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Abstract

A highly active and selective catalyst for light alkane oxidation that is composed of a pyridine salt of niobium-exc
molybdo(vanado)phosphoric acid (NbPMo11(V)pyr) is characterized using TGA–DSC,31P MAS NMR, and in situ powder XRD, XAS
and XPS. The presence of both niobium and pyridinium species strongly influences structural and redox properties of the polyox
Activation of the catalyst by heating to 420◦C in an inert atmosphere removes all of the organic species present in the soli
structural rearrangement of the starting heteropolyanion occurs at 420◦C as evidenced by31P NMR and EXAFS. XRD shows that activate
NbPMo11Vpyr consisted of a mostly amorphous molybdenum oxide phase, the formation of which is strongly related to the compo
the catalyst. The presence of niobium as an exchange cation (NbO)3+ or a framework atom PMo11NbO40

4− in the Keggin unit is verified
by EXAFS for NbPMo11Vpyr and (VO)PMo11Nbpyr, respectively. During activation of either catalyst, niobyl species migrate and
likely coordinate to molybdenum oxide octahedra. Comparison of near-edge electronic spectra (XANES) for as-made NbPMo11Vpyr and
after activation that removes the pyridinium ions suggests reduction of Mo6+ to Mo5+ and Nb5+ to Nb4+. Under hydrocarbon-rich reactio
mixtures molybdenum and niobium remain in their reduced state.
 2003 Elsevier Inc. All rights reserved.

Keywords: Heterogeneous catalysis; Alkane oxidation; Polyoxometalate catalysts; In situ; Characterization; X-ray absorption spectroscopy; Molyb
oxide
cat-
nd

ctive
is
mic
ial.
e de
s to

able

een
sis.

esis
ing

tel-
ugh
ons

ox-
t-
y of
na-
ed
[6].

re-
tes
hy-
es
1. Introduction

The design and synthesis of transition metal oxide
alysts are currently a main focus for both industrial a
academic laboratories who are pursuing the goal of sele
alkane oxidation [1]. Catalytic oxidation of light alkanes
attractive from an industrial perspective due to the econo
implications of using a globally abundant raw mater
Isopolyoxometalates and heteropolyoxometalates can b
signed at the molecular level and used as building block
prepare novel oxide materials that can be highly defin
and tunable catalysts [2].

The self-organization of polyoxometalates has b
shown to be a promising strategy for catalyst synthe

* Corresponding author.
E-mail address: mdavis@cheme.caltech.edu (M.E. Davis).
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00009-5
-

Much attention has been paid to hydrothermal synth
as a technique for preparing oxide catalysts contain
molybdenum and vanadium, often with niobium and
lurium [3–5]. These materials are generally formed thro
the self-organization of Anderson-type heteropolyani
(TeO6Mo6O18

6−) and vanadyl (VO2+) or niobyl (NbO3+)

cations. A procedure for synthesizing mixed-metal
ides such as MoVTeNbOx has been developed by Mi
subishi Chemical Corporation through the self-assembl
paramolybdate and telluric acid, and incorporation of va
date and niobyl precursors in aqueous solution follow
by a complex redox process at elevated temperatures
MoVNbTe(Sb)Ox composite oxide catalysts can also be p
pared through the reductive linkage of polyoxometala
under mild conditions using reducing agents such as
drazine and hydroxylamine [7]. Both these mixed oxid
have been found to be attractive oxidation catalysts.

http://www.elsevier.com/locate/jcat
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It has been proposed that polyoxometalates exist
structure hierarchy [8]. Design at the atomic level can
achieved through heteroatom selection and substitutio
framework atoms of the heteropolyanion (primary str
ture). Perhaps the most encountered catalysts are vana
substituted phosphomolybdates [9], though iron and co
have also been shown to be potential framework at
for oxidation catalysts [10,11]. The three-dimensional n
work (secondary structure) allows strategic design on
molecular level: the structure offers the possibility of inc
porating countercations and additional molecules (as lin
molecules) that strongly influence catalytic properties [1
Particle size and pore structure can be varied.

The ability to define and tune polyoxometalate ca
lysts and to produce catalytic activity allows for a b
ter understanding of structure-activity relationships in t
class of catalytic materials. In Part I, the reactivity of n
bium and pyridine-exchanged phospho(vanado)molyb
catalysts were reported for the oxidation ofn-butane and
propane [13]. Here, the characterization of the structural
electronic properties of this new catalyst system is prese
in an attempt to understand and rationalize the extraordi
reactivity.

2. Experimental section

The catalysts used in this work were prepared as
scribed in the preceding paper [13]. Henceforth, ph
phomolybdic acid, phosphovanadomolybdic acid, niobiu
exchanged phosphovanadomolybdic acid, niobium and
idine-exchanged phosphovanadomolybdic acid, and van
and pyridine-exchanged phosphoniobomolybdicacid wil
denoted as PMo12, PMo11V, NbPMo11V, NbPMo11Vpyr,
and (VO)PMo11Nbpyr, respectively. Bulk elemental anal
ses were performed by Galbraith Laboratories Inc. (Knox
le TN).

Simultaneous thermogravimetric analyses (TGA) a
differential scanning calorimetry (DSC) were carried out
a Netzsch STA 449C Jupiter spectrometer. The samples
mounted in platinum crucibles and heated at 10◦C/min to
700◦C in a stream of flowing helium. Infrared spectra we
collected on a Nicolet Nexus 470 FTIR spectrometer
ing KBr wafers (1 wt% solid in KBr). Nitrogen adsorptio
isotherms were obtained at 77 K using an Omnisorp 100
paratus.

31P solid-state NMR measurements were performed
a Bruker Avance 500 spectrometer using magic-angle s
ning. The spectra were acquired at 202.5 MHz with
spinning rate of 10 kHz and a delay time of 3 s. H3PO4
(85% solution) was used as an external reference. Sam
were heated under flowing dry helium and transferred to
NMR rotor in a glove box to avoid any exposure to moistu

Powder X-ray diffraction (XRD) was carried out on
Scintag Model XDS 2000 diffractometer equipped with
liquid nitrogen-cooled germanium solid-state detector
-

l

s

using Cu-Kα radiation. For high-temperature measureme
under flowing nitrogen, samples were mounted as thin fi
on a platinum-rhodium alloy sample mount/strip heater
closed in an in situ cell operated by a Micristar tempera
control unit. Sample cell volume was 800 mL with a n
trogen flow rate of 60 mL min−1. Sample heating rate wa
5 ◦C min−1 with a 15 min hold time before scanning. Sc
rate was 1◦ min−1.

The X-ray absorption spectra (XAS) from the Nb
edge (18,986 eV) and the Mo K edge (20,000 eV) w
recorded in transmission mode on beamline X18B at
National Synchrotron Lightsource, Brookhaven Natio
Laboratory (Upton NY). In addition to examining th
catalysts, XAS from the following standards were obtain
Nb2O5 (Aldrich), NbO2 (Aldrich), NbO (Aldrich), MoO3
(Alfa), MoO2 (Aldrich), MoS2 (Alfa), and Nb and Mo foils
(Goodfellow). The storage ring operated with an elect
energy of 2.8 GeV with beam currents ranging from 1
to 250 mA. During XAS measurement, appropriate me
foils were placed between the second and the third ioniza
chambers as energy calibration standards. For oper
at both the Nb and the Mo K edges, the first cham
was filled with a mixture of nitrogen and argon (50/50)
and the second and third chambers were filled with ar
alone. Sample powders were diluted in boron nitride (Al
pressed into self-supporting wafers, and placed in an in
sample cell capable of both heating and cooling the w
in controlled atmospheres. The loading of sample in bo
nitride was adjusted to obtain�µx = 0.33 for Nb and
1.0 for Mo in order to maximize the ratio of signal
noise. The sample cell consisted of a stainless-steel cha
with water-cooled Kapton windows and a copper sam
holder that contained electrical cartridge heaters. The
was purged with helium for room temperature scans.
cell was then heated at 3◦C min−1 to obtain spectra a
200, 350, and 420◦C, before cooling to 380◦C and
exposure to a reaction mixture of 16:8:16:20 mL min−1 of
n-butane (99% Aldrich):oxygen:helium:steam. The reac
gases were introduced to the sample cell using electr
mass flow controllers via a stainless-steel line next to
sample wafer. At least three X-ray absorption spectra w
collected at each temperature. The data were processed
WinXAS 97 [14]. The raw EXAFS data were extract
from the absorption spectra and normalized by dividing
absorption spectra by the postedge polynomial. Poste
background subtraction was done with a cubic spline
6 knots. The EXAFS werek3-weighted before additiona
processing. For the molybdenum data, the transformed r
was 4.9 to 16.7 Å−1. The radial structure functions we
back-transformed over the range 2.65 to 3.66 Å and fi
to a MoS2 standard having the first Mo–Mo shell at 3.15
and a coordination number of 6 [15]. Niobium analy
was performed over the range of 4.4 to 13 Å−1. For
Nb–O, the back-transform range was 1.23–1.91 Å that
fitted to a NbO standard having an interatomic dista
of 2.105 Å with coordination number of 4. The bac
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transform range for Nb–Mo was 2.38–3.44 Å that w
fitted to NbO having the first Nb–Nb shell at 2.987
with a coordination number of 8 [16]. The Nb–O a
Nb–Mo shells were fitted separately. Interatomic distan
coordination number, Debye–Waller factor, and edge en
shift were all free floating for each shell fitted. Uncertaint
associated with the structural parameters are similar as
generally accepted for the EXAFS technique,±20% forN
(coordination number),±10% for�σ 2 (change in Debye–
Waller factor), and±0.01 Å for R (interatomic distance).

Photoelectron spectroscopy measurements (XPS)
carried out on a Surface Science Instruments SSX
XPS spectrometer. Small amounts (<100 mg) of each
sample were pressed into 99.99% indium foil. The pel
were analyzed with a∼600 µm spot size microfocuse
Al-K α X-ray source and a measured resolution of 0.069
An in situ treatment system was employed to ramp
temperature for 3 to 4 h to 420◦C and held for 5 h
in 5 Torr of flowing helium. The sample was allowe
to cool overnight in flowing helium before the spec
were obtained. All transfers were performed under U
conditions in around 15 min.

3. Results

3.1. Thermogravimetric analysis and differential scanning
calorimetry (TGA–DSC)

TGA–DSC analyses of PMo11V and NbPMo11Vpyr are
presented in Figs. 1 and 2. The measurements were acq
while heating the catalyst from room temperature to 700◦C
under flowing helium. A weight loss is observed for PMo11V
from room temperature to 200◦C that is attributed to th
desorption of crystallization water (10 water molecules
Keggin unit) that is incorporated in the secondary str
ture of the heteropolyacid during synthesis. At 430◦C an
exothermic phase transition is observed from the DSC t

Fig. 1. TGA–DSC of PMo11V under helium from room temperatur
to 700◦C.
e

d

Fig. 2. TGA–DSC of NbPMo11Vpyr under helium from room temperatu
to 700◦C.

that is identified from powder X-ray diffraction as origina
ing from a transformation into molybdenum trioxide MoO3.
In comparison to PMo11V, less water of crystallization i
associated with NbPMo11Vpyr (1H2O/Keggin); the water
has likely been replaced by pyridine that is incorpora
in the secondary structure during synthesis. This “occ
ed” pyridine is observed to desorb around 200 and 290◦C.
The major weight loss at around 400◦C can be attributed
to desorption of pyridinium ions that partially balance
negative charge on the heteropolyanion. By 420◦C com-
plete removal of pyridine species is achieved as eviden
by infrared spectroscopy. Further weight loss is observe
higher temperatures and is attributable to removal of o
gen from the polyoxometalate resulting in decomposi
and reduction to molybdenum dioxide (MoO2) at 565◦C as
identified by powder XRD.

Table 1 gives the elemental analysis of PMo12, NbPMo12,
and NbPMo12pyr. An excellent agreement is observed
tween the measured bulk composition (ICP-MS) and
composition used in the synthesis. For NbPMo12pyr it is cal-
culated from bulk elemental analysis that there are 3.61
of pyridine species present (pyridine or pyridinium) per m
of heteropolyanion based on the nitrogen composition;
carbon atoms per nitrogen were found, suggesting no
alic acid remained in the material after drying. Niobiu
is likely associated with the heteropolyanion as an o
cation (NbO3+), considering the niobium oxalate precurs
and EXAFS data. Niobium will contribute a positive char
of 0.7 (= 3 × 0.22) to balance the heteropolyanion char
of −3. The remaining negative charge of 2.3 is balan
by pyridinium species resulting in a pyridinium/pyridine
ratio of 1.8. TGA analysis was performed using 29.0
(14 µmol) of NbPMo12pyr, which 31 µmol of pyridinium
species (2.5 mg) should be associated with if the charge
ance is correct. Indeed, a decrease of 2.3 mg is observed
the range 380 to 420◦C by TGA, confirming that this weigh
loss corresponds to the desorption of all pyridinium spec
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Table 1
Calculated catalyst elemental composition

Catalyst Nb/P/Mo Nb/P/Mo/C/H/N Nb/P/Mo
Synthesis Bulk composition Surface composition (XPS)

composition (ICP-MS) As-made Act. 420◦C

PMo12 −/1/12 – −/1/9.14 −/1/3.45
NbPMo12 0.25/1/12 0.23/1/12.23/ − / − /− 0.14/1/9.00 0.09/1/5.16
NbPMo12pyr 0.25/1/12 0.22/1/11.99/18.06/24.12/3.61 0.29/1/9.36 0.17/1/7.75
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3.2. 31P NMR MAS spectroscopy

31P NMR is a useful technique for studying the integr
of the primary structure of phosphorus-containing poly
ometalates. The31P NMR chemical shift is very sensitive t
thermal treatment. In order to investigate the structural
bility of NbPMo11Vpyr during activation,31P MAS NMR
spectra were recorded at various temperatures during
heating from room temperature to 420◦C under a flowing
inert atmosphere. The spectra are given in Fig. 3.

The 31P MAS NMR of NbPMo11Vpyr at room temper-
ature exhibits a single narrow resonance atδ −4.3 ppm.
This chemical shift is typical of phosphovanadomolybd
structures where the phosphorus heteroatom occupies
one position at the center of a Keggin structure [17]. Up
dehydration of the sample at 200◦C no change in the spec
trum is observed. Heating the sample to 350◦C results in
peak broadening and the appearance of new resona
The formation of new signals over the rangeδ 5.0 ppm
to δ −15.0 ppm is indicative of the solid undergoing m
jor local structural changes on a molecular level. Furt

Fig. 3. 31P MAS NMR spectra of NbPMo11Vpyr heated to A= 30 ◦C,
B = 200 ◦C, C= 350 ◦C, and D= 420 ◦C under helium. Spectra wer
recorded at room temperature.
s.

heating to 420◦C (the catalyst activation temperature pr
to reaction) gives a spectrum similar to that obtained
350 ◦C with some sharpening of resonances. The sh
signals atδ 3.0 ppm andδ −12.5 ppm occur where respe
tively “free phosphate” [18] and molybdenyl pyrophosph
(MoO2)2P2O7 [19] have previously been found.

After heating NbPMo11Vpyr to 420◦C, the catalyst was
exposed to ambient atmosphere for 48 h (Fig. 4).31P MAS
NMR analysis of the sample showed the restoration o
single resonance atδ −3.6 ppm, strongly suggesting that th
original Keggin structure has been reformed. Postactiva
exposure to either dry air or oxygen-free water showed
the Keggin structure was reformed only in the presenc
water. The small difference in chemical shift of the resto
peak from the original peak may be attributed to the prese
of water and the absence of pyridine. The weak shou
upfield of the main resonance can be assigned to a Ke
structure with a different degree of hydration. Restoration
heteropolyanion structures via rehydration is consistent
previous reports [17]. This solid is not catalytically active

Fig. 4. 31P MAS NMR spectra of NbPMo11Vpyr heated to A= 420 ◦C
and B= rehydrated in ambient atmosphere.
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3.3. X-ray powder diffraction

In situ powder X-ray diffraction was performed o
PMo11V, NbPMo11V, and NbPMo11Vpyr using heat treat
ments to 500◦C under flowing helium in an environment
chamber. The diffraction patterns obtained are given
Figs. 5–7. Crystalline phases have been assigned by
parison to those in the literature [20].

Phosphovanadomolybdic acid exists in a tetragona
rangement (the so-called “anhydride” phase [20,21])
room temperature and is stable to around 430◦C, where
the phosphomolybdate is transformed into orthorhom
molybdenum trioxide (MoO3) as shown in Fig. 5. Ion

Fig. 5. In situ powder X-ray diffraction patterns of PMo11V during
thermal treatment at A= 30 ◦C, B = 100 ◦C, C= 200 ◦C, D = 300 ◦C,
E = 420 ◦C, F= 500 ◦C under flowing helium; tetragonal “anhydride
phase(∗) and orthorhombic MoO3(◦).

Fig. 6. In situ powder X-ray diffraction patterns of NbPMo11V during
thermal treatment at A= 30 ◦C, B = 100 ◦C, C= 200 ◦C, D = 300 ◦C,
E= 420◦C, F= 500◦C under flowing helium; cubic phase(+).
-

Fig. 7. In situ powder X-ray diffraction patterns of NbPMo11Vpyr during
thermal treatment at A= 30 ◦C, B = 100 ◦C, C= 200 ◦C, D = 300 ◦C,
E= 420◦C, F= 500◦C under flowing helium.

exchange of phosphovanadomolybdic acid with niob
gives NbPMo11V that has a cubic structure and is therma
stable to over 500◦C (Fig. 6). The inclusion of both niobium
and pyridinium countercations and occluded pyridine
the secondary structure of the polyoxometalate stro
influences the crystal packing of NbPMo11pyr (Fig. 7). At
room temperature the XRD pattern indicates that the sol
composed of heteropolyanion units organized in a mix
of triclinic and tetragonal crystalline phases. Heat treatm
causes significant line broadening and some loss of inte
indicative of a partial loss of crystallinity. By 420◦C the
solid is mostly amorphous except for a broad reflectio
low angle (2θ = 9◦; d = 10 Å) that remains throughout th
activation.

3.4. X-ray absorption spectroscopy

Niobium K edge electronic spectra (XANES) for ni
bium (IV) oxide (NbO2) and niobium (V) oxide (Nb2O5)
are presented in Fig. 8. Clearly, the near-edge shape ch
as a function of oxidation state (Nb4+/Nb5+); this allows
observation of discernable changes in the average oxid
state of niobium. Fig. 9 shows the niobium near-edge e
tronic spectra for NbPMo11Vpyr at a range of temperature
and under butane oxidation conditions. Changes in the n
edge shape are more visible in Fig. 9b. At room tempera
and 200◦C the edge shape is characteristic of niobium
+5 oxidation state. A shoulder approximately 15 eV ab
the edge becomes more evident as the temperature
creased to 420◦C causing the spectrum to resemble tha
NbO2 (niobium in a 4+ oxidation state). Exposure of th
catalyst to reaction conditions produces an overall reduc
in the magnitude of the white line while retaining the sha
of the peak.



C.J. Dillon et al. / Journal of Catalysis 218 (2003) 54–66 59

b

ws
ring
ting
ier
ion
s
a

l at
ell
0c
ived

ved

-
e to
bor
vi-

dis-
nit

e

m-
.
ob-
r
io-
ork
r-

a for

nge
ry
rom

.

Fig. 8. Niobium K-edge spectra for Nb2O5 and NbO2 as Nb5+ and Nb4+
standards, respectively.

Thek3-weighted EXAFS function associated with the N
K edge of NbMo11Vpyr at 420◦C in helium is illustrated
in Fig. 10a. The radial structure function in Fig. 10b sho
major peaks at about 1.5 Å associated with backscatte
from O neighbors and a peak at 3 Å most likely represen
a Nb–Mo interaction. Each contribution to the Four
transform was isolated by backtransforming over the reg
of interest. A niobium (II) oxide (NbO) standard wa
used with a first Nb–O shell distance of 2.105 Å and
coordination number of 4, and a second Nb–Nb shel
2.977 Å and a coordination number of 8 [16]. Single-sh
curve fits for Nb–O and Nb–Mo are shown in Figs. 1
and 10d, respectively. The structural parameters der
from the fits are summarized in Table 2.

Fig. 11 presents the radial structure functions deri
from EXAFS associated with niobium K edge of NbPMo11
Vpyr during heating to 420◦C and under reaction con
ditions. Peaks observed between 1 and 2 Å arise du
backscattering from oxygen atoms occupying first-neigh
positions to niobium. A peak at around 3 Å becomes e
dent at 350◦C and increases in magnitude at 420◦C and
under reaction conditions. The peak occurs at a similar
tance to Mo–O–Mo interactions observed in the Keggin u
(vide infra NbPMo11Vpyr; Fig. 15). The radial structur
plot for (VO)PMo11Nbpyr at room temperature and 420◦C
is given in Fig. 12 for the niobium K edge, and is co
pared to that of NbPMo11Vpyr under similar conditions
At room temperature, a large peak at around 3 Å is
served for (VO)PMo11Nbpyr (solid line) that is absent fo
NbPMo11Vpyr (dashed line); this strongly suggests that n
bium is occupying an addendum position in the framew
of (VO)PMo11Nbpyr (to the authors’ knowledge this obse
(a)

(b)

Fig. 9. (a) Niobium K-edge spectra for NbPMo11Vpyr as a function of
temperature and atmosphere. (b) Enlarged niobium K-edge spectr
NbPMo11Vpyr as a function of temperature and atmosphere.

vation is unprecedented in the literature), and an excha
position in NbPMo11Vpyr. At 420 ◦C the data sets are ve
similar. Table 2 gives the structural parameters derived f
fitting the data.

Molybdenum K-edge XANES for NbPMo11Vpyr (Mo6+)

and molybdenum (IV) oxide (Mo4+) are given in Fig. 13
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Fig. 10. (a) Niobium K-edge EXAFS for NbPMo11Vpyr at 420◦C in flowing helium. (b) Radial structure function (not corrected for phase shifts) de
from the Fourier transform of the niobium K-edge EXAFS for NbPMo11Vpyr at 420◦C in flowing helium. (c) Fourier-filtered EXAFS function of the Nb–
shell and resulting curve fit for NbPMo11Vpyr at 420◦C in flowing helium. (d) Fourier-filtered EXAFS function of the Nb–Nb shell and resulting curve fi
NbPMo11Vpyr at 420◦C in flowing helium.
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Subtle changes in the shape of the near-edge spectr
fer information regarding the average oxidation state
molybdenum in the sample. XANES was measured
NbPMo11Vpyr during activation to 420◦C and under re
action conditions while observing closely the molybden
edge (Fig. 14). Changes in the near-edge features ar
served around the shoulder at approximately 20 and 30
above the edge over this temperature range and unde
action conditions; these changes are more noticeab
Fig. 14b and suggest a change in the overall oxidation s
of the molybdenum species in the catalyst.

The radial distribution functions of NbPMo11Vpyr during
heat treatment and under catalytic conditions are give
Fig. 15. The peaks over the range 1 to 2.5 Å are assoc
with the Mo–O shell. At around 3 Å a peak suggest
f-

-

-

of Mo–Mo interaction is shown to decrease in magnitu
during exposure to higher temperatures. For molybde
data fitting, a molybdenum (IV) sulfide (MoS2) standard
was used that has a first Mo–Mo shell at 3.15 Å an
coordination number of 6 [15]. Table 2 details the structu
parameters.

3.5. X-ray photoelectron spectroscopy

The bulk elemental compositions of PMo12, NbPMo12,
and NbPMo12pyr are given in Table 1. The surface elemen
composition of the as-made samples at room tempera
and after heating to 420◦C were determined by XPS curv
fitting of the P (2p), Mo (3d 5/2) and Nb (3d 5/2) peaks.
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Table 2
EXAFS fitting results for NbPMo11Vpyr and (VO)PMo11 Nbpyr catalysts

Sample Conditions Absorber Backscatterer Na Rb (Å) �σ2c (Å2) �E0
d (eV)

NbPMo11Vpyr 25 ◦C Nb O 3.5 2.07 0.0043 5.0
420◦C Nb O 3.8 2.04 0.0029 −7.0

Reaction Nb O 4.8 2.10 0.0042 2.8
25 ◦C Nb Mo − − − −
420◦C Nb Mo 4.0 3.34 0.0010 −0.5

Reaction Nb Mo 4.5 3.35 0.0007 1.1
25 ◦C Mo Mo 4.0 3.45 0.0018 −2.6
420◦C Mo Mo 2.5 3.49 0.0049 9.3

Reaction Mo Mo 3.0 3.48 0.0054 7.6

(VO)PMo11Nbpyr 25◦C Nb O 3.8 2.01 0.0001 8.5
420◦C Nb O 4.7 2.11 0.0077 4.3

Reaction Nb O 6.6 2.09 0.0103 2.0
25 ◦C Nb Mo 3.9 3.46 0.0007 −2.7
420◦C Nb Mo 3.2 3.34 0.0013 −2.5

Reaction Nb Mo 3.2 3.33 0.0007 −1.7

a Coordination number.
b Interatomic distance.
c Change in Debye–Waller factor.
d Shift in edge energy required to optimize curve fit.
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Fig. 11. Radial structure function (not corrected for phase shifts)
rived from the Fourier transform of the niobium K-edge EXAFS
NbPMo11Vpyr as a function of temperature and atmosphere.
Fig. 12. A comparison of the radial structure functions (not corrected
phase shifts) derived from the Fourier transform of the niobium K-e
EXAFS for (VO)PMo11Nbpyr and NbPMo11Vpyr at room temperature an
at 420◦C.

A Mo/P ratio of around 9 is observed by XPS rather th
12 as expected for all as-made samples (Table 1). This
be explained by attenuation of the P (2p) signal from
surrounding 12 molybdenum octahedra. Indeed, simula
of the signal attenuation expected for MoO6 surrounding a
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Fig. 13. Molybdenum K-edge spectra for NbPMo11Vpyr and MoO2 as
Mo6+ and Mo4+ standards.

phosphorus atom yields a Mo/P ratio of ∼9.4 (assuming
a molybdenum layer thickness of∼3.6 Å and a mean fre
path for the P (2p) photoelectron of∼15 Å) supporting
this proposal. This is consistent with observations in
literature [22,23]. Heating to 420◦C causes an increas
in the P/Mo ratio at the surface for all catalysts, t
effect being most evident for the heteropolyacid PMo12 and
least for NbPMo12pyr. For NbPMo12 the surface and bul
Nb/Mo ratio are similar in the as-made catalyst and
ratio remains unchanged after activation to 420◦C. For as-
made NbPMo12pyr, the bulk Nb/Mo ratio was considerabl
higher at the surface than in the bulk; this may sign
surface enrichment of niobium. The Nb/Mo ratio dropped
after activation, possibly indicating depletion of niobium
the surface.

The binding energies and surface concentrations
phosphorus, molybdenum and niobium are listed in Tab
for as-made and activated catalysts. The P (2p) bin
energy corresponds to phosphorus in a+5 oxidation state
and is unaffected by heat treatment. XPS of Mo (3d)
PMo12 shows that almost all the molybdenum in the
made catalyst is in the+6 oxidation state (232.8–232.9 eV
Addition of niobium to the catalyst increases the amo
of Mo5+ present (231.5–231.9 eV), likely because of
reducing capability of oxalic acid used as a precursor du
the preparation of niobium containing catalysts. The bind
(a)

(b)

Fig. 14. (a) Molybdenum K-edge spectra for NbPMo11Vpyr as a function
of temperature and atmosphere. (b) Enlarged molybdenum K-edge s
for NbPMo11Vpyr as a function of temperature and atmosphere to s
subtle changes.

energy of niobium itself (207.0–207.5 eV) corresponds
the+5 oxidation state. Upon addition of pyridine, Nb5+ is
unaffected whereas Mo5+ is partially reoxidized to Mo6+
relative to the NbPMo12 catalyst which is consistent wit
previous work [24]. Activation of PMo12 and NbPMo12

to 420 ◦C causes no significant alteration in the relat
oxidation states of molybdenum (Mo6+/Mo5+) from their
room temperature states. However, 58% of the molybde
in NbPMo12pyr is reduced from+6 to +5 oxidation
state upon activation (58% would correspond to 7 ou
12 molybdenum atoms); for the same catalyst the niob
electron binding energy increases by around 1.0 to 207.9
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)

Table 3
Binding energies for the P (2p), Mo (3d 5/2), and Nb (3d 5/2) energy levels for as-made and activated catalysts

Catalyst As-made Activated to 420◦C

P (2p) Mo (3d) Nb (3d) P (2p) Mo(3d) Nb (3d
(% relative intensity) (% relative intensity)

PMo12 133.9 232.9 (94) – 134.3 233.4 (82) –
231.5 (6) 231.5 (18)

NbPMo12 133.7 232.9 (70) 207.5 134.2 233.6 (60) 208.4
231.9 (30) 232.2 (40)

NbPMo12pyr 133.9 232.8 (83) 207.0 134.0 233.6 (42) 207.9
231.6 (17) 232.1 (58)
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Fig. 15. Radial structure function (not corrected for phase shifts) der
from the Fourier transform of the molybdenum K-edge EXAFS
NbPMo11Vpyr as a function of temperature and atmosphere.

4. Discussion

NbPMo11Vpyr has been shown to be a substrate-versa
catalyst for the selective oxidation of light alkanes [13,2
In order to achieve high activity and selectivit
NbPMo11Vpyr must be pretreated by heating to 420◦C
under a flowing inert atmosphere. Quantitative TGA–D
analysis shows that the removal of pyridine occurs in
steps: occluded pyridine (C5H5N) desorbs over a low tem
perature range (T < 300 ◦C), while pyridinium species
(C5H5NH+)—more strongly bound to the phosphomoly
date through ionic bonding—desorb at higher temperat
(380–420◦C). Complete removal of pyridine species fro
the catalyst is achieved by 420◦C and is crucial for the cat
alyst to achieve an active state.

31P MAS NMR and XRD measurements acquired dur
the activation process indicate that the loss of pyridini
from NbPMo11Vpyr is accompanied by significant geome
ric changes of both the primary and secondary substruc
of the solid (Figs. 3 and 7). Transformation of the s
gle 31P NMR resonance assigned to the central atom
the PMo11V Keggin heteropolyanion into several bro
signals is observed at 350 and 420◦C. This observation
strongly suggests primary Keggin ion structure alterati
accompany removal of pyridine from the material. Poss
changes in the Keggin unit suggested by the new31P NMR
signals include ones such as the expulsion of a single
tahedral metal atom from the framework (molybdenum
vanadium) to give a PMo11O39

7−-type structures whos
31P NMR signal resonates atδ −1.5 ppm [19]; more ex-
tensive disintegration of the phosphorus local environm
would result in the generation of mobile molybdenum o
ide fragments and phosphate ions that have the abilit
migrate, restructure, and reorganize to structures suc
PMo9O31

6− (δ −1.7 ppm), PMo12O40
3− (δ −3.7 ppm), and

P2Mo18O62
6− (δ −3.0 ppm). The species referred to abo

resonate close to where the broad signals are observ
Fig. 3; however, it is not our intention to assign these br
signals, but only to suggest that these and/or related sp
may form during activation of NbPMo11Vpyr. The partial
heteropolyanion structures are stable in the absence of
dine; however, the Keggin ion is reformed upon exposur
water, indicating that no highly stable new phases are ge
ated by activation (Fig. 4).

Comparison of the powder XRD data for PMo11V,
NbPMo11V, and NbPMo11Vpyr (Figs. 5–7) acquired a
room temperature and 420◦C (catalyst activation tempe
ature) illustrates the flexibility of the heteropolyanion s
ondary structure and its dependence on the presence
nature of countercations and additional occluded molecu
Dehydration of PMo11V results in the clear formation of th
tetragonal “anhydride” structure (Fig. 5). At 420◦C a mix-
ture of the anhydride phase and small amounts of a c
phase are observed. It has been suggested that this
phase is the vanadyl salt of the heteropolyacid caused b
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pulsion of vanadium from the framework of PMo11V [21].
This material is not catalytically active for the oxidation
propane and butane under the conditions used here. Th
bic structure that is formed by addition of niobium as co
tercation in NbPMo11V (Fig. 6) is isomorphous with th
vanadyl salt of PMo12. Indeed, the presence of alkali met
as countercations has been found to cause the heteropo
ions to arrange in a similar cubic phase, which is stron
related to catalytic inactivity for oxidation reactions [12
Once pyridine is introduced to give NbPMo11Vpyr, the poly-
oxometalate becomes a complex mixture of triclinic a
tetragonal phases (Fig. 7) as a result of the replaceme
crystalline water by pyridine and the presence ofboth nio-
bium and pyridinium as countercations. The pyridine spe
desorb through heat treatment and at 420◦C the mostly
amorphous nature of the XRD pattern is indicative of s
nificant disorder. The broad feature that remains thro
activation at around 2θ = 9◦(d = 10 Å) is certainly evidence
of some remaining long-range order which may represen
maining secondary structure from the Keggin unit pack
Considering that the solid may comprise several varietie
defective heteropolyanions according to31P NMR, the ab-
sence of long-range order in the material is not surprisin

The 5+ and 4+ oxidation states of niobium are eas
distinguishable in the XAS spectrum at the K edge.
Nb5+ the edge structure shows a single peak with a shou
while Nb4+ exhibits two peaks (Fig. 8). Hence, in additi
to the expected shifts in edge energy associated with cha
in the oxidation state, niobium exhibits a modified ne
edge structure that allows subtle changes in oxidation
to be observed that are beyond the energy resolution o
monochromator.

XANES of NbPMo11Vpyr during activation reveal
changes in the oxidation state of niobium as a function
pretreatment temperature (Figs. 9a and 9b). Small cha
in edge shape are observed between room temper
and 350 ◦C, whereas between 350 and 420◦C signifi-
cant changes occur. TGA–DSC analysis indicated that p
dinium species are lost over this temperature range. A li
combination XANES fit using Nb2O5 and NbO2 standards
suggests that all niobium in the catalyst is reduced f
5+ to 4+ at 420 ◦C. No further change in the shape
the niobium K edge is observed by exposing the c
lyst to the reaction mixture, although the magnitudes
the peaks decrease slightly. These observations imply
pyridinium acts as an in situ reductant during catalyst a
vation to 420◦C. The composition of the reaction mixtu
is sufficiently nonoxidizing to maintain the reduced st
of niobium. XANES of (VO)PMo11Nbpyr (data not shown
is very similar to NbPMo11Vpyr, indicating that the redo
behavior of niobium is independent of its initial positi
(countercation or addenda atom) in the as-made catalys

EXAFS associated with the Nb K edge provides inf
mation on the local structure of niobium in the polyo
ometalate. At room temperature, NbPMo11Vpyr exhibits
features below 2 Å indicative of a niobium–oxygen int
-

-

f

,

s

s
e

t

action (Fig. 11). A distance of 2.07 Å and a coordinat
number of 3.5 is found through fitting (Table 2). Addition
interactions at larger distances are of low magnitude. T
is consistent with a niobyl species occupying a counte
tion position. Although heating from room temperature
420 ◦C in an inert atmosphere caused no change in
Nb–O coordination number and a slight decrease in the in
atomic distance, introduction of the reaction mixture brou
about an increase in both parameters. A structural ch
associated with the first-neighbor shell (oxygen) only un
reaction conditions is not unexpected since there is mol
lar oxygen present in the reactant feed [26].

EXAFS of (VO)PMo11Nbpyr at room temperature ind
cates that the coordination number of niobium to oxy
is 4 (Table 2). This is consistent with niobium occupy
a framework position in the heteropolyanion that is clea
observed from the radial structure functions (Fig. 12) wh
show strong Nb–Mo interactions at 3.46 Å (close to
Mo–Mo distance of 3.45 Å). A Nb–O interatomic distan
of 2.01 Å is observed. An average distance of 1.99 Å
been calculated for Mo–O distances in Keggin heterop
molybdates [9]. The coordination number and interato
distance of niobium with respect to oxygen during heat tr
ment to 420◦C is similar for both (VO)PMo11Nbpyr and
NbPMo11Vpyr catalysts; this illustrates that the position
niobium in the active phase is independent of the initial p
tion of niobium in the as-made catalyst, be it exchange ca
or addenda atom. This is further evidenced by compariso
the radial structure functions of both (VO)PMo11Nbpyr and
NbPMo11Vpyr at 420◦C in Fig. 12.

During heating from 350 to 420◦C, a significant in-
crease in the intensity of the interaction around 3 Å
observed in niobium EXAFS for NbPMo11Vpyr (Fig. 11).
It is assumed that this second-neighbor shell is comp
mostly of molybdenum, considering average metal–m
distances and the stoichiometry of metals in the polyoxom
alate (Nb:Mo:V ≈ 1:44:1). Data fitting indicates that th
coordination number of niobium to molybdenum is 4 w
an interatomic distance of 3.34 Å.

At 420 ◦C, EXAFS suggests the local structure of n
bium in both (VO)PMo11Nbpyr and NbPMo11Vpyr cat-
alysts are very similar; niobium is coordinated to 3
4 molybdenum neighbors at distances of 3.34 Å (Fig. 12
Table 1). It is unlikely that niobium is located in an inta
Keggin ion considering that a 3.46 Å Nb–O–Mo distan
is observed for niobium in an addenda position of a K
gin unit prior to activation (0.1 Å longer than the Nb–O–M
distance observed after activation). In addition, there
concomitant increases in Nb–O coordination numbers
interatomic distances during activation. Overall compari
of both Nb–O and Nb–O–Mo structural features in a
vated and as-made (VO)PMo11Nbpyr and NbPMo11Vpyr
catalysts strongly suggests the combination of niob
oxo-species with heteropolymolybdate fragments. Tern
mixed oxides of niobium, molybdenum and other metals
known; niobium and molybdenum, atoms are configure
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octahedral arrangements bound to one another through
gen bridges [27]. Although the typical Nb–O coordinati
number reported here is approximately 4, this value re
sents the major peak only. The presence of shoulders o
main peak at both shorter and longer distances at 420◦C
and under reaction conditions visible in Fig. 10 indicates
coordination of additional oxygen atoms. Therefore, we p
pose that activated (VO)PMo11Nbpyr and NbPMo11Vpyr
catalysts form an active phase of small metal oxide clus
made up of edge-bound distorted octahedra. Corner-sh
octahedra would require M–O–M distances being twice
M–O distance; this is not observed in our measureme
Identification of this phase is difficult; however, octahe
of the type found in MoO2, MoO3, NbO2, or Nb2O5 bulk
oxides can be excluded on the basis of the derived struc
parameters. Several other niobium–oxygen surface clu
are known; based on fitting analysis these structures are
inconsistent with our system [28,29]. The structural pa
meters of a niobate-type structure Nb6O19

8− (metal–metal
distance of 3.36 Å and coordination number of 4) sh
some similarity to the calculated parameters of our ac
phase [30].

XANES of NbPMo11Vpyr during heat treatment show
changes in the Mo K-edge structure, indicative of a cha
in oxidation state (Figs. 14a and 14b). A linear combinat
fit suggests that one or two molybdenum atoms per Keg
unit undergo reduction from+6 to +5 oxidation state
During reaction the change in edge structure suggests p
reoxidation of molybdenum by gas-phase oxygen;
observation is consistent with the accepted catalytic cycle
selective oxidation [26]. As also indicated by XPS analy
for NbPMo12pyr, molybdenum undergoes reduction fro
Mo6+ to Mo5+ during desorption of pyridine.

Relatively more Mo5+ than Mo6+ is identified by XPS
than by XANES; this is likely a consequence of photoel
tron spectroscopy analyzing only the catalyst surface
X-ray spectroscopy analyzing the bulk of the material. T
higher degree of reduction (Mo5+/Mo6+ ratio) observed a
the surface of the activated catalyst is possibly a resu
a pyridine concentration gradient across the catalyst wi
higher concentration of the organic base at the surface. I
also been argued that partially reduced metal oxides
have an inherent preference for the surface to be mor
duced than the bulk [31].

Evidence presented from XRD,31P NMR, EXAFS,
and XPS strongly suggests structural rearrangemen
the Keggin heteropolyanion during activation and re
tion of the most active catalyst NbPMo11Vpyr. A strong
Mo–O–Mo interaction is observed at around 3 Å from E
AFS (Fig. 15) for NbPMo11Vpyr; during the activation
procedure to 420◦C, the intensity of this interaction is re
duced considerably, reflecting a decrease in the numb
molybdenum second nearest neighbor interactions in
range. In the activated state the average coordination nu
of molybdenum is decreased from 4 to around 2.5, imp
ing that some molybdenum no longer occupies a framew
-

l

l

f

r

atom position in a Keggin unit. In addition, XPS data in
cate less molybdenum is associated with phosphorus a
surface of NbPMo12pyr in the activated state.

XANES of niobium in NbPMo12pyr reveals reduction to
the+4 oxidation state during heating to 420◦C. Considering
the increase in reactivity observed when niobium is pre
in these catalysts, it is highly likely that niobium participa
in the oxidation–reduction cycle during selective alka
oxidation [13]. However, the reduction was not detec
by XPS; the binding energy of niobium increased dur
activation by around 1 to 207.9 eV, rather than decrea
by a similar amount as would be expected for reduc
to a +4 oxidation state. This apparent discrepancy may
rationalized in two ways: an effect of particle size and X
final state effects. Binding energies used as reference
oxidation states are generally recorded for bulk metal ox
with large particle sizes [32]. Binding energies measu
for smaller particles are often higher because relaxa
is inhibited by a lack of local electron density [33–3
Our result is not unprecedented; the same discrepancy
previously observed in XPS and XAS analyses of niobi
oxidation states (XPS indicated Nb5+ while XAS indicated
Nb4+). The authors rationalized their results by eith
the presence of small particles or contamination cau
oxidation of the surface [36]. Higher than expected bind
energies are also often observed as a result of final
effects. A final state effect is similar to a particle size eff
in that it results from a lack of extra-atomic relaxati
from the environment causing binding energy increases
suggest that the active state of these niobium and pyri
containing phosphomolybdates is composed of small m
metal oxide clusters composed mainly of molybdenum
environment lacking in electron density may be crea
around these clusters considering that molybdenum is m
electronegative than niobium. This environment may a
reduce the ability of the niobium to electronically relax af
excitation, resulting in a higher binding energy.

5. Conclusions

The loss of pyridinium species over the temperat
range 380 to 420◦C (catalyst activation temperature) fro
NbPMo12pyr- and NbPMo11Vpyr-type polyoxometalates i
accompanied by significant structural and electronic chan
in the catalyst. During this activation period31P NMR results
indicate that the heteropolyanion is transformed to prod
several distinct phosphorus environments. Partial decom
sition of the Keggin unit in this way results in the formati
of mobile molybdenum–oxygen and niobium–oxygen fr
ments (oxoanions) that likely migrate and combine to fo
small mixed-metal oxide clusters. Due to the irregular sh
and size of these clusters, and the irregular structur
the decomposed primary structure, no short range o
is observed by in situ X-ray powder diffraction althou
a repeating unit of approximately 10 Å is observed. A
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ter activation of both NbPMo11Vpyr and (VO)PMo11Nbpyr,
structures with similar Nb–O–Mo coordination numbers a
identical interatomic distances are obtained and demons
the indifference of the active structure to initial niobium p
sitioning. XPS and XANES analyses reveal that the cha
pyridinium species reduce the molybdenum and niob
centers upon removal from the solid during activation.
duction of Nb5+ to Nb4+ is observed by XANES, wherea
some nonreduced molybdenum remained in the catalyst
activation with Mo5+/Mo6+ ranging from 0.58 at the su
face (XPS) to 0.17 in the bulk (XANES).
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