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A series of vanadium-niobium oxide catalysts in which the
vanadia content varies between 0.3 and 18 mol% was prepared
by coprecipitation. These catalysts were characterized by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
low-energy ion scattering (LEIS), and by catalytic testing in
the oxidative dehydrogenation reaction of propane. The results
of the surface analysis by XPS and LEIS are compared. It is
concluded that the active site on the catalyst surface contains
2.0 = 0.3 vanadium atoms on average. This can be understood
by assuming the existence of two or three different sites: isolated
vanadium atoms, pairs of vanadium atoms, or ensembles of
three vanadium atoms. At higher vanadium concentration more
vanadium clusters with a higher activity are at the surface. LEIS
revealed that as the vanadium concentration in the catalyst
increases, vanadium replaces niobium at the surface. At vana-
dium concentrations above 8 mol%, new phases such as g-(Nb,
V),0s which are less active because vanadium is present in
isolated sites are formed, while the vanadium surface concen-
tration shows a slight decrease. © 1995 Academic Press, Inc.

INTRODUCTION

There is currently an increasing interest in the catalytic
activation of lower alkanes. Following the initial work of
Chaar et al. (1) on the oxidative dehydrogenation of n-
butane, a number of papers on the oxidative dehydrogena-
tion of propane and butane have appeared (2-6). Propane
is usually investigated because the oxidative dehydrogena-
tion of this molecule may be an attractive alternative route
compared to conventional dehydrogenation and cracking
for the production of propylene. Oxidative dehydrogena-
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tion of isobutane is another interesting application as the
isobutylene produced could be used in the synthesis of
methy! tertiary-butyl ether (MTBE). Research on vana-
dium-magnesium oxide catalysts has focused on discus-
sions on the nature of the active phase: magnesium ortho-
vanadate or pyrovanadate (1, 3, 4). In a recent paper (5),
Kung and Kung claimed that both orthovanadate and pyro-
vanadate are selective for oxidative dehydrogenation of
propane but only magnesium orthovanadate is selective in
the oxidative dehydrogenation of butane. Contamination
with potassium caused by the preparation method used by
Siew Hew Sam et al. (4) resulted in a Iess selective catalyst.

We have attempted to improve the vanadium-
magnesium oxide catalyst system by doping it with various
elements (6, 7), but these attempts were not successful.
We have, therefore, focused our attention on niobium
pentoxide for the following reasons:

+ Niobium is in the same group of the periodic table as
vanadium and is expected to have similar properties.

+ Niobium is much more difficult to reduce than vana-
dium (easy reduction often causes low selectivity in selec-
tive oxidation reactions).

« It had been previously shown, for example, that the
addition of niobium oxide to a mixture of molybdenum
and vanadium oxides improves the activity and selectivity
of this system for oxidative dehydrogenation reactions
(8-10)

We have shown in previous papers (11, 12) that high selec-
tivities toward propylene were possible using pure niobia,
but that the conversions were low.

We have recently presented the results of experiments
that show that the activity of niobia can be improved con-
siderably, while maintaining high selectivity, by adding
other suitable elements such as vanadium, chromium, and
molybdenum (13). Vanadium appeared to be the most
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beneficial. In the same publication, some results obtained
with vanadium-containing catalysts prepared by different
methods were presented. In two articles (14, 15), the results
of a more detailed and systematic investigation of the in-
fluence of preparation methods on the performance of
vanadium-niobium oxide catalysts were shown. It was con-
cluded that the method of addition of vanadium to niobium
oxide has a large influence on the performance of the
resulting catalyst. A preparation method such as coprecipi-
tation should be selected because it gives a homogeneous
distribution of vanadium in the catalyst. The differences
between the catalysts prepared by the various preparation
methods become smaller upon use. This might be caused
by a redistribution of the vanadium under the reducing
conditions in which the catalyst was tested.

For a better understanding of the catalytic activity of
catalysts, surface science techniques such as X-ray photo-
electron spectroscopy (XPS) and low-energy ion scattering
(LEIS) can indicate the surface composition and structure
of catalysts. While XPS probes several monolayers deep
and reveals information about the composition and chemi-
cal state of atoms in these surface layers, LEIS probes only
the outermost atomic layer of the surface of a catalyst. It
was shown by Jacobs et al. (16) and Eberhardt et al. (17)
that LEIS can be applied successfully to study the composi-
tion (quantitatively) and structure of the outermost layer
of a supported vanadia catalyst.

This article gives the results of an investigation of the
influence of the amount of vanadium added to the catalyst
on its catalytic activity with the aim of finding an optimum
amount of vanadium. The results of the LEIS experiments
shed some more light on the way in which the vanadium
is incorporated into the surface structure of the catalyst.
This is expected to help in identifying the nature of the
active sites for the oxidative dehydrogenation of propane.

EXPERIMENTAL

Catalyst Preparation

A series of catalysts with vanadium concentrations in
the range 0.25-20 mol% was prepared by coprecipitation
as described below. These samples are assigned with a
code V_ Nb, where x = mol% vanadium oxide in niobia.
A solution of 40 g oxalic acid dihydrate, 10 g of hydrated
niobia (Niobium Products Company, Inc., 80 wt% niobium
oxide), and an appropriate amount of ammonium meta-
vanadate in 250 ml water was first prepared (Solution A). A
buffer solution was also prepared by adding concentrated
ammonia to a saturated solution of 5 g of oxalic acid in
water (approx. 100 ml) until the pH reached 9 (Solution
B). A drop of freshly precipitated hydrated niobia suspen-
sion was added to this buffer solution to prevent oversatur-
ation and the resulting pH fluctuations. The pH was moni-
tored by a pH electrode and was maintained automatically
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during the preparation procedure by adding concentrated
ammonia. Solution A and an 8% ammonia solution were
added simultaneously in a flow ratio of 2:1 to the buffer
Solution B of pH 9 at 30°C. Solution A was added in a
flow rate of 10-15 ml/min. The resulting suspension was
filtered on two layers of fine filter paper (Whatman No.
50) and washed twice with cold water. It was observed in
the preparation of the samples V1I0Nb, V15Nb, and V20Nb
that the filtrate had a blue color, indicating the presence
of dissolved vanadium oxalate. All the products were dried
at 120°C overnight and calcined in air for S h at 630°C.

As a reference for the LEIS measurements, samples of
B-(Nb, V),0Os [which is known to contain approximately
10 mol% vanadium oxide (18)] were prepared by heating
samples of VIOND in air for 15 h at 700, 800, 900, 1000,
and 1100°C. The samples calcined at 1000 and 1100°C were
found by XRD to be monophasic 8-(Nb, V),0s.

Characterization of the Catalysts

The catalysts were characterized by catalytic testing,
BET surface area measurement, X-ray fluorescence
(XRF), X-ray photoelectron spectroscopy, X-ray diffrac-
tion (XRD), and low-energy ion scattering. In addition,
some of the precursors of the catalysts were investigated
by thermogravimetric analysis in combination with differ-
ential scanning calorimetry (TGA/DSC).

The catalysts (600 mg, 0.3- to 0.6-mm grains) were tested
for catalytic activity using a flow reaction system that has
been described previously (12). The gas feed consisted of
9.6 vol% oxygen, 29.4 vol% propane, and balance He, with
a total flow of 136 cm*/min. In each test the sample was
heated in a series of eight steps of 20-30°C in the required
temperature range, and a sequence of analyses was made
during each temperature step; each temperature was main-
tained for 2 h. The temperature range for testing was se-
lected in such a way that more than 20% oxygen conversion
(usually 100%) was reached at the highest temperature and
that the reaction rate at 425°C could be determined. The
V0.25Nb catalyst was thus tested in the range 380-580°C,
while the V7.5Nb catalyst was tested at 320-460°C.

Surface area determination was carried out according
to the BET method using a Micromeretics ASAP 2400
system with nitrogen as adsorbent.

A Kratos XSAM 800 system was used for XPS measure-
ments using MgKoa radiation. The vanadium surface con-
centration was determined by measuring the peak areas
of Nb3d and V2p and using sensitivity factors reported for
the Kratos system (2.4 for Nb3d, 1.95 for V2p). The V2p
peak area was taken as 1.5 times the V2p3? peak area
after automatic subtraction of the Ols satellite peak (521
eV) falling between the V2p'’? and V2p*? peaks (522 and
519 eV). Since the sensitivity of the equipment varied be-
tween different series of measurements, the results of each
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set of measurements was corrected by repeating the mea-
surement of a number of reference samples from the previ-
ous series of measurements.

A Philips PW 1710 diffractometer was used to obtain
X-ray powder diffraction patterns using CuKa radiation.

Combined TGA/DSC patterns were recorded on a Poly-
mer Laboratories STA 625 system using a flow of air or
nitrogen and a heating rate of 10°C/min.

The low-energy ion scattering experiments were carried
out using the NODUS equipment. The essentials of this
equipment have been described in detail elsewhere (19)
and only a brief description is given here. “He" ions having
3 keV kinetic energy are produced using a Leybold ion
source (type IQE 12/38). A Wien filter is applied to mass
filter the ion beam. The ion beam then hits the sample at
a 90° angle with respect to the sample surface (spot size
approximately 7 mm?). Those ions scattered over an angle
of 142° are analyzed by a modified cylindrical mirror ana-
lyzer. The kinetic energy of the backscattered ions is deter-
mined by changing the potential on the deflection plates
of this analyzer. The ions are detected by a ring detector
containing a set of eight channeltrons. The system is nor-
mally kept at a pressure of 10" mbar, which increases to
107* mbar (mostly helium) when the ion beam and the
ring-shaped flood gun are on. Charging of the sample is
minimized by pressing the powder into a lead sample
holder (ensuring that no lead appears at the surface) and
by flooding the surface of the sample from all sides with
low-energy electrons (approximately 10 eV) from a ring-
shaped filament. Samples are normally pretreated with 20
mbar oxygen at 240°C in a pretreatment chamber attached
to the vacuum chamber to remove contaminants such as
carbon, but this was found to have no effect since the LEIS
signals were similar with and without pretreatment. This
pretreatment was therefore omitted for these samples. An
ion beam current of 26 nA was used. Several scans were
taken and each scan takes 45 s. It was estimated that the
time needed to remove one monolayer was at least 3000 s.
The first scan was not used because it was found to deviate
from the subsequent scans (possibly due to shielding effects
of hydroxyl groups present at the surface); after the tenth
scan, the effects of preferential sputtering of oxygen be-
came apparent. Thus, scans 2-10, which show stable sig-
nals, were added and analyzed by integration of the peak
areas after background subtraction, illustrated in a typical
LEIS spectrum of the V3Nb catalyst shown in Fig. 1. A
linear background (drawn between two fixed final energ-
ies) is used because the shape of the baseline is not well
known. Each sample was analyzed two to four times and
peak areas were averaged, using a fresh sample each time.
The V5Nb and V10Nb catalysts were also measured after
catalytic testing. The LEIS signals of these used catalysts
were similar to the fresh catalysts. This is further confirmed
by the stable behavior of the catalysts during catalytic
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FIG. 1. Typical LEIS spectrum of a V-Nb oxide catalyst (V3Nb, 3

mol% V). The peak areas (above the dashed background lines) are used
to quantify the outermost surface composition.

measurements. Therefore we assume that the surface com-
position determined for the fresh catalysts reflects the sur-
face composition under reaction conditions, which makes it
possible to consider a correlation between catalytic activity
and surface composition of these catalysts. The vanadium
surface concentration was calculated using a LEIS sensitiv-
ity ratio V/Nb of 0.63. This sensitivity ratio was determined
from the ratio of the peak areas obtained when measuring
the pure metals, taking into account the molar areas of
the metals. This calibration method has been applied suc-
cessfully to quantify the surface concentration of binary
alloys of V-Nb (20), Nb-Ta (21), and Cu-Pd (22).

RESULTS AND DISCUSSION

The results obtained from the characterization of the
series of catalysts prepared by coprecipitation are shown
in Tables 1 and 2.

Bulk Properties

The XRF results of Table 1 show that with vanadium
concentrations lower than 7 mol%, the samples contain
slightly more vanadium than intended. This is caused by
the fact that the hydrated niobia used contained somewhat
more water than reported by the supplier (20 wt%), thus
offsetting the estimation of the amount of niobia used. It
can be concluded that with up to 7 mol% vanadia, the
selected coprecipitation method results in a quantitative
precipitation of the vanadium. At vanadium concentra-
tions higher than 7 mol%, the precipitation was no longer
quantitative. The vanadium concentrations found were
lower than intended, but continued to increase with in-
creasing vanadium concentration in the solution, indicating
that the maximum amount of vanadium that can be precipi-
tated by this method was not yet reached. It should be
noted here that vanadium by itself is soluble in ammonia



A LOW-ENERGY ION SCATTERING STUDY OF V-Nb OXIDE CATALYSTS

587

TABLE 1

Results of the Characterization of the V-Nb Oxide Catalysts by XRF, XPS, LEIS, BET Surface Area Determination, XRD,
and Catalytic Testing

Concentration V (mol%)

Surface
Bulk BET area XRD phases Rate Temp.
Sample XRF XPS LEIS (m?/g) present® (umol/m?/s)” Selectivity °C)
V0.25Nb 0.29 2.1 0 7.8 TT 0.018 91 552
VO0.5Nb 0.60 50 10 7.7 T 0.045 91 503
V0.75Nb 0.9t 6.3 22 8.2 TT 0.079 89 470
VINb 1.1 8.6 23 7.6 T 0.130 86 445
V1.5Nb 1.6 10 34 73 T 0.214 83 419
V2Nb 22 14 38 6.8 T 0.294 80 398
V3Nb 32 15 44 7.4 T 0.377 79¢ 383
V5Nb 52 18 50 6.8 T 0.665 77 370
V7.5Nb 7.1 21 56 8.2 T, tr 8 0.675 75¢ 361
V10Nb 9.1 22 49 7.2 T.8 0.330 82 390
V15Nb 13.2 24 51 7.7 BT 0.389 82 384
V20Nb 17.7 25 52 9.9 UtV 0.201 83 403

4TT, TT-niobia; T, T-niobia; B8, B8-(Nb, V),0Os; U, unknown phase; V, V,0s; tr, trace.

b Of propane consumption at 425°C.

¢ To propene at 10% oxygen conversion, at the temperature given in the next column.

4829% at 415°C.
“83% at 428°C.

in the form of ammonium vanadate. It is thus remarkable
that vanadium can be precipitated quantitatively here be-
cause of the presence of niobium in the solution. It is not
clear whether the vanadium is removed from the solution
by adsorption on the niobium precipitate or by the forma-
tion of a mixed vanadium-niobium precipitate.

The TGA/DSC results shown in Table 2 indicate that
most of the oxalate remaining in the dried precipitate is
lost between 200 and 300°C. The DSC signal shows an
endothermic peak immediately followed by an exothermic
peak, which is typical for decomposition of oxalate to car-

TABLE 2

Results of the Characterization of Selected Catalyst
Precursors by TGA/DSC Experiments

Temp. Weight Temp. Weight Temp. Weight
Sample  (°C)* loss (%)* (°C) gain (%)* (°C) loss (%)°
V0.5Nb 259 26 540 1.0 582 3.1
V3Nb 259 26 509 1.2 587 38
V7.5Nb 258 16 482 1.0 591 38
V15Nb 257 21 457 0.9 594 4.4

¢ Of weight derivate peak.
b Relative to final weight.
¢ Of DSC peak.

bon monoxide and carbon dioxide and subsequent oxida-
tion of the carbon monoxide to give carbon dioxide. The
weight loss is not as large as that for the niobium oxalate
supplied by Niobium Products Company, Inc. (80%), which
means that either most of the oxalate had disappeared
during the drying step, or the precipitate formed initially
was not a stoichiometric oxalate, but an oxalate-hydroxide.
The latter is more probable, since little weight was lost
during drying. An exothermic DSC peak and a correspond-
ing weight gain in the TGA curve are observed for all the
samples in the temperature range of 400-550°C. When the
V3Nb sample was heated in a similar way in a nitrogen
atmosphere, this was not observed. The position of the
DSC peak was strongly dependent on the amount of vana-
dium. The amount of weight gain was, however, indepen-
dent of the vanadium content. It is known that vanadium
is reduced by the oxalic acid in solution to form V** oxalate
complexes, which are blue in color. Niobium also forms
oxalate complexes in an oxalic acid solution (9), but it is
generally assumed to be present in its oxidized Nb** form.
The most probable explanation of the weight gain observed
is that a vanadium-catalyzed oxidation of niobium (and
possibly of vanadium) takes place here, since the vanadium
decreased the temperature needed for the oxidation and
the weight gain was too large to be explained by oxidation
of V# to V** alone. This means that the niobium was
reduced somewhere during the process of preparation of
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TABLE 3

SMITS ET AL.

Results of the Characterization of the New Phase in the
V20Nb Catalyst by XRD

d spacing Intensity d spacing Intensity
(A) (%) (A) (%)
3.97 100 1.87 15
3.43 254 1.77 10
3.1 10 1.75 20
3.01 50 1.72 10
2.95 20 1.69 10
2.80 20 1.66 15
2.60 15¢ 1.62 10
2.40 25 1.60 15
1.99 35 1.31 10
1.97 10

@ Also occurs in V,0s.

the samples. This phenomenon was not observed in any
catalyst precursor prepared by other methods, nor in the
decomposition of niobium oxalate. The last DSC peak
(Table 2, last column) can be attributed to the crystalliza-
tion of amorphous niobia into the TT-phase. The associ-
ated weight loss was normally not observed when heating
hydrated niobia, but only when heating niobium oxalate.
The weight loss may be attributed to residual carbon-con-
taining species being excluded from amorphous niobia
when it crystallizes. The phase transformation was delayed
more when more vanadium was present in the sample,
indicating that the vanadium was well dispersed in the bulk
of the sample.

The BET areas found (Table 1) appear to be indepen-
dent of the amount of vanadium added. Only in the
samples containing 7 mol% vanadium or more were mixed
oxides of vanadium and niobium observed by XRD (Table
1). The samples VIONb and V15Nb contain 8-(Nb, V),0s,
which was described by Goldschmidt (18) as having a
structure similar to H-niobia. Wadsley and Andersson
(23) suggested that in this phase, vanadium replaces the
niobium present in isolated tetrahedral sites at the junc-
tions of blocks of NbQOg4 octahedra. An unknown phase
that has not been reported previously in the literature
was found in sample V20Nb along with some vanadium
oxide. The intensities and d spacings of the lines of this
phase are shown in Table 3. In the samples containing
less than 7 mol% vanadium, only TT-niobia and T-niobia
were found. No measurable change in lattice parameters
indicating the formation of a solid solution was observed.
However, this does not exclude the formation of a solid
solution, since the change in lattice parameters may be
too small to be observed. It is not possible to quantify
the amount of the various phases present accurately from
XRD analysis.

Catalytic Testing

Figure 2 shows the rate of propane consumption at 425°C
as a function of the amount of vanadium in the catalyst.
It appears that the activity of the catalysts increases approx-
imately linearly until 5 mol% vanadium. The activity of
the V7.5Nb sample was only slightly higher than that of
V5Nb. This deviation from linearity coincides with the
formation of a small amount of 8-(Nb, V),Os (Table 1).
In samples VIONb and V15Nb, this was the major phase,
and these samples were much less active than samples
V5Nb and V7.5Nb. It thus appears that 8-(Nb, V),0O5 was
much less active than the vanadium-containing T-niobia
phase. The sample V20Nb had a very low activity, and it
may hence be assumed that the unknown phase in this
material was also not very active.

The selectivities observed are shown in Table 1. When
the selectivity to propene at 10% oxygen conversion is
compared at a temperature of approximately 420°C (see
footnotes d and e of Table 1 and data for sample V1.5Nb),
the selectivity appears to be independent of the vanadium
concentration (24). Any variation in selectivity visible in
Table 1 is contributed to the difference in experimental
conditions under which they are measured.

Temperature-programmed reduction of the V-Nb oxide
catalysts were carried out to identify the changes in reduc-
ibility from Nb-O-Nb bonds (in pure Nb,Os) to Nb-O-V
(in catalysts with low V content), to V-O-V (in catalysts
with high V content). The results are presented elsewhere
(6, 25). It was seen that incorporation of V improves the
ease of reduction of Nb,Os. However, no clear conclusions
could be made (from peak positions and intensities) re-
garding structural changes around V atoms.

Surface Properties

The results of the analysis of the surface composition
by XPS and LEIS are given in Table 1 and are also shown
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FIG. 2. Rate of propane consumption at 425°C versus the bulk con-

centration of vanadium in the catalysts.
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FIG. 3. Surface concentration of vanadium as determined by XPS
and LEIS versus the bulk vanadium concentration.

in Fig. 3, which gives the surface concentration, determined
by XPS and LEIS, as a function of the vanadium content
of the catalysts. XPS shows that the surface concentration
of vanadium initially increases strongly with increasing
bulk concentration of vanadium, but that the surface con-
centrations level off at a bulk concentration of 4 mol%.
The same can be seen with LEIS, except that at the highest
vanadium bulk concentrations, the surface concentration
decreases slightly. When these results are compared with
the results of activity measurements displayed in Fig. 2, it
can be concluded that the catalytically active surface sites
consist of vanadium and that the significantly lower activi-
ties of the samples V10Nb, V15Nb, and V20Nb (compared
to those with a lower bulk concentration of vanadium)
cannot be completely explained by the slightly lower con-
centration of vanadium at the outer surface as shown by
LEIS. That the catalytically active species consist of vana-
dium is also supported by the turnover frequency (TOF)
measurements (24). The TOF for propane conversion is
0.03 s} for a 2 mol% vanadia on niobia catalyst, whereas
the TOF is 0.0003 s™! for pure niobia.

Since the probing depth of XPS is much deeper (approxi-
mately 50 A for vanadium), it gives an average vanadium
concentration over several monolayers. The vanadium
concentrations revealed by LEIS are about a factor of
2-3 higher than revealed by XPS. This reflects a surface
enrichment of vanadium in these catalysts.

The results of the LEIS analysis of the sample V10Nb
calcined at temperatures up to 1100°C are shown in Fig.
4. This figure shows that the concentration of vanadium
at the surface of the material decreases as the calcination
temperature is increased. Results of XRD analysis showed
that the amount of 8-(Nb, V),Os increased as the calcina-
tion temperature was increased, until monophasic 8-(Nb,
V),0s5 was formed at 1000°C. These results thus seem to
confirm that the slightly lower concentration of vanadium
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both treatments in the figure, the latter is displayed at 1110°C.

found at the surface of the catalysts VIONb and V15NbD is
indeed caused by the formation of the phase 8-(Nb, V),O5
in these catalysts, which also appear to have less activity
according to Fig. 2. A small but constant amount of po-
tassium was also detected here.

Since LEIS is only sensitive to the first atomic layer of
the surface of a catalyst, interesting conclusions can be
drawn when studying the absolute intensities arising from
the various elements at the surface (Fig. 5). The intensity
of the vanadium signal increases as a function of the vana-
dium content of the catalyst, while the niobium signal de-
creases. The oxygen signal, however, remains more or less
constant. It is illustrated in Fig. 5 by the straight line of
the added V and Nb signal (after correction for differences
in sensitivity) that the V and Nb signals are mirror images
of each other. This indicates that niobium is replaced by
vanadium at the surface when the bulk vanadium concen-
tration is increased. Further, vanadium occupies the sites

N O — _
€
=]
£
Z
@
c
o
»
@
m
=
Bulk V concentration (mol%)
FIG. 5. Absolute LEIS signals as a function of the bulk vanadium

concentration. The added V + Nb signals are corrected for differences
in sensitivity (sensitivity ratio of V/Nb is (.63).
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FIG. 6. Rate of propane consumption versus the surface vanadium
concentration as determined by LEIS. The open markers are data from
the V1ONb, V15Nb, and V20Nb catalysts and are not used in the fits.
Different curves are plotted to get information about the active site(s)
of the V-Nb oxide catalyst (see text).

that are normally occupied by niobium in the T-niobia
phase without changing the oxygen structure resulting in
a constant oxygen signal. Evidence that this is indeed the
case was found using *'V solid-state NMR (26).

The Active Site

Surface analysis techniques can be used to get more
information about the active site by plotting the rates of
propane consumption against the surface concentration of
vanadium; Fig. 6 shows the specific reaction rate as a func-
tion of surface concentration as determined by LEIS. Simi-
lar results were obtained when the XPS data were used.
The data points (excluding those corresponding to the sam-
ples V10ONb, V15Nb, and V20Nb; open markers in Fig. 6)
were fitted with a power function to find the order of
reaction with respect to the number of vanadium atoms
at the surface. For both methods of surface analysis, an
average reaction order of 2.0 * 0.3 was found to fit the
data. It is difficult to determine the exact dependence of
the rate on the vanadium concentration (see fits in Fig. 6).
A linear regression technique results in a reaction order
of 1.7-1.9 (depending if absolute or relative errors are
minimized); a nonlinear regression technique (Levenberg-
Marquardt algorithm) results in a reaction order of 2.3.
The data can also be fitted (within experimental error)
using a combination of reaction order 1 and 3.2 in vana-
dium surface concentration. So it should be clear from Fig.
6, taking the error bars into account, that the exact reaction
order cannot be determined here.

However, it is evident that these results indicate the
existence of two or three different active sites at the surface
of the catalysts: isolated vanadium atoms, pairs of vana-
dium atoms, or ensembles of three vanadium atoms. The
isolated vanadium sites are less active than the vanadium
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clusters. The minimum activity of isolated V sites was
found for the catalysts with concentrations =<0.75 bulk
mol% V. The VIONb and V15Nb catalysts partly contain
B-(Nb, V),05 with isolated V atoms and therefore the
activity is partly reduced in comparison with the V7.5Nb
catalyst, where V clusters dominate the activity.

The idea that clusters of V atoms are more active can
also be seen in Fig. 7, where the intrinsic activity per site
is plotted against the vanadium surface concentration.
There is an increase in activity per site with surface concen-
tration even though the increase is not very large.

It was shown by Owen et al. (3) that for the oxidative
dehydrogenation of propane the selectivity to propene was
inversely proportional to the reduction potential of the
cation for a number of orthovanadates. Owen et al. did
not report the specific activities of their materials; however,
since the selectivity of an active site is usually inversely
proportional to its activity, it can be assumed that the
activity of an orthovanadate is proportional to the reduc-
tion potential of the cation neighboring the isolated vana-
dium site occurring in an orthovanadate. It is thus reason-
able to suppose that ensembles of vanadium atoms are
more active than isolated vanadium atoms, since a bridging
oxygen atom between two easily reducible vanadium atoms
is more active than an oxygen atom between a vanadium
atom and a (less easily reducible) niobium atom. In a study
by Desponds et al. (10) on the oxidative dehydrogenation
of ethane over Mo—V-ND oxide catalysts it was found that
the presence of Nb is important in the selectivity of these
catalysts since it inhibits the total oxidation of ethane to
carbon dioxide.

It also appears that the catalysts containing more than
7 mol% vanadia are not less active because they have a
significantly lower surface concentration of vanadium, but
mainly because the isolated vanadium sites occurring in
the B-(Nb, V),0s phase that is formed are less active.

'1’

Intrinsic activity per site (arb.un.)
n

0 10 20 30 40 50 60
Surface V concentration (moi%)

FIG. 7. The intrinsic activity per site as a function of the surface
vanadium concentration determined by LEIS. The intrinsic activity per
site is determined by dividing the propane consumption rate by the surface
vanadium concentration and is normalized to 1 for the lowest activity.
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CONCLUSIONS

The results presented in this paper show that a prepara-
tion method to make homogeneous samples by coprecipi-
tation yields catalysts that are highly active. At vanadium
concentrations below approximately 7.5 mol%, the active
phase has a structure that is indistinguishable by XRD
from T-niobia. When increasing the amount of vanadium
in this phase, LEIS measurements indicates that vanadium
replaces niobium at the surface of the catalyst.

LEIS can also quantify the vanadium surface concentra-
tion of the outermost atomic layer. The LEIS measure-
ments show a vanadium surface concentration that is
approximately two to three times higher than that from
XPS measurements due to the difference in probing depth.
The increase in specific activity as a function of surface
vanadium concentration can be described by a power
function with exponent 2.0 = 0.3. This can be explained
by assuming that the activity of the catalyst is caused by
the combined activity of less active isolated vanadium
sites and more active vanadium clusters at the surface.
As the vanadium concentration is increased, less active
isolated vanadium sites may be replaced by more active
ones that contain two neighboring vanadium atoms. As
the vanadium concentration is increased further, even
more active ensembles of three or more vanadium atoms
may be formed. The latter explains the increase in reaction
order with respect to vanadium atoms at the surface.
The reaction order depends on which species dominate
the activity at a particular vanadium surface concen-
tration.

If the vanadium concentration is increased to above 7.5
mol% vanadia, mixed oxide phases that are less active than
the catalysts in which only T-niobia was found are formed.
This is caused partially by the fact that these catalysts
contain slightly less vanadium in the first atomic layer at
the surface, but mainly by the fact that they contain less
active isolated vanadium sites.

From these conclusions, a model for the structure of the
active site can be derived. If vanadium is occupying some
of the sites of T-niobia normally occupied by niobium, the
vanadium will be coordinated by six, seven, or nine oxygen
ions. The changes in activity per vanadium atom at the
surface may be explained by assuming that the initial iso-
lated vanadium sites are replaced by other sites as the
vanadium concentration increases. These sites are different
from the initial sites by the number of vanadium ions rela-
tive to niobium ions in the second coordination sphere
around the vanadium atom. They are more active because
the oxygen in the first coordination sphere is more active
as it is flanked by two easily reducible vanadium ions rather
than a vanadium ion and a niobium ion. The mixed oxides
are less active as these oxides contain vanadium in isolated
tetrahedral sites.
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