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Deposition and characterization of highly oriented
Mgz(VOg)2 thin film catalysts.
2. Controlled variation of oxygen content
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Thin films of magnesium vanadates oriented to expose a single crystalline face, could potentially serve asideal models for high surface
area magnesium vanadate catalysts for oxidative dehydrogenation. The growth of oriented films of one particular magnesium vanadate
phase, the orthovanadate (Mgs3(VOg)2), has been achieved by rf sputter deposition of the orthovanadate onto Au(111) surfaces. X-ray
diffraction, Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy have been used to investigate the structure and
composition of the films. The orthorhombic orthovanadate grows epitaxially with the (021) plane oriented parallel to the surface. By
varying oxygen flow rates during deposition the stoichiometry of the films can be varied from fully oxidized to highly oxygen deficient. At
very low oxygen flow rates or in the complete absence of oxygen, areduced MgzV2>0Og phase is formed. This reduced phase has a cubic

structure and grows with the (100) plane parallel to the surface.
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1. Introduction

Small alkenes such as ethene and propene are currently
synthesized via steam cracking of small alkanes [1]. The
large energy costs and low selectivities associated with
this process motivates a search for more energy efficient
processes. Potential alternatives include both oxidative and
nonoxidative catalytic dehydrogenation. In nonoxidative de-
hydrogenation, thermal treatment of the alkane over a cata-
lyst produces the alkene and hydrogen according to the re-
action

CnH2n+2 - CnHZn + H2 (1)

Thisendothermic reaction is equilibrium limited, necessitat-
ing high temperaturesand low pressuresto achieve adequate
conversions. High temperatures not only require large en-
ergy input, but also decrease selectivity by promoting crack-
ing reactions and coke formation. In contrast, oxidative de-
hydrogenation (ODH) reacts the alkane with oxygen accord-
ing to the reaction

CuH2p42 + O2 = C,Hz, + H20 2

Unlike nonoxidative dehydrogenation, ODH is exothermic
and, therefore, not equilibrium limited, offering the possi-
bility of low temperature operation, minimal carbon deposi-
tion, and substantial energy savings. Of course, the thermo-
dynamics of alkane/oxygen systems favors complete com-
bustion to CO, and water, so achievement of high selectivity
isamajor challenge for ODH.

Mixed metal oxidesare the most promising candidatesfor
practical ODH catalysts. Inal active mixed metal oxide sys-

tems, multiple crystalline phases are known and synergistic
effects between phases are often reported. One commonly
studied system, particularly for propane ODH, is comprised
of the magnesium vanadates. Three fully oxidized magne-
sium vanadate phases exist: Mgs3(VOg4)2 (orthovanadate),
Mg2V 207 (pyrovanadate), and MgV 20g (metavanadate). In
addition, a reduced Mg3V20g phase has been reported [2],
which was earlier observed but only identified as a cubic
orthovanadate phase [3]. The preponderance of evidence
suggests that the pyrovanadate is a superior propane ODH
catalyst in comparison to the other two phases, but a recog-
nized strong effect of catalyst preparation methods on per-
formance makes it difficult to draw definitive conclusions
regarding relative performance [4-6]. Furthermore, syner-
gistic interactions between phases give rise to multiphase
catalysts with performance superior to that of any of thein-
dividual phases[7]. Coupling the uncertainty regarding rel-
ative activity of the different phases with an almost compl ete
lack of knowledge regarding which crystalline planes of the
various phases are exposed in active catalysts renders iden-
tification of active sites extremely difficult.

Studies with well defined model catalysts would help to
clarify this situation. In this paper we report on continuing
efforts to develop such model systems. Ideally, one would
use single crystals of the mixed metal oxides, cut and pol-
ished to expose a single crystal plane, as model systems.
This possibility is limited, however, both by the difficulty
of growing high quality single crystals of mixed metal ox-
ides, as well as the insulating nature of the oxides which
complicates the analysis of data from typical ultrahigh vac-
uum (UHV) surface analytical probes. In the case of simple
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oxides, such as alumina, magnesia, and iron oxides, vari-
ousworkers[8-10] have utilized thin oxide films grown epi-
taxially on suitable substrates to overcome these problems.
The films are thick enough to mimic the behavior of bulk
materials, but thin enough so that they do not support static
charging during surface analysis, to the point that scanning
tunneling microscopy (STM) can be performed on the sur-
faces. We are developing analogous methods to epitaxially
deposit oriented thin films of magnesium vanadates consist-
ing of a single crystalline phase and exposing only a single
crystal plane.

Our initia efforts in this area involved the formation
of thin films of magnesium orthovanadate exposing only
the (021) plane [11]. Although the magnesium orthovana-
date structure is orthorhombic, consideration of the oxygen
ions aone reveals a pseudo-cubic arrangement [12], with
the magnesium and vanadium ions occupying select octa-
hedral and tetrahedral sites, respectively. The (021) plane of
Mg3(VOy): is paralel to the close-packed layers of oxygen
ions, and therefore displays a distorted hexagonal symmetry,
as shownin figure 1.

The symmetry of the Mg3(VOg4)2 (021) surface is well
matched by the (111) surfaces of fcc metals, and epitax-
ial growth of Mgz(VOs)2 (021) surface could be expected
on an fcc (111) metal surface with atomic spacing equal to
the average O—O bond distance in the Mgz (VOy)2 (021) sur-
face. Among the several metals that meet this requirement,
Au(111) provides an excellent substrate. In addition to a
good epitaxial match, gold is aso highly inert and does not
react with the overlying Mgs(VOya)2 (021) layer [11]. In
previous work [11], we reported our initial efforts to sput-
ter deposit epitaxial Mgs(VOg4)2 (021) films onto Au(111)
surfaces, and demonstrated that both the desired Mg:V ra-
tio and crystalline orientation were achieved. In this work
we investigate the effects of oxygen flow rate during de-
position on film quality. Specificaly, we show that films
ranging from fully oxidized Mgs(VOg4)2 to heavily reduced
MgsV20g can be produced depending upon deposition con-
ditions. Elsawhere we will report on the chemical response
of our films under conditions encountered during ODH re-
actions[13].
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Figure 1. Oxygen terminated (021) surface of Mg3(VOyg)2, showing hexag-

ona symmetry. The dark gray spheresin the top layer are oxygen atoms,

and the light gray spheres in the second layer are V and Mg ions in octahe-
dral and tetrahedral sites, respectively.
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2. Experimental

Full details of the film deposition process are provided
elsewhere [11], so only a brief overview of the procedures
is given here. Au(11l) substrates were obtained by DC
sputter deposition of 50 nm gold films onto polished S
wafers at room temperature. The wafers were covered by
a 4000 A thick thermally grown oxide layer. By employ-
ing oxidized Si wafers, we avoid reaction between Si and
Au to form silicides. Au films naturaly align themselves
to expose the desired (111) surface since the close-packed
arrangement of oxygen atomsin this plane maximizes coor-
dination number at the surface and minimizes surface free
energy. This alignment of the Au film occurs despite the
amorphous nature of the underlying oxidized Si layer. Note
that the Au(111) substrate formed by this procedure is not
a single crystal surface, but rather a polycrystalline sur-
face in which the exposed (111) surfaces of each crystal-
lite are rotationally disordered with respect to each other.
Preliminary atomic force microscopy (AFM) images sug-
gest that the crystallites are on the order of 3040 nm in
size.

200 nm thick Mg3(VOyg)2 films were deposited onto the
Au substrates at 573 K using reactive rf sputtering from a
stoichiometric ceramic target. A nominal deposition rate of
6.4 nm/min was employed and oxygen flow rate during de-
position was varied from 0.0 to 7.5 sccm. Our previouswork
provides further details of the deposition process, extensive
X-ray diffraction (XRD) anaysis demonstrating that the de-
sired (021) film orientation is achieved by our deposition
process, and chemical analysis showing achievement of the
proper Mg:V stoichiometry. Like the Au(111) substrates
the oriented Mgs(VOy)2 films are not single crystals, but
rather polycrystalline surfaces with random rotational ori-
entation of theindividual exposed (021) planes.

Film structure and composition were analyzed by XRD,
Fourier transform infrared (FTIR) spectroscopy, and X-ray
photoel ectron spectroscopy (XPS). XRD was performed us-
ing standard 6—26 X-ray diffraction on a Siemens D-500
XRD. A Nicolet 20SXB Fourier transform infrared spec-
trometer equipped with a SpectraTech COLLECTOR™ dif-
fuse reflectance accessory was used to obtain FTIR spectra
of the films. Although this accessory is not designed for
specular reflectance measurements, we have found that high
quality reflectance spectra can be obtained provided that the
angle of incidence is adjusted so that the IR beam penetrates
the film and is reflected off the underlying gold layer rather
than off the surface of the Mgz(VOg)2 films. Samples were
mounted by placing a small piece of the coated Si wafer on
top of the diffuse reflectance sample cup and adjusting the
optics to maximize signal. Background spectra were ob-
tained from an oxidized Si wafer coated with a 50 nm Au
film, deposited in an identical fashion to those used as sub-
strates for the Mgz (VOa)2 films.

XPS was performed using a VG Microtech Clam 2 oper-
ated at an analyzer resolution of 1.0 eV, with excitation pro-
vided by a VG Microtech XR3 Al Ka X-ray source. |den-
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tification of V oxidation states by XPS is somewhat prob-
lematic, as pointed out by Gao et al. [6]. While the 2p3/»
binding energy of V7 is generally agreed to be between
517.1 and 517.6 eV, discrimination between V4* and V3t is
not as clear. Gao et al.[6] assign apeak at 515.5 eV to V4,
but in the present work we assign this peak to V3t since
it appears in samples that are known by XRD to contain
V3t in the form of MgsV20g (see below). Also, Burrows
et al. [14] report V3t formation, but no V#*, upon reduc-
tion of Mgz(VOy)2 in arich propane/oxygen environment.
Nevertheless, the possibility of some V4t at the surface of
reduced samples cannot be completely discounted. For fully
oxidized films, binding energies were referenced to the V
2p3/2 peak at 517.6 eV, corresponding to Vo, Fully oxi-
dized films were identified by the presence of a sharp, sym-
metrical V 2pz;»> peak 13.0 &= 0.1 €V below the O 1s pesk.
Oxygen deficient films generally display a broad peak con-
sisting of both V>t and V3*. The oxygen deficient films
also have arelatively high electrical conductivity, and do not
exhibit any charging during XPS.

For comparison purposes, a powder sample of Mgs
(VO4)2 was prepared using the citrate method described by
Delmon and coworkers [6,15]. A transparent solution of
Mg(NOs3)2 and NH4VOs in the proper stoichiometric ratio
was treated with citric acid in an amount to give a 10% mo-
lar excess of anions over cations. The solution was evapo-
rated in a rotovap at 40°C to obtain a viscous material and
then dried at 80-90°C to obtain a solid. The dry solid was
decomposed in air at 380°C for 18 h and then calcined at
550°C for 6 h. The resulting powder possesses a surface
area of 25.5 m?/g and gives the powder XRD pattern ex-
pected for Mgs(VOy)2 with no detectable impurities. An
FTIR spectrum of the Mg3(VO4)2 powder was obtained by
mixing the powder with ground KBr to give 5 wt% ortho-
vanadate, and then filling the sample cup of the FTIR diffuse
reflectance accessory with the mixture. Mgs(VOg)2 powder
absorbs IR light so strongly that unacceptably low transmis-
sion is obtained unless the powder is diluted. KBr is a com-
monly used diluent since it is a good diffuse reflector that
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does not absorb infrared radiation. A background for the
Mg3(VOg)2 powder spectrum was obtained from pure KBr
powder.

3. Reaultsand discussion

Figure 2 shows XRD of the oriented films as a function
of oxygen flow rate during deposition. For films deposited
with oxygen flow rates of 1.0 sccm or greater, XRD shows
apeak at 20 = 38.17°, corresponding to a lattice spacing
(d) of ~2.35 A. This peak is a combination of the Au(111)
and Mgs(VOy)2 (042) diffraction peaks, as demonstrated in
earlier work [11]. Peaks corresponding to Si(400) from the
substrate are the only other features observed. For oxygen
flow rates below 1.0 sccm an additional peak appears at
20 = 42.95° (d ~ 2.10 A). This peak corresponds to the
(400) diffraction peak of the reduced Mg3V20g phase [2],
indicating that these films are highly oxygen deficient, and
that the (100) planes of Mg3V20g are exposed.

XPS experiments support the formation of MgsV20g at
low oxygen flow rates (see figure 3). While the film pre-
pared in the absence of oxygen initially displays a mixture
of Vo (517.6 eV) and V3* (515.6 eV) near the surface (fig-
ure 3(A)), mild heating in vacuum to 673 K for 5 min re-
sultsin complete conversion of all near-surface vanadium to
V3t (figure 3(B)). Films deposited with oxygen flow rates
above 1.0 sccm show only V2t initialy (figure 3(C)), and
little or no conversion to reduced V upon heating in vac-
uum (figure 3(D)). These results are entirely consistent with
formation of MgzV20Os in the film deposited in the absence
of oxygen. Exposure of the film to air upon removal from
the deposition chamber oxidizes any reduced V formed in
the near-surface region during deposition, resulting in ob-
servation of V> by XPS even though the as-deposited film
contains only V3*. Mild heating in vacuum easily reverses
the surface oxidation through oxygen desorption and/or dif-
fusion into the bulk, converting VV°* in the near-surface re-
gion back to V3*. For fully oxidized films, mild heating in
vacuum also likely results in oxygen desorption, but in this
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Figure 2. XRD of magnesium vanadate films as a function of oxygen flow rate. Oxygen flow rates from bottom to top are (a) 0.0, (b) 0.3, (c) 1.0, (d) 2.5,
(e) 5.0 and (f) 7.5 sccm.
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Figure 3. V 2p and O 1s XPS of magnesium vanadate films: (A) film pre-

pared with 0.0 sccm Oy, (B) film prepared with 0.0 sccm O, after heating

to 673 K in vacuum for 5 min (C) film prepared with 5.0 sccm Oy, (D) film
prepared with 5.0 sccm O, after heating to 673 K in vacuum for 5 min.

case the oxygen vacancies diffuse into the bulk and the cor-
responding reduced V species are found throughout the bulk
of the film rather than at the surface.

The formation of oxygen vacancies during deposition
is also reflected in the electrical conductivity of the films.
Pantazidis et al. [16] have shown that reduction of
Mg3(VOyg)2 results in order of magnitude increases in bulk
electrical conductivity, and that the conductivity can be as-
cribed to anionic oxygen vacancies. We see similar changes
in the conductivity of our films as the extent of oxidation
decreases. Fully oxidized films exhibit moderate sample
charging during XPS, resulting in binding energy shifts of
~2 eV indicative of relatively low conductivity. Highly oxy-
gen deficient films exhibit no charging, indicating a substan-
tial increase in conductivity. For the sample deposited with
2.5 scem Oz an intermediate behavior occurs; the film ini-
tially exhibits modest charging of 0.9 eV, but after heating
in vacuum charging no longer occurs. Thus, oxygen va
cancy concentration clearly increases as oxygen flow rate
decreases.

FTIR measurements shed further light on the extent of
oxidation of the films. Figure 4 shows FTIR reflectance
spectraof the films aong with a diffuse reflectance spectrum
of the orthovanadate powder for comparison. These spectra
show major changesin vibrational propertiesas oxygen con-
tent increases. In contrast to XRD, which shows no changes
for oxygen flow rates above 1.0 sccm, FTIR shows contin-
ued changes until aflow rate of 5.0 sccm is reached, indicat-
ing that fully oxidized films are not formed below this flow
rate. A future publication dealing with response of the films
to exposure to reactive conditions [13] will show significant

A.G. Sault et al. / Highly oriented MgVOyg)- thin film catalysts

0.4
0.3 |
02 | A
) JKN
[0]
[$]
c
8
g 00| c
n
Q
< D
-0.1 _’*/L/
—-—k—/i
-0.2 | E
0.3 | G
04 L : : :
1200 1000 800 600

Frequency (cm™)

Figure 4. FTIR spectra of (021) oriented magnesium vanadate films as a
function of oxygen flow rate: (A) 0.0, (B) 0.3, (C) 1.0, (D) 2.5, (E) 5.0 and
(F) 7.5 sccm; (G) magnesium orthovanadate powder.

differences between films deposited with 5.0 and 7.5 sccm
O2, suggesting that full oxidation is not achieved even at
5.0 sccm. In our previouswork [11] an oxygen flow rate of
2.5 sccm was employed. It is now clear that this flow rate
produces sightly oxygen deficient films, and that the results
reported in that work are not necessarily indicative of fully
oxidized Mgs3(VOs)2. Nevertheless, the extent of oxidation
is clearly quite high at 2.5 sccm and the evidence presented
for the formation of an (021) oriented film remains valid.
For fully oxidized films, only a single broad, featureless
peak at 957 cm~1 isobserved by FTIR (figure4 (E) and (F)).
Asoxygen flow rate decreasesthis peak splitsinto two peaks
at 967 and 924 cm~1 (figure 4 (D) and (C)). For an oxygen
flow rate of 1.0 sccm, a third peak appears at 723 cm™ 1.
As the flow rate decreases to 0.3 sccm the 924 cm~1 peak
shifts to lower frequency and increases in intensity relative
to the 957 cm~1 peak, and the peak at 723 cm~1 shifts to
666 cm~! and increases in intensity (figure 4(B)). In the ab-
sence of any oxygen, the two high frequency peaks are al-
most completely attenuated and the 666 cm— peak shiftsto
715 cm~1 (figure 4(A)). The loss of intensity between 900
and 1000 cm~1 is of particular interest since this region cor-
responds to vibrational modes of VO, tetrahedra [2,17,18],
which are present in Mgs(VOa4)2 but not in MgsV 206 [2].
Thus, we conclude that the film deposited in the absence of
oxygen containslittle or no Mgz(VOg)2, and is mainly com-
posed of MgoV20g. Similarly, the presence of VO4 vibra-
tional modesin the film deposited with 0.3 sccm O2 suggests
amixture of Mgz(VOy)2 and MgzV20e. The correlation of
the low frequency vibrational peak at 660-720 cm—1 with
the presence of the MgzV20g (400) XRD peak (cf. figure 2)
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suggests that the peak at 650-700 cm™? arises from avibra-
tional mode of Mg3V20g. Similar results were obtained by
Wang et al.[2].

Comparison of the FTIR spectrum of the fully oxidized
film with that of Mg3(VOa4)2 powder reveals major differ-
ences, attributable to the high degree of orientation of the
fully oxidized films. Evidently the orientation of certain
bonds relative to the surface, coupled with the geometry of
our FTIR reflectance accessory, prevents excitation of vibra-
tional modes in the region between 600 and 800 cm~?! and
alters the relative intensity of the modes above 800 cm —1.
A similar, though less dramatic effect was reported by Finke
and Schrader for polymethylmethacrylatefilms [19].

The growth of the reduced Mg3V20g phase from a fully
oxidized ceramic target requires some explanation since
conservation of mass dictates that the overall composition
of the sputtered particles must equal the bulk composition of
the target [20]. According to Waits [21], oxides are broken
up into their component atoms and suboxides during sput-
tering. Oxygen often has a lower sticking coefficient on the
substrate than the metal atoms and consequently the resul-
tant films are oxygen deficient. Supplying additional oxy-
gen in the gas phase during deposition reverses this effect
and allows the deposition of fully oxidized films.

It is remarkable that the Mg3V20g phase deposited in
the absence of oxygen grows in a (100) orientation given
the close relation between the MgzV20g and Mgs(VOa)2
structures. Conversion from the orthovanadate to the re-
duced phase occurs through migration of the metal ions
to different sites, but with retention of the cubic oxygen
ion lattice (see figure 4 in [2]). As a result the structure
changes from orthorhombic to cubic and the (021) planes
in the orthovanadate phase become (111) planes in the re-
duced Mgs3V20g phase. This transformation was observed
in our earlier work [11] where it was shown that severe re-
duction of a (021) oriented Mg3(VOa)2 film results in for-
mation of a (111) oriented Mg3V 206 film. Thus, one might
expect that direct growth of MgzV20g on Au(111) would
result in a (111) orientation rather than the observed (100)
orientation. The observed formation of the (100) surface is
most likely due to an unanticipated expitaxia relationship
between the Au(111) and the Mg3V20g (100) surfaces. In
figure 5 we show an overlay of a cubic (111) surface with
acubic (100) surface having the same lattice parameter (the
Au-Au bond distancein gold (2.86 A) and the average O-O
distance in Mg3V20g (2.92 A) are nearly identical). The
match inthe x directionis necessarily exact, but thereisaso
an almost perfect coincidence between thetwo latticesin the
y direction. After adistance of six lattice parametersinthe y
direction the verticesin the (111) and (100) surfacesline up
with amismatch of only 1.04%. The presence of this coinci-
dence helpsto explain the epitaxia formation of (100) rather
thanthe (111) surfacesof Mg3V20g, althoughitislikely that
other factors, including differencesin surface free energy be-
tween the (100) and (111) surfaces, also play arole.

From the rel ationship between the structures of MgzV20g
and Mgs(VOg4)2, one would expect oxidation of Mg3V20g
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Figure 5. Schematic showing coincidence between (111) (solid lines) and
(100) (dashed lines) fce surfaces with identical lattice parameters.

(100) to result in formation of an Mgsz(VOs)2 (001) surface.
Attemptsto oxidize the M g3V 20g(100) filmin 50 Torr Oz at
773K for several hoursfailed to convert the MgsV20g (100)
film into the orthovanadate. While X PS measurements show
full oxidation of the MgzV20g (100) surface, XRD meas-
urements continueto show the MgsV 20Og (400) peak with no
evidence for the Mg3(VOg)2 (004) peak. FTIR spectra show
noticeable changes upon oxidation, including increased in-
tensity in the region from 800 to 1000 cm~* consistent with
the formation of tetrahedrally coordinated vanadium. Thus,
it islikely that some surface Mgz (VO4)2 formation occurred
during oxidation, but either the extent was not great enough
to be observed in XRD, or the conversion did not occur with
retention of the orientation of the cubic oxygen lattice.

4, Conclusions

By controlling oxygen flow rates during sputter deposi-
tion of Mgz(VOa4)2 on Au(111), films ranging from fully
oxidized Mg3(VOg)2 to highly reduced MgsV20g can be
formed. Both phases exhibit an epitaxial relationship with
the underlying substrate, with orthorhombic Mgs(VOas)2
adopting an (021) orientation, while cubic Mg3V20g adopts
the (100) orientation. FTIR appearsto be asensitive probe of
film oxidation. Continuous changesin the FTIR spectrum as
the oxygen flow rate increases demonstrate that Mgz (VOg)2
formation persists to very low oxygen flow rates, and that
oxygen flow rates in excess of those used previoudly are
required to achieve full oxidation. In a subsequent pa
per [13], we will detail the effects of exposure of these films
to propane, oxygen, and propane/oxygen mixtures, demon-
strate trends in behavior with increasing oxygen deficiency,
and relate the results to the catalytic properties of these ma-
terials for propane ODH.
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