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ABSTRACT

The local environment of vanadium in V/AlI/O amorphous oxide catalyst has been studied under propane
ammoxidation reaction conditions. In situ valence-to-core X-ray emission spectroscopy (XES) and X-ray
absorption spectroscopy (XAS) at the V K-edge showed that acrylonitrile production starts when vana-
dium in the bulk structure of the oxide material changes its formal oxidation state from +4.8 to
+3.8 £0.1. Exposure of the catalyst to pure NHj at 500 °C leads to further reduction of vanadium.
Valence-to-core XES has also proved that the level of bulk nitridation of vanadium in the active catalyst
was rather small. XPS analysis performed ex situ after the catalytic tests confirmed the presence of sig-
nificant amounts of N~, NH,, and -NN- species on the catalyst surface. It can be concluded that activa-
tion of V/AI/O catalyst on-stream is mainly associated with reduction of vanadium in the bulk structure of

Valence-to-core X-ray emission
spectroscopy at V KB lines

V K-edge X-ray absorption spectroscopy
XPS

the material and nitridation of vanadium atoms on the surface.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The substitution of alkenes by alkanes as a feedstock is a chal-
lenging task for industries producing chemicals, plastics, and syn-
thetic fibers. It is also important for lowering the prices and risks of
chemical storage, which become crucial due to the continuous in-
crease of the worldwide demand for chemicals and the reinforce-
ment of the legislation rules on their manipulation.

The challenge lies mainly in the difficulty of breaking the first
C-H bond in alkane and the lack of stability of the products formed.
The process of acrylonitrile (ACN) production from propane is one
of the closest to be industrialized. In general nitriles are much
more stable than the corresponding aldehydes or acids, which
can also be produced from alkanes. Furthermore, the yield of ni-
triles can be high enough to sustain an industrial application. The
known catalysts for propane ammoxidation into ACN are mainly
based on either rutile-type metal antimonates (V/Sb/O, V/Al/Sb/
0) [1-5] or mixed molybdates (Mo/V/Te(Sb)/Nb/O) [6-9]. Attempts
to optimize these materials by tuning their composition were suc-
cessful but not good enough for industrialization [10-12]. Recently
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discovered V/Al/O-mixed amorphous oxides catalysts have shown
to be very promising for propane ammoxidation [13-18]. More-
over, it was demonstrated that catalytic performance of these oxi-
des could be improved after their exposure on-stream under
catalytic conditions or after preliminary annealing in NH; at high
temperatures. These phenomena were explained by partial substi-
tution of nitrogen for oxygen in the mixed oxide structure of the
catalyst. Maximal concentration of nitrogen observed in this kind
of material was 3-5wt% [17]. The activity of V/Al/O catalysts
was explained by a Mars-van Krevelen-type mechanism related
to the lattice oxygen and nitrogen mobility as well as the redox
activity of vanadium [17,18]. It was also demonstrated that cata-
lytic performance of these materials strongly depends on various
parameters such as: (i) the V/Al ratio, (ii) the pH during synthesis,
(iii) the vanadium concentration in solution, and (iv) the nitrida-
tion protocol (temperature, nitridation mixture, and time) [16].
The V/AI/O catalytic system seems to be rather simple and has
potential to be further improved. However, these materials have
amorphous structure, which makes rather difficult understanding
of relationships between their structure, composition, and catalytic
properties. Recently, in situ XAS studies have shown that under
reaction conditions of ACN production, vanadium in the bulk oxide
structure changes its local coordination from tetrahedral (similar
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to NH4VO3) to octahedral and a small decrease in vanadium degree
of oxidation occurs [18]. However, using EXAFS it was difficult to
prove the presence of V-N bonds in the bulk catalyst structure, be-
cause using this technique it was impossible to distinguish N and O
ligands in the first coordination shell of vanadium. The only direct
technique, which was used by now to identify the presence of V-N
bonds in the catalyst, was X-ray photo-electron spectroscopy
(XPS). XPS can be used for the analysis of surface species; however,
it requires high vacuum conditions, which makes extremely diffi-
cult to apply it to in situ studies. In the present work we tried to
get more information about the reactivity of lattice nitrogen in this
catalyst and local environment of vanadium using in situ valence-
to-core XES at V KB fluorescence line. A catalyst with V/Al ratio
of 0.25, which was shown in the previous studies to be the most
active, was prepared following the synthesis protocol mentioned
in the literature [14] with the same reaction conditions (500 °C,
0,:C3Hg:NH3 = 3:1.25:1). In situ XAS at V K-edge vanadium also
measured in the same experiment provided us complimentary
information on the local structure and the oxidation state of vana-
dium in the catalyst. The data obtained by valence-to-core XES and
XAS should correspond to the average material composition from 3
to 5 um layer, which we considered as the bulk structure. The ex
situ XPS analysis was performed after the catalytic tests in order
to confirm the presence and the nature of surface species.

2. Experimental

A V/Al/O catalyst with V/Al molar ratio of 0.25 was prepared
according to a published protocol [14]. The catalyst was produced
by co-precipitation of solutions containing 0.01 M ammonium
metavanadate and 0.01 M aluminum nitrate at 60 °C. Ammonium
metavanadate was dissolved in hot water (60 °C) under stirring
and then nitric acid (50 wt%) was added until the pH reached 3.0.
When the solution of aluminum nitrate was added to the mixture,
the latter became red-orange with pH of 2.5. Then the pH was in-
creased up to 5.5 by adding ammonium hydroxide solution
(25 wt%) and the mixture was maintained in these conditions for
1 h. The yellow precipitate was washed with ethanol and dried in
vacuum at 120 °C.

Valence-to-core XES experiments at V KB line were performed
at ID26 (X-ray absorption and emission spectroscopy beamline)
at ESRF (Grenoble, France). The electron energy of the storage ring
was 6.0 GeV; the ring current varied between 150 and 200 mA. The

incident energy (5500 eV), which was 35 eV above the V K-edge,
was selected by means of a pair of Si(2 2 0) single crystals. Higher
harmonics were suppressed by two Si mirrors at 3.0 mrad. The
beam size on the sample was 0.3 mm horizontal and 1 mm vertical
with a total flux of about 10'® photons/s. We used an analyzer that
employs the (333) Bragg plane of one spherically bent
(R =850 mm) Ge wafer, 89 mm in diameter. The energy bandwidth
in the X-ray emission detection was 0.6 eV. An avalanche photodi-
ode (APD) was used as the detector. The counting time per XES
spectrum was 5 min. The XES spectra were recorded continuously
during the whole period of catalytic test. The KB main and Kp satel-
lite lines were measured from 5390 to 5442 eV with 0.5 eV step
and normalized by the integral spectral intensity. To perform
quantitative analysis of the valence-to-core XES data we fitted
the KB;3 main line contribution using pseudo-Voigt functions
and subtracted it as a background. After each XES spectrum one
V K-edge XAS spectrum of the catalyst was measured in a quick
scan mode from 5442 to 5742 eV with 0.1 eV step (2 min scan
per scan) using Si diode detector, which recorded the total fluores-
cence yield. The XAS spectra were normalized to the edge jump
equal to 1. Analysis of the pre-edge region was conducted after
subtracting the edge step contribution. The “pre-edge intensity”
was defined to be the maximum intensity in this net pre-edge mul-
tiplet. The “pre-edge peak centroid” was defined to be the center of
mass of this multiplet. For better understanding the effect of li-

Table 2
List of the consequent treatments of V/Al/O catalyst.
Treatment Gas atmosphere Temperature Time of
(°C) exposure
(h:min)
A - initial Air 25 -
state®
B 0,:C3Hg:NHs3 = 3:1.25:1 280 During 5 °C/min
ramp
C 0,:C3Hg:NH3 = 3:1.25:1 500 2:00
D 0,:C3Hg:NH; = 3:1.25:1 500 3:00
E 0,:C3Hg:NH;3 = 3:1.25:1 500 3:25
F 0,:C3Hg:NH3 = 3:1.25:1 500 4:22
G 0,:C3Hg:NH3 = 3:1.25:1 500 5:35
H 0,:C3Hg:NH; = 3:1.25:1 500 9:20
I 0,:C3Hg:NH3 =3:1.25:1.25 500 1:25
] NHs3 500 4:50
K He 50 -

2 Initial state corresponds to the state after drying at 120 °C.

Table 1

List of reference compounds with corresponding vanadium environment.
Compounds Formal valence Bond type Number of bonds Symmetry? Bond distance (A) Reference
VB 0 V-B 7 2.26 x 4,2.29 x 2, 2.40 [28]

V-V 4 2.74 x 4

vC 4 V-C 6 Op 2.09 [29]
VN 3 V-N 6 Op 2.07 [30]
V,03 3 V-0 6 Op 1.96, 2.06 [31]
V-bearing magnetite 3 V-0 6 On 2.0 [32]
Goldmanite 3 V-0 6 Oy 1.99 [33]
V1 .2Alo.47Caz oFeq 33Mgo 08
Mng 0Si3012
V504 4 V-0 6 Oy 1.76, 1.86, 1.87, 2.01, 2.03, 2.05 [34]
Cavansite 4 V-0 5 Py 1.60, 1.98 x 4 [35]
Ca(VO)(Sig010)-4H,0
V,0s5 5 V-0 5 8, 1.58,1.78, 1.89 x 2, 2.02 [36]
Vanadinite 5 V-0 4 Tq 1.70 [37]
Pbs(VO4)sCl
Palenzonaite 5 V-0 4 Ty 1.72 [38]
Aso24Caz 3Mn;Nag7012Si03V2.46
VF, 4 V-F 6 Oy 170 x 2,1.92 x 4 [39]

@ Op, octahedral; Ty, tetrahedral; and Py, pyramidal.
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gands, valence state, and coordination of vanadium on the fine
structure of valence-to-core XES and XAS spectra, we also mea-
sured different reference compounds: V,0s, vanadinite, cavansite,
goldmanite, V-substituted magnetite, VN, VC, VB, and VF,. These
compounds were issued from either mineral collections or com-
mercial compounds. The experimental X-ray absorption near edge
spectroscopy (XANES) spectra were also compared with the data
obtained on different reference compounds by Wong et al. [20],
Giuli et al. [21], and Sutton et al. [22].

Valence-to-core XES spectra were calculated on the basis of a
full multiple scattering theory using the FEFF8.4 code [23]. Self-
consistency of the potential was performed for a 0.52-nm cluster
using the Hedin-Lunqvist exchange potential. The additional imag-
inary part of the potential equal to 0.6 eV was used to take into ac-
count the experimental resolution. The geometry of the cluster was
constructed based on the standard X-ray diffraction data (Table 1).
Full multiple scattering calculations were performed for a 0.6-nm
radius. The spectra corresponding to non-equivalent crystallo-
graphic positions were averaged. Calculations for the energies of
2s levels for free atoms were performed on the basis of usual Her-
man-Skillman procedure [45] with exchange parameter taken
according to the Schwarz prescription [24].

The in situ experiment was performed in the reactor cell de-
scribed in [19]. Before the catalytic test, the fresh catalyst
(115 mg) was pressed into a 13-mm pellet and fixed in the reactor
cell. Four Bronkhorst mass flow controllers were used to produce
the reaction mixtures containing C3Hg, O,, and NH3 in He with a to-
tal flux of 30 ml/min. The reactivity of the catalyst was controlled
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Fig. 1. (a) Experimental valence-to-core XES of VN; (b) full multiple scattering
calculations for VN: valence-to-core XES (black line) and partial densities of
nitrogen states with s- (red line) and p-symmetry (blue line). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

using on-line VG ProLab mass-spectrometer (ThermoElectron Cor-
poration). Reaction products could be identified but not quantified
and thus selectivities have not been calculated. Table 2 presents
the conditions in which the XES and XAS spectra were recorded.
To remove water the catalyst was pre-heated in the reactor cell
up to 120°C in 20% O, in He (5 °C/min). Then, the stoichiometric
catalytic mixture (0,:C3Hg:NH3=3:1.25:1) was introduced into
the reactor cell and the heating was continued up to 500 (5 °C/
min). Under these conditions (500 °C, 0,:C3Hg:NH3=3:1.25:1),
the catalyst stayed on-stream for 9 h and 20 min. Then, the reac-
tion atmosphere was changed to ammonia-rich mixture
(05:C3Hg:NH3 = 3:1.25:1.25) and the spectra were recorded for
1 h and 25 min. After this, oxygen and propane feeds were stopped
and the measurements were continued in NH; atmosphere for 4 h
and 50 min. Finally, the catalyst was cooled to 50 °C in He and the
last spectrum was recorded.
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Fig. 2. Experimental valence-to-core XES spectra of the reference compounds.
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XPS measurements were performed using a Kratos Axis Ultra
DLD spectrometer. The base pressure in the analysis chamber
was better than 5 x 1078 Pa. XPS spectra of N1s, V2p, Al2p O1s,
and C1s levels were measured at 90° (normal angle with respect
to the plane of the surface) using a monochromated Al Ko X-ray
source with a pass energy of 20eV and a spot size aperture of
300 pm x 700 pum. Charging of the samples was corrected by set-
ting the binding energy of carbon (Cls) at 284.5 eV. The experi-
mental precision of the quantitative analysis, after Shirley
background, was considered to be around 10%.

For better comparison we studied the fresh catalyst, the catalyst
after in situ tests at the synchrotron, and the catalyst after the test
in a conventional laboratory apparatus. The conditions of the labo-
ratory test were similar to those used for in situ experiment: the
catalyst was exposed at 500 °C to the stoichiometric gas mixture
(03:C3Hg:NH3 = 3:1.25:1) for 4 h and cooled to room temperature
in He.

3. Results and discussion
3.1. Valence-to-core XES of vanadium reference compounds

The Kp emission spectra of 3d elements are composed of main
lines corresponding to 3p — 1s transitions and satellite lines corre-
sponding to valence-to-core ones [25-27]. Since in chemical com-
pounds valence orbitals of metal interact with ligand orbitals,
valence-to-core transitions are structurally and chemically
sensitive.

The KB satellite lines are situated on the high-energy slope of
KB13 main line. The spectrum of the KB satellite lines of VN is
shown in Fig. 1a. It consists of two main features called KB, s and
KB” (or cross-over peak). Full multiple scattering calculations of va-
lence-to-core XES of VN and the corresponding partial densities of
ligand (nitrogen) states with s- and p-symmetry are depicted in
Fig. 1b. Obviously, the Kp” line corresponds to the transitions to
the N 2s states, while the KB, s line is due to the band formed of
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Fig. 3. The correlation between the energies of the 2s-atomic levels of oxygen (0),
nitrogen (N), carbon (C), and boron (B) (abscissa) and the positions of the maxima of
KB” lines (ordinate) for the reference compounds containing these elements in the
first coordination shell: (1) VB, (2) VC, (3) VN, (4) V-magnetite, (5) goldmanite, (6)
cavansite, (7) V,0s, (8) vanadinite, and (9) palenzonaite.

mainly N 2p orbitals. For chemical compounds of 3d metals (Fe,
Mn, and Cr) and elements of the second period (B, C, N, O, and F),
it was shown [25-27] that the positions of KB” lines relative to
the position of KB, 5 (or Fermi energy) depend almost linearly on
the positions of 2s-atomic levels of ligands surrounding metal. To
simplify the data analysis we shifted all experimental valence-to-
core XES spectra relative to the center of mass of KB, 5 peak (mea-
sured between 5457 and 5459 eV). The spectra of the different ref-
erence compounds thus shifted are presented in Fig. 2. The main
characteristics of these compounds are gathered in Table 1. One
can see that the relative positions of KB” lines of the vanadium ref-
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Fig. 4. Correlation of the integral intensity of KB” line and vanadium oxidation state
in oxide reference compounds ((1) V-bearing magnetite, (2) goldmanite, (3)
cavansite, (4) V,0s, (5) palenzonaite, and (6) vanadinite).
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Fig. 5. Full multiple scattering calculations of valence-to-core XES spectra for

central vanadium atom in V,0s (a) and V,03 (b) clusters having standard and N-
substituted first coordination shell.
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Fig. 6. Valence-to-core XES spectra of vanadium in V/Al/O catalyst under reaction
conditions (letters A-] refer to the conditions mentioned in Table 1).

erence compounds depend strongly on the nature of the ligands
than on the formal oxidation state of vanadium and its local coor-
dination. In Fig. 3, for all reference compounds the positions of
maxima of Kp” lines are plotted as a function of the energy of 2s-
atomic levels of ligands. For oxide reference samples, we have also
found the correlations between the intensity of KB” lines and the
formal oxidation state of vanadium which are presented in Fig. 4.
We will use this correlation later to estimate the vanadium oxida-
tion state in V/Al/O catalyst under working conditions.

Table 3

-30 -20 -10 0 10
Energy (eV)

Fig. 7. Valence-to-core XES data (without background) of vanadium in V/Al/O
catalyst (black lines, letters A, D, E, H, and ] refer to the conditions mentioned in
Table 1) in comparison with the spectra of vanadium in different oxide local
environment (red lines). A is compared to vanadinite; D is compared to V,0s; E is
compared to cavansite; H is compared to V-magnetite and cavansite mixture with
4:6 ratio; and ] is compared to the linear combination of V-magnetite and cavansite
mixture with 6:4 ratio. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Using full multiple scattering calculations we have also tried to
estimate the effect of partial substitution of nitrogen for oxygen in
the first coordination shell on the shape of valence-to-core XES
spectra of vanadium oxides. For this purpose we took 0.6 nm clus-
ters of standard V,05; and V,0s5 oxides (Table 1) and substituted
nitrogen for 1, 2, or 3 oxygen ligands around the central vanadium
atom. The results of the full multiple scattering calculations for
these clusters are given in Fig. 5 together with the calculated spec-
tra of standard clusters of V,05 and V,0s. Substitution of nitrogen
for oxygen in the oxide structures led to the appearance of

Comparison of the catalytic results obtained in a conventional reactor and in the in situ cell for the V/Al/O catalyst [14].

GHSV (L/g/h) Gas atmosphere Temp. (°C) Conv. (%) Sel.acn (%) Ratec,p, (mol/s/m?)
16.8 0,:C3Hg:NH;3 = 3:1.25:1 500 60 56 14.8 x 1078
15.6 0,:C3Hg:NH3 = 3:1.25:1 500 53 = 114 x 108
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shoulders on the right side of KB” lines of oxides, close to the posi-
tion of KB” line of VN. It seems that the energy positions of Kp”
lines in vanadium oxides and nitrides do not depend strongly on
the formal oxidation state and coordination of vanadium. This re-
sult indicates that valence-to-core XES can be used for the analysis
of the nature of ligands in the first coordination shell of vanadium
even for materials with disordered or unknown local coordination,
which is the case of V/Al/O-mixed amorphous oxide catalyst.

3.2. In situ valence-to-core XES of V/Al/O catalyst

Valence-to-core XES spectra obtained during successive in situ
treatments of V/AI/O catalyst (Table 2) are shown in Fig. 6. In the
initial state (spectrum A), the positions and intensities of KB” and
KB, 5 lines indicate that vanadium is fully oxidized. During treat-
ment of the sample in the catalytic mixtures and pure NHjs, the
intensity of KB” and KB, s lines progressively decreased. Change
in the intensity of KB” and KB, s lines was observed under catalytic
mixture at 500 °C (C, D) but were really significant after 3 h and
30 min of exposure of the catalyst in the stoichiometric catalytic

KB

Kp"

Intensity (a.u.)

-20 -10 0 10
Energy (eV)

Fig. 8. Valence-to-core XES data (without background) of vanadium in V/Al/O
catalyst after exposure in pure NH5 at 500 °C (white circles) in comparison with the
spectra of vanadium in different local environment: red line corresponds to V-
magnetite:cavansite ratio of 6:4; green line to V-magnetite:cavansite:VN ratio of
5:4:1 (~2 wt% N); blue line to V-magnetite:cavansite:VN ratio of 4:4:2 (~4 wt% N);
and pink line to V-magnetite:cavansite:VN ratio of 3:4:3 (~6wt% N). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 9. Estimation of vanadium oxidation state in V/Al/O catalyst after different
treatments (letters A-] refer to the conditions mentioned in Table 1) using the
integral intensity of Kp” lines of oxide reference compounds.

mixture (spectra E-F). We detected the first traces of ACN in the
gas products using on-line mass-spectrometer already before
reaching 500 °C and the conversion of propane reached progres-
sively a steady state and did not change until pure ammonia was
introduced into the reactor cell. The catalytic properties obtained
in the cell have been compared to those obtained in a conventional
reactor in almost similar reaction conditions (Table 3). Certainly
because the flux is not flowing through the sample, the conversion
rate of propane is slightly lower in the cell. Due to exposure of the
catalyst in ammonia (curve J in Fig. 6) the intensities of KB” and
KB.5 lines further decreased. During cooling of the catalyst in He
to 50 °C (curve K in Fig. 6) the XES spectra did not change signifi-
cantly, which allowed the sample to be used for the XPS analysis.
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Fig. 10. V K-edge XANES of V/Al/O catalyst under reaction conditions (the letters A,
D, E, and ] refer to the conditions mentioned in Table 1) and the spectra of the
reference compounds.
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Table 4

Spectral characteristics of V K-edge XANES of oxide reference compounds and V/Al/O catalyst after different treatments (A-]).

Main-edge position (eV)

Pre-edge centroid (eV)

Pre-edge intensity (a.u.)

Compound Formal valence Number of bonds

V-bearing magnetite 3 6 5474.8
Goldmanite 3 6 5474.8
Cavansite 4 5 5481.4
V505 5 5 5480.6
Palenzonaite 5 4 5483.1
Vanadinite 5 4 5482.4
VN 3 6 5473.4
A 5482.4
B 5482.3
C 5482.3
D 5482.3
E 5476.9
F 5476.9
G 5476.9
H 5476.9
I 5476.9
] 5476.2

5468.1
5468.5
5469.0
5470.3
5469.1
5469.5
5468.4
5469.4
5469.3
5469.4
5469.3
5469.3
5469.4
5469.4
5469.2
5469.2
5468.8

0.08
0.065
0.41
0.76
0.90
0.97
0.14
0.82
0.82
0.74
0.74
0.40
0.38
0.37
0.37
0.35
0.24

Comparison of valence-to-core XES spectra of V/Al/O catalyst
with the spectra of the reference compounds shows that during
catalytic tests vanadium was progressively reduced. However, we
observed neither shift nor splitting of KB” line, which would have
indicated bulk nitridation of vanadium atoms. All spectra of V/Al/
O catalyst could be fitted as a linear combination of only oxide ref-
erence compounds. The results obtained are shown in Fig. 7. Before
analysis, KB, 3 main contributions were subtracted from each spec-
trum. In the initial state, vanadium is similar to V>* with tetrahe-
dral “VO4” local coordination (vanadinite and palenzonaite
reference compounds). During catalytic process and consequent
treatment in ammonia, the spectra transformed and became more
similar to the spectra of reduced (V4 and V3*) reference com-
pounds having square pyramidal “VOs” and octahedral “VOg” coor-
dination. We also tried to fit the same spectra using VN reference
compound. Fig. 8 shows the best fit of the spectrum of V/Al/O cat-
alyst exposed in pure NHjs in situ (J) using the linear combination of
the reference compounds including VN. One can see that the best
fit corresponds to the composition containing less than 10 mol%
of vanadium atoms in nitride local environment, which formally
corresponds to ~2 wt% nitrogen in the material.

Since the concentration of nitrogen in the bulk structure of the
catalyst is rather small compared to the concentration of oxygen,
we used the calibration curve presented in Fig. 4 to estimate the
mean oxidation state of vanadium (Fig. 9) at different stages of cat-
alyst treatment. The results confirm that before catalytic testing
vanadium in the V/Al/O catalyst was oxidized (formal oxidation
state +4.8 + 0.1). Catalytic reaction and exposure in NH3 at 500 °C
lead to vanadium reduction to the formal oxidation states of +3.8
and +3.5 + 0.1, respectively.

3.3. In situ XAS

To confirm the results obtained using valence-to-core XES, we
also analyzed V K-edge XANES spectra of the V/Al/O catalyst
measured under reaction conditions. These spectra are given in
Fig. 10 and compared to the spectra of oxide and nitride reference
compounds. Table 4 summarizes the spectral characteristics of the
main edge and the pre-edge features. It is established that for oxide
compounds the positions of the main edge and pre-edge, the pre-
edge shape, and intensity depend on the oxidation state and local
coordination of vanadium [20-22]. The interplay between the for-
mal valence and the geometry of vanadium in oxide local coordina-
tion can be seen in a plot of pre-edge peak intensity vs. pre-edge
peak energy found following the approach of Farges et al. [40]
for titanium. The same method was already used for the analysis

of vanadium local coordination in glasses [21,22]. Fig. 11 shows
the data for V/Al/O catalyst after different treatments and for the
reference compounds measured in the present work and in
previous studies [20-22]. The results confirm that in the initial
state vanadium in V/Al/O catalyst oxidized (mainly V°*) and prob-
ably has mainly tetrahedral local coordination. Exposure of the
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Fig. 11. Pre-edge intensity vs. pre-peak centroid energy for V/Al/O catalyst under
different reaction conditions (A-]J) (empty squares) in comparison with the
reference compounds measured in this work (black circles for V-bearing magnetite,
goldmanite, cavansite, V,0s, palenzonaite, and vanadinite), by Wong et al. [20]
(gray squares for V5,03, V504, and V,0s), by Giuli et al. [21] (gray triangles for V-
bearing magnetite, V,0,4, cavansite, V,0s, and vanadinite), and Sutton et al. [22]
(gray circles for V,04 and V,0s).
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Table 5

Binding energies and quantitative analysis of V/Al/O samples (before and after catalytic tests) and VN reference compound.

Compound Line BE (eV) State and content (%) V/Al N/O N3-/(0% +N37)
V/Al/O as prepared V 2p3p 517.6 V>* (100%) 0.24 - -
Al 2p 74.5
530.6 0%~ (25%)
01s 532.2 OH~ (75%)
V/Al/O after in situ test V 2p3) 516.0 V4 (26%) 0.26 0.1 0.06
517.5 V5 (74%)
Al 2p 74.5
01s 530.6 0%~ (80%)
532.2 OH~ (20%)
N 1s 397.2 N°- (47%)
399.0 -NN-? (17%)
400.9 NH, (36%)
V/AIl/O after test in standard reactor V 2p3p 516.1 V4 (23%) 0.23 0.04 -
517.6 V5 (77%)
Al 2p 745
01s 530.8 0% (80%)
532.4 OH™ (20%)
N 1s 399.2 -NN- (37%)
401.2 NH, (63%)
VN V 2p3) 514.2 V3* (29%) - 0.48 0.26
516.0 V4 (22%)
517.5 V5* (49%)
01s 530.5 0%~ (63%)
532.4 OH~ (37%)
N 1s 396.6
397.4 N3~ (15%)
399.3 N3~ (45%)
401.3 -NN- (19%)
NH, (21%)
2 —NN- refers to M-NN-M species, where M is Al or V.
material in the catalytic mixture followed by NHs treatment leads
to vanadium reduction to V#*/V3* mixture and the change of the lo- a
cal environment toward mixed square pyramidal and octahedral
one.
3.4. XPS analysis
The results of the XPS analysis are summarized in Table 5. The
composition of V/Al/O catalyst after its in situ treatment and test-
ing in a conventional laboratory apparatus was quite similar. The
results were also in good agreement with those of the work by Flo-
rea et al. [17]. The surface V/Al atomic ratio was close to the bulk 545 540 535 530 525 520
one and did not change after the catalytic treatment. Two values Binding Energy (eV)
of binding energy were obtained for vanadium before and after
the in situ experiment at 517.5 and 516.0 eV. These values corre-
spond to the V 2ps), level of V°* and V#*, respectively. In the initial b
state, the V/Al/O sample contained only V°* on their surface; after
the catalytic treatment, V>* was partially reduced to V4*. Two types
of oxygen species (O; and O,) were systematically detected in the
O 1s spectra (Fig. 12). They have been attributed to lattice oxygen
(530.50 eV) and hydroxyl group oxygen (OH™) (532.20 eV), respec-
tively [41]. The initial catalyst treated only at 120 °C contained
mainly OH™ species on the surface; after the catalytic treatment
at 500 °C, the concentration of these species strongly decreased.
The XPS spectrum of the N 1s region of the catalyst after in situ
treatment showed three different nitrogen species (Fig. 13) which 545 540 535 530 525 520

were attributed to N3~ (397.2 eV), di-nitrogeneous species M-NN-
M (where M =Al or V) (399.0eV), and NH, (400.9eV) [17,33].
These results were well consistent with those obtained previously
by other authors [17] on the same type of compound (similarly
prepared, with V/Al = 0.25) after catalytic testing under the same
conditions (temperature and gas flow composition) in a conven-
tional testing apparatus. The spectrum of our sample treated in
the laboratory apparatus did not show any N3~ species, although

Binding Energy (eV)

Fig. 12. XPS spectra of the O 1s region of the V/Al/O catalyst before (a) and after
in situ testing (b).

vanadium was strongly reduced. This can be explained by the fact
that the catalyst had been tested for only 4 h. After the in situ test-
ing, the N3 content was not very high (6%). However, the real
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Fig. 13. XPS spectrum of the N 1s region of the V/Al/O catalyst after in situ testing
(b).

nitrogen content and the concentration of V4* and V3" species on
the surface of V/Al/O sample could be underestimated. The analysis
of the VN reference compound (Table 4) stored in air showed that
the surface of VN contained a significant amount of oxygen and
was enriched with oxidized vanadium species (the concentration
of V>* was 49%). Similar results have previously been reported
showing that after exposure to air, nitrides were unavoidably cov-
ered with an oxidized surface layer [42,43]. As for oxide catalysts,
it was observed in [44] that the surface of VSbO4 (which had formal
oxidation state of +3.7) was also oxidized and contained V°* and
V4 species.

4. Conclusions

The results presented in this work demonstrate that combina-
tion of valence-to-core XES and XAS can be successfully used for
the analysis of vanadium local environment in catalytic materials
under reaction conditions. These techniques made it possible to
see that vanadium atoms in the bulk of V/Al/O catalyst under the
reaction conditions for ACN production (i.e., under the flow of
0,:C3Hg:NH5 = 3:1.25:1 mixture at 500 °C) had mixed octahedral
or square pyramidal oxygen local environment and contained less
than 10% of vanadium atoms in N3~ local environment. The oxida-
tion state of vanadium in the catalyst after 9 h on-stream in the
catalytic environment followed by treatment in NHs; at 500 °C
was estimated to be 3.8 £ 0.1 and 3.5 + 0.1, respectively. The fact
that vanadium atoms in the bulk of V/Al/O catalyst under reaction
conditions were strongly reduced could be the key for catalytic
activity. Similar oxidation states of vanadium have already been
observed for other efficient propane ammoxidation catalysts such
as V/Al/Sb/O and V/Sb/O [2,3,5]. The XPS surface analysis per-
formed ex situ after catalytic testing has confirmed the presence
of N>~, M-NN-M (with M = Al or V), and NH, species on the sur-
face. Catalyst on-stream activation seemed to be related to the bulk
reduction of vanadium and its nitridation on the surface.
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