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Vanadia-titania samples doped with different amounts of sodium have been prepared by impreg- 
nation of titania (P-25) with aqueous solutions of ammonium vanadate and calcination at 770 K, and 
have been characterized by X-ray diffraction, differential thermal analysis, thermogravimetric 
analysis, Fourier Transform-infrared spectroscopy, visible-ultraviolet (diffuse reflectance) spec- 
troscopy, temperature-programmed reduction, and X-ray absorption near-edge structure spectros- 
copy. The results obtained indicate that doping the vanadia-titania system with increasing amounts 
of sodium leads initially to formation of V - N a - O  compounds with a Na/V ratio close to 0.5 that 
are reduced at a higher temperature than V20 5, formed in the absence of sodium. If the amount of 
sodium is increased up to 3%, formation of Na3VO 4 has been found. © 1992 Academic Press. Inc. 

INTRODUCTION 

Vanadium oxide-based catalysts are 
widely used for catalytic oxidation of hydro- 
carbons. However, to achieve good activity 
and selectivity levels, V205 should be dis- 
persed on a support. From several studies, it 
has been shown that one of the most success- 
ful supports is titania, normally used in the 
form of anatase (1). The TiOz-V205 is a clas- 
sical example of support enhancement of the 
active phase, specially if the metal oxide is 
applied on the carrier as a monolayer (2). 

This system has been the object of several 
studies employing X-ray absorption spec- 
troscopies (XAS) (3, 4). According to these 
studies, it is generally assumed that the va- 
nadia layer structure exposes the (01 O) plane 
and V ~ O  groups preferentially, because of 
the excellent match of the vanadia unit and 
the anatase structure. It has been proposed 
that on the (001) plane of anatase, vanadium 
exists as monovanadate VOW- groups 
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bonded to the surface in such a way that the 
vanadium ion occupies roughly a position 
which a titanium ion would occupy if the 
bulk structure continues. 

On the other hand, the interaction be- 
tween substrate and catalyst depends on the 
acid-base properties of the catalyst, and 
hence several authors have tried to modify 
these acid-base properties by incorporating 
different promoters, usually alkaline ions, 
that in several occasions, specially when 
Na + ions are added, can lead to the forma- 
tion of bronzes (5). The decrease in the ac- 
tivity for oxidation of hydrocarbons ob- 
served in these cases has been attributed to 
the presence of these bronzes. 

To confirm or reject such hypothesis, the 
first step is to obtain structural information 
of the system. This is straightforward when 
crystalline phases are formed. However, the 
systems that show the most interesting cata- 
lytic properties are those with very low per- 
centage of the active phase, where no crystal- 
line phases can be formed. For such systems, 
XAS can provide unique information, since 
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they are sensitive to the short range order (6), 
both in the EXAFS (Extended X-ray absorp- 
tion fine structure) and XANES (X-ray ab- 
sorption near-edge structure) regions. Addi- 
tionally, partially reduced species (V 4÷) 
should be present in the case of the formation 
of bronzes, in order to keep the electroneu- 
trality of the system, and Lytle et al. (7) have 
reported changes in the XANES region of 
the XAS spectra of the V-edge ascribed to 
changes in the oxidation state of vanadium. 
These partially reduced species (V 4÷) stabi- 
lized at the surface of the oxide have been 
claimed to play an important role in several 
catalytic processes (8). 

Taking into account the above mentioned 
facts, in the present paper we report on a 
study of the structure of Vanadium oxide 
phases in several Na-V2Os-TiO2 systems 
with different sodium contents. To get a 
deeper knowledge of the geometrical struc- 
ture of such systems we have employed 
several complementary physical charac- 
terization techniques. The formation of 
crystalline phases has been checked with 
the aid of X-ray diffraction, and the XANES 
region of the XAS spectra of V-edge has 
been analyzed in the amorphous systems. 
The information obtained from the study of 
the Temperature Programmed Reduction 
profiles has shed light into the oxidation 
state of the vanadium species existing in the 
system. In order to gain a picture of the 
genesis of the oxide from the starting mate- 
rial, the decomposition of the catalysts pre- 
cursors has been followed by DTA/TG, and 
IR spectroscopy has informed about the for- 
mation of new V-O bonds, since it is a tech- 
nique very sensitive to slight changes in 
force constants. 

EXPERIMENTAL 

Samples were obtained from TiO2 (P-25 
from Degussa, SBET ~ 50 m2g-~). After 
calcination overnight at 770 K to withdraw 
adsorbed organic impurities, the support was 
doped with sodium (0, 0.5, 1 or 3% w/w) by 
impregnation with aqueous solutions of 
NaOH, while nitrogen was being continu- 
ously bubbled through the solution to avoid 

carbonate formation. The solvent was then 
eliminated by gentle warming at 353 K and 
the solid finally calcined at 773 K in oxygen. 
Incorporation of vanadia was performed by 
impregnating the Na-doped support with 
aqueous solutions of NH4VO 3 (from Pan- 
reac) containing a small amount of oxalic acid 
(pH = 2) to make easier the solution of the 
salt. In all cases, the amounts of solution and 
support were chosen to yield after calcina- 
tion final solids with 4.1% of vanadium (w/ 
w), equivalent to the formation of a mono- 
layer ofvanadia, as determined from the spe- 
cific surface area of the support and the 
area covered by a "molecule" of VO2.5, 
10.3 × 104 pm 2 (9). The solvent was elimi- 
nated at 353 K, dried overnight at 383 K, and 
finally calcined in oxygen at 773 K. All 
calcination processes were performed at a 
heating rate of I 0 K/min up to 773 K, this tem- 
perature being maintained for 3 h. Samples 
are designated as V-X, whereX stands for the 
weight percentage of sodium. 

X-ray diffraction (XRD) analysis was 
performed in a Philips PW 1070 instru- 
ment, using Ni-filtered CuKal radi- 
ation (h = 154.05 pm) and standard re- 
cording conditions. Thermal analyses of the 
solids obtained before calcination to decom- 
pose the precursor salt and to yield vanadia 
were carried out in Perkin-Elmer DTA-1700 
and Perkin-Elmer TGS-2 instruments cou- 
pled to a Perkin-Elmer 3600 data station, in 
static air and with a heating rate of 10 K/min. 
Infrared spectra (IR) were recorded in a Per- 
kin-Elmer FT-IR 1730 spectrometer, using 
KBr discs, with a nominal resolution of 4 
cm- ~ and averaging 100 spectra. A KBr disc 
with the same weight of the unloaded support 
was used to record the background spectrum 
in order to cancel all absorption bands due to 
the support. Visible-Ultraviolet spectra 
were recorded by the diffuse reflectance 
technique (V-UV/DR), in a Shimadzu 
UV-240 double beam spectrophotometer, 
with a slit of 5 nm and using MgO or parent 
TiO 2 as the reference. Temperature pro- 
grammed reduction (TPR) were recorded in 
a conventional apparatus, with a catharo- 
metric detector, using a 5% H2/Ar mixture as 
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carrier gas, with a flow of 50 ml/min and a 
heating rate of 5 K/min. The amount of sam- 
ple reduced (ca. 175 mg) corresponds to 140 
/~mol of V, thus ensuring good resolution un- 
der the experimental conditions employed 
(10). Deconvolution of the TPR profiles was 
performed by employing least square best-fit 
procedures with the aid of a FORTRAN 77 
programme; the peaks are assumed pseudo- 
first-order (I0), and the parameters being ad- 
justed were height of the peak, position of the 
maximum, and half-width at half-height. X- 
ray absorption measurements of the sup- 
ported vanadium catalysts were performed 
at the EXAFS station 8.1 of the SRS at 
Daresbury (UK). This station is operating 
with a double crystal monochromator Si(111) 
which was detuned 20% intensity to mini- 
mize the presence of higher harmonics. The 
resolution was estimated to be about 1 eV at 
the V K-edge (5464 eV) by a well-defined 
small peak in the main edge jump of a vana- 
dium foil. The measurements were carried 
out in transmission using optimized ion 
chambers as detectors. Each data point was 
collected for 0.75 s and at least 4 scans were 
averaged, thus minimizing high and low fre- 
quency noise. Samples were pressed into 
thin-self supporting wafters using BN when 
necessary with an absorbance of ca. 2.5, and 
measured at room temperature. Standard 
procedures were used to extract the XANES 
data from the measured absorption spectra. 
Normalization was done by dividing by the 
height of the absorption edge, and the back- 
ground was subtracted by using cubic spline 
routines. 

RESULTS AND DISCUSSION 

X-ray Diffraction 

X-ray diffraction profiles of the samples 
are shown in Fig. I. The profiles of samples 
V-0, V-0.5, and V-1 were identical to that 
of the bare support, differences being only 
detected in the XRD profile of sample V-3. 
In no case, peaks due to ternary Ti-V-O or 
Ti-Na-O compounds were detected, and 
peaks due to V205 (main peak at 438 pm) are 
also absent. The small peak close to 267 pm 
in the profile of sample V-3 can be ascribed 

to the presence of Na4TiO4, but this ascrip- 
tion should be discarded, as in the profile 
recorded for a sample containing the same 
amount of sodium, but without vanadium, 
and submitted to the same thermal treat- 
ment, it is recorded at a slightly lower spac- 
ing value. No peak has been recorded in 
any case that could be ascribed to Ti-V-O 
compounds (11). In all cases (support and 
vanadium-containing samples) the anatase 
content was 50% -+ 5, as calculated from 
the intensities of the main diffraction peaks 
of rutile (110 planes) and anatase (101 
planes), by applying the equation given by 
Criado and Real (12). So, the differences 
shown by our samples (see below) cannot 
be ascribed to a different interaction of va- 
nadium compounds with anatase or rutile. 
The additional peaks recorded for sample 
V-3 can be ascribed to the presence of differ- 
ent, both stoichiometric and non-stoichio- 
metric, ternary V-Na-O compounds. So, 
the peak close to 294 pm can be due to 
Na3VO 4 (305 pm according to (11)), 
Na0.33V205 (307 pm) or Nal.33V205 (297 pm); 
that at 279 pm can be due to Na3VO 4 (276 
pm); and that at 267 pm also to Na3VO 4 (267 
pm). The peak recorded at 500 pm can be 
due to NaVO 3 (502 pm) or to Na 1.337205 (498 
pm), and it should be noted that a reflex- 
ion at 500 pm has been previously reported 
for non-stoichiometric Na-V bronzes 
(Nal.33V2Os) in samples similar to those 
studied here (5, 13). So, this technique can- 
not be used to determine unambiguously the 
phases formed upon interaction of vana- 
dium and sodium ions on the surface of tita- 
nia, as the new XRD peaks recorded are not 
exclusive of a single compound. 

Thermal Analyses 

No special DTA or weight loss effects are 
to be expected for the calcined samples, but 
it is worth it to study the behaviour of the 
precursor solids (i.e., those obtained after 
impregnation and drying, but prior to 
calcination). 

The TG/DTG and DTA profiles for the 
precursor of sample V-0 are shown in Fig. 
2(a). Three steps can be seen from the TG 



50 MALET ET AL. 

500 q~s 

A 

R 
A R 

360 460 ' &  

R 

A R  

A R 

C X2.5 

V 

200 300 400 200 300 400 600 

d/pm 

FIG. 1. X-ray diffraction profiles of (a) support and samples V-0 and V-0.5, (b) sample V-l, and 
(c) sample V-3. R = peaks due to rutile, A = peaks due to anatase, V = peaks due to vanadium 
compounds. 

curve, better resolved through the DTG 
curve. According to these results, decompo- 
sition in air takes place through three over- 
lapped steps (as no plateau is recorded in 
the TG curve), defined by the positions of 
the DTG peaks at 383,493, and 613 K, with 
a more or less constant weight above this 
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FIG. 2. Profiles from differential thermal analysis 
(solid line), thermogravimetric analysis (discontinuous 
line) and derivative thermogravimetric analysis (dotted 
line) of (a) sample V-0 and (b) sample V-3. 

temperature. X-ray diffraction analysis of 
the residue after performing the TG study 
has revealed the presence of rutile, the high- 
temperature stable form of titania. Total 
weight loss was 14.35%. The DTA curve 
shows four effects: two endothermic ones, 
at 413 and 943 K, the last one due to vanadia 
melting (5), and two intense, exothermic ef- 
fects at 525 and 623 K. The three low-tem- 
perature effects can undoubtedly be as- 
cribed to the same processes giving rise to 
the weight loss effects recorded in the TG/ 
DTG curve. Although vanadium has been 
incorporated from a solution of NH4VO3, 
addition of oxalic acid to favour solution of 
the vanadate salt gives rise to formation of 
the greenish-blue coordination compound, 
[VO(C204)2] 2- through reduction and coor- 
dination of V 5+ ions (14). 

After drying at 383 K, a minor conversion 
to vanadia cannot be ignored, but the most 
part of the vanadium should have reacted 
with surface hydroxyl groups or be present 
as (NH4)2[VO(C204)2]. With this, calcina- 
tion to yield vanadia is not properly a de- 
composition of ammonium vanadate to va- 
nadia, but decomposition and oxidation of 
the coordination compound, [VO(CzO4)z] 2 , 
to vanadia. In addition, simple calculation 
of the weight loss recorded confirms such an 
assumption: Taking into account that final 
loading of vanadium is 4.1% (w/w) and ig- 
noring the weight loss due to removal of 
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surface hydroxyl groups (probably very 
much lower than the weight losses due to 
decomposition of the supported phase), the 
weight loss expected for decomposition of 
NHaVO 3 to V205 would be 2.01%, smaller 
than the value experimentally recorded. 
However,  the weight loss calculated for the 
process 

(NH4)2[VO(C204)2] ~ V205 

is 15.11%, in agreement, within experimental 
error, with the value experimentally ob- 
tained (14.35%). With that, the three main 
peaks recorded in the DTA diagram should 
be ascribed to different stages of decomposi- 
tion of (NH4)2[VO(C204) z] that could mask 
removal of surface hydroxyl groups. Unfor- 
tunately, the nature of the gases evolved dur- 
ing decomposition could not be monitored. 

The corresponding diagrams for sample 
V-3.0 in Fig. 2(b) are slightly different. 
Three minima are also recorded in the DTG 
profile, and their positions more or less coin- 
cide with those of sample V-0; the total 
weight loss recorded in this case was 12.5%, 
close to the expected value, but lower than 
that recorded for sample V-0. The shape of 
the DTA profile is also very similar, al- 
though in this case the effects are not so 
clearly defined, so indicating that the three 
stages take place more closely. The small 
endothermic effect at 943 K in the DTA pro- 
file of sample V-0 can be ascribed to melting 
of V205, already formed during the decom- 
position steps observed up to ca. 650 K. 
After calcination at 770 K vanadia should 
be poorly crystallized, as shown by the ab- 
sence of diffraction peaks corresponding to 
this compound in the XRD profiles. This 
endothermic effect is not recorded for the 
V-3 sample, thus suggesting that part of the 
vanadia present in sample V-0 has reacted 
with Na + ions in sample V-3 to yield new 
compounds, in agreement with the XRD re- 
sults. 

It is worth noting that for both samples the 
only process detected above the calcination 
temperature is melting of vanadia, and 
therefore, additional chemical reactions be- 
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FIG. 3. FT-IR spectra of samples (a) V-0, (b) V-l, 
and (c) V-3. 

tween the supported phases and the TiO2 
support are not expected to happen when 
heating the samples up to 1150 K during the 
TPR experiments, in addition to reduction. 

Infrared Spectroscopy 

The IR spectra of samples V-0, V-1 and 
V-3 are shown in Fig. 3. The spectrum for 
sample V-0.5 was almost identical to that 
recorded for sample V-0. The wavenumbers 
range shown in this Figure corresponds to 
the region where the absorption bands due 
to V-O stretching modes are expected, and 
their position and number have been related 
to different degree of crystallinity of the spe- 
cies containing them (15). For sample V-0, 
only a very weak shoulder can be recorded 
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FIG. 4. Visible-Ultraviolet/Diffuse Reflectance 
spectra of samples (a) V-0, (b) V-I, and (c) V-3. Refer- 
ence: unloaded Ti02. 

close to 1000 cm- ', which has been ascribed 
(15) to poorly crystallized V205. Cancella- 
tion of the band at 1000 cm- ~ has been found 
in samples of V205 supported on alumina 
when exposed to gaseous CO2, indicating 
that surface carbonates are formed through 
reactions with exposed V = O  species (16). 
For sample V-1 the band is now clearly re- 
corded and is shifted to 960 cm -~, and for 
sample V-3 a series of weak bands at 890, 
908, 925, and 960 cm-~ are recorded. The 
peak at 1000 cm-1 has been reported to shift 
to 1025 cm -~ as the vanadia crystallinity 
increases (15), and so the lack of any band 
in this range of the spectrum of sample V-3 
should be ascribed to the absence of crystal- 
line V205 in this sample, in agreement with 
the XRD and DTA results above described. 
On the contrary, a set of bands close to 950 
cm-l  has been reported by Bond et al. (5) 
in the IR spectra of vanadia supported on 
Na-doped anatase, and has been ascribed to 
formation of Na-V compounds. 

Visible-Ultraviolet Spectroscopy 

The V-UV/DR spectra of the samples in 
Fig. 4 show again differences when the so- 
dium content is increased. All have been re- 
corded vs parent titania, so the absorption 
band of this oxide below 400 nm, due to a 

O = --> T i  4+ charge transfer process (17) is 
cancelled. All three spectra are dominated by 
an absorption band close to 410 nm that is 
not an instrumental artifact due to a spurious 
cancellation of the named band of titania, as 
it is not recorded in the spectrum of a me- 
chanical mixture of vanadia and titania re- 
corded vs titania (18, 19). According to previ- 
ous V-UV studies (20) performed with 
analogous samples, it has been concluded 
that this band at 410-420 nm should be as- 
cribed to formation of peroxide-like species 
on the surface of titania, stabilized by the 
presence of vanadium ions. The absence of 
bands at 500 and 430 nm, due to O = ---> V 5+ 
charge transfer processes (21) in the spectra 
of samples V-O and V-3 again indicates the 
absence of crystalline V205 in these samples; 
however, this band can be recorded in the 
spectrum of sample V- 1, indicating that some 
sintering of vanadium-containing species oc- 
curs in this sample. In addition, a shoulder at 
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FIG. 5. Temperature Programmed Reduction 
of samples (a) V-0, (b) V-0.5, (c) V-I, and (d) 

profiles 
V-3. 
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TABLE 1 

Results of the TPR Study of the Samples 

Sample V-0 ~ V-0.5 V-I.0 V-3.0 

H 2 consumption//xmol (g catalyst) I 
470-970 K 935 918 939 954 
470-1150 K 1155 1119 1243 1133 
H2/V ratio 1.43 1.39 1.55 1.41 

Tm/K 609 591 705 615 
1 ATI/2/K 144 202 260 213 

tzmol H2/g 152 123 138 88 

Tm/K 753 755 804 781 
2 ATI/2/K 99 101 90 80 

/xmol H2/g 623 211 180 305 
~(1-2) b 775 334 318 393 

Tm/K 823 841 895 846 
3 ATI/2/K 50 84 60 56 

,u.mol H2/g 46 468 508 466 
~(1-3) 82 t 802 826 859 

Tm/K 876 878 918 887 
4 ATt/2/K 145 136 96 88 

/zmol H2/g 98 109 79 73 
~(1-4) 919 911 905 932 

Tm/K 1074 1074 1066 1074 
5 ATI/2/K 184 155 152 231 

#mol H2/g t8 7 25 17 
~(1-5) 937 918 930 949 

~mol Na/g 0 217 435 1304 

a Determination of H, consumption has been carried out from 
upwards for this sample. 

h Accumulated H 2 consumption. 

370 K 

370 nm is recorded for sample V-3, although 
this band is also recorded in the spectrum of 
the support containing 3% Na, when re- 
corded vs the pure, undoped support. 

Temperature Programmed Reduction 

The TPR profiles for all four samples con- 
taining vanadium are shown in Fig. 5. As the 
vanadium loading in all samples, 4.1% (w/w), 
is equivalent to 805/xmol V/g, the average 
hydrogen consumption up to 1150 K (1163 
txmol/g, see Table 1) corresponds to ca. 1.5 
hydrogen molecules per vanadium atom 
(1163/805 = 1.45); that is, reduction, under 
the experimental conditions here used and up 
to the maximum temperature here reached, 
leads to formation of V 2+ species. Total hy- 
drogen uptakes indicate that no maj or change 
exists in the oxidation state of vanadium in 
the calcined samples or in the whole reduc- 
ibility up to 1150 K. Since previously re- 

ported XPS (22-24) and ESR (25) studies 
have shown that vanadium as V 5+ species in 
undoped V2Os-TiO2 catalysts calcined at 773 
K, it should be concluded that V 5+ species 
are also present in the calcined Na-doped 
samples, which reduce to V 2+ at the maxi- 
mum temperature reached here. In all cases, 
reduction takes place at temperatures below 
that needed to reduce bulk V:O 5 under simi- 
lar experimental conditions (reduction of 
these Na-containing samples starts at tem- 
peratures ca. 200-300 K lower than for bulk 
vanadia), and the degree of reduction is 
larger in these samples (H2/V = 1.5 up to 
1150 K) than in bulk vanadia (H2/V = 1.0 up 
to 1250 K). The onset of the reduction pro- 
cess at a lower temperature for titania-sup- 
ported as compared to that for unsupported 
vanadia has been ascribed (26) to the exis- 
tence of a strong interaction between TiO 2 
and the vanadium species, thus making its re- 
duction easier. However, this decrease in re- 
duction temperature has been also observed 
for well-dispersed vanadia supported on in- 
ert oxides (27) and should be better ascribed 
to a spreading of vanadia on the support and 
not to a particular interaction between va- 
nadia and titania. 

Reduction profiles show several maxima 
and have been submitted to a deconvolution 
analysis between 570-I 170 K, keeping the 
number of components to the minimum 
needed to achieve a good fit between the ex- 
perimental curve and the sum of the compo- 
nent bands. As an example, the results ob- 
tained for samples V-0 and V-3 are shown in 
Fig. 6. The positions of the maxima, hydro- 
gen consumption (as calculated from the area 
under the curve after normalization) and 
width at half-height (A T l/2/K) are collected in 
Table 1. The different stages of reduction are 
numbered in this table according to the posi- 
tion (temperature) of the component bands. 

Taking into account the total vanadium 
loading in the samples (805/xmol/g) and that 
in all four samples the reduction process 
leads to V 2+ formation, three reduction 
steps are possible, according to 
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FiG. 6. Deconvolution analysis of the TPR profiles of samples (a) V-0 and (b) V-3. 

W 5+ ~ W 4+ r e a c t i o n  (A) 
W 4+ ~ V 3+ r e a c t i o n  (B) 
V 3+ ---> V z+ reaction (C). 

The accumulated consumption of hydrogen 
for peaks [1] to [3] in all samples corre- 
sponds within 7% (see Table 1) to reduction 
of V 5+ to V 3+ (reactions (A) and (B)). Bands 
[4] and [5] in the TPR profiles would corre- 
spond to reaction (C), that starts at c a .  

750-800 K and is not completed even at 1150 
K. Step-by-step reduction of V 5+ species to 
V 3+, as depicted by reactions (A) and (B) 
above, cannot be distinguished, as there is 
no combination of the hydrogen consump- 
tion amounts of components bands [ 1] to [3] 
that coincide with the amount of hydrogen 
required for the stoichiometric, Vs+/V 4+ 
and V 4+/V 3 + reductions. Then, it should be 
concluded that different surface V 5+ species 
should exist, that are reduced to V 3÷ ones 
giving rise to the different first three TPR 
maxima. 

The most significative differences among 

the behaviour shown by the samples here 
studied corresponds to these three first TPR 
maxima. In the absence of sodium, ca. 75% 
of the titania-supported vanadia reduces to 
V 3+ in a single reduction process (peak 2) 
at 753 K (see Table 1 and Fig. 6). Less sig- 
nificative reduction processes are observed 
at lower (peak [1], 609 K) and higher temper- 
atures (peak [2], 823 K), accounting respec- 
tively for 18 and 6% of the expected H z 
consumption for a complete reduction of 
V 5 + to V 3 +. As stated above, well-dispersed 
vanadia reduces at lower temperatures than 
the bulk oxide, and peaks [1] and [2] could 
be ascribed to such surface vanadia species, 
accounting for 94% of the vanadia present 
in the samples. 

Addition of sodium (Fig. 5) shifts the TPR 
profile towards higher temperature. For the 
V-0.5 sample, deconvolution analysis (see 
Table 1) shows that peaks [1] (T m = 609 K) 
and [2] (Tm = 755 K) are still present. Since 
their positions and widths at half-height co- 
incide within experimental error with those 
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observed in the undoped sample, these 
peaks are ascribed to supported vanadia that 
is not interacting with the sodium ions, ac- 
counting for 42% of the total vanadia present 
in the samples. Simultaneously, peak [3] at 
841 K is now intense, accounting for reduc- 
tion of 58% of the vanadia and indicating 
that a new type of surface vanadium species 
that must be interacting with sodium ions is 
now formed; the ratio between the amount 
of sodium existing in this sample and the 
amount of vanadium species reacted in this 
process is 217/468 = 0.46; in other words, 
in this new species existing in sample V- 
0.5 where vanadium is interacting with the 
added sodium ions, the Na/V ratio should 
be close to 0.46. 

Band [2] is also observed for sample V-3, 
although it is narrower and is slightly shifted 
(ca. 25 K) to a higher temperature, and to- 
gether with peak [1] would again correspond 
to vanadia without interaction with the so- 
dium ions. For this sample, peak [3] is very 
narrow (ATI/2 -~ 56 K) and represents ca. 
58% of the total vanadium loading. This ef- 
fect is recorded at 846 K and should corre- 
spond to reduction of vanadium species 
strongly interacting with the sodium ions; 
the Na/(reacted V) ratio is 2.8, and thus this 
peak can be tentatively ascribed to reduc- 
tion of Na3VO 4 species (Na/V = 3). 

The behaviour shown by sample V-1 
seems to be intermediate between those of 
sample V-0.5 and sample V-3. Peaks [1] and 
[2] are again present, although the latter is 
shifted to higher temperatures (ca. 50 K), 
even more than in sample V-3. These two 
reduction processes account for ca. 38% of 
the total reduction of V 5+ to V 3+ , and since 
they are also observed in the V-0 sample, 
they should be ascribed to surface vanadia 
species with a very slight (or null) interac- 
tion with sodium ions. An intense reduction 
process (peak [3]) is observed at 895 K. If we 
assume that all vanadium interacting with 
sodium reduces in this process (508 /.~mol 
V/g, 435/zmol Na/g), the Na/V ratio for this 
species should be 0.85. In such a case, the 
different values of the Na/V ratio would ac- 
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FIG. 7. XANES region of  V K-edge of  (a) V20 s and 
(b) Na3VO 4 . 

count for the different positions and full 
widths at half-height in peak [3] of the TPR 
profiles of samples V-0.5 and V-1. However, 
the shift of peak [2] between samples V-0 
and V-1 (the largest observed among the 
samples here reported) could suggest also 
some interaction of this vanadium species 
with Na ions, and the Na/V ratio determined 
for this V-1 sample could be somewhat 
lower. 

X A N E S  

Results described above suggest that in 
the absence of Na ÷ ions, poorly crystallized 
vanadia is formed on the titania surface. As 
the sodium content is increased, part of this 
vanadia interacts with the Na ÷ ions, leading 
to formation of Na3VO 4 in sample V-3. The 
XANES spectra of both compounds (V205 
and Na3VO4) have been recorded and are 
shown in Fig. 7. The main difference be- 
tween these two spectra is in the intensity 
of the pre-edge peak [1], that is higher for 
Na3VO 4 (vanadium in tetrahedral coordina- 
tion) than for V205 (vanadium in square py- 
ramidal coordination). This pre-edge peak 
results from the l s - 3 d  transition, that is 
dipole-forbidden for pure 3d orbitals, but 



56 MALET ET AL. 

2.C 
5 

d 

b 

R 

I pre-edge 

E " S 

0.5/h, I I I 
0 I 2 3 

%Na 

1.5 

/~x 

1.0 

0.5 

0.0 

5470 5 4 9 0  5510 5 5 3 0  

E / e V  

FIG. 8. XANES region of V K-edge of samples (a) 
V-0, (b) V-0.5, (c) V-I, and (d) V-3. Inset: intensity of 
the pre-edge peak v s  Na content (normalized units). 

becomes allowed by mixing with oxygen 2p 
orbitals, as in the case of geometries lacking 
of an inversion center (28), and could allow 
to discern the formation of [VO4] species. 
Changes in the positions and relative inten- 
sities of the near-edge features [2]-[5] can 
be also detected between both spectra. 

Figure 8 includes the XANES spectra for 
vanadia-titania samples with 0-3% Na. Up 
to 1% Na, the spectra are very similar and 
are unaffected by the presence of sodium, 
both with regards to the intensity of the first 
peak, as well as for the shape of the absorp- 
tion edge. The intensity of the pre-edge fea- 
ture [1] is nearly constant (Fig. 8, inset) and 
similar to that recorded for vanadia, while 
the typical features [2]-[5] appearing after 
the edge are absent. Actually, spectra for 
samples V-0 and V-1 are identical to that 
recorded for highly dispersed vanadia on 

silica (27), where a long-range crystalline 
structure of vanadia does not exist, although 
the square pyramidal coordination of vana- 
dium existing in bulk vanadia is maintained. 
For sample containing 3% Na, the intensity 
of the pre-edge peak [1] increases apprecia- 
bly (Fig. 8, inset), although it does not reach 
the intensity observed for pure Na3VO 4. It 
has been previously reported (29) that differ- 
ent oxidation states of vanadium would give 
rise to different electronic occupation of the 
3d levels, and to changes in the intensity of 
this pre-edge peak. However, on the basis 
of our TPR results, a change in the oxidation 
state of vanadium in the calcined samples 
upon incorporation of sodium can be dis- 
carded, and this increase in the intensity of 
the pre-edge peak should be better ascribed 
to a change in the coordination of some of 
the V 5+ ions from C4v to T d. The structure 
of the absorption edge for this sample also 
changes, and both the relative intensities of 
features [4] and [5] and the appearance of 
shoulders [2] and [3] suggest the presence 
of Na3VO 4 in this sample. 

CONCLUSIONS 

A well-dispersed vanadia-titania system 
has been prepared, since crystalline V205 
cannot be detected by the experimental 
techniques here used (XRD, IR or V-UV);  
XANES indicates that the local coordina- 
tion around V 5+ ions is similar to that ex- 
isting in bulk vanadia (C4o). 

When the solid is doped with increasing 
amounts of sodium up to 3% w/w, two levels 
of Na-V interaction can be distinguished. 
For atomic ratios Na/V lower than 0.54 
(samples V-0.5 and V-l) new XRD lines are 
not recorded. However, results obtained by 
IR and V-UV spectroscopies, as well as by 
TPR, indicate that an appreciable percent- 
age of vanadia is interacting with sodium 
ions, thus suggesting the formation of non- 
crystalline V - N a - O  compounds in these 
samples. From TPR results it can be con- 
cluded that the Na/V ratio in these com- 
pounds is close to 0.5, and that their forma- 
tion does not modify the oxidation state of 
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v a n a d i u m ,  w h i c h  r e m a i n s  as  V 5+, thus  dis-  

c a r d i ng  f o r m a t i o n  o f  NaxV20 5 b r o n z e s  pre-  
v i o u s l y  r e p o r t e d  in the  l i t e r a tu re  (5) as  the  
ac t ive  p h a s e  in t h e s e  s y s t e m s .  X A N E S  
s h o w s  tha t  at  t h e s e  N a / V  ra t io s  the  loca l  
c o o r d i n a t i o n  a r o u n d  the  v a n a d i u m  ions  is 
una f f ec t ed  b y  the  p r e s e n c e  o f  s o d i u m  ions.  

A s y s t e m  wi th  a l a rge r  N a / V  ra t io  (1.6) has  
been  a l so  c h a r a c t e r i z e d ,  showing  a d i f fe ren t  
l eve l  o f  N a - V  in t e r ac t i on .  N e w  l ines  a re  re- 
c o r d e d  in i ts X R D  prof i le ,  but ,  u n f o r t u n a t e l y ,  
t hey  c a n n o t  be  u n e q u i v o c a l l y  a s c r i b e d  to a 
s ingle ,  speci f ic  V - N a - O  c o m p o u n d .  The  IR  
s p e c t r a  a l so  s h o w  n e w  a b s o r p t i o n s  in the  
960-890  c m -  ~ range .  To ta l  h y d r o g e n  u p t a k e  
dur ing  T P R  runs  ind ica t e  tha t  all  v a n a d i u m  
is p r e s e n t  as  V 5+ spec i e s  ( b ronze  f o r m a t i o n  
can  be  d i s c a r d e d ) .  D e c o n v o l u t i o n  o f  the  T P R  
prof i les  s h o w s  tha t  s o m e  o f  the  v a n a d i u m  
spec i e s  r e m a i n  u n a f f e c t e d  b y  the  p r e s e n c e  o f  
s o d i u m  as p o o r l y  c r y s t a l l i z e d  V205 on  the  ti- 
t an ia  su r face ,  in a s t a t e  fa i r ly  s imi la r  to tha t  
ex i s t ing  in the  N a - f r e e  s ample .  In  add i t ion ,  a 
N a / V  a t o m i c  ra t io  c lo se  to  3 is c a l c u l a t e d  for  

the  n e w  V - N a - O  c o m p o u n d ,  thus  sug- 
ges t ing  f o r m a t i o n  o f  s o m e  Na3VO 4 . X A N E S  
resu l t s  s h o w  tha t  pa r t  o f  the  v a n a d i u m  ions  
have  c h a n g e d  the i r  c o o r d i n a t i o n  f rom squa re  
p y r a m i d a l  to  t e t r a h e d r a l ,  thus  conf i rming  

f o r m a t i o n  o f  Na3VO 4 . 
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