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Abstract

Structural differences in zirconia-supported vanadia, containing 3 mol% V,0Os, obtained by slurry deposition and wet impregnation were eluci-
dated using Raman, EPR and XRD methods, supported by Rietveld refinement. The preparation method strongly determines both the heterogeneity
of the surface VO, species and incorporation of the V#* ions into the zirconia matrix. Slurry deposition favors the formation of isolated or two-
dimensional oxovanadium clusters, whereas impregnation leads to agglomerated nanocrystalline V,0Os. The stability of surface vanadium was
discussed in terms of its reducibility and changes in the temperature of the tetragonal to monoclinic ZrO, phase transition, induced by surface

doping.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Influence of the preparation method on the structure and
properties of composed nano-oxide materials is one of the most
important factors for tailoring them toward specific applications
[1]. For example, considering a two-component supported sys-
tem, where the major oxide plays the role of carrier, whereas the
minor one is a deposited functional phase (e.g., supported cata-
lysts, chemical oxide sensors), dispersion of the deposited oxide,
heterogeneity of surface entities and dissolution of the addi-
tive ions in the bulk, are strongly determined by the preparation
method and the treatment conditions as well.

Classic impregnation is one of the most popular methods of
deposition of one oxide onto another. This term denotes a pro-
cedure, where an excessive volume of the precursor solution
is contacted the carrier [2]. Slurry deposition is a more recent
preparation procedure, where practically insoluble oxide, func-
tioning as a support, is mixed with the slurry of a poorly soluble
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oxide to be deposited [3]. So far such procedure was used for
synthesis of supported MoO3 materials [4]. In this work, we
adapted this procedure for spreading V,Os5 on the surface of the
tetragonal ZrO; nanopowder.

2. Experimental

Single-phase tetragonal ZrO, support (+-ZrO;) of enhanced thermal stability
was obtained by modified precipitation method from aqueous solutions of
0.6 M ZrOCl,-8H, O (Aldrich 99.99%) with 25% aqueous solution of ammonia
[5]. VO,/ZrO, samples, containing nominally 3 mol% of V,0s, were prepared
by impregnation of the #-ZrO, matrix with an aqueous solution of NH4VO3;
(99%, Merck) and by deposition from a slurry consisting of 0.1455 g of V,0s5
(99.6%, Merck) in 5cm? of water at 353373 K. These samples are denoted
as imp-VO,/ZrO, and sdp-VO,/ZrO,, respectively. All samples were dried at
373 K for 12 h. The impregnated samples were calcined in air at 873 K for 6 h.

The X-ray diffraction patterns were recorded by means of a DRON-3
(Bourevestnik, Russia) and a Philips PW 1820 diffractometers, equipped with
Fe and Ni filters, respectively, using Co K, and Cu K, radiations. For Rietveld
refinement (using the DBWS-9411 program [6]), the 26 scans were carried out
in 0.02° steps. High-resolution transmission electron microscopy (HR-TEM)
was carried out using a JEM-100CX II UHR instrument (JEOL) operating at
100kV. Raman spectra were collected on a FTS 6000 spectrometer equipped
with a BIORAD accessory. The samples were excited with the 1064 nm line of a
diode-pumped Nd:YAG laser (Spectra Physics Model T108S) and the scattered
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radiation was collected at 180° with 4cm™! resolution. The CW-EPR X-band
spectra were recorded at 77 K with a Bruker ELEXYS E-500 spectrometer, oper-
ating at the 100kHz field modulation. The spectra simulation was performed
using the EPRsim32 program [7]. The samples were heated ex situ, with the rate
of 4 K/min, from room temperature to 1273 K in 100 K steps, and then kept for
0.5 h at each temperature, before measurement of the EPR spectra.

3. Results and discussion

The XRD patterns recorded in the range of 10-70° for the
sdp-VO,/ZrO, and the imp-VO,/ZrO, dry samples are typical
of +-ZrO; polymorph. An intense maximum centered at 35° can
be ascribed to (1 1 1) reflection of the tetragonal phase, whereas
weak maxima at 41° and 59° to (200)/(002) and (022)/(220)
reflections of #-ZrO,, respectively [8,9]. No traces of the mon-
oclinic zirconia (m-ZrO,) with the diagnostic (11 1) and (111)
reflections, could be observed. The average size of particles,
assessed from the Scherrer analysis of the XRD line widths, was
equal to 6.360 £ 0.024 nm. This remains in accordance with the
size of tetragonal nanodomains, determined in parallel HR-TEM
studies [5].

The absence of any reflections from V,0Os nanocrystals
implies the lack of an extended aggregation of the deposited
vanadia. Heating of the samples till 873 K did not lead to any
distinct changes in the diffractograms, confirming relatively
good thermal stability of #-ZrO; in the presence of 3 mol% of
vanadia. However, Raman spectra (Fig. 1) exhibited distinct dif-
ference between the imp-VO,/ZrO; and sdp-VO,/ZrO, samples,
in the range below 700 cm~!, where the lattice vibrations of
the support appear [10,11]. The factor group theoretical anal-
ysis predicts six Raman active modes (Ajg +2B1g +3E) for
the tetragonal form and 18 (9Ag +9B,) active modes for the
monoclinic ZrO; [12]. Careful inspection of the deconvoluted
diagnostic fragments of both spectra, revealed a small contribu-
tion of m-ZrO» to the imp-VO,/ZrO, sample. Apart from intense
bands characteristic of +ZrO; at 148 cm™! (B1g), 266 em~!
(Eg), 316cm™! (Byg), 450cm™! (Ey), 645cm™! (E,), domi-
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Fig. 1. Normalized Raman spectra of as prepared: (a) imp-VO,/ZrO; and (b)
sdp-VO,/ZrO, samples, recorded at ambient conditions.

nating both spectra, also weak bands from m-ZrO, at 191 cm™!
(Ay), 375 cm~! (Bg) and cm~! 476 (Ag) can be found in the
Raman spectrum of imp-VO,/ZrO; (Fig. 1a). The observed par-
tial destabilization of the metastable #-ZrO, is thus, apparently
induced by the interaction with V,0s, produced on the support
surface upon the calcination [13].

The main bands of oxovanadium species present on the zirco-
nia surface can be clearly observed in the Raman spectra above
700 cm™!. Strong bands at 777 cm™! and 991 cm~!, dominating
the spectrum of imp-VO,/ZrO, (Fig. 1a) and a weak band at ca.
990cm~! in the spectrum of sdp-VO,/ZrO, (Fig. 1b), reflect
significant differences in the vanadium dispersion in both
samples. The band at 777 cm™~! can be ascribed to vy_o_y mode
(B3y) in three-dimensional V,Os nanocrystallites [ 14]. The band
around 990 cm™! is characteristic of a symmetrical vy=o mode
in a variety of the octahedral oxovanadium species [15,16]. In
case of the imp-VO,/ZrO, sample, only the presence of a well
crystalline nano-V,Os entities can explain the presence of such
sharp and intense band. Much weaker and broader feature at
990 cm ™! in the spectrum of sdp-VO,/ZrO, reflects heterogene-
ity of the terminal V=0 groups, typical of the two-dimensional
oxovanadium surface clusters of relatively low crystallinity.

The differences in aggregation of surface vanadium species
can also be revealed by EPR, using the V4* (3d') ions, appearing
in the sdp-VO,/ZrO, and imp-VO,/ZrO, samples, as a paramag-
netic probe. The EPR spectra of both samples can be analyzed
in terms of the supposition of two signals: a broad structure-
less one, due to magnetically interacting clustered species, and
a narrow signal with the resolved hyperfine structure of iso-
lated V4* centers. From the computer simulation of the spectra
recorded for the fresh samples (Fig. 2), the relative fraction of
the isolated surface vanadium was found to be 28% for imp-
VO,/ZrO; and 48% for sdp-VO,/ZrO,, whereas the fraction of
the clustered oxovanadium species (including V,0s5) was equal
to 63 and 19%, respectively, indicating much better dispersion
of vanadium in the sdp-VO,/ZrO; sample.

The parameters of the broad (ABp,~17mT) EPR sig-
nal of the surface oxovanadium clusters (g =1.952 and
g1 =1.979 for imp-VO,/ZrO; and g =1.950 and g, =1.973
for sdp-VO,/ZrO;) were almost insensitive to the prepa-
ration method. They remain in a good agreement with the
parameters found previously for partially reduced vanadia
[17]. The species containing magnetically isolated V** give
rise to an axial EPR signal with the well-resolved eight-line
hyperfine structure (due to >!'V with 7=7/2 and 100% natural
abundance). The magnetic parameters, g =1.930, g; =1.979
and |A;|=18.56mT, |A1|=6.12mT, for imp-VO,/ZrO, and
g=1.925,g,=1977 and |A)||=17.96 mT, |AL|=6.45mT for
sdp-VO,/ZrO, were found to be distinctly different, depending
on the sample preparation method. Such signals, with g > g,
and A)>A,, are characteristic of isolated vanadyl ions in a
square pyramidal or tetragonally distorted octahedral coordina-
tion with approximate C4y symmetry. The constituting ligands
can be formed by the oxygens of the ZrO, matrix, adsorbed
water molecules or hydroxyls bonded to vanadium [18]. The
distortion of the surface vanadyl complex can be gauged by the
factor B=(g) —2.0023)/(g — 2.0023) [18]. Substitution of the



304 A. Adamski et al. / Journal of Alloys and Compounds 442 (2007) 302-305

(@)

(b)

1273 K
1173 K 173K
1073 K 1073 K

v

973 K

973 K
873K

i

873 K A 773K
773K - q h A 673 K
573 K

673 K
,-\ 473 K
573 K 373K
fresh fresh

sample sample

2200 2600 3000 3400 3800 4200 4600

B/G

2200 2600 3000 3400 3800 4200 4600

B/G

Fig. 2. X-band EPR spectra of: (a) imp-VO,/ZrO; and (b) sdp-VO,/ZrO, samples, recorded at 77 K before and after calcination at progressively increasing

temperatures.

numerical values gives B =3.10 for imp-VO,/ZrO; and B=3.05
for sdp-VO,/ZrO,, indicating a shortening of the terminal V=0
bond and simultaneous weakening of the oxygen ligands in the
equatorial plane for both samples, in comparison to those in
V;,0s5 single crystals (B=4.9) [19].

The sequence of the EPR spectra, recorded in the course
of the variable temperature calcination is shown in Fig. 2.
The axial signal, arising from the isolated V#* surface centers,
diminished with the increasing temperature and simultane-
ously a new orthorhombic signal with g, =1.8723, g, =1.9759,
8yy =1.9370, [A;| =16.30mT, |Ax|=5.59mT, |Ayy|=1.52mT,
characteristic of V#* isolated in the ZrO,, gradually devel-
oped [13]. The threshold temperature, Ty, at which this
signal emerged was distinctly different for imp-VO,/ZrO;
(T, =873 K) and sdp-VO,/ZrO;, (T, = 1073 K) samples. It cor-
responds to dissolution of the isovalent V#* ions in the ZrO,
matrix, leading to formation of a substitutional V,Zr;_,O»
solid solution. This process is accompanied by a shrinkage
of the m-ZrO, unit cell volume from 140.899 +0.003 A3 to
140.873 £0.005 A3, caused by the 13% difference in the V**
and Zr** ionic radius, as inferred from Rietveld analysis of
the XRD data. Changes in the EPR spectra observed during
annealing of imp-VO,/ZrO,, suggest that formation of the solid
solution (7> 873 K) precedes the phase transition from 7-ZrO;
to m-ZrO», taking place at 7>973 K. Consequently, the v+
ions are dissolved in the tetragonal matrix giving rise to an
axial signal, whereas for sdp-VO,/ZrO, the opposite sequence
occurs. The V#* ions are dissolved in the monoclinic matrix at
T> 1073 K (i.e., after the phase transition takes place), producing
an orthorhombic EPR signal.

The initial disappearance (sdp-VO,/ZrO;) or weakening
(imp-VO,/ZrO») of the EPR signal due to the surface V* jons,
in the course of the calcination in air, reflects their progressive
oxidation to diamagnetic V>* (3d”). Subsequent spontaneous
reduction, necessary for incorporation of the vanadium into the
bulk, was strongly related to the nature of oxovanadium surface
species. The agglomerated species, prevailing in the case of
imp-VO,/ZrO,, are more easily reduced than the isolated
oxovanadium centers [20]. As a result, the evolution of the EPR
spectra upon the heat treatment was much more dramatic than
in the case of sdp-VO,/ZrO;. Thus, reducibility of the surface
vanadium appears to be a key factor, controlling penetration
of the vanadium ions into the zirconia matrix. Furthermore,
there is a remarkable synergetic effect between the threshold
temperature of V** migration towards the bulk and the phase
transition of the tetragonal to monoclinic zirconia, in the case of
the imp-VO,/ZrO, samples. Such phase transition, was found
not only to be accelerated in the presence of surface vanadium
by ca. 300K, but it also makes the v+ migration easier. In
case of the sdp-VO,/ZrO, sample, because the well-dispersed
vanadium ions are hardly reducible below 1073 K (Fig. 2b),
their diffusion toward the bulk of the support was pronouncedly
retarded. Interestingly, upon reaching the temperature of 1173 K
it becomes quite rapid.

4. Conclusions
The way of V,0s5 deposition onto tetragonal ZrO, support

strongly influences the structure of surface oxovanadium
species, their dispersion and dimensionality. Isolated and
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clustered species were detected in the samples obtained by
slurry deposition, whereas agglomerated oxovanadium and
nanocrystalline V05, dominated on the surface of samples
prepared by slurry deposition. The dispersion state of surface
vanadium strongly influences its reducibility and the threshold
temperature of incorporation of the resultant V#* ions into the
bulk of the ZrO; matrix.
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