of V,O, species on the sup- 
ported samples: one is the highly dispersed surface V205 
species which interacts strongly with the support and causes 
the delay of the crystallization of the precursor, and the other 
is the bulk V,Os which has little influence as compared to 
that of the highly dispersed species. 

4. Conclusions 

Vanadium oxide can be highly dispersed on tetragonal 
zirconia either by the grinding of their physical mixture or by 
the conventional incipient wetness impregnation method fol- 
lowed by calcination at 773 K for 2 h. The dispersion capacity 
of V20, on t-ZrO, is 0.40 mm01 V,Os/ 100 m2 t-ZrO, eval- 
uated by the incorporation model, with the assumption that 
the ( 111) plane is preferentially exposed on the surface oft- 
ZrO,, and the evaluated value is consistent with the experi- 
mentally measured data. The results have shown that both the 
sintering of and the transformation of tetragonal to mono- 
clinic zirconia are depressed by the strong interaction 
between the highly dispersed vanadium oxide species and the 
support. The maximum effect is reached in the sample with 
a V205 loading close to its dispersion capacity. When the 
amount of V,Os loading is higher than its dispersion capacity, 
crystalline V205 will appear in the sample, which has little 
effect on the properties of the support as compared to the 
highly dispersed vanadium oxide species. 
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