Available online at www.sciencedirect.com

SCIENCE@DIREGT“ JOURNAL OF
CATALYSIS

-'- o e
ELSEVIER Journal of Catalysis 230 (2005) 317—326

www.elsevier.com/locate/jcat

Effect of titanium substitution on the structure of VSp€atalysts
for propane ammoxidation

Guang Xiongd, Vivian S. Sullivar?, Peter C. Stait*, Gerry W. Zajaé, Steven S. Trall,
James A. Kaduk, Joseph T. Golah James F. Brazdil

a Center for Catalysis and Surface Science, Northwestern University, 2137 Sheridan Road, Evanston, IL 60208-3000, USA
b BP Chemicals, 150 Warrenville Road, Naperville, IL 60566, USA

Received 27 July 2004; revised 22 November 2004; accepted 22 November 2004

Abstract

The effect of titanium substitution on vanadium antimony oxide propane ammoxidation catalysts was investigated by UV Raman spec-
troscopy and X-ray diffraction. UV Raman spectra exhibit bands in the region of 450—100b, evhich are associated with the rutile
structure, a cation vacancy site, angQ4. Calculations of the vibrational frequencies made with the use of CASTEP optimized slab models
provide good agreement with experimental results. With titanium substitution, the rutile bands shift and broaden. Comparison of freshly pre-
pared and ground samples shows that crystallig@sforms upon grinding in air. Titanium stabilizes vanadium in the vanadium antimonate
rutile structure and thus prevents the formation of crystallin®©y An in situ Raman characterization of titanium-containing vanadium
antimony oxide catalysts was made in reducing and oxidizing atmospheres. The band associated with two-coordinate oxygen at cation va-
cancy sites disappears under reduction conditions, then returns after reoxidation in air. This indicates that this lattice oxygen moiety is key
to ammonia activation. The titanium-substituted sample shows additional characteristics that indicate titanium improves the reduction and
oxidation capability of the vanadium antimonate catalyst.

0 2004 Published by Elsevier Inc.

1. Introduction eral phases. In addition to a VShQutile phase, S04,
V705, and amorphous V and Sb oxides can be formed, de-
Selective ammoxidation of propane into acrylonitrile is pending on the preparation method and the¢\Bhatio [4].
of practical significance, as acrylonitrile is widely used in It is accepted that a cation-deficient rutile VSpénd o-
the petrochemical industry. Currently acrylonitrile is pro- Sk,Oy4 are the crucial phases for an efficient catal[gs8].
duced by the propylene ammoxidation process developedvanadium ions are the primary active sites for the dehydro-
by Sohio[1]. Considering the cost of feedstocks, direct genation of propane, whereas excess antimony is necessary
conversion of propane into acrylonitrile is an attractive al- for ammoxidation of the reaction intermediate propylene to
ternative procesf2—-4]. However, the activity and selectiv-  acrylonitrile[9,11,15,17]
ity of propane ammoxidation are much lower than those |t has been found that the substitution of other cations
of propylene ammoxidation, as the C—H bond strength of for vanadium can improve the selectivity of a catalyst for
the alkane is higher than that of the corresponding alkene. acrylonitrile [12,13,15,16,18]For example, a catalytic test
Numerous studies have focused on vanadium-antimonyof Sh—\/—Ti oxides showed much better catalytic proper-
mixed oxides as catalysts for propane ammoxidaer 7] ties compared with the Sb—V-O systéh3,15] Andersson
Vanadium-antimony mixed oxides typically contain sev- pointed out that the substitution contributes to the dilution
and isolation of the V-sites, which are selective for acry-
~* Corresponding author. lonitrile [15]. On the other hand, a study of VSbFe{16]
E-mail address: pstair@northwestern.ed®.C. Stair). showed that iron helps to stabilize the surface composition,
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thus limiting the formation of surface antimony oxide dur-
ing reaction. It was suggested that this effect might lead to
more active but less selective catalysts. These results show
that the substitution may play several roles, with different ef-
fects on catalytic properties. Thus, it is of interest to obtain
direct information about the structure of the catalysts at the
molecular level before and after substitution, paying atten-
tion in particular to the effect of the Ti substitution on the
structure in both reductive and oxidative atmospheres.

Raman spectroscopy can be a useful technique for the
study of the structure of vanadium—antimony mixed oxides,
since it provides molecular-scale information through vibra-
tional modes. However, it is usually difficult to study deeply
colored samples by conventional Raman spectroscopy be-
cause of ;trong abgorption in the visible region. Mo;t of the Fig. 1. VSbQ, 110 “slab” consisting of 48 atoms; 32 O (red), 8 V (grey),
peak assignments in Raman spectra have been derived fromng 8 sb (purple). The overall dimensions of the slab are 6.% A
monophasic metal oxides, such agQ¢ SkpO4, WO3, and 13.1 Ax 15.8 A with an additional 15 A of vacuum over the surface.
MoO3[9,12—-14,19-21]Little information on the VSb@ru-
tile phase has been reported.

UV Raman spectroscopy is a useful technique for the /ﬁ S E T T e 2
study of deeply colored materigl82—25] In this paper we I /
report on studies of the structure of VSh@nd VSbTiQ
catalysts under oxidative and reductive atmospheres by UV
Raman spectroscopy. The results provide insights into the ef-
fect of titanium substitution on the stability of V—Sb mixed
oxides and the impact on catalytic properties.

2. Experimental

2.1. Computational methodology

Vanadium antimonate has a rutile structure, for which the
most stable surface is the 110 Miller plane. Both six- and
five-coordinate cation sites are present on the surface. Start-
ing with the crystal structure for a typical rutile material
(TiOy), a crystalline, 3-dimensional periodic “slab” of the
110 plane is created. Metal atom sites are variably occupied
by vanadium or antimony and, for simplicity, are fixed at
50% occupancy. Sdeg. 1

Another VSbQ model slab is made from this initial
gtomistig: model, which containg a 5-fold Sb cation vacancy 3,5 o\ and &-point spacing of 0.1 Al
in the middle of the surface (s&ég. 2).

Fig. 2. VSb[]O4 110 “slab” created from model iRig. 1 consisting of 47
atoms; 32 O (red), 8 V (grey), and 7 Sb (purple). The missing antimony
comes from a 5-fold site at the surface.

(1 k-point) are cho-
sen. For completeness, the metal SCF option is on and the

2.1.1. CASTEP optimization MPI MatSci V4.6 Parallel version of CASTEP is applied.

All of the models described were built and fully opti-
mized with the use of the Ceritisuite of molecular mod- ~ 2.1.2. Infrared spectra
eling software[26]. To determine the optimized geometric A comparison of the predicted IR spectra of these models
structures and total energy, the Density Functional Theory With experimental results further aids our understanding of
plane-wave pseudopotential program CASTRP] is ap- the surface structure. This paper provides access to a unique
plied to the 3D models, and the bottom two atomic layers new method for probing the surface vibrational spectra of
are kept at the bulk structural parameters (Sige 3 for the fluidized bed catalysts. Spectra of mode};dBhe/q[ 12/904
optimized structure). A medium basis consisting of ultrasoft catalysts have attenuated bands at 460, 630, and 74%.cm
potentials on Mo, O, and Sb and charge-corrected ultrasoft These bands are assigned to rutile-related bulk stretching
potentials on V (36 64 x 80 FFT grid) and the GGA-PW91  modes. In addition, a strong band at 888 ¢nis found (see
functional are selected. In addition, a kinetic energy cutoff of Figs. 4 and h



G. Xiong et al. / Journal of Catalysis 230 (2005) 317-326 319

pure slab
= Experiment

500.0 700.0 900.0 1100.0 1300.0 1500.0

wavenumbers (cm™)

Fig. 4. The experimental spectrum for the VSbh€atalyst and the DMol3 predicted IR spectrum for the CASTEP optimized catalyst in which no Sb vacancy
exists. The atom colors in all figures are: vanadium (grey), antimony (purple), and oxygen (red).
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Fig. 5. The experimental spectrum for the VSbe€atalyst and the DMol3 predicted IR spectrum for the CASTEP optimized catalyst in which a 5-fold Sb
vacancy exists. The atom colors in all figures are: vanadium (grey), antimony (purple), and oxygen (red).
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2.1.3. DMol3-solid calculations heat treatments were conducted in air in a muffle furnace.
To better understand the origins of these peaks, we calcu-The resulting solid was stirred in 100 ml of water for 1 h
lated IR spectra from the CASTEP-optimized slab structures and then filtered. This was repeated 10 times. After the final

with the use of the Density Functional Theory progri@8] treatment and filtering, the solid was dried at 220 The
DMol3. (CASTEP cannot calculate IR spectra.) A single- Sb:V:Ti stoichiometry was confirmed by elemental analysis
point DMol3 energy and frequency calculation with the use with the inductively coupled plasma technique.

of the PW91 functional and the DN basis is performed for ~ We obtained ground samples by manually grinding the
the CASTEP-optimized slab. Because of computational time samples with a mortar and pestle for 2 min.

constraints, it is assumed that the optimized DMol3-solid

structure would be very similar to the CASTEP-optimized 23, X-ray diffraction

structure. With this approximation, it is expected that DMol3

is capable of predicting the IR spectra with an accuracy of X-ray powder diffraction patterns (5-10(0, 0.02

i15—20% (100-300 crt consistently). No transition di- steps, 12 sstep) were measured on a Rigaku D/MAX-B
pole matrix elements were calculated to relate the Calcmateddiffractometer equipped with a scintillation counter and

IR vibrational energies to the Raman intensities. However, a graphite diffracted beam monochromator. Quantitative
we expect (when allowed) that the Raman vibrational bands 556 analyses were carried out with the Rietveld method,
are represented well by these calculated IR band positions. with the use of GSAS29]. Different refinement strategies

Mpre importantly, the vibrat_ional_ mode motions of any  \vere used for the VSh@ and the Ti-containing catalysts.
predicted peak can be clearly identified from the output vi- £ the pase catalysts, the rutile structure was not refined.

brational analysis of these calculations. Once the SpectruMg.ale factors and the lattice parameters were refined for

for the no-defect slabHg. 1) is determined, the vibrational all three o
phasesB-SkyO,4 exhibited a strongly preferred
mode of the attenuated bands at 460, 630, and 745'cm orientation (the result of platy morphology), and eighth-

Is identified from the nprmal mode output. _To compensate e spherical harmonic terms were refined. The profiles
for the expected error in the spectrum predlcted b)_/ DMol3 were described by the pseudo-Voigt function #2, but only
for the CASTEE-optlmlzed structure, theti repalculatlonal the Lorentzian size broadening profile coefficients and a
spectrurr_l Is shifted tp produce the best ahgnr_ngnt of thesecommon specimen displacement parameter were refined for
peaks with the experimental spectrum. No individual peaks each phase. For the Ti catalysts, the oxygen position and
are shifted; only a rigid band shift is applied to the calculated Usso were refined subject to soft ,constraints of 1.98(1) A

Bn the M—0 distances. The Ti occupancy of the metal site
Si the bottom t romic | fth del K tWas fixed at the stoichiometric value, and the V/Sb occupan-
Ince the bottom two atomic 1ayers of the MOoAels aré Kept oq \are constrained to be equal; the total site occupancy

at the Ibulkdstruc;[_ural parallgneters, It Is dixp?(t:tet?] that the'rwas not constrained. A scale factor and the lattice parame-
normal mode motions would correspond bestio these exper g ot the rytile phase were refined. The peak profiles were
imental peaks. This fitting procedure leads to a rigid band

: 1 . , also described by pseudo-Voigt function #2; the Gaussian
red shift of 25 ch for'the piredmted IR spectra. The fitted strain broadening coefficiertf, the Lorentzian size broad-
spectra have no “imaginary” frequencies.

ening termsX andptec (unique axis [001]), andsym were
refined. The background in each pattern was described by a
six-term cosine Fourier series.

they correspond to stretching modes of the bulk structure.

2.2. Preparation

Vo.8sShy.gd ]0.2204 2.4. UV Raman spectroscopy

V0.765k.76Ti0.30 ] 0.1604
Vo.6:5M 63Ti0.6d 101604 Details of the UV Ramgn instrument and the fluidized bed

' ' ' ' reactor have been described elsewHé®23] All Raman

Stratcor \,Os (13.64 g) was added to a 660 ml of a experiments were performed with 244-nm laser excitation
3 wt% H,O, solution. The mixture was stirred until reac- with a power of about 15 mW. In a typical in situ Raman ex-
tion of the vanadium pentoxide was complete, about 25 min. periment, pellet samples were placed on the stainless-steel
Laurel ShO3 powder (21.86 g) was added to the resulting disk in the fluid bed reactor. The samples were heated to
red solution. This mixture was refluxed for 3 h to produce a 480°C in He, then NH was introduced into the reactor for
black slurry. For the Ti samples 4.76 g or 7.77 g of Degussa a few minutes. After reduction the samples were cooled to
P-25 TiQ, powder was then added to the slurry. The mixture room temperature in He. The Raman spectra were recorded
was then evaporated to dryness with constant stirring in ain He at room temperature. During reoxidation the samples
beaker on a hot plate. The material was further dried in air at were heated to 480C in He, and then the He gas was re-
120°C in a drying oven. The dried material was heat treated placed with air. The samples were oxidized in air for several
at 325°C for 3 h, crushed tec 75 um, then heated at 82G hours and then cooled in He. Finally, the Raman spectra were
for 6 h, followed by postcalcination at 65C for 5 h. All measured in He at room temperature.
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3. Results

VSbOQ, and VSbTiQ catalysts were characterized by
X-ray diffraction (XRD) and UV Raman spectroscopy.
Fig. 6 shows X-ray powder diffraction patterns of the two
ground catalystsTable 1shows the phase compositions and
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increasing by only 1 wt%. The titanium-substituted cata-
lyst behaved differently. Both fresh and ground VSb7iO
consist of a single phase, rutilegVsShy.7d10.19Ti10.304.

No crystalline \bOs, B8-SOy, or TiO, was detectable in
these samples. The lattice constants and cell volume of the
Ti-substituted sample decreased after grinding; the volume

unit cell parameters for freshly prepared and ground samplesdecreased by 15 estimated standard deviations, but the ab-

determined by XRD. The bumpy surface of the unground
VSbOy limited the accuracy of the quantification. Compared

solute change was very small. No significant changes in
lattice constants were observed after grinding. The volume

a smaller average crystallite size. The fresh Vglo@alyst
contained three phases: the VSpitile phase, crystalline
V205, and 8-SkpO4. a-SkpO4 had been observed in previ-
ous work[8,13,32] the formation ofg-SkQ4 is attributed
to calcination at higher temperature (820 vs 8C) and
longer time (6 vs 1 h) in the preparation of the material re-
ported here. The rutile VShomprised~ 68% of the cat-
alyst. A significant concentration ¢f-SbO4 (~ 30%) was
present, as was a trace 0b®s (~ 2%). After we ground
the sample, the concentration of rutile VShb@ecreased
by 13 wt%, whereas that of XDs increased by 12 wt%.
The amount of8-Sh,O,4 remained approximately constant,

[ZAJAT2 MDI] VSbTiOx ground (45,30,zbc) JAK
[ZAJAT3.MDI] VSbOx ground (45,30,zbc) JAK

the unsubstituted material, in agreement with bond valence
expectation$30].

To better understand the catalyst surface structure, we
prepared atomistic models based on prototypical catalysts.
The character of the rutile structure and transition metal va-
cancies can be studied with computational experiments us-
ing these models.

3.1. Energy

The difference in the total CASTEP energies for the two
slabs (vacancy- no vacancy) was-1564 eV. The CASTEP

15.04
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Fig. 6. X-ray powder diffraction patterns of the two ground catalysts. The top pattern is the V,Sedi@yst and the lower one is for VSRO

Table 1

The phase composition and unit cell parameters for freshly prepared and ground samples determined by XRDV y gd¥gBly ggsd 10.222204; VSbTIOy :

V0.7556500.7556T10.30[ 10.188904

Catalyst VSbQ Ground VSbQ VSbTiO, Ground VSbhTiQ
Avg. cryst. size Big 1400 1800 1200

Rutile VSbQy (Wt%) ~ 68 551(2) 100 100

a(R) 4.628(5) 4.62097) 4.61871) 4.61731)
c(A) 3.055(4) 3.05497) 3.03491) 3.03361)
c/a 0.660 Q661 Q657 Q657

v (A3) 65.44(17) 65.23(2) 64.743(3) 64.676(3)
B-ShpOy (Wt%) ~30 310(2) - -

V505 (Wt%) ~2 139(3) - -
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Fig. 7. UV Raman spectra ofa/gsgdStn.sssd 10.22204, Vo.755650.755d 10.1889T10.304, and Vo 622506224 10.1556T10.604-

14000
energy of an antimony atom is150.6 eV, and so the slab

with no vacanciesHig. 1) was more stable than the slab with
the 5-fold Sb defectRig. 2).

12000 4
3.2. Structure V,0,

10000 -

Fig. 3 shows a comparison of the initial (110) VShO
(on the left) with the CASTEP optimized structure. The ini-
tial torsion angles were 18Gnd the initial (V,Sb)-O bond
lengths were 1.98 A above/below the surface and 2.02 A in
the surface. As the V-O-Sb-0 bond is followed along the
surface, the optimized structure is found to have a “kink”
of approximately 15 into the surface. Furthermore, there
is a slight tilting ¢~ 2°) of the six-coordinate metal oxy-
gen planes (rows of surface oxygens) toward this kink. The €
optimized structure also shows unique metal oxygen bond 4000 -
lengths. For example, vanadium has V-0 bond lengths of
1.94 A (in surface), 1.93 A (above the surface), and 2.05 A
(below the surface). Similar results were obtained for Sb—O
bonds: 1.94 A (in the surface), 1.94 A (above the surface),
and 2.08 A (below the surface). These results suggest that
the below-surface metal-oxygen bonds are weaker than the
in-surface or above-surface bonds.

The predicted vibrational spectra are in excellent agree- , . , .
ment with experimental finding&ig. 4 displays the exper- 400 600 800 1000 1200 1400
imental spectrum for the VShOcatalyst (black) and the Raman Shifts / cm™
DMol3-predicted IR spectrum (green). In addition, for con-
venience, the CASTEP-optimized structure for the “pure”
catalyst (i.e., no defects) is shown.

The VSbQ catalyst spectrum shows bands at 460, 630,
and 745 cm! (seeFigs. 7 and Bthat are attributed to bulk  bulk motions; that is, almost all of the atoms in the bulk
stretches. Vibrational analysis of these bands in the DMol3 of the slab model are moving. One general observation is
spectrum shows that they consist of surface and subsurfacehat O—-V-O vibrations are more prevalent between 450 and

Ground

O
»

V888950, ¢
8000 4 0.8889°Po sssel o222

6000 -

ensity (Arb. Unit)

2000 V0.88898b0.8889( )0.222204

Fig. 8. UV Raman spectra of fresh and grounglgdssSty ggsd 10.22204
and V,Os.
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600 cntl, whereas O-Sb—-0O vibrations start to dominate

the motion from 600 to 750 crd. In fact, this observation

holds in general for both of the predicted spectra calculated

with DMol3.

Also notice the overall agreement in the shape of the
spectra (after fitting). The absence of sharp bands over

800 cnt! in the predicted spectrum is another indication

that these features are caused by small variations in the cat

alyst itself that this “pure” model cannot mimic.

Fig. 5displays the Raman spectrum for the VSbeata-
lyst (black) and the DMol3-predicted IR spectrum (red) for
the CASTEP-optimized catalyst in which there is a 5-fold

Sb vacancy, that is, a cation defect. Again, after the same

fit as in Fig. 4, the overall agreement in the shape of the

spectrum is very good. In addition, a sharp band around

858 cnt! (854 and 862 cm!, respectively) appears in the
predicted spectrum that had no intensity befdrég( 4).

A vibrational analysis of these peaks shows that they con-

sist of surface symmetrical (862 cf) and asymmetrical

(854 cnt1) O-Sb-O stretches adjacent to the vacancy site.
The increased intensity of these peaks, compared with the

experimental peak at 888 crh is an artifact of the model

323
10000 4
8000
= e
'c
=
5 6000 4
= d
<
]
.a c
C 4000
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e
£
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that mimics a surface with a regular Sb cation defect every rig o Uy Raman spectra of ybgadSty ssad 10 222004 under reducing
other Sb atom. Obviously, the real catalyst has several dif- and oxidizing atmosphere: (a) fresh catalyst, (b) reduced ig f6H5 min,
ferent variations on this theme, which our small slab model (c) reduced in NH for 10 min, (d) oxidized in air for 3 h, and (e) oxidized
cannot properly mimic. Our model provides good evidence inairfor 22 h.

that the peak around 888 cthin the VSbQ catalyst arises
from Sb vacancies at the surface.

Fig. 7shows the UV Raman spectra of fresh VSahd
VSbTiO, catalysts. The VSb@catalyst exhibits bands at
468, 629, 734, 810, 880, and 990 th The bands in the
range of 600-810 crt, which have not been reported pre-

Ti concentrations exhibit very similar features. The peak
at 629 cn! is shifted up about 15 cnt, and the doublet

at 734 and 810 cmt appears be broadened to an average
peak at 753 cm! as a result of substitution. The peak at

880 cn11, which is associated with the cation vacancy site,

viously, are prominent because of resonance enhancemenis observed as well.

at the UV excitation wavelength. Since the XRD data in-
dicate that both YO5 and 8-SkpO4 are present, the peaks
from these phases must be considered. The peak at 990 cm
is characteristic of the ¥O stretching mode of crystalline
V20s. The bands fromg-Sh,O4, above 450 cm?, are lo-
cated at 466, 635, and 754 ch with a ratio of inten-
sities of 3:1:0.3[31]. Fig. 7 does not show distinct peaks
at 635 or 754 cm?, but their intensity may be too small
to detect above the background. The peak at 468%cim
consistent with eitheg-ShO4 or the rutile structure. The
assignment of the peak at 880 thrhas been discussed ex-
tensively[9,13,32—-34] As shown in Section 2.1.3, this peak

Fig. 8 shows the Raman spectra of freshly prepared and
ground VSbQ catalysts together with crystalline 2@s.
Grinding causes the relative intensities of the peaks to
change dramatically. The intensities of the peaks at 468,
629, 734, and 810 cnt decrease, whereas the intensities
of the bands at 880 and 990 cthincrease. A new peak
at 500 cn1? is assigned to crystalline XDs. The peak at
468 cnt! of the ground sample is a mixture of VSh@nd
V>0s. More cation vacancy sites are formed, as shown by
the increase in the relative intensity of the peak at 880tm
The increase in the relative intensity of the peak at 990tm
indicates an increase in the concentration gO¥. In con-

is typical of a cation-deficient structure and has been as-trast, the freshly prepared and ground samples of VSpTiO
signed to the M—O-M (two-coordinate oxygen) mode next show the same features. No new phase is formed by grind-
to a cation vacancy. As discussed, the bands at 468, 629jng. These results are in agreement with the XRD data.

734, and 810 cm! are associated with rutile VSQOVSbOy
shows a very broad band between 700 and 900'dt7,20]

Fig. 9 shows a sequence of Raman spectra from VSbO
after reduction in NH and reoxidation in air. The peaks at

Deconvolution of these spectra has shown that the peak con629, 734, and 810 cnt broaden after reduction and re-

sists of two Raman bands at 835 and 795 ¢1j20]. In the
UV Raman spectrum, the peaks at 734 and 810 care
well resolved.

oxidation, which suggests that the rutile structure is disor-
dered by this treatment. The relative intensity of the peak at
468 cnr! decreases after reduction and then recovers after

The Raman spectra of the Ti-substituted samples showreoxidation. This is consistent with a redox cycle of rutile
very broad Raman peaks, and the samples with differentstructure. The peak at 990 crhdisappears completely after
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12000

reducing and oxidizing atmospheres. Thg)¢ phase disap-
pears after being reduced in NHout additional crystalline
V-0s is formed after reoxidation in air. d0s has been re-
ported to convert to ¥Og after catalytic testingQ]. We find
no evidence for the formation of new crystalline phases. On
the contrary, the vanadium species in Ti-substituted ViSbO
are very stable. There is no,@s phase detectable on a
freshly prepared sample. After grinding and oxidizing in air,
no new phase was detected. This indicates that substituted
titanium helps to stabilize vanadium in the rutile structure,
totally avoiding the formation of surface,®s. In the liter-
ature, Fe substitution in VShhas a similar effect in the
stabilization of antimony[16]. After catalytic reaction the
surface antimony content remains constant for FeVjbO
whereas the concentration of Sp@ increased for VSb®
The explanation is that Sb in the rutile structure is re-
duced to SBt under a reducing reaction atmosphere3'Sh
is not stable in the rutile structure and tends to form SbO
on the surface. Fe substitution may lead to a less selective
. . catalyst, since ShQis selective for the formation of acry-
800 1000 1200 lonitrile [9]. In the rutile VSbQ structure the valence state

Raman Shifts / cm™* of Vis 3+ or 4+ [32]. V> is not stable in the rutile structure

) , and tends to form ¥Os on the surface under an oxidizing at-
Fig. 10. UV Raman spectra ofgvs56Shy 755d 10.1889T10.304 under re-

.4+ . . .. . .
ducing and oxidizing atmosphere: (a) fresh catalyst, (b) reduced isn NH mgfpher¢3+5]. T plgys arole in limiting the OXI_datlon of
for 5 min, (c) reduced in Nkl for 10 min, (d) oxidized in air for 3h,and V> and VH in the rutile structure, hence preventing the for-

(e) oxidized in air for 22 h. mation of crystalline \¥Os. Andersson points out that free
vanadia promotes the conversion of ammonia to nitrogen,
reduction for only 5 min, and then reappears only partially and V-O-V moieties are active for degradation and com-
after reoxidation in air for 3 h. After oxidation in air for bustion[2,33]. Therefore, replacement of V with Ti has a
22 h, the intensity of this peak becomes much stronger thanpositive influence on the selectivity by preventing the for-
that of the fresh sample, indicating that morgQ¢ forms on mation of free vanadia. This interpretation does not invoke

10000 -

8000
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Intensity (Arb. Unit)

7

4000 1

2000

N
o
o
@
o
o

the surface. This demonstrates thatO¢ is more easily re-  “site isolation” of vanadia, a concept that has been invoked
duced and reoxidized than the other components. The peakoreviously to explain the effect of titanja5].
at 880 cnt! is weaker after reduction for 5 min, then dis- After grinding, the concentration ¢f-SkO4 is constant

appears completely after reduction for 10 min. This peak is but the concentration of A0s increases significantly. One
still absent after 3 h of reoxidation, but recovers completely question that remains is whether the formation giOy
after 22 h under oxidizing conditions. leads to a change in the composition of the rutile structure.
Fig. 10 shows the Raman spectra of VSbli®efore The unit cell parameters have been shown to be sensitive to
and after reduction and reoxidation. The peaks at 644 andthe composition of the rutile structuf&2]. With an increase
753 cnm! do not show an obvious change. The intensity of in the ration(V)/n(Sb), the cell parameter increases, but
the peak at 880 cnt is gradually decreased under a reduc- ¢ decreases. However, ifable 1no significant changes in
ing atmosphere and recovers after oxidation in air. It should the cell parameters are observed. That means that the com-
be noted that this peak has partially recovered after reoxida-position of the rutile structure does not change dramatically.
tion for 3 h. In comparison with VSbQtitanium-substituted ~ The Raman spectra iRig. 8 support this conclusion. Since
VSbO, shows a more obvious change in intensity. no new B8-SOy is formed on the surface, the extra anti-
mony moieties may form amorphous Sphon the surface.
The absence of crystalline Sh@s reasonable because the

4. Discussion formation of«- and 8-Sh,O4 phases requires higher tem-
perature$31].

The vanadium species are not stable in the rutile V&SbO The role of the cation vacancy sites in propane ammox-
structure. With grinding, the V-O-Sb and V-O-V bonds of idation has been studied extensivgél?,14,16] The Ra-
rutile VSbQ, break, and the vanadium species migrates to man peak associated with the cation vacancy sites nearly
the surface to form crystalline XDs. A possible explana-  disappears after the reaction, which implies that the two-
tion for this is that heat is produced during grinding and coordinate oxygen associated with the cation vacancy sites
V205 is formed in the presence of;,OThis interpretationis  reacts readily with ammonia. Rous$#6] pointed out that
confirmed by Raman spectra of VSh@fter a sequence of the catalytic activity is related to the presence of defects.
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More defect sites result in higher activity. In addition, se-
lectivity is also correlated with the concentration of cation

vacancies. The selectivity for propylene increases with the 2.

increasing number of defect sitfi6]. Oxygen in the rutile

structure is usually three-coordinate, but the two-coordinate
oxygen species is formed when cation vacancies are created 3.

in the structure. In the Raman spectra, the peak at 880 cm

has been assigned to the two-coordinate oxygen next to the
defect site, whereas in the IR spectra two peaks at 880 and
1016 cnt! are associated with cation vacancies. The rela-

tive intensity of the peak at 880 cth is proportional to the
concentration of the cation vacancigg]. It was suggested
that the possibility of two-coordinate oxygen is in the fol-
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bands are assigned to the bulk rutile, two-coordinated
oxygen next to a cation vacancy, angQé, respectively.
Titanium stabilizes the ¥ or V** in the rutile struc-
ture, preventing the formation of the;@s on the sur-
face by grinding.

UV Raman spectroscopy was used to study the active
sites in VSbQ and VSbTiQ catalysts in oxidizing and
reducing atmospheres. The peak associated with cation
vacancy sites decreases in intensity after reduction and
then recovers after oxidation. The two-coordinate oxy-
gen peak on the Ti-substituted sample shows a more
obvious change, which indicates that the addition of ti-
tanium improves the reduction and oxidation ability of

lowing sequence: Sh—0-ShSb-O-V> V-0-V [33]. The
peak at 880 cm! is assigned to Sb—O-Sb, and the band at
1016 cntl is associated with Sb—O-J@]. In this study the
Raman peak at 880 cm is found to be sensitive to N1
and air. The intensity of the peak decreases with the pres-
ence of NH and increases in air to complete a redox cycle.
The other peaks at 629, 734, and 810 ¢érbroaden but do
not disappear. This indicates that il apt to react with
Sb-O-Sb next to cation vacancies. It has been established

that antimony moieties are active for the formation of acry- References
lonitrile, and a bridging Sb—NH-Sb species is responsible
for the nitrogen insertiofi36]. The activation of ammonia
over antimonite catalysts is proposed to proceed as follows:

Sb-O-Sbt+ NHz — Sb—NH-Sb+ H»0,
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