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Abstract

l-vlagnesium vanadates are potentially important catalytic materials for the conversién of alkanes
to alkenes via oxidative dehydrogenation. However, little is known about the active sites at
which the catalytic reactions take place. It may be possible to obtain a significant increase in the
catalytic efficiency if the effects of certain material properties on the surface reactions could be
quantified and optimized through the use of appropriate prepafation techniques. Given that
surface reactivity is often dependent upon surface structure and that the atomic level structure of
the active sites in these catalysts is virtually unknown, we desire thin film samples consisting of
a single magnesium vanadate phase and a well defined crystallographic orientation in order to
reduce complexity and simplify the stﬁdy of active sites. We report on the use of reactive RF
sputter deposition to fabricate very highly oriented, stoichiometric Mg3(VQys), thin films for use
in these surface analysis studies. Deposition of samples onto amorphous substrates resulted in

very poor crystallinity. However, deposition of Mg;(VO,), onto well-oriented, lattice-matched

thin film “seed” layers such as Ti (0001), Au (111), or Pt (111) resutted in very strong
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préferential (042) crystallographic oﬁeﬁtatidﬁ (pseudo-hexagonal oxygén'_ planes parallel to the
substrate). This strong preferential growth éf the Mg3(VO4):2 suggesfs epitaxial (single-crystal)
growth of this mixed metal oxide on the underlying metal seed layer. The effects of the seed
layer material, deposition temperature, and post-deposition reactive treatments on thin film
properties such as stoichiometry, crystallographic orientation, and chemical interactions will be

discussed.

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin

Company, for the United States Department of Energy under Contract DE-AC04-94AL85000. '

Introduction

Although magnesium vanadates are potentially important catalytic materials for the conversion
of alkanes to alkenes vid oxidative dehydrogenation [1, 2, 3], little is known about the active
sites at which the catalytic reactions take place. Most studies to date have been conducted on
powdered magnesium vanadate samples that consist of randomly oriented crystallites, and which
may contain multiple crystalline phases and have irregular surface structures. The orienftation,
phase, and surface structure of the constituent crystallites all affect the surface reactivity, making
it difficult to isolate the effect of any one feature on surface reactivity. In order to simplify the
study of the magnesium vanadate surface reactivity, we require thin film samples that consist of a
single magnesium vanadate phase and a well defined crystallographic orientation. Furthermore,
it is desirable that the films be extremely thin (i.e., < 10 nm) and deposited on an electrically
conducting substrate in order to eliminate charging effects during application of ultra high

vacuum (UHV) surface analysis. A similar arrangement has even allowed for analysis of ultra-




thin alumina films by scahhing tunneling microscopy {4, 5]. Growth of such Mgs(VO4), films
will reduce the complexity of the surface structure and greatly simplify the study of active sites

in these important materials.

Magnesium orthovanadate, Mg3(VO4),, was chosen as the target phase for synthesis due to a
clear epitaxial relationship between the Mgs(VOs), structure and the structure of several easily
grown, well-oriented substrate materials. Mg3(VOs), occurs in both a cubic [6]and an
orthorhombic crystalline phase[7], but the orthorhombic phase is generally observed following
preparation of Mg3(VO04), catalysts by calcining a 3:1 mixture of MgO and V205 in air [8].
Furthermore, this phase has been shown to be active in the oxidative dehydrogenation of propane
[1,8]. Krishnamachari and Calvo have reported that the orthorhombic Mg3(VO4)‘2 structure is
based upon a pseudo-cubic structure of hexagonal close packed (hcp) layers of oxygen atoms [9].
The pseudo-hcp planes comprise the (042) set of 'crysfalline planes which are separated by a d-
spacing of 2.3559 A. The average spacing between oxygen atoms within the pseudo-hcp net is
2.96 A. Based on this structure, several materials were selected as potential seed layer materials
on which to initiate epitaxial growth of Mgs(VO.), oriented with the (042) plane parallel to the
substrate. The candidate seed layer materials were selected for their hexagonal close packed
geometry [either fcc (111) or hep (0001)], strong preferential growth in that orie“ntation, and
minimal reactivity with Mg;(VOa), at‘temperatures of up to 500 °C. The resultant candidates are
listed in Table I, along with their crystal structures, metal-metal spacing in the hcp planes, and
relative lattice mismatch with the hep (042) plane of oxygen in Mg3(VO,),. Although the seed
layer materials generally exhibit strong preferential orientation with the hcp planes parallel to the

plane of the substrate, their crystallites are probably randomly oriented within the plane of the




substrate. In other words, the grains in the metal films are aligned with the hcp planes parallel to
the substrate but are rotated in plane with respect to one another. This strong preferential

orientation in one direction only gives rise to a “fiber” texture in the films.

Experiment

Several Mgs(VOy), thin films were deposited using RF reactive sputtering from stoichiometric
ceramic targets. The films were deposited in a Unifilm PVD-300 Multisource Sputter System
that allows sequential deposition from up to 5 sputter targets. This was especially useful in
minimizing the lag time betwéen deposition of a seed layer and the overlying Mgz(VOa) film.
By minimizing the lag time, we hoped to minimize contaminants on the pri'stine seed layer,
t-hereby promoting epitaxial growth of the Mg3(VOs4), thin film deposited directly onto the
crystalline seed layer. The base pressure of the system is ~ 2.0 x 10”7 Torr which results in
deposition of a monolayer of residual gas contaminants on a pristine surface approximately every

5 seconds. All thin films were deposited using a chamber pressure of 10 mTorr. The source-to-

substrate distance was 3.6 cm.

Mgs(VOa), thin film samples were deposited onto oxidized Si wafers with and without seed
layers to determine if preferential orientation could be forced. Si wafers were used as the
substrates for Pt, Ag and Ti, while oxidized Si wafers were used as the substrates for Au because
it reacted with the surfaces of non-oxidized St wafers to form a si‘licide upon heating above
300°C. Seed layers, including Ti, Ag, Au, and Pt, were first deposited as single films onto
oxidized Si wafers using the parameters listed in Table II; Standard 6-20 x-ray diffraction

(XRD) analysis was then performed to determine the crystalline orientation of the resultant seed




layers. Seed layers that exhibited the preferred hexagonal close-packed orientation then were
reproduced under identical conditions and coated immediately with an overlying thin film of

Mg3(VOys), without breaking vacuum.

Mg3(VO,), thin films were deposited at temperatures of ~100 °C (ambient) and 300 °C in order
to determine the effects of deposition temperature on the resultant crystalline structure. XRD
was performed on these samples in order to assess crystallinity. Tn addition, the Mg;(VOy), thin
films were deposited in a reactive oxygen environment in order to ensure full oxidation of the
thin films.

The bulk stoichiometry of the Mg3(VOy,), films was characterized usiﬁg atomic absorption
spectroscopy (AAS), while the surface stoichiometry was characterized using x-ray
photoelectron spectroscopy (XPS). Samples were prepared for AAS by dissolving the
Mg3(VOs), film in concentrated HCI, and then diluting the resulting solutions prior to analysis on
a Perkin Elmer 5100 PC instrument. XPS was performed using a VG Microtech Clam 2
operated at an analyzer resolution of 1.0 eV, with excitation provided by a VG Microtech XR3
Al Ka X-ray source. The XPS system is housed in a UHV chamber coupled to an atmospheric
reactor, which allows treatment of the films in reactive environments typical of those found
during oxidative dehydrogenation, foliowed by transfer to UHV without intervening exposure to
air. Quantitation of the XPS results was performed using published sensitivity factors [10] and
integrated areas under the Mg 2s, Mg 2p, and V 3p XPS peaks. These peaks were chosen rather

than the more intense Mg 1s and V 2p peaks since these latter photoelectrons (particularly the

'Mg 1s peak) have relatively short inelastic mean free paths (IMFP), and are therefore subject to




severe attenuation by carbonaceous overlayers often formed during reaction in hydrocarbon |

containing mixtures. The Mg 2s, Mg 2p, and V 3p photoelectrons all have relatively long IMFPs
and are therefore less susceptible to attenuation. Furthermore, these photoelectrons all have very
similar kinetic energies, so that any attenuation that does oceur is of similar magnitude for all of

the peaks, and the relative areas of the peaks are unaffected.

The crystalline phase, orientation, and average crystallite diameter within the seed layers and the
overlying Mgs;(VOy); films were determined using standard -2 x-ray diffraction on a Siemens
D-500 XRD. The usefulness of this te‘chnique is somewhat limited in this experiment because it
only probe-s crystalline planes that are parallel to the substrate. In the case of a highly oriented
;ample, only one diffraction peak qorresponding ';o a single d-spacing is detectable. This is
especially problematic if both the seed layer and the overlying crystalline film are highly
oriented and have equal d-spacings, as is the case for our samples. The XRD scans for
Mg3(VOs), films deposited onto highly oriented seed layers exhibit only one diffraction peak
that could correspond to the seed layer, the overlying Mg3;(VOy); film, or both. In order to
differentiate between signal generated from each of the two crystalline materials, we performed a
more detailed XRD analysis on a Rigaku RTP-300 RC with an area detector collimated down to
100 um. This XRD configuration enabled us to differentiate the signal generated from each of
the thin film materials. Two samples Were prepared for this analysis; a 50 nm Au seed layer film

deposited at ambient temperature, and an identical Au seed layer with an overlying 200 nm

Mg3(VOs), thin film. By comparing the position and relative intensities of the resultant area

XRD scans, we were able to verify the crystallinity of the bverlying Mg3(VOy), thin film.




Results & Discussion

Deposition of Mgs (V1 O4)§ on Oxidized Si Wafers

Mg3(VOy), thin films deposited to a thickness of 200 nm onto the amorphous surfaces of
oxidized Si wafers are, in effect, amorphous themselves. The XRD scan from such a film
deposited at 300 °C fails to exhibit any diffraction peaks corresponding to the thin film as shown
in Figure 1. Only the Si (200) and (400) substrate diffraction peaks are visible on the scan. AAS
and XPS analyses performed on this sample show a Mg/V atomic ratio of 1.50 + 0.15, well
within the uncertainty of the measurements, indicating that the films are stoichiometric as
deposited. |

Crystallinity of Seed Layers

50 nm Ti, Au, Ag and Pt thin ﬁlmv seed layers exhibit strong preferential orientation with the
hexagonal close-packed lattice of atoms parallel to the substrates as expected. An XRD scan
typical of the four thin film materials deposited onto oxidized Si wafers is shown in Figure 2.
Deposition of Ti (300 °C) results in preferential growth in the (0001) (hcp) orientation, while
deposition of Pt (300 °C) and Ag (ambient) results in preferential growth along the (111) hep
orientation. Gold thin films deposited at 300 °C show several orientations including (200),
(220), (111), and (311). However,» déposition ofa gold film at ambient femperature results in

very strong preferential growth in the (111) hexagonal close-packed orientation as shown in

Figure 2.

Deposition of Mgs3(VOy), on Seed Layers




200 nm ‘Mgg(VO4)2 thin films were deposited onto the four seed layer materials and analyzed
using XPS and XRD in order to test for stoichiometry and crystalline structure and orientation.
In addition, films of less than 10 nm thickness were also deposited on the titanium and gold seed
layers for the reasons given in the Introduction. The seed layer on which the Mg3(VOy), is
deposited has a dramatic effect on the properties and behavior of the resultant Mg3;(VO4), thin
film. Mg3(VOs), thin films deposited onto Ag (111) seed layers at ambient temperature are
extremely non-uniform in appearance. XRD scans of these samples show only the Si substrate
peaks, suggesting that the Mg3(VOs)2, Ag, and possibly the Si substrate have reacted-to form an
amorphous compound. Because of the amorphous nature of the films, deposition of Mgy(VOy,),

onto Ag (111) was not pursued, and no further analysis was performed.

Deposition of Mgs(VOs), thin films onto well-oriented (0001) Ti thin films results in a highly
oriented crystalline structure with the (042) (pseudo-hexagonal) planes parallel to the substrate as
indicated by XRD analysis, and the expected Mg/V ratio of 1.5 within experimental error as
indicated by XPS analysis. Howéver, deposition and subsequent heating of an 8.5 nm thick
Mg3(VOy); film on titanium to 300°C in 50 Torr of oxygen actually results in reduction of the
V" to V" and complete destruction of the Mg;(VOs), structure as evidenced by an increase in
the Mg/V XPS ratio to ~3.0. We believe that these fesults indicate a reaction between the
Mgs(VOys), film and the titanium seed‘ ldyer. Evidently, the affinity of titanium metal for oxygen
i1s so high that it is able to extract oxygen from Mg3;(VO,); even under strongly oxidizing
conditions, thereby effecting reduction of the vanadium and a disruption of the Mgsz(VO,);

structure. Although we have achieved the goal of growing a highly oriented, single phase




Mg3(VO4)2 thin film on Ti (OOOI), titanium was rejected as a suitable substrate for the growth of

ultra-thin, oriented Mg3(VO,), films because of the reactivity between the two film materials.

In contrast to titanium, both gold and platinum have very low affinities for oxygen; neither
metal forms an oxide upon heating in air. Thus, seed layers grown from these metals should not
suffer from the reactivity proble/ms observed for titanium. Deposition of Mgs(VO4), onto well-
oriented (111) Pt thin films resulted in a different orientation of the overlying Mgz (VOa4),
crystallites. XRD analysis of this sample shows the Mg3(VQy4); (312) and possibly the (042)
diffraction peaks as shown in Figure 3(a). That there are multiple for orientations for the
overlying Mg3(VOs), film is not surprising given the significant iattice mismatch (6.9%)

between the ions in the Mg3(VOs), (042) and Pt (111) hep planes.

Deposition of a 200 nm Mg3(VOs), layer onto Au (111) thin films results in Mg3z(VOs), thin
films that exhibit the most preferential orientation in the desired configuration. Standard 6-26
XRD was perforfned on these samples and the resultant scans show only two peaks; one
corresponding to the Au (111)/ Mg3(VOa), (042) plénes and one corresponding to the Si (400)
substrate as shown in Figure 3(b). This XRD scan is typical for Mgs(VOys), thin deposited onto
Au and Ti seed layers. Area XRD analysis also was performed on this sample in order to

differentiate the signal resulting from the Au and Mgs;(VOy); thin films.

Area XRD scans were collected for an Au (111) seed layer film [Figure 4(2)] and an identically

deposited Au (111) seed layer film with a Mg3(VO,), film deposited on top [Figure 4(b)]. The

signals were integrated over the same area (i.e. 20 range) to enable direct comparisons of the




relative intensities. On Figure 4(a), the very bright arc in the center of the area corresponds to
the Au (111) planes that are oriented parallel to the substrate. The lower intensity arc to the left
is the kP radiation signal from the same set of planes. The very low intensity arc to the right
corresponds to a small number of Au (200) planes that are oriented parallel to the substrate. The
fact that nearly the entire signal is concentrated along the central Au (111) arc indicates that this
Au thin film is very highly oriented with the (111) planes parallel to the substrate. The bright
Laue spots correspond to the underlying, single crystal Si substrate. On Figure 4(b), the central
arc has a much greater intensity than that of the Au seed layer only shown in Figure 4(a). The
substantial increase in signal must result from a contribution from the overlying Mg3(VOj4), thin
film. Given the nearly identical d:spacings between the Mg3(VOs), (042) and the'Au (111) sets
of planes, Mg3(VO,); epitaxially grown on the underlyiﬁg Au seed layer would contribute to the
signal in just this manner. The fact that no other diffraction arcs corresponding to Mgs(VOs),
crystallites appear indicates that the Mg3(VOys), film is either epitaxial or completely
amorphous. The increase in signal corresponding to a d-spacing of 2.35 A indicates that the
Mg3(VOys), (042) planes are responsible for the additional signal. The relative intensities for the

Au seed layer (4a) and the Au seed layer with an overlying Mg3(VO,); film (4b) are plotted in

Figure 4(c) for comparison.

XPS analysis pf 1,2, 4, and 200 nm tﬁick Mg3(VOs); films deposited onto the Au seed layers
shows the desired surface stoichiometry in all cases. Furthermore, the ﬁl»ms are thermally stable
during treatment in vacuum, oxygen, or propane, provided reaction temperatures are kept below
500°C for the 4 and 200 nm films, and 400°C for the 1 and 2 nm films. Further details on the

effects of reactive treatments will be given in a forthcoming paper [11], but one result is of
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particular interest here. Wang ef al. [12] showed that Mg3(VO4), powders undergo a
transformation to cubic spinel Mgs;V,0s during high temperature reduction in hydrogen. This
transformation occurs by a topochemical reaction which leaves the psuedo-hcp arrangement of
the oxygen atoms unchanged but alters the locations of the Mg and V cations. We have
reproduced this experiment on the 200 nm Mgs(VOg); on Au (111) film by treating the film in
100 Torr propane for 1 h at 500 °C. XPS shows complete reduction of V>"to V*" and XRD of
the reduced film shows (111), (222), and (444) peaks of Mg3V20s (Figure 5) exactly as expected
for topochemical conversion of an (042) oriented Mg3(VOy), film into a (111) oriented Mgz V,0¢
film. This result not only supports the conclusion that the desired orientation of the Mg3(VOy4),
film has been achieved, but also demonstrates that the films behave very much like bulk
Mgg(VO4)2 powders, and are therefore excellent model catalysts. The Au> (200) aﬁd (220)
diffraction peaks (Figure 5) are usually detectable using XRD following a thermal or reactive
treatment of the samples. However, their intensity is always orders of magnitude lower than that
of the Au (111)/Mg3(VOas), (042) diffraction peak. Therefore, their presence does not indicate
significant reconstruction of the Au seed layer film. Thus, it appears that the Au (111) seed layer
1s the most desirable from the standpoint of obtaining highly oriented, ultra-thin, stable films of

Mg3(VOs), with chemical properties similar to bulk Mg3(VQs), powders.

Conclusions

We have successfully grown stoichiometric Mgs;(VO4); thin films oriented with the hexagonal
(042) plane parallel to the substrate on a variety of conducting seed layers including Au (111),
Ag (111), Pt (111), and Ti (0001). Based on the criteria of thermal stability and orientational

order, Au (111) is the most desirable substrate material. Au does not react with Mgz(VQ,), and

11




the films show excellent preferential (042) orientation. Furthermore, the films display cheﬁical
reduction behavior that closely resembles the behavior of bulk Mg3(VO,), powders, indicating
that these thin films are excellent models for bulk catalytic materials. We have determined that
the ultrathin films do indeed minimize or eliminate charging effeéts typically encountered during
el‘ectron and ion spectroscopy studies of oxides [11]. The behavior of ultrathin Mg3;(VO,), films
on Au (111) during treatments in reactive environments typically encountered during oxidative

dehydrogenation of small alkanes is presently under investigation.
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Material | Crystal structure |  hcp plane Spacing in hcp | Lattice mismatch with
plane (A) Mg3(VO4), (%)
Ti hep (0002) 2.95 03
Ag fcc (111) 2.86 24
Au fec (11D 2.88 2.8
Pt fec (111) 2.77 6.9

Table I: Candidate “seed” layer materials for inducing epitaxial growth of Mg;(VOy); (042).
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Thin Film |Temperature| Ar flow O, flow | Power (W) | Dep. Rate | Thickness
Material (°C) (sccm) (sccm) (nm/min) (nm)
Ti 300 75 0 77 (DC) 59 50
Ag Ambient 75 0 2.4 (DC) 77 50
Au Ambient 75 0 | 43 (D0 8.8 50
Au 300 75 0 43 (DC) 88 50
Pt 300 75 0 5.8 (DC) 72 50
Mg3(VOs)z 300 75 25 241 (RF) 6.4 Varied

Table I Deposition parameters for Mgz(VO,), thin films and various metal seed layers.
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Figure Captions
Figure 1 XRD scan of an Mg3(VOs); film deposited onto an oxidized Si wafer. Only substrate
diffraction peaks are visible, indicating that the overlying Mgs(VOy), film is amorphous.
Figure 2 XRD scan of an Au film deposited at ambient temperature onto an oxidized Si wafer.
Only the substrate and Au (111) diffraction peaks are visible, indicating a highly oriented Au
thin film. Similar XRD scans are obtained for the other seed layer materials.
Figure 3(a) XRD scan of a 200 nm Mg3(VOs); film deposited on a Pt seed layer at 300 °C.
Several Mg;(VOs), peaks are visible indicating that Mgs(VOs), i.s crystalline but randomly
oriented. -7
Figure 3(b) XRD scan of a 200 nm Mg3(VO4)2 film deposited on an Au seed layer at 300 °C.
E)nly the substrate and Au (111)/ Mg3(VOs,); (042) diffraction peaks are visible, iﬁciicating that
the Au and possibly the Mg3(VOy), are highly oriented.
Figure 4(a) Area XRD scan of an Au seed layer deposited at ambient temperature. The bright
~ arc in the center corresponds to the Au (111) set of planes parallel to the substrate.
Figure 4(b) Area XRD scan of an identically deposited Au seed layer with an overlying 200 nm
Mg3(VOa); thin film. The increase in signal of the central arc indicates that‘ the Mg3(VOy), is
contributing to the intensity for the corresponding d-spacing (2.35 A) and consequently must be
preferentially oriented parallel to the substrate.
Figure 4(c) Integrated intensities of area XRD scans shown in (a) and (b).
Figure S XRD scan of a film deposited as Mg3(VOs4), onto an Au seed layer and then reduced

for 1h at 500°C in 100 Torr propane. The resultant scan shows several Mg;V,0s (reduced)

diffraction peaks from the (111) planes.
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Figure 2
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Figure 4(c)
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