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Structural characterisation of a VMgO catalyst used in the
oxidative dehydrogenation of propane
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A VMO catalyst (containing 14 wt% vanadium) that is used in the oxidative dehydrogenation of propane (ODHP) reaction has been
examined in detail by in situ EXAFS, in situ XRD and HREM. These characterisation techniques have revealed that, as prepared, the
catalyst isin effect a three-component system comprising discrete magnesium orthovanadate (MgzV20Og) particles, magnesium oxide and
adisordered vanadium-containing overlayer supported on the MgO. When the catalyst is exposed to typical ODHP reaction conditions at
500°C thein situ EXAFS indicates a change in vanadium oxidation state from 5+ to 3+. Under the same conditions, in situ XRD sug-
gests that MgzV»Og transforms to a cubic spinel type structure with alattice parameter of 8.42 A.These changes are reversible on exposure
to air at 500 °C. HREM shows that the overlayer on MgO changes from a disordered state to a weakly ordered structure after exposure
to normal reaction conditions whilst pure propane (strongly reducing conditions) induces pronounced structural ordering of the overlayer.
Image simulations have led us to the conclusion that the ordered layer comprises a cubic spinel (MgV,04) phase in paralel epitaxy with
the MgO support. The surface regions of the bulk Mg3V,Og particles are also found to undergo structural modification under typical reac-
tion conditions decomposing to a mixture of MgO crystallites and MgV ,0y; strong reduction causes a complete conversion to MgV204.
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1. Introduction

The oxidative dehydrogenation of propane (ODHP) is
one of the few examples of the direct conversion of an
alkane to more useful products. In this case, the reac-
tion proceeds in the presence of molecular oxygen to give
the alkene, propene (equation (1)), although undesired oxy-
genated by-products, principally CO,, which are more ther-
modynamically favourable, can also be produced (equa-
tion (2)) [1]:

CsHs + (1/2)02 — C3Hg + H0O
CsHg + 50, — 3CO, + 4H,0

@
)

The vanadium magnesium oxide (VMgO) catayst system
has previously been reported to be effective in the ODHP
reaction showing a high selectivity for propene [2—4], as
well as promoted VMO catalyst systems [5,6]. More re-
cently [7,8], low vanadium contents and high calcination
temperatures have been shown to give good catalytic per-
formance. The highest propene yields were obtained when
the vanadium content was approximately 14 wt% after cal-
cination at a temperature of 800 °C. No structure sensitivity
was reported for selectivity to propene, whilst intrinsic ac-
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tivity was found to depend very much on the structure of
the catalyst.

As noted by Oganowski et al. [9], there is some contro-
versy concerning the active phase for this type of catalyst,
most literature proposals favouring a bulk VMgO phase (ei-
ther Mg,V 207 or MgzV20g). However, morerecently [10],
it has been suggested that monomeric and polymeric vana-
dia species supported on MgO (that undergo reversible dis-
order/order restructuring under redox cycles) are the source
of catalytic activity. The work presented in this paper com-
plements and extends the microstructural characterisation
reported by Pantazidis et al. [10] by studying in detail the
transformation of the V-containing layer in a 14 wt% vana-
dium VMO catalyst under different reaction atmospheres.
In situ XRD and in situ EXAFS studies, high-resolution
electron microscopy (HREM) and image simulation have
been used to determine the nature of the structural transfor-
mations occurring in the supported overlayer and the bulk
Mg3V208 phase

2. Experimental

2.1. Catalyst preparation

Using a potassium hydroxide solution, Mg(OH), was
precipitated from a solution containing 110 g of Mg(NO3).-
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6H,0. After washing the precipitate and drying overnight
at 120°C, the solid was again washed and finally dried
for 6 h a 120°C in an N, atmosphere. The Mg(OH),
was then added to a hot (87°C) solution of ammonium
hydroxide, NH,OH, containing 7.45 g of ammonium meta-
vanadate, NH4V Oz, with continuous stirring. The resulting
suspension was evaporated to dryness followed by further
drying at 120°C and calcination at 800°C for 6 h. Chem-
ical analysis showed the vanadium content to be approx-
imately 13.5 wt% corresponding to a total metal content
(VI(V 4+ MQ)) of about 0.127 — this material is referred to
as the 14V/VMgO catalyst. Under norma working con-
ditions, i.e., 1% C3Hg/0.1% O,/He (baance), this catalyst
gives a propane conversion of approximately 11% and has
a propene selectivity of around 70%.

2.2. Microstructural characterisation

2.2.1. Electron microscopy

Transmission electron microscopy (TEM) and HREM
were carried out in a Jeol 2000EX microscope operating at
200 kV. Samples for TEM examination were prepared by
gently grinding the powder in ethanol and dispersing the
dlurry onto a 3.05 mm holey-carbon-coated copper grid.
EDX analyses on the 14V/VMgO catalyst were performed
in a Jeol 2000FXI1 microscope operating at 200 kV.

2.2.2. Image simulation

All the supercells employed as input models for the im-
age simulations have been modelled using the RHODIUS
programme [11]. HREM image calculation was performed
using the multislice routines of the EM S package [12] run-
ning on an Indy 4400SC Silicon Graphics workstation.
A conventional CCD camerawith aresolution of 512 x 512
pixels has been used to digitise the micrographs. Image
processing of these digital images has been performed us-
ing the PC version of SEMPER 6+ software by Synoptics.
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2.2.3. X-ray diffraction

Ex situ X-ray powder diffraction patterns were recorded
in air by dow scanning on a Philips vertical goniometer
equipped with a §-compensating divergence dlit and a dif-
fracted beam graphite monochromator utilising Cu K-Lz 3
radiation. To determine the nature of any phase transfor-
mations that take place during reaction, in situ XRD ex-
periments were carried using a custom designed cell built
to Debye-Scherrer geometry. The XRD patterns were col-
lected continuously (and integrated every 30 min) by a one-
dimensional position sensitive detector (INEL (CPS 120))
over an angular range of 120° with an angular accuracy of
0.03°. The 14V/VMgO catalyst was subjected to typica
ODHP reaction conditions and a reoxidation step in air at
500°C.

2.2.4. EXAFS

In situ EXAFS experiments were carried out at the EX-
AFS Il beam line of HASYLAB at DESY, Hamburg, Ger-
many, which is equipped with a Si(111) double-crystal
monochromator and Ni mirrors. Samples were studied
in air and typical reaction conditions at a temperature of
500 °C to monitor any changes in the oxidation state of the
vanadium in the catalyst.

3. Resaults
3.1. EXAFS

The X-ray absorption spectrum obtained in air at room
temperature from the unused 14V/VMgO catalyst at the
vanadium K-edgeis shown in figure 1(a). A reference spec-
trum from V,0s is also displayed (dashed line). A compar-
ison between the size of the pre-peaks and the position of
the edges indicates that the vanadium in the catalyst is in
a 5+ oxidation state. However, after heating up to 500°C

1.5
c
e G
=S I N S iy
g o 1 =L T
L
<
el
[1}]
N
g ——  14V/VMgO Catalyst
c 05T 1
2 sr ¥ V,0j4 reference
0.0 ' B
5400 5500 5600

Energy (eV)

(b)

Figure 1. EXAFS spectra obtained at the vanadium K-edge from (a) the unused 14V/VMgO catalyst at room temperature compared to a V,Os reference
sample and (b) in situ at 500 °C under typical ODHP reaction conditions compared to a VO3 reference sample.
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Figure 2. (a) Comparison of XRD patterns obtained from the 14V/VMgO catalyst in the unused and used (in situ) states. (b) In situ XRD patterns
recorded under ODHP conditions at 500 °C for 0 and 240 min, reoxidised in air for 300 min and, finally, under ODHP conditions for a further 180 min.

in an atmosphere of 1% C3Hg/0.1% O,/He (balance), there
is a significant change in the spectrum which is shown in
figure 1(b). The full drawn trace in the figure is compared
with a standard V03 reference spectrum (dashed line) and,
again, by comparing the pre-peak and position of the edge,
it is evident that the oxidation state of the catalyst is now
closer to 3+. If the atmosphere is subsequently switched to
air at 500 °C, the vanadium reverts back to the 5+ oxidation
State.

3.2. X-ray diffraction

Figure 2(a) shows two superimposed XRD patterns of
the 14V/VM(QO catalyst; in the unused state, top, and after

the catalyst had been subjected to ten catalytic ODHP cycles
(used), bottom. Each cycle consisted of four steps:

(i) reaction of the propane/nitrogen mixture with the cat-
alyst;

(i) purge;
(iii) reoxidation of the catalyst (exposed to air);
(iv) purge before starting next cycle.

Based on a constant molar ratio between the akane and
vanadium, the tests were performed at 500°C at at-
mospheric pressure and with a GHSV of 1000 NI/hkgc:.
As expected, the pattern of the unused sample consists
of a number of reflections that can be assigned to MgO
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and orthorhombic magnesium orthovanadate (as a minor
phase). However, in the “used” pattern, the reflections
due to MgsV,0g have disappeared and there is the ap-
pearance of other, rather weak, reflections that have been
found from structural analysis to be consistent with a cu-
bic spinel type phase, MgV;04, with a lattice parameter of
8.42 A.

The reversibility of the structural changes taking place
in the catalyst inferred from the in situ EXAFS results was
reproduced in the in situ XRD experiments. A few pat-
terns from the numerous XRD patterns recorded at differ-
ent temperatures under different gaseous atmospheres and
run times is shown in figure 2(b). The first pattern was
recorded just after reaching 500 °C and immediately switch-
ing to a reducing atmosphere containing 1% propane. It
shows reflections that can only be assigned to MgO and
MgsV,0g. After exposure to this atmosphere for 4 h, all
of the reflections arising from the orthovanadate disappear
and the cubic spinel phase is formed as indicated by the
appearance of the 111, 311, 333 and 511 reflections. Af-
ter reoxidation in air at 500°C for 5 h, some of the re-
flections from MgsV,0g reappear. Although the observed
phase transformation is reversible, the back transformation
from a cubic spinel structure to the magnesium orthovana-
date appears to result in MgsV,Og with an inferior degree
of crystallinity compared to the as-prepared sample (fig-
ure 2(a)). Subsequent treatment under ODHP conditions
for 3 h gives rise to reflections typical of the cubic spinel
structure.
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3.3. Electron microscopy

Both MgO and Mg3;V,0g were observed in the TEM
in the unused 14V/VMgO catalyst. MgO was found to be
the dominant morphology in the form of platelets (100—
200 nm in size) terminated by {111} planes. This unusual
polar termination has been shown in previous publications
[10,13] to arise due to a topotactic transformation from
the parent brucite, Mg(OH),, phase. The magnesium or-
thovanadate particles that were occasionally observed were
found to be approximately 80-150 nm in size. HREM
and EDX analysis of the 14V/VMgO catalyst revealed the
presence of a (disordered) V-containing layer on the MgO,
an example of which is shown in figure 3(a). After the
catalyst has been subjected to a flowing propane/helium/
oxygen atmosphere for 4 h at 500 °C, the disordered over-
layer develops small patches of a weakly ordered structure,
as shown in figure 3(b). Unfortunately, it is difficult to
extract any meaningful conclusions from measurement of
the unidirectional lattice fringe spacings (which vary be-
tween 4.5 and 5.5 A) running parallel to the MgO {111}
planes although it is suspected the overlayer is epitaxial
with the MgO support. Since the effect of typical ODHP
reaction conditions is to reduce VMO, the 14V/VMgO
catalyst was subjected to a more aggressive reducing en-
vironment by using pure propane at 500°C for 4 h and
subsequently examined by TEM. Figure 3(c) is an HREM
micrograph of an MgO platelet viewed edge-on after such
a treatment in which a set of MgO {111} planes, running

Figure 3. (a) The disordered V-containing overlayer supported on MgO as observed in the unused catalyst. (b) The weakly ordered structure of the
overlayer after exposing the catalyst to typica ODHP reaction conditions. (c) The highly ordered overlayer structure after the catalyst has been exposed
to pure propane: (A) in profile, (B) an extended plan-view patch; the arrows indicate two very thin regions.
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paralel with the platelet surface, is resolved. The over-
layer now exhibits extended patches of a highly ordered
structure. Subsequent treatment in air a 500°C for 5 h
causes the overlayer to revert to a disordered state like that
shown in figure 3(a).

In the region labelled “A” in figure 3(c), the overlayer
is seen in profile on the MgO surface and appears to be
approximately 10-15 A thick. However, the overlayer is
most often observed in plan-view as exemplified by the
extended region labelled “B”. The variations in contrast

(b)
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are indicative of significant differences in thickness across
the layer; several very thin regions are just about visi-
ble and two have been arrowed on the figure. Parallel to
the MgO (111) surface planes, the lattice fringe periodic-
ity of the overlayer is 4.95 A. A second set of overlayer
fringes intersects these at approximately 68° with a spac-
ing 4.69 A. These periodicities and interplanar angles are
not consistent with the bulk VMgO phases Mg,V,0; or
MgV,0s. Neither do they correspond to the vanadium ox-
idesV,03, V204 or V,0s. There aretwo viable options for

Figure 3. (Continued.)
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Figure 4. Comparison of an experimental image and associated digital diffraction pattern (DDP) (&) with two simulated models and corresponding
DDPs of (b) cubic spinel supported on MgO and (c) orthovanadate supported on MgO (see text for crystallographic details).

the structure of the ordered overlayer, it is either the cubic
spinel viewed along the [110] direction or the orthorhom-
bic Mg3V,0g structure viewed along [100]. The former
option is the most attractive since the vanadium ions are
in the 3+ oxidation state consistent with the EXAFS re-
sults. Furthermore, if the spinel is in paralel epitaxy with
the MgO support, then the lattice mismatch between the
two is only 0.23%. In order to distinguish between the two
possible structures, detailed image simulations have been
carried out by constructing supercells with the aid of the
RHODIUS program [11].

Two supercells have been built using the following epi-
taxial relationships:

(@) MgO[100]//IMgV204[100] and MgO[011]//MgV 204
[011];

(b) M gO[ 100]//M 93V208[001] and M gO[Oll]//M 03V20s
[100].

In case (a), the MgO (011) plane has been matched to the
MgV,04 (011) plane. In case (b) MgO (011) has been
matched to the Mg3V,Og (100) plane. This ensures that
when images are simulated along MgO [011] that the inter-
face planeis normal to the beam direction. When construct-
ing these models we have assumed that the anion sublattice
is continuous across the interface. Multislice calculations
were carried out assuming an overlayer thickness of 12 A
and a support thickness of 60 A Figure 4(a) is a character-
istic experimental image of the ordered V-containing layer
accompanied by its digital diffraction pattern (DDP). Pre-
sented in figure 4 (b) and (¢) are the simulated images/DDPs

for MgV,04/MgO and Mg3V,0s/MgO, respectively. Al-
though neither of the simulated images is a perfect match
with the experimental image, they both show fringe pe-
riodicities and intersection angles that are consistent with
figure 4(a). Hence, on the basis of images alone we can-
not state which of the two models is correct. However, if
the DDPs are compared it is apparent that the spinel over-
layer (figure 4(b)) is a close match to the experimental DDP
whereas the orthovanadate overlayer is a poor match; in
particular note the presence of the four MgV,04 {111} re-
flections which are closest to the transmitted beam. A much
more in-depth analysis of these structural models, taking
into consideration the effects of crystal tilt, interface planes
and various layer and substrate thicknesses, will be pub-
lished elsewhere in the near future [14].

The effects of the different reaction atmospheres on the
bulk VMgO material (which constitutes the minor compo-
nent of the catalyst) are shown in figure 5. Figure 5(a) is
a typical HREM micrograph of an Mg3;V,0g particle ob-
served in the as-prepared catalyst which, after measurement
of the lattice fringe spacings and intersection angles, is ori-
ented along the [432] zone axis. Although the in situ XRD
experiments suggest a direct conversion of the magnesium
orthovanadateto a cubic spinel structure under reaction con-
ditions, TEM observations reveal a more complicated story.
Figure 5(b) is an HREM image of a V-Mg-O particle (as
determined by EDX) after reaction conditions in which the
bulk of the particle is poorly crystalline. This could be an
intermediate state between the orthovanadate and the for-
mation of the cubic spinel phase. Indeed, careful inspection
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Figure 5. () HREM micrograph of an orthovanadate particle observed in the unused catalyst. (b) HREM micrograph and DDP (inset) of a poorly
crystalline V-Mg-O particle after exposure to typica ODHP reaction conditions at 500°C. The arrow indicates a discrete MgO particle. (c) HREM
micrograph of a cubic spinel particle observed in the sample exposed to pure propane at 500 °C.

of the periphery of this particle reveals two very relevant inset). The presence of these surface layers in the partialy
features, namely discrete MgO particles at the exterior (ar-  transformed material is most likely a consequence of the
rowed) and just beneath this a thin crystalline spinel layer.  following decomposition process:

DDP analysis of the area indicated superimposed [110] pat-

terns for both MgO and MgV,0, in parallel epitaxy (see Mg;V20g — 2MgO + MgV,04 + 20



128

whereby lattice oxygen becomes available for the Mars—van
Krevelen reaction mechanism.

The phase transformation from MgsV,Og to abulk crys-
talline spinel structure under a pure propane atmosphere
proved to be more conclusive from the point of view of
TEM observations. Figure 5(c) shows atypical HREM mi-
crograph of aVMgO particle which is approximately 80 nm
in size. Measurements of the lattice fringe periodicity and
intersection angles show them to be consistent with a cu-
bic spinel structure viewed from the [011] direction. After
exposure to an atmosphere of air in the reactor at 500°C
these spinel particles remained stable and did not revert
back easily to the orthovanadate phase.

4. Discussion

Thein situ EXAFS and XRD experiments have both in-
dicated that the VMO catalyst system is structurally sensi-
tive to the reaction atmosphere. A change in the oxidation
state of the vanadium from V5t to V3t in the EXAFS
spectrum under typical reaction conditions is interpreted in
the XRD profile as a phase transformation of magnesium
orthovanadate to a cubic spinel structure, MgV204 (with
a lattice parameter of 8.42 A). Furthermore, this transfor-
mation has been found to be reversible on re-exposure to
air at typical reaction temperatures, although the XRD pat-
tern demonstrates that the crystallinity of the orthovanadate
is of poorer quality compared to the unused material. The
reversibility between the V5+ and 3+ oxidation states dur-
ing redox cycles correlates well with in situ electrical con-
ductivity measurements performed by Pantazidis et a. [10].
Although the existence of a spinel phasein aVMgO catalyst
has been proposed by Oganowski et al. [13], no great signif-
icance appeared to be attached to its presence; rather it was
reported as a precursor in the formation of the Mgs;V,0g
phase which was considered to be the active surface phase.

Electron microscopy observations support the overall
findings of the in situ experiments (viz. the presence of
MgO and MgsV,0g), but more importantly show details
that cannot be inferred from either the XRD pattern or the
EXAFS spectrum. In particular, HREM has revealed the
presence of a disordered V-containing layer on the MgO
which undergoes partial ordering under typical reaction
conditions. Understanding the structural nature of this par-
tially ordered layer is crucial, since the vast majority of the
vanadium ions available to participate in the catalysis are
present in this highly dispersed phase. Thiswas the motiva-
tion for reducing the catalyst even further to accelerate the
transformation process which serves to transform this layer
to a more ordered structure. HREM in conjunction with
image simulation and DDP analysis convincingly demon-
strates the tendency of the layer to crystallise as MgV,0,
in parallel epitaxy with the MgO. Subsequent reoxidation
of the catalyst at 500°C in air does not cause the overlayer
to form an epitaxial orthovanadate layer on the MgO, rather
it revertsto itsinitia disordered state.
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Electron microscopy has not conclusively shown the
presence of a bulk cubic spinel phase after exposure to a
typical reaction atmosphere. It would appear these condi-
tions are not severe enough to effect a complete MgzV,0s
to MgV ;04 transformation which correlates well with the
partial ordering of the overlayer and partially transformed
bulk VMO particles. Hence, the XRD pattern does not re-
vert to that of the “as-prepared” material when the catalyst
is exposed to air at 500°C. It is apparent that under mildly
reducing atmospheres the conversion of bulk magnesium
orthovanadate to a cubic spinel structure is confined to the
first few atomic layers with the interior of these particlesin
a disordered state. Only when the reaction atmosphere has
been changed to pure propane does the complete conversion
to a stable bulk spinel phase occur. It is interesting to note
that, after subsequent exposureto air at 500°C for 5 h, the
bulk spinel particles remain unchanged, although it is con-
ceivable that a few surface layers have back transformed to
the orthovanadate.
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