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Abstract

Multicomponent Mo/V/Nb/Te oxide catalysts were synthesized using physical vapor deposition (PVD) onto the substrates of Si wafers
of honeycomb cordierites. The PVD films were prepared at different metal deposition sequencesand were subsequently calcined at differ
temperatures and environment (air or N2). The PVD films on Si wafer were characterized using several surface techniques, including
photoelectron spectroscopy (XPS), near-edge X-ray absorption fine structure (NEXAFS), and secondary ion mass spectrometry
parallel, PVD films on cordierites were evaluated in a fixed-bed reactorfor the selective oxidation of propane to acrylic acid. The combi
synthesis, characterization, and reactor studies provided clear evidence that the surface compositions and the catalytic properties of
Mo/V/Nb/Te oxide catalystsdepend strongly on the metal deposition sequence, calcination temperature, and calcination environment.
 2004 Published by Elsevier Inc.
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1. Introduction

The global abundance of low alkanes and the econo
incentives of converting them to higher value petroche
cals or feedstocks have stimulated strong research inter
selective oxidation of alkanes[1,2]. Ammoxidation of lower
alkanes, especially propane, is a process that has rec
much attention[3–6]. Fairly high yields of acrylonitrile from
propane have been reported on a V–Sb–W–M–O-based
alyst[7] since the 1980s and on a Mo–V–Te–Nb–O cata
[8] since the early 1990s. Research in the selective ox
tion of propane to acrylic acid with molecular oxidation h
been pursued world wide and a recent review of deve
ments with mixed metal oxides has shown some promise[9].

The applications of multicomponent metal oxide (MMO)
type catalysts in propane oxidation to acrylic acid sta
in the 1990s, although Mo–V–Nb mixed oxides, the ba
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for these high performing propane selective oxidation c
lysts, was initially developed in the 1970s for the oxidat
of ethane to ethylene and acetic acid[10]. This Mo–V–Nb
mixed oxide catalyst was alsoreported to be capable of a
tivating propane at 300◦C but producing only acetic acid
acetaldehyde, and carbon oxides.To date, most of the appl
cations of MMO-type catalysts are noted in patents[11–19].
All of these MMO catalysts are Mo based and most of th
also contain V as a major component. Mo is the esse
element of most commercial catalysts for propylene ox
tion to acrolein and acroleinoxidation to acrylic acid while
V is another essential element used as commercial cat
for acrolein oxidation to acrylic acid.

The most effective catalysts to date for propane
acrylic acid are those Mo–V–Te–Nb–O catalysts reporte
Ushikubo et al.[14]. A catalyst with the same four com
ponents was first found to be very effective for propa
ammoxidation to acrylonitrile[20]. The performance of thi
Mo–V–Te–Nb–O catalyst for propane oxidation to acry
acid has been shown to be significantly better than that o
other MMO type of catalysts[9]. Several reports have ind

http://www.elsevier.com/locate/jcat
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cated that both the composition of the catalyst and the pr
ration methods also greatly affect the catalyst performa
and that these performance differences of the catalysts refle
the structural differences of the catalysts prepared under
ious preparation conditions[18,21,22].

In this paper we describe a new catalyst synthesis me
for preparing the Mo–V–Te–Nb–O catalysts by a phys
vapor deposition (PVD) method. In essence, the corresp
ing metals were deposited onto silicon wafers and in var
sequences, which were subsequently treated in air and o
trogen to form mixed metal oxide compositions. The ox
materials were characterized using several surface sc
techniques. In addition, the corresponding metals were
posited onto cordierite honeycomb substrates in various
quences and then treated in air and/or nitrogen to form m
metal oxides. These catalysts were evaluated in a fixed
reactor system for the conversion of propane to acrylic a
This novel catalyst synthesis combined with reactor evalua
tion is the first one of its type for investigating the select
oxidation of propane to acrylic acid over PVD-synthesiz
catalysts.

2. Experimental

2.1. PVD synthesis

The mixed metal films of Mo–V–Nb–Te were deposit
on either Si wafer or cordierite substrate by sequential p
ical vapor deposition, in a PVD system with a base pres
of 5 × 10−7 Torr. The metal sources were made by me
ing individual metal powders into different crucibles. T
PVD system was equipped with four pockets that house
crucibles containing Te, Nb, V, and Mo, respectively. The
vantage of having four metal sources at the same time is
the sequential deposition canbe performed without openin
the vacuum system to change metal sources. During d
sition, an individual metal source was heated by electro
beam, and the deposition rate (typically a few nanome
per minute) was monitored using a quartz crystal bala
that was located near the honeycomb substrate. Three
lyst samples were synthesized on Si wafers using the fol
ing three sequences:

Sequence 1: Mo(72 nm)/V(19 nm)/Nb(10 nm)/Te(36 nm
Si;

Sequence 2: Nb(10 nm)/ Te(36 nm)/Nb(10 nm)/V(19 n
Mo(72 nm)/Si;

Sequence 3: Te(36 nm)/Nb(10 nm)/V(19 nm)/Mo(72 nm
Si.

As discussed later, the comparison of Samples 1 a
would determine the effect of deposition sequence, while
comparison of Samples 2 and 3 would reveal the effec
extra surface Nb. Only sequences 1 and 3 were utilized
the PVD deposition on the cordierite substrate.
-

-

-

e

t

-

-

The PVD films on Si wafers and on cordierite were s
sequently oxidized using standard calcination procedu
The PVD samples were each calcined in a quartz tube. E
quartz tube was placed in an oven, at ambient tempera
with a 100 cc/min flow of air through the tube, the fu
nace was then heated from ambient temperature to 275◦C at
10◦C/min and held there for 1 h; then, using a 100 cc/min
flow of either air or N2 through the tube, the oven was hea
from 275 to 600◦C at 2◦C/min and held there for 2 h.

The PVD films on Si wafers were calcined under vario
conditions. For example, the samples were held for 2
600 and 675◦C to determine the effect of annealing temp
ature. In additions, samples were also held at 600◦C for 2 h
in air or in N2 to reveal the effect of annealing environme
All samples were calcined initially in air at 275◦C unless
otherwise noted.

2.2. Spectroscopic characterization

The XPS experiments were performed on a KRATO
Ultra instrument using a hemispherical energy analy
Monochromatic AlKα X-rays (hν = 1486 eV) were used
as the excitation source. The source was operated at 30
15 kV, 20 mA. All spectra were acquired at normal in
dence, takeoff angle set at 90◦, with the charge neutralize
switched on. The base pressure of the instrument was m
tained at less than 5.0× 10−10 Torr. The operating pressur
for these films was 1.0 × 10−9 Torr. All survey scans were
collected with a pass energy of 160 eV and a step siz
0.5 eV/step while the high-resolution spectra were collec
with a pass energy of 20 eV and a step size of 0.05 eV/step.
All binding energies were referenced to the carbon 1s Cx

component set to 284.6 eV.
The NEXAFS measurements were performed at the U

Beamline at the National Synchrotron Light Source (NSL
at Brookhaven National Laboratory. The NEXAFS spec
were recorded by means of electron yield, using a ch
neltron electron multiplier located near the sample. T
NEXAFS spectra were recorded for OK edge and VL edge
in the energy range of 500–590 eV; a grid containing
(LIII -edge energy at 576.5 eV) was placed in the beam
to calibrate the energy of the incident beam in this ene
range.

The SIMS profiles were collected with an ion-ToF SIM
IV dual-beam time-of-flight secondary ion mass spectro
ter. SIMS sputter depth profiles were obtained by cycling
tween a69Ga+ analysis mode and the high-current Ar+ sput-
ter mode. The sputter mode employed 3 kV40Ar+ (50 nA)
focused into a 50-µm spot. The sputter gun was rastered
a 200× 200-µm area. The analysis mode employed 15
69Ga+ (1.5 pA target current) primary ions pulsed at le
than 1 ns. These experimental conditions provided mass
olutions of greater than 6000 atm/z = 29. The analysis are
20× 20-µm analysis area was aligned in the center of
sputtered area. An O2 jet was used with a partial pressure
1× 10−6 Torr. Secondary ion images were obtained by r
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ample 4,
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 S
Te/V/Mo/Si.
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tering the 15 kV69Ga+ primary ions over a 500× 500-µm
area using 128× 128 pixels.

2.3. Catalytic evaluation

The PVD-coated cordierite substrates were evaluated
an Autoclave Engineer’s Bench Top Reactor System to
sess their activity toward the conversion of propane to ac
acid. Evaluations were conducted in the fixed-bed, tub
reactor at 1 atm by passing a feed of 7% propane, 22% w
and balance air over the PVD-coated cordierite substrates in
serted into the12 inch, quartz tubular reactor at temperatu
ranging from 480 to 560◦C with a volumetric contact tim
of 3 s.

3. Results and discussion

3.1. XPS results

3.1.1. As-deposited films
Fig. 1shows the Mo 3d, Nb 3d, V 2p, and the Te 3d X

spectra for the as-received wafers. The sample numbers
respond to the following deposition sequences:
,

-

Sample 1: Mo/V/Nb/Te/Si;
Sample 2: Nb/Te/Nb/V/Mo/Si;
Sample 3: Te/Nb/V/Mo/Si;
Sample 4: Te/V/Mo/Si.

Examination of thetop left panel inFig. 1 shows Mo on
the surface of the Mo-capped film (sample 1). The Mo
lineshape indicates the presence of Mo (metallic to+4 oxi-
dation state at Mo 3d5/2 binding energy∼ 228.4 eV), Mo in
+5 oxidation state (Mo 3d5/2 binding energy∼ 231.5 eV),
and Mo in +6 oxidation state (Mo 3d5/2 binding energy
∼ 232.6 eV). The bottom left panel spectra show the
sence of V 2p features which is consistent with the fact
there is no V-capped thin film. Shown in the top right pa
are the Nb 3d spectra for the four films. It is evident that
is present only in the Nb-capped film with Nb 3d5/2 peaks
centered at approx 202.4 eV (metallic), 205.1 eV (oxida
states between+2 and+4), and approx 207 eV (+5 oxida-
tion state). The bottom right panel ofFig. 1shows the Te 3d
spectra for the four films. It can be seen that Te is pre
in all the four films, although it is at very low concentr
tions in the Nb or the Mo-capped film (seeTable 1). For
the Te-capped films (samples 3 and 4), the Te 3d5/2 bind-
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ing energy of∼ 576 eV indicates an oxidation state of+4.
In addition the shoulder at 573 eV corresponds to the p
ence of metallic Te. The Nb-capped film (sample 2) conta
a tiny amount of Te in+4 oxidation state (not seen in th
spectra due to scale; seeTable 1), whereas the Mo-cappe
film shows the Te 3d5/2 centered at approx 577 eV whic
corresponds to Te in+6 oxidation state. All these resul
taken together suggest that the “as-deposited” films do
have complete mixing of the metals and the capping la

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/Mo/Si Te/V/Mo/S
Sample 1 Sample 2 Sample 3 Sample 4

V 0.00 0.00 0.00 0.00
O 3.10 2.38 1.80 1.90
Mo 1.00 0.00 0.00 0.00
Nb 0.00 1.00 0.00 0.00
Te 0.07 0.02 1.00 1.00
Si 0.29 0.00 0.00 0.03
exists in mixed oxidation states. The XPS composition
the as-deposited films are presented in relative molar ra
in Table 1.

Interestingly, if we were to assume that all oxygen
tected via XPS is associated with the capping metal la
then the surface compositions indicate that the Mo-cap
film is mainly MoO3, Nb-capped film is mostly Nb2O5, and
the Te-capped films are mainly TeO2.

3.1.2. Air versus nitrogen calcination
The effect of the calcination environment was inve

gated using XPS. Shown inFig. 2 are the XPS spectra fo
sample 2 (Nb/Te/Nb/V/Mo/Si deposition sequence) calci
under various conditions. Thesamples numbers correspo
the following calcinations conditions:

Sample 2: Nb/Te/Nb/V/Mo/Si deposition sequence;
Sample 2A: Sample 2 calcined in air at 600◦C;
Sample 2B: Sample 2 calcined in N2 at 600◦C;
Sample 2C: Sample 2 calcined in air at 675◦C.
Fig. 2. XPS spectra of sample 2 (Nb/Te/Nb/V/Mo/Si) calcined under various conditions. Sample 2A, calcined in air at 600◦C; Sample 2B, calcined in N2 at
600◦C; Sample 2C calcined in air at 675◦C.



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

n

onds
, it

n for
f
s

r
t the
w a

ced

nsfe
e
to th

step
ent
le to
r-
here

ble
in

l to

a
d
s,
for-
all

e
u-

are

nce

nce

ults
pon
We
in-

nt in
ite
not

ent
the
t-

ned
one

face
son-
ide
d
mi-
ed.

ted
2

r at
for

cor-
w a

that
nd

etal

lt in
the

or-
lso
er
the
ata
Table 2
Standard heats of formation of relevant oxides

Compound Standard heat of formation�Hf
◦ (kJ/mol)

MoO2 −588.9
MoO3 −745.1
TeO2 −322.6
NbO −405.8
NbO2 −796.2
Nb2O5 −1899.5
VO −431.8
V2O3 −1218.8
V2O5 −1550.6
SiO2 −910.7

The top right panel of theFig. 2 shows that calcinatio
in air drives V to the surface of the film. The V 2p3/2 peak
centered at a binding energy of approx 517.5 eV corresp
to highly oxidized V. From a thermodynamic perspective
possible that the formation of V2O5 is the driving force for
the surface segregation of V. Standard heats of formatio
the relevant oxides are given inTable 2. The highest heat o
formation for Nb2O5 may explain why the Nb in all films i
present in a+5 oxidation state.

The top left panel inFig. 2displays the Mo 3d spectra fo
the air- and nitrogen-calcined films and it can be seen tha
films which are calcined in air (samples 2A and 2C) sho
single Mo 3d doublet with the Mo 3d5/2 centered at 232.6 eV
which corresponds to Mo+6 (probably MoO3). On the other
hand, the film that was calcined in nitrogen shows redu
oxidation states of Mo, in addition to Mo+6. The nitrogen-
calcined samples were exposed to air during sample tra
to the XPS chamber. The detection of reduced Mo on thes
samples suggested that the exposure to air did not lead
complete oxidation of the surface Mo to Mo+6. The pres-
ence of partially reduced Mo states may be an important
in propane activation since a partially reduced state pres
a coordinatively unsaturated site for the propane molecu
attach itself. If all the Mo is completely oxidized, it is coo
dinatively saturated and the propane molecule has now
to attach. This is why we believe that calcination in N2 is
an important step for obtaining a catalyst with the desira
distribution of oxidation states. Calcination in air results
complete oxidation of the catalyst, which is detrimenta
its catalytic activity as discussed later.

Note that among all the relevant oxides, TeO2 has the
lowest heat of formation (−322 kJ/mol). The Te 3d spectr
indicate that Te segregates to the surface for the air-calcine
film but not for the nitrogen-calcined film. In other word
there is not enough of a thermodynamic force for the
mation of tellurium oxides at low temperatures since
samples were calcined in air at 275◦C. Higher temperatur
(600◦C) would also offer a kinetic advantage for Te diff
sion.

The XPS compositions of samples 2A, 2B, and 2C
presented in relative molar ratios inTable 3. Note that all
compositions have been normalized to Mo= 1.00. The com-
position of the as-deposited film did not show any evide
r

e

s

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

Element Bulk target
composition

Sample 2A
600◦C, 2 h/air

Sample 2B
600◦C, 2 h/N2

Sample 2C
675◦C, 2 h/air

V 0.3 0.50 0.05 1.68
O 6.39 3.99 13.61
Mo 1.0 1.00 1.00 1.00
Nb 0.12 0.20 0.72 0.31
Te 0.23 0.46 0.01 1.61
Si 0.767 0.00 1.67

for the presence of Mo on the surface. Both these res
taken together indicate that there is good mixing of Mo u
annealing (regardless of the calcination environment).
have conducted ESCA depth profiles (not shown) which
dicate good homogeneous mixing of all elements prese
the calcined thin films. It is interesting to note that desp
the good mixing, the XPS composition of the samples is
even close to the targeted bulk composition.

Another noteworthy point is that the oxygen cont
in the air-calcined film is considerably higher than in
nitrogen-calcined film. This is presumably because all me
als are in their highest oxidation states in the air-calci
films. Based on the standard heats of formation alone,
would expect higher Nb levels than Te levels on the sur
of the film. However, this is not the case here. One rea
able explanation could be that the formation of Nb ox
while thermodynamically favorable is a kinetically limite
process whereas, formation of Te oxide is thermodyna
cally not such a favorable process but is kinetically favor

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

using XPS. Shown inFig. 2are the XPS spectra for wafer
(Nb/Te/Nb/V/Mo/Si deposition sequence) calcined in ai
600◦C for 2 h. Also shown are the corresponding spectra
the same wafer calcined in air at 675◦C for 2 h. The top right
panel ofFig. 2shows that both films have the V 2p3/2 peaks
centered at a binding energy of approx 517.5 eV, which
responds to highly oxidized V. The Mo 3d spectra sho
single doublet for both films that corresponds to Mo in+6
oxidation state. The Nb 3d spectra are also similar in
Nb is oxidized as+5. The Te 3d spectra are also similar a
indicate the presence of Te between+4 and+6 oxidation
states. There are, however, differences in the relative m
ratios (seeTable 3).

Note that the higher temperature calcinations resu
higher V, Nb, and Te concentrations on the surface of
film. This is consistent with our earlier hypothesis that f
mation of Nb oxide is a kinetically limited process and a
that the formation of Te oxide is kinetically favored. Anoth
noteworthy point is that the oxygen content is higher in
film that is calcined at a higher temperature. All these d
suggest better mixing of the films at 675 than at 600◦C.
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If you assume complete oxidation of the metals wh
the calcinations is done in air, i.e., Mo→ MoO3, Nb →
Nb2O5, V → V2O5 and Te→ TeO3, then using the meta
ratios given inTable 3, one would expect that the oxyge
content should be 6.1 (for the air-calcined film at 600◦C),
which is only slightly less than the experimentally measu
value of 6.4. The calculated oxygen value for the air-calci
film at 675◦C is 12.8, which is again only slightly less tha
the experimentally observed value of 13.6. This discrepa
may be accounted for by considering that some oxyge
also going to be associated with the Si atoms.

Overall, the XPS results presented inFigs. 1 and 2and
Tables 1–3provide the following main observations: (1) Th
composition of the as-deposited film depends on the dep
tion sequence. (2) Calcination of the films in air or nitrog
results in the presence of all four elements on the surf
(3) Calcination in air results in complete oxidation where
calcination in nitrogen results in the formation of reduc
Mo species in addition to Mo (+6).

The XPS results clearly indicate that the surface co
positions of the PVD samples depend on the calcina
temperature (600 vs 675◦C) and environment (air vs N2).
The detection of different surface compositions, instead
an identical surface composition if thermodynamic equilib-
rium is achieved, suggests that the mixing of surface ox
is “kinetically controlled” in the current study. More detaile
kinetic studies, such as calcination as a function of time
using cycles of N2/air treatment, will be necessary to det
mine the role of kinetics and thermodynamics in the surf
compositions of the calcined PVD samples.

3.2. NEXAFS results

NEXAFS is utilized to further characterize the compo
tional and electronic properties of the PVD films. As su
marized in a recent review[23], NEXAFS spectrum at the
O K edge is related to the dipole transition of O 1s el
trons into the partially occupied and unoccupied orbitals.
a result the OK-edge spectrum is very sensitive to the lo
bonding environment of metal oxides. For example,Fig. 3
compares the OK-edge spectra of four metal oxides th
are relevant to the current study, V2O5, MoO3, Nb2O5, and
TeO2. The comparison clearly indicates that each oxid
characterized by a distinct set of OK-edge features. In ad
dition, two additional features are present in the spectrum
V2O5, which are related to the VL-edge features[24]. The
positions of these two features can be used to determin
oxidation state of V[24,25].

3.2.1. Effect of deposition sequence
Fig. 4compares the NEXAFS spectra of PVD films fro

the three deposition sequences. All samples were calc
for 2 h at 600◦C in air prior to the NEXAFS measuremen
In general the NEXAFS results support the conclusions f
the XPS measurements. For example, based on the i
sities of the two VL-edge features at 519.75 and 525 e
-

Fig. 3. Comparison of OK-edge spectra of four metal oxides that are rele
vant to the current study, V2O5, MoO3, Nb2O5, and TeO2.

Fig. 4. Comparison of OK-edge and VL-edge spectra of PVD films pre
pared by different deposition sequences. The samples were calcined f
at 600◦C in air.

the deposition sequence of Nb/Te/Nb/V/Mo/Si produces the
highest surface vanadium oxide concentrations among
three samples. In addition, the energy positions of these
peaks are characteristic of V in the 5+ state. Furthermore
the detection of OK-edge features at 531.0 eV (charact
istic of Mo–O bonds) and at∼ 532 eV (characteristic o
V–O bonds) indicates that both Mo oxides and V oxides
present near the surface region.

3.2.2. Effect of calcination temperature and environmen
Fig. 5 compares the OK-edge and VL-edge features

of PVD films, prepared using the deposition sequence
Nb/Te/Nb/V/Mo/Si, after being treated under different cal
nation conditions. Based on the intensities of the VL-edge
features, calcination in air at 600◦C enhances the surfac
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Fig. 5. Comparison of OK-edge and VL-edge spectra of Nb/Te/Nb/V
Mo/Si films after calcination for 2 h under different conditions. Sample
600◦C in air; Sample 2B, 600◦C in N2; Sample 2C, 675◦C in air.

concentration of V oxides as compared to calcinations in2.
In addition, the observation of a relatively more intense
K-edge feature at 531.0 eV indicates that calcination in
at 600◦C also enhances the surface concentration of
oxides. Both observations are consistent with the XPS m
surements. The comparison inFig. 3also indicates that ca
cination in air at 675◦C further enhances the surface co
centration of V oxides. Furthermore, the energy position
the VL-edge features remain relatively constant after ca
nation in air and in N2, suggesting that V is in the 5+ state
in either calcination environment.

3.3. SIMS results and discussion

3.3.1. SIMS assessment of as-deposited films
SIMS profiles were collected from the four as-depos

films to check their integrity before the different anneal
steps were performed. There is an inference between the
jor Te isotopes and MoO2 ions. Therefore, we were force
to use122Te at 2.5% abundance to monitor Te location a
concentration.Fig. 6 contains the SIMS profiles obtaine
from the four as-deposited films. The profiles obtained fr
all of the films, except the Mo/V/Nb/Te/Si, are consist
with the deposition. The profile from the Mo/V/Nb/Te/
film suggests this film is Mo/V/Si with multiple layers th
are enriched in Nb with Te concentrated in the Mo layer. A
discussed below, we believe molybdenum appears to b
effective barrier layer. Without this barrier layer, there i
strong vanadium–silicon interaction.

3.3.2. Mixing as function of annealing temperature and
atmosphere

The degree of mixing as a function of annealing te
perature and atmosphere was accessed through SIMS
-

-

filing. Fig. 7 displays the SIMS profiles obtained from t
Nb/Te/Nb/V/Mo/Si film as deposited and after annealing
600◦C in air and nitrogen, and at 675◦C in air. All films
were annealed for 2 h. The five original metal films
clearly evident in the as-deposited film. Annealing for 2
in nitrogen results in incomplete intermixing. The niobiu
layers have interdiffused and enrich the air interface w
distinct vanadium and molybdenum layers still present.
termixing of the layers is obtained with 2 h of air calcinatio
at 600◦C. The intermixing appears to result in a film wi
different elemental concentrations as a function of depth
There is a slight enrichmentof tellurium and vanadium a
the air interface and the vanadium is again enriched nea
silicon substrate. Silicon is also found to migrate through th
film. Calcining the film at 675◦C in air for 2 h results in an
enrichment of vanadium at the air interface and increa
diffusion of silicon within the film.

3.3.3. Degree of mixing after annealing at 600◦C in air
SIMS profiles (shown inFig. 8) were collected from the

remaining films after being calcined at 600◦C for 2 h in
air to ensure that the films were completely intermixed. T
Mo/V/Nb/Te/Si film appears to be mixed; however, evide
of Te enrichment at the air interface and vanadium at the
interface was detected. The Te enrichment at the air interfac
is limited to the first few nanometers of the film while the
enriched layer extends over half the film. The Te/V/Mo/Si
film displays similar behavior with a spike in the Te conc
tration at the air interface and a vanadium-enriched laye
the Si interface or “interphase.” This V-rich layer is pres
in the bottom third of the film. The V/Mo intensity rati
is greater at the Si interfacefor the Te/V/Mo film than the
Mo/V/Nb/Te film.

3.3.4. Air interface distributions as function of calcinatio
treatment

The lateral distributions of Si, V, Nb, Mo, and Te at t
air interfaces of the four Nb/Te/Nb/V/Mo/Si films discuss
above were determined by SIMS imaging (shown inFig. 9).
The Si, V, Nb, Mo, Te, and total secondary ion images
tained from the as-deposited, and the 2 h annealed
at 600◦C in air, 600◦C in nitrogen, and 675◦C in air are
compared inFig. 9. The surface characterization of the a
deposited film agrees well with the XPS results, revealin
air interface that is composed of Nb. All four metals are
tected at the air interface of the calcined films. In addition
the metals, Si is also detected at the air interface upon
cinations. The 600◦C air-calcined film reveals Si-enriche
domains in dimensions of a few to 100 µm. The 600◦C
nitrogen-calcined film appears to be “dewetting” with ar
as large as 250 µm being exposed. The Si image obta
from the 675◦C in the air-calcined film suggests that the
is present at vanadium-rich grain boundaries. Based on
degree of mixing and the surface characterization, the r
maining films were calcined at 600◦C in air for 2 h.
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Fig. 6. SIMS profiles of as-deposited PVD films on Si wafers.
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In summary, SIMS profiles were used to determine
degree of intermixing as a function of annealing tempe
ture and atmosphere. When annealed in air for 2 h, 60◦C
is sufficient to obtain intermixed films. When annealed
nitrogen for 2 h at 600◦C, some mixing has occurred; how
ever, Nb-, V-, and Mo-enriched layers still exist. Second
ion images reveal that Si is present at the air interface. It
cation appears to be a function of annealing temperature
atmosphere. When annealed in air at 600◦C the Si appear
to be located in Si-rich domains while annealing at 675◦C
in air results in Si being located at grain boundaries. W
annealed at 600◦C in nitrogen the films appear to “dewet.

3.4. Reactor evaluation

As described previously, the two PVD samples were p
pared by deposition of the following metals in the sequen
given below onto the cordierite substrate:
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Fig. 7. SIMS profiles after calcination treatment ofNb/Te/Nb/V/Mo/Si films under different conditions.
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Sequence 1: Mo(72 nm)/V(19 nm)/Nb(10 nm)/Te(36 n
cordierite;

Sequence 3: Te(36 nm)/Nb(10 nm)/V(19 nm)/Mo(72 n
cordierite.

The XPS compositions in relative molar ratios of the
deposited films on cordierite are shown inTable 4. Note that
the ratios of the catalyst metals to Si, Al, Mg, and Na (c
stituents of cordierite) are not shown.

It can be seen that the deposition sequence affect
surface composition of the system. A key difference
tween the surface compositions of the films deposited
cordierite versus those deposited on Si wafer is that on
Mo-terminated surface on cordierite, there is evidence o
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Fig. 8. SIMS profiles after calcination of PVD films for 2 h at 600◦C in air.
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Table 4
XPS composition in relative molar ratios of as-deposited films on cordierite

Element Te/Nb/V/Mo/cordierite Mo/V/Nb/Te/cordierite

As deposited SD As deposited SD

O 38.12 3.97 9.49 0.06
V 0.28 0.09 0.05 0.01
Mo 1.00 0.00 1.00 0.00
Nb 0.00 0.00 0.03 0.00
Te 4.04 0.42 0.13 0.01

Nb, and Te from the underlying layers. This may be d
to the roughness of the cordierite surface compared to
smooth Si wafer where the Mo-terminated deposition
quence showed no evidence of any other metal (seeTable 1).

These films were calcined at 275◦C in air followed by
calcinations in a N2 atmosphere at 600◦C. The progress
of the catalysis was followed by an on-line gas chroma
graphic method that was set up to sample the effluent str
on-line for fixed gases, light hydrocarbons, and light
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Fig. 9. SIMS images at the air interface after calcination treatment of Nb/Te/Nb/V/Mo/Si films under different conditions.
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ganic acids. Samples were analyzed on a SRI 8610C
chromatograph equipped with heated sampling valves, flam
ionization detector, and thermal conductivity detector. T
reactor effluent sample was injected into two systems;
for organic acids and the other for fixed gases and light
drocarbons.

Results from the fixed-bed evaluation studies, which g
consistent and reproducible results with mass balances
the range of 98 to 102%, are listed below.

Sample Catalyst Propane AA yield Propylene
temp. (◦C) conversion (%) (%) yield (%)

Sequence 1 480 32 21 3
Sequence 3 560 26 19 4

As a comparison, control calcinations studies were c
ducted on films deposited according to sequences 1 a
A set of samples were calcined in air up to 600◦C and
evaluated under the run conditions given above. No act
was observed up to catalyst bed temperatures approa
600◦C.

Shown inTable 5are the XPS compositions in relativ
molar ratios of the catalysts calcined under various co
tions. It can be seen that calcining the films at 275◦C in
s

.

g

air followed by 600◦C in N2 produces systems with sim
ilar surface compositions regardless of the deposition
quence. Note that both these systems showed activit
ward formation of acrylic acid. This may be attributed
the presence of all four elements (Mo, V, Nb, and Te)
the surface. Comparison of the XPS data for both dep
tion sequences may lead one to the erroneous conclu
that calcining in air at 275◦C followed by N2 at 600◦C
should result in the same materials. But this is not the c
from the reactor studies. Following this calcination pro
dure the Mo/V/Nb/Te/cordierite sample results in a cata
that is significantly more active than that produced from
reverse deposition sequence. We were unable to obtain
patterns from the two catalysts since the amount of cata
was not sufficient to yield a good signal. XRD patterns
both catalysts were similar and correspond to cordierite
speculate that even though the XPS compositions are
ilar, the materials are different in terms of phases or st
tures, which may account for the different activities. Diff
ent phases with varying activity have been reported ea
for MoVNbTe oxides[26–31].

It is worth noting that even after the same calcination p
cedure (275◦C in air followed by 600◦C in N2), the XPS
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Table 5
XPS composition in relative molar ratios of calcined catalysts

Te/Nb/V/Mo/cordierite Mo/V/Nb/Te/cordierite Te/Nb/V/Mo/cordierite Stnd MMO catalyst

Element 275◦C air, 600◦C N2 SD 275◦C air, 600◦C N2 SD 275◦C air, 600◦C air SD 275◦C air, 600◦C N2 SD

O 30.92 4.91 33.75 0.18 50.92 5.44 4.07 0.04
V 0.17 0.06 0.13 0.06 0.48 0.28 0.15 0.01
Mo 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
Nb 0.05 0.01 0.08 0.02 0.00 0.00 0.16 0.02
Te 0.50 0.06 0.44 0.08 1.51 0.61 0.39 0.01
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composition for the film deposited on cordierite is quite d
ferent than that deposited on Si wafers (seeTable 3). This is
presumably due to two reasons. The first is that the cordi
surface is much rougher compared to the Si wafer. The
ond reason is that, when calcining in a N2 atmosphere, ther
is no oxygen available for the Si wafer system, wher
for cordierite, there is plenty of oxygen available in bu
cordierite. This may change the diffusion characteristics o
the various metals. In general, one can say that calcina
in N2 results in a Nb-rich surface for both systems.

The catalyst calcined in air showed no activity, presu
ably due to the absence of Nb on the surface. The X
results revealed the absence of all four elements toge
on the surface. Also shown for reference is the XPS c
position for a typical mixed metal oxide catalyst prepa
by rotavaping the metal precursors (in the appropriate ra
to prepare a bulk catalyst. When calcined in air at 275◦C
followed by calcination in N2 at 600◦C, this catalyst typi-
cally gives an excess of 40% AA yield. While the volumet
contact time in this case is 3–6 s, it is interesting to n
the similarities in the XPS composition of this bulk catal
compared to the thin film catalysts deposited on cordie
and calcined under similar conditions.

4. Conclusions

Based on the results and discussion presented abov
following conclusions can be made regarding the synthe
characterization, and reactorevaluations under the exper
mental conditions described in the current paper:

1. The surface compositions of the calcined samples
pend on the deposition sequence on Si wafers.

2. Calcination at 600◦C results in a diffusion of individua
metal layers.

3. Compared to calcinations in N2, calcination in air leads
to a surface enrichment of V and Mo oxides and a
duction of Nb oxides.

4. Calcinations in N2 is desirable for the formation of re
duced Mo species.

5. Catalytic activity is related to the presence of all fo
metals (Mo, V, Nb, and Te) on the surface. Both depo
tion sequences on cordierite, after being calcined in
at 275◦C followed by calcination in N2 at 600◦C, show
good catalytic activity and they both have Nb on the s
face.

6. Deposition sequence of Mo/V/Nb/Te/cordierite resu
in a catalyst that is significantly more active, with
r

e

AA yield up to 21%, than that produced from the reve
deposition sequence (Te/Nb/V/Mo/cordierite).
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