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Abstract

The focus of the project was on developing an atomic-level understanding of how transition metal
oxide catalysts function. Over the course of several renewals the specific emphases shifted from
understanding how local structure and oxidation state affect how molecules adsorb and react on the
surfaces of binary oxide crystals to more complex systems where interactions between different
transition metal oxide cations in an oxide catalyst can affect reactivity, and finally to the impact of
cluster size on oxide stability and reactivity. Hallmarks of the work were the use of epitaxial growth
methods to create surfaces relevant to catalysis yet tractable for fundamental surface science
approaches, and the use of scanning tunneling microscopy to follow structural changes induced by
reactions and to pinpoint adsorption sites. Key early findings included the identification of oxidation
and reduction mechanisms on a tungsten oxide catalyst surface that determine the sites available for
reaction, identification of C-O bond cleavage as the rate limiting step in alcohol dehydration reactions
on the tungsten oxide surface, and demonstration that reduction does not change the favored reaction
pathway but rather eases C-O bond cleavage and thus reduces the reaction barrier. Subsequently, a
new reconstruction on the anatase phase of TiO; relevant to catalysis was discovered and shown to
create sites with distinct reactivity compared to other TiO> surfaces. Building on this work on anatase,
the mechanism by which TiO2 enhances the reactivity of vanadium oxide layers was characterized and
it was found that the TiO; substrate can force thin vanadia layers to adopt structures they would not
ordinarily form in the bulk which in turn creates differences in reactivity between supported layers and
bulk samples. From there, the work progressed to studying well-defined ternary oxides where
synergistic effects between the two cations can induce catalytic properties not seen for the individual
binary oxides and to the structure and properties of transition metal oxide clusters. For the latter,
surprising results were found including the observation that small clusters can actually be orders of
magnitude more difficult than bulk materials to oxidize and that even weak substrate interactions can



dictate the structure and reactivity of the oxide clusters. It was shown that these results could be
explained in terms of simple thermodynamic arguments that extend to materials beyond the Co oxide
system studied.

Report

1. Introduction

Transition metal oxides are widely used as heterogeneous catalysts in the chemical and energy
industries. As partial oxidation catalysts, oxides are used to convert hydrocarbon feedstocks into more
valuable alcohols, aldehydes, ketones, and acids. Improvements in activity and selectivity offer the
promise of using less expensive feedstocks more efficiently, thus reducing waste generation and
making better use of scarce resources. Oxides are also used to selectively reduce NO emitted from
power plants and diesel vehicles where more active and selective catalysts can potentially reduce power
generation costs while simultaneously reducing pollution.

The oxides of the early transition metals V, Mo, and W are active catalysts for a number of
reactions including the partial oxidation of methanol to formaldehyde,*? alkane metathesis,® and the
selective catalytic reduction (SCR) of NO by NHs.* The catalytic activity and function (i.e., oxidative
dehydrogenation versus dehydration of alkoxide intermediates) of these materials is generally structure
sensitive.1>® Because of the difficulty in preparing extended single crystals of the catalytically
important oxides, as well as problems associated with applying surface science techniques to materials
that can be insulating, the connection between the local structure of the reactive site and its activity
and function had historically been based on indirect measurements performed on non-uniform powder
catalysts. In addition, the extended single crystal surfaces that are easiest to prepare are the cleavage
planes of the layered compounds a-MoOs and V20s. The reactivity of these surfaces, however, can
be dominated by a low density of highly reactive defect sites, thus limiting the utility of many surface
science techniques to developing structure-reactivity relationships.°

This lack of detailed knowledge of how molecules adsorb and react on transition metal oxide
surfaces and the evidence that the reactivity of these materials depended strongly on the local
arrangement of atoms on the surface was the original motivation for the project. The approach was to
take advantage of the PI’s and collaborators’ strengths in scanning tunneling microscopy (STM) to
follow surface processes on the atomic level and epitaxial growth to synthesize suitable materials for
such studies that are important to catalysis but difficult to obtain as the large single crystal typically
required for such work.

The initial focus was on binary oxides of W and Ti; however, while the binary oxides can be
active catalysts, addition of a second component often increases both reactivity and selectivity. For
example, FeMoO; is more active for methanol oxidation to formaldehyde than MoOs;'® adding W to
vanadia produces more active and selective catalysts for the selective catalytic reduction (SCR) of NO
by NH;,%%? and increases the selectivity of toluene oxidation to benzaldehyde;® vanadium
pyrophosphate is a much more selective catalyst than vanadia for butane oxidation to maleic
anhydride;*** and vanadia-molybdena catalysts are more reactive and selective than either individual
oxide for methanol oxidation to formaldehyde and ethane dehydrogenation to ethylene.?® Further, an
oxide support can also influence the activity and selectivity of oxide catalysts. In particular, catalysts
supported on reducible oxides such as TiO, are often more active than either bulk oxide catalysts or
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catalysts supported on more refractory oxides such as alumina and silica. The selective catalytic
reduction of NO by NHz is again a good example. At low loadings, vanadia supported on TiO2 is more
active than bulk vanadia or vanadia supported on silica or alumina.t” Another example is the selective
oxidation of 0-xylene to phthalic anhydride where vanadia supported on TiO is uniquely selective.'®
Thus, the work branched out from binary oxides to ternary oxides and model oxide/oxide supported
catalysts and finally to size effects in oxide clusters.

The following sections will provide summaries of several areas where substantial contributions
were made to the understanding of transition metal oxide catalysis including: 1) oxidation and
reduction mechanisms of tungsten oxide and their impact on catalytic reactions and pathways;%? 2)
the surface structure of anatase and its impact on reactivity;?*?"-! 3) interactions between vanadia
layers and titania supports and their implications on catalysis;**3* 4) size and support effects on the
structure, reactivity and stability of Co oxide clusters.®>3%® This is not intended as an exhaustive list of
the work done on the project, but rather as key examples of the most important findings.

2. Connecting Local Structure and Reactivity of a Binary Transition Metal Oxide — WO3

The objectives of this effort were to understand how oxidation and reduction determine the
types of sites available for reaction on a binary oxide surface and further to determine the importance
of the accessibility and oxidation state of the metal cations and their proximity to bridging and terminal
oxygen species to determining the catalytic pathway and activity. Tungsten oxide was chosen as the
surface for these experiments because of its catalytic activity and its structure which allows the features
mentioned above to be varied systematically.

Figure 1 shows a sequence of STM images that we obtained from a freshly cleaved WOs crystal
as it was cycled through reduction and oxidation.?® The cleaved surface exposed large terraces that
appeared rough on an atomic scale as shown in Fig. 1.a. No changes were observed when the sample
was heated in O, pressures above 10 torr, however, when the pressure was decreased to 107 torr the
long range structure shown in Fig. 1.b was observed; this structure could be explained in terms of
ordered arrays of WsO1s clusters on the surface. After prolonged annealing (> 10 hrs) the clusters gave
way to a well-ordered c(2x2) surface (Fig. 1.c). Reduction by annealing in UHV led to c(4x2), (2x2)
and c(6x2) structures; the c(4x2) structure is shown in Fig. 1.d. Further reduction by preferential
oxygen sputtering resulted in the (1x1) surface in Fig. 1.e. This sequence was reversible: at every stage
the surface could be restored to the original, rough state by annealing in O pressures above 10 torr
as shown in Fig. 1.1.

The c(2x2) surface has been assigned to a WO- plane in which every other W atom is covered
by a terminal O.* If all the W atoms are in a +6 oxidation state, this corresponds to the highest O
coverage that yields a non-polar surface, thus this surface has been considered “fully oxidized.”
Decreasing the terminal O coverage to 1/4 accounts for the c(4x2) structure as well as the (2x2) and
c(6x2) structures which differ only in the arrangement of the terminal O.2 For these surfaces,
maintaining charge neutrality dictates that 2/3 of the exposed W atoms be reduced to W**. The (1x1)
structure has been assigned to a bare WO plane with all the W ions reduced to W5* 2



Figure 1. STM images of WOs3 (001) obtalned after different surface treatments (a) Cleaved in air and then
annealed at 800 K in 10 torr Oz. (b) Annealed at 800 K in 3x107 torr Oz for 2 hours. (c) After annealing at 800
K in 3x10 torr Oz for 10 hours. (d) After 500 eV Ar* bombardment and annealing at 800 K in UHV. (e) After
bombarding the surface in (d) with Ar* and annealing at 800 K in UHV. (f) After annealing the surface in (e)
at 800 K in 10 torr Ox.

An intriguing aspect of the results is that the “fully oxidized” surface was only observed after
decreasing the O, pressure. Phrased another way, the “fully oxidized” surface was prepared by
reduction. This apparent contradiction could be understood in terms of bulk oxidation and reduction.?
In this case, oxygen deficiency is accommodated partly by interstitial reduced cations. In an oxidizing
environment the reduced ions segregate to the surface where they are oxidized; the disorder can be
explained by the limited mobility of the newly formed WO3s moieties on the surface at the annealing
temperature. Reduction drives the excess W ions back into the bulk leaving a well-ordered c(2x2)
surface behind. These results have important implications on catalysis. They show that although
electron counting arguments are a good starting point for considering the sites available for reaction
on an oxide surface, bulk oxidation and reduction, surface segregation, and surface diffusion must also
be considered. Along the same lines, the surface reactivity cannot be anticipated solely from the
surface structure and electron counting arguments which would predict that the c(2x2) surface would
be unreactive towards oxygen.

The activity of the c(2x2) surface for dehydrogenation versus dehydration was characterized
by studying the adsorption and reaction of the series of alcohols methanol, 1-propanol, 2-propanol, and
t-butanol which are progressively easier to dehydrate.*** Temperature programmed desorption results
indicated that all the alcohols readily adsorb with some of the alcohol molecularly desorbing at 400 K.
For the higher alcohols, only the dehydration products, propylene, i-butylene and water, were observed
at higher temperatures indicating that the c(2x2) surface is only active for dehydration. The alkene
desorption temperatures decreased in the series 1-propanol, 2-propanol, t-butanol indicating that C-O
bond scission was the rate-limiting step. Consistent with this picture, methanol desorption products
began to desorb at even higher temperatures, unfortunately the desorption temperature was too high to



complete the TPD trace without damaging the WOs crystal. Although an a—H must be abstracted
during dehydration, since the rate is limited by breaking the C—O bond the rate is insensitive to whether
the H is abstracted by a terminal or bridging oxygen. Thus for alcohol dehydration on WOs3, the
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Fig. 2. STM images obtained after exposing c(2x2) WO3(001) to 90 L of 1-propanol at 300 K and annealing to
400 K. (a) At high sample biases (3 V) the 1-propoxide appears as white spots. (b) Imaging at lower biases
sweeps the 1-propoxide aside leaving the denuded area at the center of the image. (c) Zooming in on the denuded
area reveals both the 1-propoxide and the c(2x2) substrate structure.
As illustrated in Fig. 2 the surface alkoxide intermediates in alcohol dehydration could be

imaged following heating to desorb unreacted alcohol and some water. The images show that the
alkoxide bonds to the terraces with no preference for steps or other defects. Further, the alkoxides
could be removed from the surface by reducing the imaging bias. Under the same conditions the tip
does not affect the WOs surfaces, thus moving the molecule aside reveals the structure of the
underlying adsorption site. At lower coverages it could be shown that the bright features associated
with the alkoxide appear between the O atoms in the c¢(2x2) structure, indicating that the alkoxide
bonds to the exposed W®* ions on the surface. Thus using STM together with TPD we have shown
that the alcohols adsorb molecularly at 300 K and then dissociate to form an alkoxide at 400 K; that
the alkoxides bond to exposed, coordinatively unsaturated W®* ions on c¢(2x2) terraces; and that
alkoxides in these sites only undergo dehydration reactions.’® Therefore it can be concluded that while
exposed cations are required for dissociative adsorption, the cations need not be reduced.*®

We found that when WOs epitaxial films were gradually reduced between the structures with
Y4 the surface W capped by terminal O (Fig. 1.d) and (1x1) surfaces with no terminal O (Fig. 1.e), a
series of interesting striped structures were seen as highlighted in Fig. 3.2224% Figure 3 starts with a
p(2x2) surface with ¥ ML of terminal oxygen and shows that as the surface is reduced at temperatures
above 800 K, strands form on the surface that progressively move closer together until they merge to
form flat (1x1) terraces with no terminal oxygen. Higher resolution images revealed a 2x periodicity
along the strands and so as the surface is reduced the periodicity changes from p(5x2) to p(4x2) to
p(3x2). Wide range images of the surfaces revealed a regular zigzag pattern of orthogonal p(nx2) and
p(2xn) domains (n can be 3, 4, or 5) that could be understood in terms of equilibrating the stress induced
by the uniaxial reconstruction.?® We have performed a detailed study of the structure of the domain
boundaries and the other characteristic defects that appear on these surfaces.? Based on an analysis
of high-resolution, bias-dependent images and the heights of the strands, the strands were assigned to
two W atom wide (1x1) terraces.?? Terminal oxygen in the troughs give the structures a stoichiometry
intermediate between the p(2x2) and (1x1) surfaces and a decreasing oxygen to W ratio in moving
from p(5x2) to p(4x2) to p(3x2), consistent with observing these structures between the p(2x2) and
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(1x1) structures and the strands moving closer together as the surface is reduced. The steps on the
(1x1) surface in Figs. 3e,f are half the monatomic step height on WOs (100). These half-height steps
can be associated with bulk shear planes intersecting the surface and thus are indicative of a change in
the way the material responds to reduction from bulk migration of reduced cations to crystallographic
shear.

Figure 3. Sequence of unoccupied state STM images of a WO3(100) thin film as it was progressively reduced by
annealing at temperatures between 800 - 970 K in Oz pressures less than 3x10® torr. The total annealing time
in going from (a) to (e) was 10 hours. The surface periodicities are: (a) p(2x2), (b) p(5x2), (c) p(4x2) plus p(3x2),
(d) p(3x2) plus p(2x3), and (e) (1x1). The image in (f) is a close-up of the surface in (¢). The contrast in (a) and
(f) were enhanced by cycling through the grayscale on each terrace.

To determine how the surface structures affect the reactivity and catalytic function of WOs, the
adsorption and reaction of 1-propanol was studied using temperature-programmed desorption (TPD)
and STM.2> We chose 1-propanol because it was the most difficult to dehydrate of the series of
alcohols we had studied on stoichiometric ¢(2x2) WO3(001),'® and so if the structure shifted the activity
from dehydration to dehydrogenation, we would most likely see this change for 1-propanol. Figure 4
shows a series of STM images recorded during exposure of a stranded p(nx2) surface to 1-propanol.
The images show accumulation of bright dots solely on the tops of the strands, identifying the strands
as the reactive sites. The images also show that once a molecule adsorbs on top of a strand, the
adsorption rate at neighboring sites accelerates. As a result, with time some strands became fully
occupied while others remained completely vacant. The STM image in Fig. 4f in which both the
surface and adsorbate can be resolved shows that the adsorbates localize on top of the bright spots on
top of the strands. These spots are associated with exposed W cations on the strands,? so this result is
not surprising.

In the TPD experiments on the stranded surface, the only reaction products observed were
propene and water, the same as ¢(2x2) WOz (001) and so the reduction and change in structure did not
alter the catalytic pathway.?® On the stranded surface, however, the propene desorbed at much lower
temperatures. On surfaces where non-stoichiometric terminal oxygen structures coexisted with the



strands, a propene desorption peak appeared at temperatures intermediate between the stranded and
stoichiometric c(2x2) surfaces; as the surface was reduced and became entirely covered by strands this
intermediate peak disappeared. As detailed above, the propene desorption peaks on the c(2x2) surface
are limited by the rate of C—O bond breaking and so the decrease in desorption temperature indicates
a decrease in activation energy for C-O bond breaking. Because the non-stoichiometric terminal
oxygen structures and the strands both expose W®*, the large shift to lower temperatures on the stranded
surface must be due in part to the surface structure. Thus while the surface structure does not affect
the acidic character of the WOj3 surface it does strongly affect reaction kinetics on the surface.®
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Figure 4. (a)-(d) Sequence of STM images recorded during exposure of the stranded p(nx2) WO3 (100) surface
to 5x107 torr 1-propanol at 300 K. The circle and arrow mark the same spot in all the images. Prior to
recording the image in (a) the surface had already been exposed to a small dose of 1-propanol accounting for
the adsorbates in the image. (e) After flashing the surface to the major propene TPD peak at 420 K, most of
the adsorbates were removed. In this image we can also see that the adsorbates locate off-center on the strands.
(f) High-resolution image showing both the adsorbates and the atomic structure of the strands. The grid shows
that the adsorbates appear on top of the bright spots on the strands due to W atoms.

3. Structure and Reactivity of Anatase Surfaces

The structure and reactivity of the surfaces of the anatase polymorph of TiO, were studied as
the catalytically relevant phase TiO; that had largely been ignored in the surface science literature due
to the difficulty in obtaining suitable for detailed studies. This activity started as a collaboration with
Yong Liang then at Pacific Northwest National Laboratory who was growing anatase phase films using
molecular beam epitaxy (MBE) and also involved collaborations with Hiroshi Onishi in Japan and
Robert Klie then at Brookhaven National Laboratory.

We found that the fully oxidized surfaces of anatase (001) exhibit a (4x1) reconstruction that
is visible in STM and electron diffraction.?” STM images of the surface show bright rows separated
by 1.5 nm or 4x. The directions of the rows alternates across monatomic steps as shown in Fig. 5.a.
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On vicinal single crystal surfaces, the steps preferentially aligned parallel to the 1x direction (Fig. 5.b),
thus favoring double-height steps and suppressing one of the domains. Higher resolution images were
obtained at lower biases and the image in Fig. 5.c shows the three rows of atoms between the bright
rows. The non-contact atomic force microscopy (NC-AFM) image in Fig. 5.d also shows bright rows
indicating that the rows are a topographical feature, thus the reconstruction can be considered to
roughen the surface.? The unusual aspect of these results is that the fully oxidized, bulk-terminated
(1x1) anatase surface is non-polar and thus the reconstruction is not driven by the need to create an
autocompensated surface.

S

Figure 5. (@) STM image of an anatase (001) single crystal. The stripes are due to the (4x1) reconstruction; the
crystal structure dictates that the direction of the stripes rotates by 90° when a single atom high step is decended.
(b) On vicinal anatase (001), double height steps form, indicating that steps running parallel to the stripes are
lower in energy. (c) Narrow range image showing atomic features in the trough. (d) The same corrugation is
also seen in NC-AFM images.

We have studied carboxylic acid adsorption and reaction on (4x1) reconstructed and defective
anatase surfaces using STM, NC-AFM, and TPD.?"%3 The carboxylic acids were chosen because the
adsorption geometry has been well-characterized on the TiO: rutile surfaces,*“° and because a
framework has been developed that relates the reaction products observed in TPD to the oxidation state
and coordination of the surface Ti atoms.**® Thus the imaging results provide the location of the Ti
atoms while TPD work provides their oxidation state and coordination number.

Figure 6. STM images at three different resolutions showing the anatase (001) after exposure to formic acid.
The images were obtained after flashing to 850 K which improves the resolution but does not affect the location
or spacing of the adsorbates. The bright spots on the tops of the rows only appeared after exposure to formic
acids and thus can be attributed to formic acid or a decomposition product originating therefrom.

The STM images in Fig. 6 show that formic acid only adsorbs centered on top of the bright

rows that define the (4x1) reconstruction; acetic acid behaves similarly.?® In addition, the minimum
distance between the molecules is 2x, consistent with formate bridging two exposed Ti atoms, the
geometry seen on rutile surfaces. This is reinforced by our NC-AFM work that showed formate

8



centered between two bright spots on the crests of the rows.?® These findings eliminated high index
microfacet models since these place reactive four-fold coordinated Ti atoms either straddling the bright
row or in the trough. In addition, NC-AFM images revealed corrugations much smaller than would be
suggested by {101}-microfacet models. Thus, the imaging results were most consistent with an ad-
molecule model proposed by Selloni and co-workers.** In this model, a raised, distorted TiO2 group
replaces a row of Ti and O atoms within the surface.

Although the ad-molecule model exposes four-fold coordinated Ti, the TPD results indicated
that the reconstructed anatase surface behaved differently than other TiO, surfaces.?® In marked
contrast to rutile surfaces, the (4x1) surface very strongly held both formate and acetate and yielded
only decomposition products at high temperatures. Disrupting the (4x1) reconstruction by ion
bombardment was found to make the anatase (001) surface behave more like other TiO, surfaces.
Further, sequences of STM, XPS, and TPD experiments after ion bombardment showed that
dehydration activity attributed to five-fold coordinated Ti** on rutile surfaces declined as the size and
perfection of the (4x1) domains increased. In addition, none of the bimolecular ketonization products
typically attributed to four-fold coordinated Ti*" were observed.***® Thus carboxylates adsorbed on
top of the (4x1) rows behave differently than those adsorbed on rutile surfaces, even though the
coordination of the Ti atoms and the adsorbate bonding may be the same. The origin of this difference
could be attributed to the nature of the Ti in the ad-molecule rows. Although the Ti is four-fold
coordinated in this model, one of the empty coordination shells projects downward towards the bulk
leaving it inaccessible for bonding which can account for the lack of bimolecular reaction products.44

Ladlp, | | JO Tl

Figure 7. (a),(b) STM images of the surface of a TiO2 film grown on LaAlOs (110). The row structure and the
staggering of the atoms in adjacent rows in (b) yields the surface structure expected for anatase (101). (c)
Cross-sectional STEM image of a TiO: film grown on LaAlOs (110). The pattern of Ti atoms at the top and
their spacing can only be explained by anatase (102) planes parallel to the interface. The discrepancy between
the bulk and surface structure was attributed to the surface faceting to expose more of the low energy (101)
surface.

In addition to the anatase (001) surface, we were also able to show how films exposing the
lowest energy anatase (101) surface that dominates the surface area of small crystallites could be
fabricated.®>324 |t was anticipated that (101)-oriented anatase films could be grown on LaAlO3(110)
where the lattice match is nearly perfect along the LaAlO3 [001] direction but there is a 4% mismatch
along LaAlO3[110]. The TiO; films were deposited onto vicinal LaAlO3(110) substrates to attempt to
alleviate the lattice strain at the interface rather than in the bulk of the film. Surface characterization
by RHEED, LEED, and STM all indicated epitaxial growth of anatase (101). The STM image in Fig.
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7a shows steps and terraces with parallel rows. The atomic resolution image in Fig. 7b reveals the
oblique primitive surface unit cell expected for anatase (101). In collaboration with Dr. Robert Klie
of the Center for Functional Nanomaterials at Brookhaven National Laboratory, the films were also
characterized using cross-sectional scanning transmission electron microscopy (STEM) coupled with
electron energy loss spectroscopy (EELS).3%3! The EELS spectra identified the bulk phase as anatase.
A STEM image of the film and substrate is shown in Fig. 7c. The image shows that the film is epitaxial,
however, the pattern at the top could only be explained by anatase (102) planes parallel to the interface.
The surface data on the other hand were not consistent with anatase (102) surfaces. Anatase (102) can
be thought of as vicinal to (101) with (101) terraces separated by (001) steps. As noted above, the
(101) surface is the lowest energy surface. Thus, surface faceting to expose more of the low energy
(101) terraces can explain the discrepancy between the surface and bulk characterization.

4. Interface Effects in Supported Oxide Catalysts

It has long been known that vanadia monolayers on TiO. supports are highly active and
selective for a number of reactions including the partial oxidation of o-xylene to phthalic anhydride.>®
The structure of the vanadia monolayer had proven elusive and therefore we studied the growth and
structure of vanadia on anatase with the goal of determining if the TiO, imparts distinct structural
properties to the vanadia that increase its reactivity over bulk V20s. We characterized the structural
evolution of the vanadia layer during oxygen plasma assisted molecular beam epitaxy (OPA-MBE)
using reflection high energy electron diffraction (RHEED), its surface structure using low energy
electron diffraction (LEED) and STM following growth, its electronic structure using ultraviolet and
x-ray photoelectron spectroscopy (UPS and XPS), and its bulk structure using x-ray diffraction (XRD)
and transmission electron microscopy (TEM).23? Following the structural characterization, we used
TPD to compare the chemical properties of vanadia mono- and multilayers on anatase and rutile
supports.®* We started with the anatase (001) surface, using epitaxial films grown on LaAlO3(100),
which undergoes the (4x1) reconstruction discussed above and shown in the RHEED and LEED data
in Fig. 8a,b. As soon as vanadia was deposited on the surface the 4x streaks in the LEED pattern faded.
At 1 ML, the pattern became (1x1) as shown in Fig. 8c,d.®~® Below 600 K, XPS showed that the
monolayer contained V°*. At these lower temperatures, the RHEED pattern rapidly faded when the
coverage was increased; XPS showed that these multilayers contained a mix of V°* and V**. Above
700 K, however, the (1x1) RHEED pattern could be maintained ad infinitum as shown in Fig. 8d. At
these high temperatures XPS showed only V#* indicating that VO, grows pseudomorphically on
anatase (001) even though VO is not known to crystallize in the anatase structure in the bulk. Films
grown at 775 K and cooled in the oxygen plasma exhibited the c(2x2) LEED pattern shown in Fig. 8e.
This was attributed to oxygen adsorption on top of every other V atom on the surface which oxidizes
all of the surface V atoms to 5+ in a manner analogous to the ¢(2x2) structure on WO3{100} surfaces.®’
For a monolayer, such adsorption oxidizes all of the V to 5+. Thus the results indicate that the
monolayer is unique in that it both adopts the substrate structure while maintaining the V°* oxidation
state.

To determine if the results were unique to anatase (001) surface, we looked at other anatase
orientations. When a vanadia monolayer was deposited onto the anatase (101) terraces pictured in Fig.
7, little change in the surface structure was observed.® Characterization by XPS and UPS showed that
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Figure 8. () RHEED pattern of anatase (001) thin film recorded along [100] zone axis, the arrows point to the
Y, order streaks due to the (4x1) reconstruction. (b) Corresponding (4x1) LEED pattern of the anatase (001)
thin film. (c) RHEED pattern obtained after depositing 1 ML of vanadia onto the surface in (a) at 525 K; the

Y, order streaks have disappeared. (d) Corresponding (1x1) LEED pattern of the vanadia monolayer on
anatase (001). (e) LEED pattern obtained after depositing 20 nm of VO: onto anatase (001) at 775 K, the
periodicity is c(2x2).

the V in the monolayer was predominantly in the V°* oxidation state. Thus, the monolayer behaves
the same way on anatase (001) and (101) terraces — a pseudomorphic VO layer forms with oxygen
adsorption oxidizing the surface V to 5+. When the vanadia coverage was increased the RHEED
pattern slowly faded. At the same time, V remained in the 5+ oxidation state and the Ti XPS peaks
slowly attenuated. These results indicated that after the monolayer (which exhibited the expected V
XPS peak intensity) was completed, 3D V.Os clusters formed on the surface, again pointing to unique
structural properties of the monolayer. The difference between the two anatase surfaces, however, was
that it was not possible to maintain epitaxy on anatase (101), rather 3D vanadia clusters formed.3!33
This difference may be related to the lower surface energy of the anatase (101) surface.

To determine if vanadia behaves similarly on other surfaces and to determine how the chemical
properties of the substrate can affect the reactivity of the vanadia layer, we also studied vanadia
deposition on WO3(100) thin films. On the WO3(100) (1x1) terraces in Fig. 3.e,f all of the W atoms
are in the 5+ oxidation state. Thus it was expected that if we deposited vanadia onto an oxygen rich
WO3(100) surface, that it would adopt the (1x1) structure, with no terminal oxygen and all of the V
would be in the 5+ oxidation state. This was in fact the case, starting with a p(2x2) surface with ¥ ML
terminal oxygen the surface converted to (1x1) after depositing a vanadia monolayer. Reflection high
energy electron diffraction movies recorded during vanadia deposition at 525 K showed that the 2x
streaks began to fade immediately after opening the V shutter and the 1x streaks after the intensity of
the 2x streaks fell to zero. Thus, similar to anatase, structural registry could not be maintained under
conditions where V°* forms, again highlighting the uniqueness of the monolayer in its ability to
maintain all of the V in the 5+ oxidation state while adopting the structure of the substrate.
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The results outlined above indicated that vanadia can adopt the structure of the support and
that depending on the oxidation state of the cations in the support the surface vanadia can shift between
4+ and 5+ by adsorbing oxygen. This adsorption of oxygen to shift surface V from 4+ to 5+ was
studied in more detail for vanadia layers on the rutile (110) surface of TiO,.** For vanadia films on
rutile (110) a series of surface phase transitions were observed depending on the oxygen pressure and
temperature. When a vanadia film on rutile (110) was annealed at 925 K in 1x10® torr Oz, the
LEED pattern in Fig. 9a was obtained; the pattern corresponds to a ¢c(2x6) periodicity. When the
oxygen pressure was dropped to 1x107 torr at 925 K, the (1x1) pattern in Fig. 9b was obtained;
while increasing the pressure back to 1x107 torr caused spots due to longer range periodicities to
begin to reappear (Fig. 9c). The cycling between the structures indicates that the patterns are
associated with oxygen changing the surface. Finally, dropping the temperature to 725 K produced
the (2x2) pattern seen in Fig. 9d. The oxygen-vanadium phase diagram indicates that the pressures
and temperatures are within the range where VO is the favored phase,** indicating that the
structural changes are restricted to the surface and can be associated with oxygen adsorption
oxidizing surface V to 5+, the oxidation state usually associated with catalytic vanadium oxides.
The assignment of the different structures to VO, layers with different amounts of capping oxygen
species was confirmed by ion scattering measurements.3*

a) 124 ¢V b) 115V ¢) 78cv ) 120 ¢V

-
.o-“» w"".‘-
"'ﬂ‘
- g = T

Figure 9. LEED patterns recorded after epitaxial VOz2 thin films on rutile (110) were subjected to different
oxygen treatments. (a) 1x10° torr Oz at 925 K for 1 hr; (b) 1x108 torr O2 at 925 K for 1 hr; (c) surface in (b)
exposed to 1x108 torr Oz at 925 K ; and (d) 1x10° torr 725 K.

Alcohol TPD was used to distinguish electronic and structural effects in determining the
catalytic properties of supported transition metal oxide layers, specifically vanadia. A key question we
sought to address was does a vanadia monolayer on TiO, behave chemically similar to the surface of
a vanadia multilayer with the same surface structure and oxidation state? To answer this question we
compared 1-propanol temperature programmed desorption (TPD) results for vanadia monolayers and
multilayers with the same structure; the results are shown in Fig. 10 for a rutile (110) structured TiO;
substrate.* Figure 10a shows the TPD results for 0.7 ML of vanadia following growth where V°*
predominates. The 1-propanol desorption above 500 K is consistent with adsorption on uncovered
areas of the rutile substrate;*® while the peaks just above 400 K can be associated with the vanadia.
Repeating the TPD experiment without reoxidizing the vanadia (Fig. 10b) causes the desorption peaks
to shift to higher temperatures. The shift can be associated with reduction of the surface caused by
oxidation of the 1-propanol,*’ as evidenced by the strong bandgap emission in the UPS spectrum in
Fig. 10d acquired after the TPD experiment. Not surprisingly, as shown in Fig. 10c, the high
temperature peaks due to the rutile substrate are suppressed for epitaxial vanadia multilayers. More
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interestingly, the lower temperature propionaldehyde peak associated with the vanadia persists with
little change. The only significant difference is an increase in unreacted 1-propanol desorption. This
is markedly different from the inactivity reported for bulk-structured V»0s.*¢ Thus a couple of
important conclusions could be drawn from these results: 1) Ti—-O-V bonds are not required for vanadia
to be active for alcohol dehydrogenation; and 2) as long as the TiO structure can be maintained as we
move away from the vanadia/titania interface, the vanadia can be active. This suggests that at least for
vanadia/titania, structural promotion is more important than electronic effects.
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Figure 10. (a) - (c) Saturation exposure 1-propanol TPD curves for (a) 0.7 ML vanadia on rutile (110) following
growth, (b) second 1-propanol exposure to the film in (a) without reoxidation, and (c) a 12 nm thick vanadia
film on rutile (110) following growth. (d) He Il UPS spectra recorded before (blue) and after (red) the TPD
experiment in (a).

To determine how the structure of the vanadia layers affects their reactivity, the results

described above were compared with those

obtained for epitaxial vanadia layers grown | Substrate | Thickness (nm) CsHsO / n-CsH/OH
on anatase (001). Similar to the rutile Rutile 0.24 (0.75 ML) 1.17
substrate, there was not much change in the Rutile 10 0.12
1-propanol and propionaldehyde desorption
peaks when the vanadia thickness was | Rutile 117 0.14
changed. In comparison to the rutile- Rutile 16.2 0.12
structured substrate, however, far less | apatase 0.10 0.07
propionaldehyde was formed on the anatase

Anatase 0.30 0.07
substrate where most of the 1-propanol
desorbed unreacted. Table 1 provides a Anatase 1.0 0.06
comparison of the difference between the Anatase 20 008

reaction pathway for adsorbed 1-propanol on - -
Table 1. Ratio of propionaldehyde to 1-propanol

different vanadia thicknesses on rutile (110) desorption as a function of VOx thickness for anatase
and anatase (001). The table shows that more  and rutile substrates.
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than half the adsorbed propanol reacted in the monolayer regime for vanadia on rutile (110) while all
the other surfaces oxidized only 5 — 10% of the adsorbed alcohol.

The differences between the vanadia sub-monolayer on rutile (110) and anatase (100) could be
linked to the types of defects on the two TiO- surfaces. The common defects on rutile (110) are oxygen
vacancies that are active for alcohol deprotonation, the first step in the oxidative dehydrogenation of
alcohols and thus can assist the oxidation reaction.*®***° In contrast, the most common defects seen in
STM image of anatase (001) and (101) surfaces are dim spots or apparent missing Ti atoms.>>* These
dim spots are due to water and oxygen vacancies are rare on these surfaces,>®® suggesting that the
anatase surface lacks sites that can assist alcohol dehydrogenation.

5. Support and Size Effects in the Stability, Structure, and Reactivity of Co Oxide Clusters

Work on Co oxide nanoclusters was motivated by reports that Co oxides and Co-containing
oxides are catalytically active and selective for a wide range of important reactions that typically
require Pt group metals.5”®® Cobalt oxide catalysis is sensitive to just about every effect seen in
heterogeneous catalysis including particle size and support effects.®*%¢-¢° Therefore, as part of this
effort we sought to uncover the intrinsic factors that govern the reactivity of Co oxides nanoclusters
using STM augmented by other methods, including AP-XPS at Brookhaven National Laboratory
(BNL).

The most surprising finding of this effort was that even weakly interacting supports could
dramatically impact the stability of the different Co oxide phases and the shape of the Co oxide
clusters.®*0 Specifically, work on Co oxide on Au(111) indicated that high surface energy supports
dramatically shift the equilibrium between CoO and C0304 to CoO as the size of the supported particles
decreases.®® Thus smaller particles become more difficult to oxidize than larger ones, the opposite of
the usual expectation.

Figure 11. STM images of cobalt oxide grown on Au(111): a) 0.2 ML; b) 0.4 ML; c) 1.0 ML. The inset in (a)
highlights the internal structure of one of the clusters. Despite the coverage doubling between (a) and (b), the
average cluster area and the cluster density are nearly unchanged.

As summarized in Fig. 11, Co oxide growth under conditions where Co0304 is
thermodynamically favored on Au(111) proceeds two dimensionally up to 0.2 ML and then switches
to three dimensional growth.® This leads to little difference between 0.2 ML and 0.4 ML Co oxide in
terms of the fraction of the surface covered and the average cluster area. On the other hand, the clusters
in Figs. 11b and 11c are roughly twice as high as those in 11a, consistent with a switch from monolayer
to bilayer growth. The clusters in Figs. 11b and 11c also show line defects absent from the clusters in
Fig. 11a. Instead the cluster surfaces at the lower coverage are dominated by a hexagonal superstructure
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consistent with the lattice mismatch between CoO and Au(111) (inset Fig. 11a); this pattern is not seen
at the higher coverages suggesting that CosOa4, which is perfectly lattice matched to Au(111), forms.
Photoelectron spectroscopy measurements confirmed a phase transition from CoO to Co30s with
increasing coverage or cluster size.

This size dependent phase transition from CoO to CosO4 under conditions where CosOs is
favored in the bulk was explained in terms of the differences in the CoO rock salt and Coz04 spinel
structures and the higher surface energy of the support versus the oxide.®* Along [111] the rock salt
structure repeat unit consists of alternating hexagonal Co and O planes. While the O planes in the spinel
are also hexagonal, the spinel alternates between two distinct Co layers. As a result, the thinnest (111)
CoO layer contains one Co and one O plane while Coz04 requires at least two oxygen and two Co
layers. This is consistent with the rough doubling of the height from Fig. 11a to 11b when Co304
formed. The end result is that oxidizing CoO to CosO4 increases the exposure of the high surface energy
substrate while also increasing the occupation of high energy edge and corner sites, thereby making
oxidation less favorable. An analytic expression based on the surface and interfacial energies and the
densities of the different oxide phases was developed that captures the variation in the free energy of
oxidation with cluster size. Plugging in literature estimates of the surface energies of Co oxides
suggested that at the 670 K growth temperature the dissociation pressure of Co3Os on Au(111) can
increase from 7.5x102% to 3.9x107 torr. Since Co oxide phases display markedly different reactivities,
this can help explain size and support dependent reactivity.
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Figure 12. AP-XPS data for CoOx/Au(111), a) valence band, b) Co 3p and c) O 1s regions. Starting with 1 ML
Co304, the sample was heated to 775 K in 3x10* torr Oz (blue), then at 775 K the Oz pressure was increased to
0.1 torr (red) and the sample cooled to 300 K, then the Oz pressure was increased to 0.5 torr (green).

Ambient pressure XPS (AP-XPS) experiments at BNL were carried out to monitor the
chemical state of the Co during CO oxidation and to attempt to quantify the change in stability of the
oxide phases at small cluster size; results for the latter are provided in Fig. 12. The first peak below Er
in the valence band spectra can be associated with CosOs;"* its loss of intensity on heating suggests

15

N(E)




reduction towards CoO in 3x10™ torr even at 575 K where the dissociation pressure of bulk Coz0ys is
less than 107 torr.” Curiously, at the same time both the Co 3p and O 1s peaks shift to higher binding
energies (the Co 3p peaks were characterized rather than the more typical and intense 2p peaks because
the maximum photon energy on the beam line at NSLS | was insufficient to emit electrons from Co 2p
levels). Finally, heating to 775 K causes a dramatic decline in the Co 3p peak intensity which can be
related to CoO dissociation and the remaining Co migrating into the bulk.*®" Increasing the O,
pressure at this point did not restore the Co peak intensity or cause the core level peaks to shift back to
their original positions, though a small downward shift could be seen. While a shift of the Co 3p peaks
to higher binding energy would suggest a higher oxidation state, we find that the gap between the O 1s
and Co 3p peaks increases on heating. The shift in the O 1s peak cannot be due to adsorbed O which
would tend to decrease with increasing temperature, as would peaks due to adsorbed H.O or OH
groups. Rather the shift of both core levels together can be explained by the emergence of a band offset
between the Co oxide and Au substrate due to an interfacial dipole. Such a dipole would arise from
organization of the Co oxide into a plane of negatively charged O at the interface topped by a plane of
positively charged Co and image charges in the Au. The dipole would shift the Co and O binding
energies downward but not the Au which is grounded to the spectrometer. When this effect is taken
into account, the position of the Co 3p peaks with respect to the O 1s peak is consistent with CoO and
the valence band data. The loss of Co from the surface leads to smaller Co oxide clusters which then
cannot be oxidized to CosO4 even at 0.5 torr. Thus the in situ data suggest a decrease in the dissociation
pressure of the larger Cosz0s clusters approaching nine orders of magnitude while the smaller clusters
could not be oxidized at pressures another three orders of magnitude higher.
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Figure 13. Evolution of CoO island shapes as a function of the number of bright spots (n) in the superstructure.
The shaded balls represent the expected shapes based on close packed spheres. The STM images show the
observed shape. The white circles highlight kinks resolved in the cluster edges for n = 33 and 40.

The lattice mismatch between CoO and Au was found to dramatically affect CoO island sizes

and stabilities.”® Equilibrium island shapes are determined by edge energies, for [111]-oriented rock
salt islands asymmetric hexagonal shapes are favored due to the different energies of the alternating
{100} and {111} edges. This assumes that the islands are large enough that the continuum description
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of the edges applies. For islands with just a few atoms, this breaks down and the shape and stability of
the islands varies strongly with size. For example, regular hexagons of seven atoms are far more stable
than six or eight atom clusters.”®™ For CoO on Au(111) we found that the equilibrium shape expected
for rock salt (111) islands is not reached until the islands contained thousands of atoms.”® Despite the
modest rumpling of the surface due to the lattice mismatch, ~0.15 A, the bright spots in the
superstructure replace the Co-O units as the fundamental unit that determines the shape and stability
of the CoO islands; each unit cell of the superstructure contains 110 Co atoms. Figure 13 summarizes
how the island shapes vary with the number of superstructure spots. The evolution of the shapes mimics
that expected by the efficient close packing of spheres, and we find that upwards of 30 superstructure
spots, or over 3,000 Co atoms, are required to see the favored asymmetric hexagonal shape. The results
then highlight how even a weak interaction (insufficient to strain CoO from its bulk lattice constant)
that results solely from geometric mismatch impacts the shape of supported clusters.

It was also found that the particle shape, which determines the occupancy of the {100} and
{111} island edges, affects the reactivity of the CoO islands towards oxygen; thus the weak interaction
of CoO with the Au substrate is sufficient to impact reactivity.”® As illustrated in Fig. 14.a, once the
CoO islands are large enough to be oxidized, the resulting CosOs clusters display characteristic “Y”
defects. These defects are due to: the doubling of the in-plane periodicity in going from CoO to C030s;
and oxidation initiated at specific edges of hexagonal CoO islands. Rearranging the 194 Co atom CoO
cluster in Fig. 14b into the Cos04 structure starting at the edges pointed to by the arrows, yields the
three domain boundaries in Fig. 14.c when the growth fronts merge. In contrast, initiating oxidation on
the top surface would yield random domain boundaries while if the edges were equally reactive the
clusters would have six domain boundaries.

Figure 14. a) Three-dimensional rendering of an STM image of Co304 clusters on Au(111). The clusters all
show line defects, typically in a Y configuration. b) Model of the Co atom arrangement in a 194 Co atom [111]-
oriented island. The black line highlights the unit cell. The red arrows indicate the directions from which the
Co atoms were rearranged to generate the Co3Os cluster in ¢). In ¢), black represents Co atoms in the octahedral
layer, light cyan Co in octahedral sites in the mixed octahedral/tetrahedral layer, red and blue Co in upper and
lower tetrahedral sites, and dark cyan atoms at domain boundaries (db) that could not be fit into Co3Os sites.
The solid and dashed lines indicate unit cells and dbs respectively.
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