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Abstract

Multicomponent Mo/V/Nb/Te oxide catalysts wergusthesized using physical par deposition (PVD) onto the substrates of Si wafers and
of honeycomb cordierites. The PVD films were paegd at different metal deposition sequenard were subsequently calcined at different
temperatures and environment (air of)NThe PVD films on Si wafer were characterized using several surface techniques, including X-ray
photoelectron spectroscopy (XPS), near-edge X-ray absorption fine structure (NEXAFS), and secondary ion mass spectrometry (SIMS). I
parallel, PVD films on cordierites were evaluated in a fixed-bed reéotahe selective oxidation of propane to acrylic acid. The combined
synthesis, characterization, caneactor studies provided clear evidence that théasarcompositions and the catalytic properties of the
Mo/V/Nb/Te oxide catalystdepend strongly on the metal defims sequence, calcination tempenae, and calcination environment.
0 2004 Published by Elsevier Inc.
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1. Introduction for these high performing propane selective oxidation cata-
lysts, was initially developed in the 1970s for the oxidation

The global abundance of low alkanes and the economic©f ethane to ethylene and acetic afld]. This Mo-V-Nb
incentives of converting them to higher value petrochemi- Mixed oxide catalyst was alseported to be capable of ac-
cals or feedstocks have stimulated strong research interest ifivating propane at 300C but producing only acetic acid,
selective oxidation of alkangs,2]. Ammoxidation of lower ~ acetaldehyde, and carbon oxid@s.date, most of the appli-

alkanes, especially propane, is a process that has receiveations of MMO-type catalysts are noted in patgfits-19]
much attentiofi3—6]. Fairly high yields of acrylonitrile from Al of these MMO catalysts are Mo based and most of them

propane have been reported on a V—Sb—W-M—O-based Cat_also contain V as a major component. Mo is the essential
alyst[7] since the 1980s and on a Mo—V—-Te—Nb—O catalyst element of most commercial catalysts for propylene oxida-

[8] since the early 1990s. Research in the selective oxida-ﬂo_n to acrolein and gcroleiuxidation to acrylic acid_ while

tion of propane to acrylic acid with molecular oxidation has Vis another e§sent|al eIeme'nt uged as commercial catalyst

been pursued world wide and a recent review of develop- for acrolein °X'da"°’.‘ to acrylic acid.

ments with mixed metal oxides has shown some proifise The most effective catalysts to date for propane to
The applications of multicoppnent metal oxide (MMO)- acrylic acid are those Mo—V-Te—Nb-O catalysts reported by

type catalysts in propane oxidation to acrylic acid started Ushikubo et aI'.[14]. A catalyst with the same four com

. . . . ponents was first found to be very effective for propane

in the 1990s, although Mo-V-Nb mixed oxides, the basis o . :
ammoxidation to acrylonitril§20]. The performance of this

Mo-V-Te—Nb-O catalyst for propane oxidation to acrylic
* Corresponding author. acid has been shown to be significantly better than that of any
E-mail addressjgchen@udel.ed@.G. Chen). other MMO type of catalystf9]. Several reports have indi-

0021-9517/$ — see front mattét 2004 Published by Elsevier Inc.
doi:10.1016/j.jcat.2004.09.013


http://www.elsevier.com/locate/jcat
mailto:jgchen@udel.edu

A.M. Gaffney et al. / Journal of Catalysis 229 (2005) 12—-23 13

cated that both the composition of the catalyst and the prepa- The PVD films on Si wafers and on cordierite were sub-
ration methods also greatly affect the catalyst performance,sequently oxidized using standard calcination procedures.
and that these performance éifénces of the catalystsreflect The PVD samples were each calcined in a quartz tube. Each
the structural differences of the catalysts prepared under var-quartz tube was placed in an oven, at ambient temperature,
ious preparation conditiorj$8,21,22] with a 100 c¢gmin flow of air through the tube, the fur-

In this paper we describe a new catalyst synthesis methodnace was then heated from ambient temperature t6 Q&
for preparing the Mo—V-Te—Nb—O catalysts by a physical 10°C/min and held there for 1 h; then, using a 10@mn
vapor deposition (PVD) method. In essence, the correspond-flow of either air or N through the tube, the oven was heated
ing metals were deposited onto silicon wafers and in various from 275 to 600 C at 2°C/min and held there for 2 h.
sequences, which were subsequently treated in air and or ni- The PVD films on Si wafers were calcined under various
trogen to form mixed metal oxide compositions. The oxide conditions. For example, the samples were held for 2 h at
materials were characterized using several surface scienc&00 and 675C to determine the effect of annealing temper-
techniques. In addition, the corresponding metals were de-ature. In additions, samples were also held at€Dor 2 h
posited onto cordierite honeycomb substrates in various se-in air or in N, to reveal the effect of annealing environment.
guences and then treated in air and/or nitrogen to form mixed All samples were calcined initially in air at 27& unless
metal oxides. These catalysts were evaluated in a fixed-bedotherwise noted.
reactor system for the conversion of propane to acrylic acid.
This novel catalyst synthesismbined with reactor evalua- 2.2. Spectroscopic characterization
tion is the first one of its type for investigating the selective
oxidation of propane to acrylic acid over PVD-synthesized  The XPS experiments were performed on a KRATOS-
catalysts. Ultra instrument using a hemispherical energy analyzer.

Monochromatic AKa X-rays (:v = 1486 eV) were used
as the excitation source. The source was operated at 300 W,

2. Experimental 15 kV, 20 mA. All spectra were acquired at normal inci-
dence, takeoff angle set at Q@vith the charge neutralizer
2.1. PVD synthesis switched on. The base pressure of the instrument was main-

tained at less than.G x 10~1° Torr. The operating pressure
The mixed metal films of Mo—V-Nb—Te were deposited for these films was .D x 10~ Torr. All survey scans were
on either Si wafer or cordierite substrate by sequential phys-collected with a pass energy of 160 eV and a step size of
ical vapor deposition, in a PVD system with a base pressure0.5 eV/step while the high-resolution spectra were collected
of 5 x 10~ Torr. The metal sources were made by melt- with a pass energy of 20 eV and a step size of 0.05stp.
ing individual metal powders into different crucibles. The All binding energies were referenced to the carbon 1 CH
PVD system was equipped with four pockets that house four component set to 284.6 eV.
crucibles containing Te, Nb, V, and Mo, respectively. Thead-  The NEXAFS measurements were performed at the U1A
vantage of having four metal sources at the same time is thatBeamline at the National Synchrotron Light Source (NSLS)
the sequential deposition cae performed without opening  at Brookhaven National Laboratory. The NEXAFS spectra
the vacuum system to change metal sources. During depowere recorded by means of electron yield, using a chan-
sition, an individual metal aurce was heated by electron neltron electron multiplier located near the sample. The
beam, and the deposition rate (typically a few nanometers NEXAFS spectra were recorded for®edge and V. edge
per minute) was monitored using a quartz crystal balancein the energy range of 500-590 eV; a grid containing Cr
that was located near the honeycomb substrate. Three catafL -edge energy at 576.5 eV) was placed in the beam path
lyst samples were synthesized on Si wafers using the follow- to calibrate the energy of the incident beam in this energy
ing three sequences: range.
The SIMS profiles were collected with an ion-ToF SIMS
Sequence 1: Mo(72 nm)/V(19 nm)/Nb(10 nm)/Te(36 nm)/ 1V dual-beam time-of-flight secondary ion mass spectrome-
Si; ter. SIMS sputter depth profiles were obtained by cycling be-
Sequence 2: Nb(10 nm)/ Te(36 nm)/Nb(10 nm)/V(19 nm)/ tween #°Gat analysis mode and the high-current2sput-
Mo(72 nm)/Si; ter mode. The sputter mode employed 3 ¥Ar+ (50 nA)
Sequence 3: Te(36 nm)/Nb(10 nm)/V(19 nm)/Mo(72 nm)/ focused into a 50-pum spot. The sputter gun was rastered over
Si. a 200x 200-um area. The analysis mode employed 15 kV
69Gat (1.5 pA target current) primary ions pulsed at less
As discussed later, the comparison of Samples 1 and 3than 1 ns. These experimental conditions provided mass res-
would determine the effect of deposition sequence, while the olutions of greater than 6000at/z = 29. The analysis area
comparison of Samples 2 and 3 would reveal the effect of 20 x 20-um analysis area was aligned in the center of the
extra surface Nb. Only sequences 1 and 3 were utilized for sputtered area. An et was used with a partial pressure of
the PVD deposition on the cordierite substrate. 1 x 10~° Torr. Secondary ion images were obtained by ras-
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Fig. 1. XPS spectra of as-deposited films on Si wafers. Sample 1, Mo/V/Nb/Te/Si; Sample 2, Nb/Te/Nb/V/Mo/Si; Sample 3, Te/Nb/V/Mo/Si; and Sample 4,
Te/VIMolSi.

tering the 15 k\V®°Gat primary ions over a 50& 500-uym  Sample 1: Mo/V/Nb/Te/Si;

area using 12& 128 pixels. Sample 2: Nb/Te/Nb/V/Mo/Si;
Sample 3: Te/Nb/VIMo/Si;
2.3. Catalytic evaluation Sample 4: Te/VIMolSi.
The PVD-coated cordieriteubstrates were evaluated in Examination of theop left panel inFig. 1 shows Mo on

an Autoclave Engineer’s Bench Top Reactor System to as-the surface of the Mo-capped film (sample 1). The Mo 3d
sess their activity toward the conversion of propane to acrylic lineshape indicates the presence of Mo (metallie-tboxi-
acid. Evaluations were conducted in the fixed-bed, tubular y5¢ion state at Mo 3¢l binding energy~ 2284 eV), Mo in

rea(\jcéorlat 1 atm by p?rs]sir;g\;/aneegtof 7d% p_:opar;)e,t 22t% water,, 5 oxidation state (Mo 3g) binding energy~ 2315 eV),
andbalance air overtne -cedicordierite substrates in- and Mo in +6 oxidation state (Mo 3¢, binding energy

serted into th% inch, quartz tubular reactor at temperatures __ 2326 eV). The bottom left panel spectra show the ab-

g?r;g;ng from 480 to 560C with a volumetric contact time sence of V 2p features which is consistent with the fact that
' there is no V-capped thin film. Shown in the top right panel
are the Nb 3d spectra for the four films. It is evident that Nb
is present only in the Nb-capped film with Nbs3gl peaks
centered at approx 202.4 eV (metallic), 205.1 eV (oxidation

3. Resultsand discussion

3.1. XPS results states betwees2 and+4), and approx 207 eVH5 oxida-
tion state). The bottom right panel Big. 1shows the Te 3d
3.1.1. As-deposited films spectra for the four films. It can be seen that Te is present

Fig. 1shows the Mo 3d, Nb 3d, V 2p, and the Te 3d XPS in all the four films, although it is at very low concentra-
spectra for the as-received wafers. The sample numbers cortions in the Nb or the Mo-capped film (sd@able 1. For
respond to the following deposition sequences: the Te-capped films (samples 3 and 4), the Te/38ind-
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ing energy of~ 576 eV indicates an oxidation state p#. exists in mixed oxidation states. The XPS compositions of
In addition the shoulder at 573 eV corresponds to the pres-the as-deposited films are presented in relative molar ratios
ence of metallic Te. The Nb-capped film (sample 2) contains in Table 1

a tiny amount of Te in+4 oxidation state (not seen in the Interestingly, if we were to assume that all oxygen de-
spectra due to scale; s@able 1), whereas the Mo-capped tected via XPS is associated with the capping metal layer,
film shows the Te 3¢)> centered at approx 577 eV which then the surface compositions indicate that the Mo-capped
corresponds to Te iR-6 oxidation state. All these results film is mainly MoQsz, Nb-capped film is mostly Nis, and
taken together suggest that the “as-deposited” films do notthe Te-capped films are mainly TeO

have complete mixing of the metals and the capping layer

3.1.2. Air versus nitrogen calcination

The effect of the calcination environment was investi-
gated using XPS. Shown irig. 2 are the XPS spectra for
sample 2 (Nb/Te/Nb/V/Mo/Si deposition sequence) calcined
under various conditions. Treamples numbers correspond

Table 1
XPS composition in relative molar ratios for the as-deposited films

Element Mo/V/Nb/Te/Si Nb/Te/Nb/V/Mo/Si Te/Nb/V/IMo/Si Te/VIMo/Si

Sample 1 Sample 2 Sample 3 Sample 4 . ] ) o
v 0.00 200 000 Q00 the following calcinations conditions:
0 310 238 180 190
Mo 1.00 000 0.00 000 Sample 2: Nb/Te/Nb/V/Mo/Si deposition sequence;
Nb 0.00 100 000 000 Sample 2A: Sample 2 calcined in air at 60D
;EI’ 3% 883 égg égg Sample 2B: Sample 2 calcined i it 600°C;
: : Sample 2C: Sample 2 calcined in air at 675
Mo 3d V2p
2A
2C
)
2B
II\|II||||||III|II\||\||III|\I\ I‘\I\‘\H‘I\Il\\l‘\lllllllllllll
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Fig. 2. XPS spectra of sample 2 (Nb/Te/Nb/V/Mo/Si) caéd under various conditions. Sample 2A, calcined in air at®@)Bample 2B, calcined in Nat
600°C; Sample 2C calcined in air at 67&.
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Table 2

Standard heats of formation of relevant oxides
Compound Standard heat of formatiar;° (kJ/mol)
MoO, —5889

MoO3 —7451

TeO, —3226

NbO —4058

NbO, —7962

Nb>Os5 —18995

VO —4318

V203 —12188

V205 —15506

SiOy -9107

The top right panel of th&ig. 2 shows that calcination
in air drives V to the surface of the film. The V 2p peak

A.M. Gaffney et al. / Journal of Catalysis 229 (2005) 12—-23

Table 3
XPS composition in relative molar ratios for wafer 2 (deposition sequence
= Nb/Te/Nb/V/Mo/Si) calcined under various conditions

Element Bulk target Sample 2A Sample 2B Sample 2C
composition 600°C, 2 tyair 600°C, 2 YN, 675°C, 2 hyair
\% 0.3 0.50 005 168
0] 6.39 399 1361
Mo 10 1.00 100 100
Nb 012 020 072 031
Te 023 046 001 161
Si 0.767 Q00 167

for the presence of Mo on the surface. Both these results
taken together indicate that there is good mixing of Mo upon
annealing (regardless of the calcination environment). We

centered at a binding energy of approx 517.5 eV correspondshave conducted ESCA depth profiles (not shown) which in-

to highly oxidized V. From a thermodynamic perspective, it
possible that the formation ofXDs is the driving force for

dicate good homogeneous mixing of all elements present in
the calcined thin films. It is interesting to note that despite

the surface segregation of V. Standard heats of formation forthe good mixing, the XPS composition of the samples is not

the relevant oxides are givenTiable 2 The highest heat of
formation for N@Os may explain why the Nb in all films is
present in a+5 oxidation state.

The top left panelirFig. 2displays the Mo 3d spectra for

even close to the targeted bulk composition.

Another noteworthy point is that the oxygen content
in the air-calcined film is considerably higher than in the
nitrogen-calcined film. Thissi presumably because all met-

the air- and nitrogen-calcined films and it can be seen that theys are in their highest oxidation states in the air-calcined
films which are calcined in air (samples 2A and 2C) show a fjjms. Based on the standard heats of formation alone, one

single Mo 3d doublet with the Mo 3gh centered at 232.6 eV
which corresponds to Mé&6 (probably MoQ). On the other

would expect higher Nb levels than Te levels on the surface
of the film. However, this is not the case here. One reason-

hand, the film that was calcined in nitrogen shows reduced 4o explanation could be that the formation of Nb oxide

oxidation states of Mo, in addition to M&6. The nitrogen-

calcined samples were exposed to air during sample transfe

to the XPS chamber. The det®mmn of reduced Mo on these

samples suggested that the exposure to air did not lead to the

complete oxidation of the surface Mo to Meb6. The pres-

ence of partially reduced Mo states may be an important step
in propane activation since a partially reduced state presents

while thermodynamically favorable is a kinetically limited

'orocess whereas, formation of Te oxide is thermodynami-

cally not such a favorable process but is kinetically favored.

3.1.3. 600C versus 675C calcination
The effect of the calcination temperature was investigated

a coordinatively unsaturated site for the propane molecule to USing XPS. Shown ifrig. 2are the XPS spectra for wafer 2

attach itself. If all the Mo is completely oxidized, it is coor-

(Nb/Te/Nb/V/Mo/Si deposition sequence) calcined in air at

dinatively saturated and the propane molecule has nowhere?00°C for 2 h. Also shown are the corresponding spectra for

to attach. This is why we believe that calcination i ¥

the same wafer calcined in air at 675 for 2 h. The top right

an important step for obtaining a catalyst with the desirable Panel offig. 2shows that both films have the V gp peaks

distribution of oxidation states. Calcination in air results in
complete oxidation of the catalyst, which is detrimental to
its catalytic activity as discussed later.

Note that among all the relevant oxides, pefas the
lowest heat of formation{322 kJmol). The Te 3d spectra
indicate that Te segregates teetsurface for the air-calcined
film but not for the nitrogen-calcined film. In other words,
there is not enough of a thermodynamic force for the for-
mation of tellurium oxides at low temperatures since all
samples were calcined in air at 275. Higher temperature
(600°C) would also offer a kinetic advantage for Te diffu-
sion.

The XPS compositions of samples 2A, 2B, and 2C are
presented in relative molar ratios Trable 3 Note that all
compositions have been normalized to Md..00. The com-

centered at a binding energy of approx 517.5 eV, which cor-
responds to highly oxidized V. The Mo 3d spectra show a
single doublet for both films that corresponds to Mot
oxidation state. The Nb 3d spectra are also similar in that
Nb is oxidized ast-5. The Te 3d spectra are also similar and
indicate the presence of Te betwe¢d and+6 oxidation
states. There are, however, differences in the relative metal
ratios (sedlable 3.

Note that the higher temperature calcinations result in
higher V, Nb, and Te concentrations on the surface of the
film. This is consistent with our earlier hypothesis that for-
mation of Nb oxide is a kinetically limited process and also
that the formation of Te oxide is kinetically favored. Another
noteworthy point is that the oxygen content is higher in the
film that is calcined at a higher temperature. All these data

position of the as-deposited film did not show any evidence suggest better mixing of the films at 675 than at 600
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530.0
532.0

If you assume complete oxidation of the metals when 525? V)

519.0 (V)

the calcinations is done in air, i.e., Me MoOs, Nb —
Nb2Os, V — V205 and Te— TeQs, then using the metal

ratios given inTable 3 one would expect that the oxygen ‘g
content should be 6.1 (for the air-calcined film at 6@, >
which is only slightly less than the experimentally measured g
value of 6.4. The calculated oxygen value for the air-calcined z
film at 675°C is 12.8, which is again only slightly less than §

the experimentally observed value of 13.6. This discrepancy €
may be accounted for by considering that some oxygen is ¢
also going to be associated with the Si atoms. v
Overall, the XPS results presentedfigs. 1 and 2and g
Tables 1-3rovide the following main observations: (1) The
composition of the as-deposited film depends on the deposi-
tion sequence. (2) Calcination of the films in air or nitrogen
results in the presence of all four elements on the surface.

. . . . . . . 510 520 530 540 550 560
(3) Calcination in air results in complete oxidation whereas Incident Photon Energy (eV)
calcination in nitrogen results in the formation of reduced
Mo species in addition to Mo¥6). Fig. 3. Comparison of X -edge spectra of four métaxides that are rele-

The XPS results clearly indicate that the surface com- Vantto the current study, 30s, MoOs, Nb;0s, and TeQ.
positions of the PVD samples depend on the calcination
temperature (600 vs 67%&) and environment (air vs M. 5310 0 K-edge
The detection of different surface compositions, instead of V L-edge
an identical surface compitien if thermodynamic equilib-
rium is achieved, suggests that the mixing of surface oxides
is “kinetically controlled” in the current study. More detailed
kinetic studies, such as calcination as a function of time or 519 75
using cycles of N/air treatment, will be necessary to deter-
mine the role of kinetics and thermodynamics in the surface
compositions of the calcined PVD samples.

—_

525.5

Sample 3A

ty (arb. units

Sample 2A

Intens

3.2. NEXAFS results

Sample 1A

NEXAFS is utilized to further characterize the composi- h//\/
tional and electronic properties of the PVD films. As sum- T ' T T
marized in a recent reviej23], NEXAFS spectrum at the 510 520 530 540 550 560
O K edge is related to the dipole transition of O 1s elec- Incident photon energy (eV)
trons into the partially occupied and unoccupied orbitals. As Fig. 4. comparison of G -edge and VL-edge spectra of PVD films pre-
a result the QK -edge spectrum is very sensitive to the local pared by different deposition sequences. The samples were calcined for 2 h
bonding environment of metal oxides. For examflig. 3 at 600°C in air.
compares the X-edge spectra of four metal oxides that
are relevant to the current study,®s, MoOz, Nb,Os, and the deposition sequence of Nle/Nb/V/Mo/Si produces the
TeO,. The comparison clearly indicates that each oxide is highest surface vanadium oxide concentrations among the
characterized by a distinct set of ©-edge features. In ad-  three samples. In addition, the energy positions of these two
dition, two additional features are present in the spectrum of peaks are characteristic of V in the-5tate. Furthermore,
V205, which are related to the ¥.-edge featuref24]. The the detection of K -edge features at 531.0 eV (character-
positions of these two features can be used to determine thestic of Mo—O bonds) and at- 532 eV (characteristic of
oxidation state of \[24,25] V-0 bonds) indicates that both Mo oxides and V oxides are

present near the surface region.

3.2.1. Effect of deposition sequence

Fig. 4compares the NEXAFS spectra of PVD films from 3.2.2. Effect of calcination temperature and environment
the three deposition sequences. All samples were calcined Fig. 5 compares the X-edge and VL-edge features
for 2 h at 600°C in air prior to the NEXAFS measurements. of PVD films, prepared using the deposition sequence of
In general the NEXAFS results support the conclusions from Nb/Te/Nb/V/Mo/Si, after being treated under different calci-
the XPS measurements. For example, based on the intennation conditions. Based on the intensities of thé \édge
sities of the two VL-edge features at 519.75 and 525 eV, features, calcination in air at 60C enhances the surface
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filing. Fig. 7 displays the SIMS profiles obtained from the
Nb/Te/Nb/V/Mo/Si film as deposited and after annealing at
600°C in air and nitrogen, and at 67& in air. All films
531.0 were annealed for 2 h. The five original metal films are
519.75 5255 /1 Sample 2B clearly evident in the as-deposited film. Annealing for 2 h
' in nitrogen results in incomplete intermixing. The niobium

layers have interdiffused and enrich the air interface with
v\/ distinct vanadium and molybdenum layers still present. In-
termixing of the layers is obtained with 2 h of air calcinations

Sample 2A at 600°C. The intermixing appears to result in a film with
different elemental concemttions as a function of depth.
There is a slight enrichmemwif tellurium and vanadium at
Sample 2C the air interface and the vanadium is again enriched near the
silicon substrate. Silicon issb found to migrate through the
film. Calcining the film at 675C in air for 2 h results in an

T T T T enrichment of vanadium at the air interface and increased

510 520 530 540 550 560 diffusion of silicon within the film.
Incident photon energy (eV)

Fig. 5. Comparison of X-edge and VL-edge spectra of Nb/Te/Nb/V/ 3.3.3. Degree of miXing after annea”ng at 6@in air
Mo/Si films after calcination for 2 h under different conditions. Sample 2A, SIMS profiles (shown irFig. 8) were collected from the
600°C in air; Sample 2B, 600C in N2; Sample 2C, 675C in air. remaining films after being calcined at 600 for 2 h in

air to ensure that the films were completely intermixed. The
concentration of V oxides as compared to calcinationsin N Mo/V/Nb/Te/Si film appears to be mixed; however, evidence
In addition, the observation of a relatively more intense O of Te enrichment at the air iarface and vanadium at the Si
K -edge feature at 531.0 eV indicates that calcination in air interface was detected. The Taiehment at the air interface
at 600°C also enhances the surface concentration of Mo is limited to the first few nanometers of the film while the V-
oxides. Both observations are consistent with the XPS mea-enriched layer extends ovealfi the film. The Te/V/Mo/Si
surements. The comparisonfiig. 3also indicates that cal-  film displays similar behavior with a spike in the Te concen-
cination in air at 678C further enhances the surface con- tration at the air interface and a vanadium-enriched layer at
centration of V oxides. Furthermore, the energy positions of the Si interface or “interphase.” This V-rich layer is present
the V L-edge features remain relatively constant after calci- in the bottom third of the film. The V/Mo intensity ratio
nation in air and in M, suggesting that V is in thefostate  is greater at the Si interfader the Te/V/Mo film than the
in either calcination environment. Mo/V/Nb/Te film.

O K-Edge
V L-Edge 532.0

Intensity (arb. units)

3.3. SIMS results and discussion 3.3.4. Air interface distributions as function of calcination

treatment

3.3.1. SIMS assessment of as-deposited films
pos : The lateral distributions of Si, V, Nb, Mo, and Te at the

SIMS profiles were collected from the four as-deposited . . ! .
films to check their integrity before the different annealing air interfaces of the four Nb/Te/Nb/V/Mo/Si films discussed
steps were performed. There is an inference between the ma@P0Ve were determined by SIMS imaging (showftig. 9).
jor Te isotopes and Mogions. Therefore, we were forced 1he Si, V, Nb, Mo, Te, and total secondary ion images ob-
to usel?2Te at 2.5% abundance to monitor Te location and t&ined from the as-deposited, and the 2 h annealed films
concentrationFig. 6 contains the SIMS profiles obtained &t 800°C in air, 600°C in nitrogen, and 673C in air are
from the four as-deposited films. The profiles obtained from compared irFig. 9. The surface characterization of the as-
all of the films, except the Mo/V/Nb/Te/Si, are consistent deposited film agrees well with the XPS resuilts, revealing an
with the deposition. The profile from the Mo/V/Nb/Te/Si  @ir interface that is composed of Nb. All four metals are de-
film suggests this film is Mo/V/Si with multiple layers that tected at the air interface of the calcined films. In addition to
are enriched in Nb with Te c@entrated in the Mo layer. As the metals, Si is also detected at the air interface upon cal-
discussed be|0W' we believe m0|ybdenum appears to be arpinations. The 600C air-calcined film reveals Si-enriched
effective barrier layer. Without this barrier layer, there is a domains in dimensions of a few to 100 pm. The 600

strong vanadium-silicon interaction. nitrogen-calcined film appears to be “dewetting” with areas
as large as 250 um being exposed. The Si image obtained

3.3.2. Mixing as function of annealing temperature and from the 675 C in the air-calcined film suggests that the Si

atmosphere is present at vanadium-rich grain boundaries. Based on the

The degree of mixing as a function of annealing tem- degree of mixing and the sade characterization, the re-
perature and atmosphere was accessed through SIMS promaining films were calcined at 60C in air for 2 h.
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Fig. 6. SIMS profiles of as-gmsited PVD films on Si wafers.

In summary, SIMS profiles were used to determine the to be located in Si-rich domains while annealing at 6Z5
degree of intermixing as a function of annealing tempera- in air results in Si being located at grain boundaries. When
ture and atmosphere. When annealed in air for 2 h,60 annealed at 600C in nitrogen the films appear to “dewet.”
is sufficient to obtain intermixed films. When annealed in
nitrogen for 2 h at 600C, some mixing has occurred; how- 3.4. Reactor evaluation
ever, Nb-, V-, and Mo-enriched layers still exist. Secondary
ion images reveal that Si is present at the air interface. ltslo-  As described previously, the two PVD samples were pre-

cation appears to be a function of annealing temperature andpared by deposition of the following metals in the sequences
atmosphere. When annealed in air at 80Qhe Si appears  given below onto the cordierite substrate:
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Fig. 7. SIMS profiles after calcination treatment\df/Te/Nb/V/Mo/Si films under different conditions.

Sequence 1: Mo(72 nm)/V(19 nm)/Nb(10 nm)/Te(36 nm)/ the ratios of the catalyst metals to Si, Al, Mg, and Na (con-

cordierite; stituents of cordierite) are not shown.
Sequence 3: Te(36 nm)/Nb(10 nm)/V(19 nm)/Mo(72 nm)/ It can be seen that the deposition sequence affects the
cordierite. surface composition of the system. A key difference be-

tween the surface compositions of the films deposited on
The XPS compositions in relative molar ratios of the as- cordierite versus those deposited on Si wafer is that on the
deposited films on cordierite are showriliable 4 Note that Mo-terminated surface on cordierite, there is evidence of V,
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Fig. 8. SIMS profiles after calsation of PVD films for 2 h at 600C in air.
Table 4 Nb, and Te from the underlying layers. This may be due
XPS composition in relative molar ratios of as-deposited films on cordierite tg the roughness of the cordierite surface compared to the
Element Te/Nb/V/Mol/cordierite Mo/V/Nb/Te/cordierite smooth Si wafer where the Mo-terminated deposition se-
As deposited SD As deposited sb  quence showed no evidence of any other metalTabke ).
o 3812 297 049 006 These films were calcined at 276 in air followed by
\Y 0.28 009 005 001 calcinations in a N atmosphere at 60@. The progress
Mo 100 000 100 000 of the catalysis was followed by an on-line gas chromato-
Nb 0.00 000 003 000 ;
raphic method that w. tupt mple the effluent stream
Te 404 042 013 Q01 graphic method that was set up to sample the effluent strea

on-line for fixed gases, light hydrocarbons, and light or-
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Fig. 9. SIMS images at the air interface after calcinati@atment of Nb/Te/Nb/V/Mo/Si films under different conditions.

ganic acids. Samples were analyzed on a SRI 8610C gasair followed by 600°C in N> produces systems with sim-
chromatograph equipped witleated sampling valves, flame ilar surface compositions regardless of the deposition se-
ionization detector, and thermal conductivity detector. The quence. Note that both these systems showed activity to-
reactor effluent sample was injected into two systems; oneward formation of acrylic acid. This may be attributed to
for organic acids and the other for fixed gases and light hy- the presence of all four elements (Mo, V, Nb, and Te) on
drocarbons. the surface. Comparison of the XPS data for both deposi-
Results from the fixed-bed evaluation studies, which gave tion sequences may lead one to the erroneous conclusion
consistent and reproducible results with mass balances all inthat calcining in air at 275C followed by N> at 600°C
the range of 98 to 102%, are listed below. should result in the same materials. But this is not the case
from the reactor studies. Following this calcination proce-

Sample t;ﬁtpa%i) cfﬁfsriion ) A(OA/O;"e'd P;i(;?é"ﬁ;s dure the Mo/V/Nb/Te/cordierite sample results in a catalyst

S I 480' = ” 3 that is significantly more active than that produced from the
equence " .

Sequence 3 560 26 19 4 reverse deposition sequence. We were unable to obtain XRD

patterns from the two catalysts since the amount of catalyst
As a comparison, control calcinations studies were con- was not sufficient to yield a good signal. XRD patterns for
ducted on films deposited according to sequences 1 and 3both catalysts were similar and correspond to cordierite. We
A set of samples were calcined in air up to 6@ and speculate that even though the XPS compositions are sim-
evaluated under the run conditions given above. No activity ilar, the materials are different in terms of phases or struc-
was observed up to catalyst bed temperatures approachingures, which may account for the different activities. Differ-

600°C. ent phases with varying activity have been reported earlier
Shown inTable 5are the XPS compositions in relative for MoVNbTe oxide§26—31]
molar ratios of the catalysts calcined under various condi- Itis worth noting that even after the same calcination pro-

tions. It can be seen that calcining the films at 2€5in cedure (273C in air followed by 600C in Np), the XPS
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Table 5
XPS composition in relative molar ratios of calcined catalysts

Te/Nb/V/Mol/cordierite Mo/VINb/Te/cordierite Te/Nb/V/Mol/cordierite Stnd MMO catalyst
Element  275C air, 60O0°CCN,  SD 275°C air, 600°CN,  SD 275°C air, 600°C air ~ SD 27%C air, 600°CN,  SD
¢} 3092 491 3375 018 5092 544 407 004
v 0.17 006 013 006 048 028 015 001
Mo 1.00 000 100 000 100 000 100 000
Nb 0.05 001 008 002 000 000 016 002
Te 050 006 044 008 151 061 039 001
composition for the film deposited on cordierite is quite dif- AAvyield up to 21%, than that produced from the reverse
ferent than that deposited on Si wafers ($able 3. This is deposition sequence (Te/Nb/V/Mol/cordierite).

presumably due to two reasons. The first is that the cordierite
surface is much rougher compared to the Si wafer. The sec-acknowledgments
ond reason is that, when calcining in a &tmosphere, there

is no oxygen available for the Si wafer system, whereas we acknowledge Rohm and Hass for financial support.
for cordierite, there is plenty of oxygen available in bulk e also acknowledge Exxon Mobil for providing beamtime
cordierite. This may changedhdiffusion characteristics of  for NEXAFS measurements.
the various metals. In general, one can say that calcination
in N2 results in a Nb-rich surface for both systems. References
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