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Well-Ordered V,05(001) Thin Films on Au(111): Growth and Thermal Stability
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Vanadium oxide thin films were grown on Au(111) by the oxidation of vapor-deposited V layers with 50
mbar of oxygen. The structure, composition, and thermal stability of the films have been investigated with
scanning tunneling microscopy, low energy electron diffraction, photoemission spectroscopy, near-edge X-ray
absorption fine structure, and temperature-programmed desorption. Well-ordered V,0s(001) thin films
containing very few point defects have been obtained. Although the films have the tendency to grow in large
crystallites and “dewet” the interface layer, growth by multiple steps of V deposition and oxidation precludes
this problem and leads to flat films having a surface with a low density of steps. The films are composed of
rather large (~20 nm), single crystalline, and (001)-oriented V,Os domains which show some azimuthal
disorder between themselves. The X-ray-induced surface reduction of the V,05(001) films was investigated
with STM. O vacancies do not form randomly on the surface but rather appear as pairs or rows, indicating
a concerted reduction process. Upon heating in UHV, the films are stable up to 500 °C, and they start
sublimating above this temperature. Significant thermally induced reduction of the films only occurs above
560 °C. Comparison between these results and published studies emphasizes the influence of surface

contamination and beam damage on the thermal reduction of V,0Os.

Introduction

Vanadium pentoxide (V2Os) thin films are of considerable
scientific and technological interest. For instance, they have
potential uses in electrochromic devices!? and lithium micro-
batteries.>* These applications rely on the good intercalation
properties of the orthorhombic V,0s crystal structure. V,0s finds
its most important application in the chemical industry, where
it is used as an oxidation catalyst. Examples of catalytic
processes involving V,0s-based catalysis include the oxidation
of SO, to SO; and the selective oxidation of various
hydrocarbons.>= The catalysts usually consist of V,Os supported
on another oxide such as SiO,, Al,O3, TiO,, or ZrO,. They are
often referred to as “monolayer catalysts” assuming that
the V,0s5 forms a monolayer film on the support material.>° In
spite of their importance, many questions about the atomic
structure and the reaction mechanisms at the surfaces of these
highly complex systems remain unanswered. Developing a better
understanding of supported vanadium oxide catalysts is not only
of general scientific interest but is also useful for the develop-
ment of new applications and materials. A useful approach to
gain insight into these problems is the use of well-defined model
surfaces, systems that are much simpler and that can be studied
at the molecular level using the range of surface science
techniques that are nowadays available. The (001) surface of
V,0s single crystals is a relevant model system, and it has been
the subject of experimental and theoretical studies.>!? Although
such single crystals can be grown, their preparation is involved
and time-consuming.!! They are also sensitive to beam
damage!>'* and must therefore be cleaved frequently when
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electron-based surface science techniques are applied, which is
uncomfortable and can be a problem in view of the small crystal
sizes. To avoid these complications, the possibility of growing
well-ordered V,Os thin films would be advantageous. This was
the motivation for the present study.

Various methods have been used to grow V,0s thin films,
including flash-evaporation of V,0s,!>® pulsed-laser deposi-
tion,!” magnetron sputtering,'®!® chemical vapor deposition,?
and spray pyrolysis.?! However, in many of these cases
substoichiometric films (i.e., containing some V4 species) were
obtained. Several films were also amorphous or polycrystalline
at best. More generally, the growth of well-ordered, flat V,0s5
films suitable for reactivity model studies has not been reported
yet. In the present work, we have used the oxidation of physical
vapor deposited (PVD) V layers with O, as a relatively simple
and cheap method to grow V;,0s films in a well controlled
manner. Vanadium pentoxide is the oxide with the highest
vanadium oxidation state in the vanadium—oxygen system, and
the oxidation of V to V,0s requires O, pressures that are not
suitable for ultra high vacuum (UHV) systems. This has been
evidenced by several studies, where it was shown that the
preparation of films by reactive evaporation or postdeposition
oxidation of V under oxygen pressures in the 10~7—107% mbar
range results in the formation of oxides having a V3t or V4
oxidation state (see refs 22-27 for instance). Wong et al.
investigated the formation of ultrathin (approximately mono-
layer) oxide films by oxidation of vapor-deposited V in 103
mbar 0,28 They reported that the resulting films contained
primarily V37 ions but also a fraction of V** species. To
circumvent this limitation, we have used a dedicated high
pressure cell to carry “in situ” (i.e., without exposure to ambient
atmosphere) the oxidation of V in 50 mbar O,.

We recently reported on the growth of ultrathin V,0, (y ~
5) films using the same preparation method.? Results showed
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that well-ordered coincidence monolayer structures with a V~>*
oxidation state can be obtained after oxidation of submonolayer
amounts of vanadium. Upon oxidation of slightly higher
quantities of V, a two layer-thick film having a surface structure
similar to VgO;3(001) was obtained. It was finally shown that
the formation of this V¢O;3(001)-like film precedes the growth
of V,05(001) crystallites at higher thicknesses. In the present
paper, we report results concerning the growth of thicker layers.
The structure and the composition of the films have been studied
with scanning tunneling microscopy (STM), low energy electron
diffraction (LEED), photoemission spectroscopy (PES), and
near-edge X-ray absorption fine structure (NEXAFS). It is
shown that flat and well-ordered V,05(001) thin films can be
grown. Although the films have some azimuthal disorder, they
consist of large (001)-oriented crystalline domains that have very
few point defects. In the course of the experiments, the surface
reduction of the V,05(001) films during XPS analysis was
verified with STM. The results suggest that exposure to X-rays
creates vanadyl (V=0) oxygen atom vacancies. These vacancies
appear to be somewhat grouped together, forming rows along
[010] and pairs along [100]. This observation partly confirms
the results of the calculations made by Ganduglia-Pirovano and
Sauer.?0

In the context of model reactivity studies, the thermal stability
of the V,0s surfaces under UHV conditions is an important
factor that has to be taken into account. For that reason, we
also investigated the V,05(001)/Au(111) thin films with thermal-
programmed desorption (TPD). The films are found to start
sublimating at a temperature of about 500 °C, whereas
significant loss of oxygen only occurs at ~560 °C or above.
The results reported in the literature concerning the reduction
of V,0s5 under UHV are briefly reviewed and compared to our
findings. The considerable discrepancies existing between some
of the various published studies are interpreted on the basis of
the influence of contamination and beam damage on the
reduction of V,0s.

Experimental Methods

The UHV systems in which the experiments have been
carried-out and the preparation of the thin films have been
described in details elsewhere.?” The main characteristics are
briefly summarized here. Most of the experiments were per-
formed in a commercial UHV system with a base pressure <1
x 10719 mbar (Omicron). This system contains facilities for
sample preparation (sputtering, vanadium evaporation) and
surface characterization with XPS, LEED, TPD, and STM. The
NEXAFS and valence band photoemission spectroscopy experi-
ments were carried out in another UHV system connected to
the UE52-PGM undulator beamline of the BESSY II synchro-
tron radiation center in Berlin. This system is equipped with a
Scienta SES200 hemispherical electron analyzer for PES and
standard sample cleaning/preparation equipment. In both UHV
systems, the sample holder can be transferred without exposure
to air between the analysis/preparation chamber and the high
pressure cell, the latter being connected directly to the chamber
via a gate valve. The sample holder, which consists of a small
plate, holding clamps, and some thermocouple connectors, is
mostly built using platinum parts to avoid extensive oxidation/
oxygen adsorption or any gas phase transport of oxide from
the holder to the sample surface during the high pressure (50
mbar) oxidation.

The Au(111) sample was cleaned by cycles of Ar' sputtering
(4000 eV, ~7 uA) at room temperature and annealing at 700
°C for 20 min in UHV. This procedure was repeated several
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time until no contaminants were detected using XPS and
extended terraces displaying the Au(111) herringbone recon-
struction3! could be observed with STM. For a clean and well-
ordered surface, diffraction spots pertaining to the reconstruction
could also be observed in the LEED pattern.

The films were grown by first evaporating a given quantity
of metallic vanadium onto Au(111) in UHV and then transfer-
ring the sample into the high pressure cell to carry out the
oxidation procedure. Vanadium was evaporated with an Omi-
cron EFM3 electron beam evaporator while the Au(111)
substrate was kept at room temperature. The evaporation rate
was calibrated in situ with a quartz crystal microbalance (in
both UHV systems) and with STM images taken after evapora-
tion. The evaporation rate was typically ~0.4 A/min (0.2 MLE/
min). The deposited V thicknesses are reported here in
monolayer equivalent (MLE), where 1 MLE contains the same
number of V atoms as one layer of Au(111) (~1.39 x 10V
atoms/cm?). The evaporated V layers were oxidized by heating
the sample at 400 °C for 10 min under an oxygen flow (50
mbar) in the high pressure cell. The sample temperature was
allowed to cool to about 100 °C before pumping down the high
pressure cell and transferring the sample back to the main
chamber. After oxidation of the films, no traces of surface
contamination could be detected with XPS.

The XPS data were acquired using Mg Ka radiation (1253.6
eV) from a nonmonochromated source. An electron takeoff
angle (0) of 70° with respect to the surface normal has been
used. The binding energy scale of the spectra was referenced
to the Audfy;, peak of the clean Au(111) substrate at 84 eV.3?
The spectra reported here are shown without subtraction of the
background intensity, but they have been corrected for X-ray
satellites using the routine supplied with the CasaXPS pro-
gram.?3 STM images were recorded at room temperature in the
constant tunneling current mode. Commercial etched Pt/Ir tips
(Molecular Imaging) have been used. The STM scanner has
been calibrated by imaging the unit cell of Au(111). In order
to minimize the influence of X-ray or e-beam-induced reduction
processes, the films were always first probed with STM.
NEXAFS spectra were recorded by sweeping the energy of the
linearly polarized light between 510 and 540 eV while measur-
ing the current flowing between the sample and ground potential
(total electron yield). Two different light incidence polar angles
were used, 0° and 70°. Valence band photoemission spectros-
copy was performed with a photon energy of 121 eV and a
takeoff angle of 70°. TPD curves were recorded in the
temperature range between room temperature (25 °C) and 680
°C with a VG Smart-IQ+ quadrupole mass spectrometer
equipped with a pumped Feulner cup® to blind out most
molecules not desorbing from the front side of the sample.
Different m/z signals corresponding to O, (30) and various V,O,
fragments (67: VO, 83: VO,, 166: V,04) have been monitored
as a function of the sample temperature. Additionally, the
evolution of the main chamber’s pressure was recorded during
the TPD runs. The sample was heated from the backside by
electron bombardment, and its surface was positioned at a
distance of about 1 mm in front of the nozzle entrance of the
Feulner cup. A constant heating ramp of 0.5 °C/s has been used.

Some experiments were also performed with oxide films
intentionally reduced by electron bombardment from a hot
filament employing an electron acceleration voltage of 50 V.
This rather small voltage was used in order to preferentially
reduce the surface region and to not produce too many defects
in region below the surface.
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Figure 1. STM images of a film formed by the oxidation of 5.2 MLE V/Au(111) ((a): 300 nm x 300 nm, 3.5 V, 0.2 nA, (b): 5 nm x 2.8 nm, 3
V, 0.2 nA, (c): 6.3 nm x 5.8 nm, 2 V, 0.2 nA, (d): 10 nm x 10 nm, 2 V, 0.2 nA). Image b was acquired in one of the dark areas of image a, while
images c and d are representative of the high features. In images b and c the surface unit cells are indicated by gray parallelograms.

Results and Discussion

a. Thin Film Growth and Characterization. As reported
in ref 29 we have shown that small isolated V,Os5(001)
crystallites start to grow after the completion of a two layers
thick VO13(001)-like interface (this was observed following
the oxidation of about 1.56 MLE V/Au(111)). Thicker films
have been investigated, and the results are discussed here. Figure
la displays a large scale STM picture of a film obtained by the
oxidation of 5.2 MLE V/Au(111). The quantity of vanadium
that is required to complete a V,05(001) single layer is equal
to about 0.7 MLE, which means that the oxidation of 5.2 MLE
V would result in a V,0s film thickness of ~7.4 mL (3.2 nm),
assuming the growth of a uniform and ordered V,05(001) film
and assuming that sublimation does not occur during oxidation.
From the image, one can see that the V,0Os islands have
coalesced to some extent and that rather big crystallites have
formed. Also, the STM image reveals large darker areas that
are about 4 nm deep, where the surface structure of the
V6013(001)-like interface could be resolved (Figure 1b). As
indicated in Figure 1b, this structure is characterized by an
oblique unit cell (3.6 A x 6 A, a = 73°). This observation
means that the V,0s film does not fully cover the interface layer.
However, the surface of the crystallites displays a well-ordered
V,05(001) structure containing a low number of point defects.
The crystalline structure of V,Os projected along [010] is

depicted in Figure 2a. V,Os has an orthorhombic structure
consisting of layers parallel to (001).!%-3336 The V coordination
is best described as distorted square pyramidal, and the layers
are composed of VOs units that are sharing edges or corners in
the (001) plane. For each square pyramid, the apical oxygen
atom forms a double bond with the V atom, and these vanadyl
groups (V=0) are oriented along [001] in alternating directions
toward one of the next neighboring layers. The layers are
considered to be held together by van der Waals V=0¢++++V
interactions. The arrangement of V,05(001) is shown in Figure
2b, where double rows of vanadyl O atoms are seen to extend
along the [010] direction. This surface has a 3.56 Ax11.52A
rectangular unit cell. The double row structure and the unit cell
characterizing V,0s(001) are clearly visible in the high resolu-
tion STM images shown in Figures 1c.d. Some line defects are
also occasionally observed, as seen in the upper-right corner of
Figure 1d. The origin of the contrast in the STM images of
V,05(001) has been debated in the past.’”0 As can be seen in
Figure 2b, the surface exposes both double rows of vanadyl
groups and vanadium atoms (the two alternate along [100]).
Authors have expressed various opinions concerning which one
of the two features is really imaged in STM (especially as a
function of the bias). STM observations of transition metal
oxides are often interpreted by assuming that the empty-state
images are dominated by the more electropositive atoms (metal)
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Figure 2. V,0s crystal structure: (a) projected along [010] and (b)
(001) surface. Unit cells are indicated by dotted lines. Blue and gray
spheres correspond to O and V atoms, respectively. The vanadyl O
atoms are represented by light blue spheres.

and that the filled-state images are rather influenced by the
electronegative atoms (oxygen). In the case of V,0Os, the valence
and the conduction bands are indeed dominated by O2p and
V3d states, respectively. On the basis of this, different groups
assigned the features observed in the positive bias (empty-states)
STM images to the double rows of exposed vanadium atoms.?7-38
Intuitively this might seem reasonable, but there are good
arguments supporting the opposite. First, one has to consider
that in V,0s the conduction and valence bands are formed by
hybridized O2p and V3d orbitals.*'*? Also, for the rather high
biases used here the electrons tunnel in the upper part of the
conduction band where the contribution of O2p states is
relatively high.?® The main reason why the exposed V=0 groups
could be responsible for the STM contrast is actually a geometric
argument: the vanadyl oxygen atoms stick out of the surface;
the oxygen atoms of the vanadyl groups are about 2 A higher
than the vanadium atoms of the vanadium rows. Because of
V3d+O2p hybridization there will be unoccupied density of
states near to the position of the vanadyl oxygen cores and
tunneling may occur into these states. Since these states stick
out of the surface, they may appear more prominent in the STM
images than states related to the vanadium rows between the
vanadyl double rows. In agreement with calculations performed
by Smith et al.3>#? and with observations made for V,03(0001)
on Au(111)*¥ we assign the bright protrusions in the STM
images shown in Figure lc and 1d to the vanadyl groups on
the V,05(001) surface. Accordingly, occasional missing bright
protrusions (see the middle-top part of Figure 1d) are attributed
to vanadyl O vacancy point defects. The XP spectrum corre-
sponding to this film (oxidation of 5.2 MLE V) is displayed in
Figure 3 (spectrum c). As expected for V,0s, the V2p3/2 peak
appears at a binding energy of 517.15 eV.*#7 A small shoulder
also seems to be present on the low binding energy side of the
peak, suggesting the presence of some V atoms with a lower
oxidation state in the film. This extra intensity might in part
come from the surface areas where the interface layer is exposed
(see spectrum a, which corresponds to the VsO;3(001)-like
interface film?®). Indeed, for thinner V,0s(001) layers a greater
fraction of the interface is uncovered and the shoulder at lower
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Figure 3. XP spectra (V2p and Ols region) of V.O,/Au(111) as a
function of the V coverage initially deposited. (a): 1.04 MLE, (b): 2.08
MLE, (c): 5.2 MLE, (d): three successive depositions of 2.6 MLE V
and oxidation cycles. In all cases, the intensity was normalized to the
background signal at 500 eV (the spectra were afterward shifted with
respect to each other along the y axis for display).
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Figure 4. Comparison between the NEXAFS spectra obtained for a
V,05(001) single crystal and for a film formed by the oxidation of
about 2.6 MLE V/Au(111). The spectra were acquired at two different
light incidence angles (o), 0° and 70°.

binding energy is more prominent (see spectrum b in Figure
3). However, as discussed below, some surface reduction during
the XPS analysis cannot be excluded and probably also
contributes to the intensity of the shoulder.

The V,0s films were also characterized with angle-resolved
NEXAFS. The results are shown in Figure 4 for a film produced
by the oxidation of 2.6 MLE V/Au(111) together with
V,05(001) single crystal data on the same graphs. The spectra
are almost identical, confirming the attribution of the film
structure to V,Os. NEXAFS is sensitive to the orientation of
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Figure 5. Valence band photoemission spectrum of a film formed by
the oxidation of 2.6 MLE V/Au(111).

the interatomic bonds in materials since the transition matrix
elements determining the X-ray absorption intensity are related
to the relative orientation between the molecular bonds and the
E-vector of the exciting beam. The fact that the intensity of the
various bands has the same variation as a function of the light
incidence polar angle then also proves that the film is indeed
(001)-oriented. Small differences between the two sets of spectra
can originate from contributions of the interface layer. Also,
although the single crystal data were recorded for a defined
azimuthal orientation, those corresponding to the thin films are
intrinsically acquired over an average of different azimuthal
angles (this is due to some rotational disorder in the thin film,
see below). This has probably an effect since some small
variations in the NEXAFS spectra of V,05(001) single crystals
are expected as a function of the azimuthal orientation.*3

The fact that the thin films grow with their [001] crystal-
lographic axis oriented parallel to the surface normal is not very
surprising. Indeed, the weakly interacting layers constituting
V,0s are stacked along this direction, and it is rather straight-
forward to see that the (001) plane is the surface with the lowest
free energy of this crystal structure (a calculated value of 0.040
J/m? has been reported®®). This explains why V,Os has a higher
tendency to expose its (001) surface, an effect which is
experimentally commonly observed for single crystals!! and
powder particles.*® As a matter of fact, it seems that V,0s films
have a tendency to grow with a preferred (001) orientation
regardless of the nature of the substrate (this was for instance
reported for amorphous glass?!). Considering this, it would be
tempting to describe the growth of V,05(001) thin films in terms
of van der Waals epitaxy.’® This growth mode was observed
for other compounds made of layers interacting by van der
Waals forces like transition metal dichalcogenides (MoS,,
NbSe,, etc). In this case, ultrathin films can grow with their
own lattice constant on various (unreactive) substrates, even
under the existence of very large lattice mismatch. The present
case is however slightly different, as an interface layer with a
dissimilar structure first grows on Au(111) before the regular
V,05(001) sheets start to form. This is in contrast to the MoS,/
Au(111) system, where a regular MoS,(0001) structure was
observed for monolayer-thick nanocrystallites.!

It has been mentioned before that very few oxygen vacancy
point defects could be observed with STM. This conclusion was
further evidenced with valence band photoemission spectros-
copy. A spectrum is shown in Figure 5 for a film formed after
the oxidation of 2.6 MLE V/Au(l111). The broad features
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between ~3 and 9 eV are due to emission from oxygen and
vanadium levels in the oxide band structure, and their general
shape corresponds rather well to the one observed for UHV-
cleaved V,05(001) single crystals.’>> The low abundance of
not fully oxidized vanadium atoms can be judged from the
nearly vanishing emission intensity in the binding energy range
between the Fermi edge and 3 eV. The emission from the V3d
levels of not fully oxidized vanadium atoms would show up in
this spectral region.** Obviously, in the present case only a very
faint signal can be observed. It can even be argued that some
of this intensity comes from radiation-induced reduction oc-
curring during the acquisition of the spectrum.

The growth of “closed” V,05(001) films that do not expose
interface areas is important for adsorption/reactivity studies. For
such investigations it could otherwise be difficult to disentangle
the spectroscopic signal coming from molecules adsorbed on
the various surfaces: interface layer, surface, and side facets
of the V,05(001) crystallites. For films prepared by the oxidation
of V layers with thicknesses ranging from 1.56 to 5.2 MLE,
some interface area was always left uncovered. It also appeared
that between 3.15 and 5.2 MLE V, this area stayed more or
less constant and that mainly the height of the V,05(001)
crystallites increased. This effect could be due to Ostwald
ripening occurring during the oxidation process which would
result in the growth of bigger crystals at the expense of the
smaller ones. It was possible to avoid this problem by growing
the films in multiple V evaporation/oxidation steps. Figure 6a
shows a large scale STM image corresponding to a film prepared
by the sequential evaporation and oxidation of three 2.6 MLE
V layers. The conditions used for the oxidation were the same
as the ones used for the other films (400 °C, 50 mbar O,, 10
min). Several of these large scale images could be recorded at
various places on the sample surface, and in all the cases no
exposed interface was observed. The majority of steps seen in
Figure 6a has a height corresponding to one V,05(001) layer
(~4.4 A). As evidenced in Figure 6b, the surface also displays
rather large single crystalline domains and very few point
defects. However, the size of the domains is perhaps a bit
smaller than in the case of the films grown in one evaporation/
oxidation step, and a number of grain boundaries plus some
occasional screw dislocations can be observed. Considering that
~0.7 MLE V is required to complete a V,O5(001) single layer,
this film is expected to have a thickness of about 11 layers, i.e.
4.8 nm (since the unit cell vector along [001] has a length of
4.37 A% see Figure 2a).

A possible reason why the morphology is different if the layer
is grown in several steps would be that evaporated metallic V
layers grow differently on top of an existing V oxide film and
on gold. It may be assumed that metallic V on vanadium oxide
is flatter and more dispersed than on Au due to a stronger
interaction with the oxide surface (the evaporated metal atoms
can interact with the oxygen atoms of the oxide and form
chemical bonds). This would then provide a different starting
point for the growth of crystallites via atomic rearrangement
within crystallites, coalescence of crystallites, and Ostwald
ripening during the oxidation procedure at elevated temperature
and could delay the formation of very big islands and uncovered
interface areas. The fact that the films grown in multiple steps
were always flatter was also confirmed by the higher damping
of the substrate’s core levels signal observed in the XPS data.

The LEED patterns of the V,05(001)/Au(111) thin films show
rings instead of spots (this is shown in Figure 6¢ for a film
formed by the deposition/oxidation of three 2.6 MLE V layers).
Such an observation means that the [001]-oriented crystalline
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Figure 6. STM images ((a): 300 nm x 300 nm, 3.5 V, 0.2 nA, (b):
100 nm x 75.8 nm, 3 V, 0.2 nA (differentiated)), and LEED pattern
(c) obtained for a film formed by three successive depositions of 2.6
MLE V and oxidation cycles.

domains composing the film have random azimuthal orienta-
tions. This can also be observed in the STM image shown in
Figure 6b. Rotational disorder was also observed for the
interface layer, and it has been attributed to a rather weak
interaction between the growing film and the substrate.? Since
STM reveals well ordered surfaces, the background intensity
in the diffraction pattern seen in Figure 6¢ is mostly ascribed
to electron beam-induced reduction of the film during the LEED
experiment. In fact, it is well-known that V,0Os is sensitive to
electron beams.'?!3 In the present case, this reduction was
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obvious as the LEED pattern would fade away in only a few
seconds. The same observation was reported for V,0Os single
crystals.>?

The closed films were also characterized with XPS. A
spectrum corresponding to a film grown in three evaporation/
oxidation steps (3 x 2.6 MLE V layers) is shown in Figure 3
(spectrum d). The spectrum displays rather sharp V2p3/2 and
Ols peaks positioned at binding energies of 517.15 and 530
eV, respectively, and is very similar to spectra reported
previously for V,0s (see ref 47 for instance). Nevertheless, the
V2p peaks cannot be fitted with only one component, and an
extra weak peak has to be accounted for on their lower binding
energy side. In other words, a small fraction of reduced V
species is present on the surface. This can likely be attributed
for the most part to X-ray-induced reduction taking place during
the analysis. The reduction of V,0s by X-ray exposure was
investigated by Chenakin et al., who concluded that XPS
recorded with parameters similar to the ones that we employed
induces the rapid formation of a small fraction of V4t species
on the surface.'* X-ray-induced damage in oxides is believed
to be mainly caused by electron—hole pair creation and Auger
decay.’* The multiple hole states created in the valence band
by Auger decay can break bonds between V and O, leading to
the reduction of vanadium atoms and to the desorption of
oxygen. This damage is hard to avoid, and the observation of
small amounts of reduced V species at the surface of V,0s with
XPS is thus rather common.!3#753 STM images taken after the
XPS analysis of the film (Figure 7) clearly reveal this effect.
During the analysis, the sample was exposed to Mg Ka radiation
for about 90 min, the X-ray source being operated at a power
of 260 W. Compared to the pictures obtained for the same film
before X-ray exposure (Figure 6), dark features are now
distributed on the vanadyl oxygen double rows. The presence
of significant amounts of C-containing adsorbates, OH, or H,O
on this surface can be excluded based on the XPS results: no
intensity could be detected in the C1s region (not shown here).
Also, hydroxyl groups or adsorbed water molecules would give
rise to Ols intensity in the binding energy range between 531
and 533 eV,” which was not observed here (see Figure 3,
spectrum d). Single missing bright protrusions (dark spots) in
the STM images of as-prepared V,0s5(001) thin films have
already been attributed to missing vanadyl O atom point defects
(for reasons mentioned above). Similarly, the darker areas of
the double rows in Figure 7 can be assigned to groups of missing
vanadyl O atoms. The images clearly reveal that the vacancies
are not distributed randomly on the surface, and they mostly
appear somewhat grouped together. Similar observations have
been made by Smith et al. for cleaved single crystals (which,
in their experiments, apparently showed some degree of
reduction).?® In Figure 7c, the positions of the missing oxygen
atoms seen in Figure 7b are highlighted by gray asterisks
(whereas the surrounding remaining vanadyl O are indicated
by blue circles). Vacancies are seen to form pairs along [100]
and/or rows along [010]. The formation of oxygen vacancies
at the surface of V,05(001) has been investigated with density
functional theory by Ganduglia-Pirovano and Sauer’® and by
Hermann et al.>® Their results show that the vacancy formation
energy is much lower for vanadyl oxygen than for 2- and 3-fold
coordinated surface oxygen atoms. The calculations of Gandug-
lia-Pirovano and Sauer also predicted that the reduced V cations
(resulting from the loss of the vanadyl O atom) are stabilized
by relaxation, where the cation moves downward and forms a
bond with a vanadyl oxygen of the layer underneath. This
relaxation lowers the vacancy formation energy for the neigh-
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Figure 7. STM images ((a): 100 nm x 100 nm, 3 V, 0.2 nA, (b and
c): 7.7 nm x 3.1 nm, 3 V, 0.2 nA) of a V,05(001) film exposed to Mg
Ko X-rays (film formed by three depositions/oxidation cycles of 2.6
MLE V). Image c is a copy of image b, where the missing and
remaining vanadyl O atoms are respectively indicated with asterisks
and circles.

boring surface V=0 oxygen atoms, resulting in a concerted
reduction of the surface. Their results indeed predict that upon
reduction of the surface, missing rows along [010] will
preferentially form. On the other hand, the calculations suggest
that vacancy pairs along [100] (one vacancy on each side of a
double row) would have a higher formation energy than single
vacancies. Interestingly, for the experimental parameters used
here such missing vanadyl O vacancy pairs appear to be very
common.

Triggered by the results discussed above, V,0s films were
intentionally reduced by electron bombardment, and the thermal
behavior of the reduced layers was investigated. Figure 8a and
8b show STM images obtained after bombarding a film (from
3 x 3.1 MLE vanadium) with an electron dose of 10 mC (a)
and after annealing the reduced film for 2 min at 287 °C (b).
Whereas the nonannealed reduced surface cannot be recognized
as V,0s anymore, large parts of the surface are recovered after
annealing. This can be attributed to diffusion of oxygen from
deeper layers toward the surface.’’ For lower reduction doses,
this surface healing is almost perfect (not shown here), whereas
in the current case stacking faults arise as indicated by arrows.
From Figure 8b one might get the impression that these stacking
faults consist of vanadyl groups pointing upward at positions
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Figure 8. (a) STM image of a V,0s film after electron bombardment
(dose 10 mC), 10 nm x 10 nm, 1.5 V, 0.2 nA, (b) after annealing to
287 °C for 2 min, 20 nm x 20 nm, 2.5 V, 0.2 nA, the arrows indicate
stacking faults.

where they would point downward on the nonfaulted surface.
Of course, without STM intensity calculations or additional
experimental evidence this remains speculation.

By repeated cycles of surface reduction and annealing the
subsurface layers can be depleted of oxygen. Figure 9 displays
STM images of a film subjected to four cycles of reduction
(total electron dose: 60 mC) and annealing at 217 °C for 2 min,
followed by a final anneal at 577 °C for 2 min to order the
film. As will be shown later, at this temperature the oxide layer
does not just lose oxygen but also some vanadium. Figure 9b
shows a part of the bottom area in Figure 9a. To enhance the
visibility of the details, this image was Fourier filtered and it
shows a VO 3-type structure similar to the one shown in Figure
1b. The upper part of Figure 9a exhibits V,0Os-type structures
as is obvious from the vanadyl double rows. A possible
explanation for the V¢Oy3-type structure in the lower part of
Figure 9a could be that the interface layer gets exposed due to
dewetting and partial sublimation of the V,0s film. However,
the steps in the V¢O,3 area are about 6 A high, which is
significantly larger than the step size on Au(111), demonstrating
that the VO 3-type area in Figure 9a is not to be attributed to
the interface layer but to the reduction of the V,05(001) layer.
After an additional cycle of reduction with an electron dose of
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Figure 9. (a) Differentiated STM image (100 nm x 100 nm, 2.5 V,
0.2 nA) of a V,0s film, exposed to a total electron dose of 60 mC,
followed by annealing up to 577 °C for 2 min. (b) High resolution
scan (10 nm x 10 nm, 2.5 V, 0.2 nA) of a V403 area, the bottom-
right corner has been FFT filtered for clarity.
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T T T T T T T
515 520 525 530
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Figure 10. XPS spectra of a V,0s film exposed to reduction/anneal
cycles for two angles between the surface normal and analyzer axis.

The dashed line indicates the binding energy of VO3 and the dashed-
dotted line that of V,03.%

10 mC and annealing at 577 °C for 2 min, no remaining V,0s
areas could be found with STM. XPS measurements plotted in
Figure 10 indicate the presence of V,03; which leads to the
V2p;3, state at 515.15 eV in addition to V¢O;3 or V,0s giving
rise to the peak at 516.9 eV binding energy.*> Under surface
sensitive conditions (electron detection angle at 70° with respect
to the surface normal) the latter oxidation state is more
prominent than under less surface sensitive conditions (electron
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detection along the surface normal). This shows that the film
consists of a VO3 surface layer (as observed in STM), whereas
deeper layers of the film are reduced to VO3 as a result of
diffusion of oxygen to the surface. For the case of a V,05(001)
single crystal, similar results were obtained by purely thermal
reduction by Blum et al.*® It this case a single flash at 527 °C
was found to lead to a VeOjs-type surface structure (the
composition of the bulk was not investigated, but it was assumed
it would still consist of V,0s) which transformed into a defective
V,05(0001)-type structure after several cycles of annealing.

b. Thermal Stability. As mentioned previously, the thermal
stability of the films under UHV has been investigated with
TPD. Figure 11 shows data obtained for a closed V,0s(001)
film formed by three cycles of deposition and oxidation of 2.6
MLE V, and Figure 12 exhibits data pertaining to a film formed
by the oxidation of 5.2 MLE V (a V,05(001) film where some
parts of the interface are exposed). Finally, Figure 13 shows
the results corresponding to a film with a coverage of less than
one monolayer (formed by the oxidation of 0.26 MLE V). It
has been shown that such a film forms a well-ordered coinci-
dence structure.? The two last sets of TPD curves (Figures 12
and 13) are mainly discussed here to explain some of the features
observed in the data obtained for the closed V,0s5(001) film.
For clarity, in all cases the desorption curves have been plotted
in two separate graphs (the curves were recorded in the same
TPD run). Since the sensitivity of the mass spectrometer for
the various gases was not calibrated, the absolute values of the
partial pressure should not be given too much significance.
However, the signal for each fragment can be compared to some
extent from one experiment to the other.

The upper part of Figure 11 reveals that some vanadium oxide
fragments are released into the gas phase upon heating a
V,05(001) film in the temperature range between 500 and 660
°C. It thus appears that the oxide starts sublimating or
decomposing at a temperature of about 500 °C. The V.O,
desorption spectrum is divided in three regions: a rather broad
peak is first observed between 500 and 610 °C, with a maximum
at ~585 °C and a clear shoulder around 600 °C. A second very
sharp peak appears at a temperature of 616 °C, and a last broad
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Figure 13. TPD of a film formed by the oxidation of 0.26 MLE
V/Au(111).

desorption region can be observed between 625 and 660 °C.
Before discussing these features in more details, the reduction
of the film, which should be accompanied by a release of
oxygen, will be considered.

The O, desorption curve (lower part of Figure 11) contains
several peaks. The first broad peak situated between 300 and
420 °C can be attributed to a release of oxygen from the Pt
sample holder. In fact, the Pt parts surrounding the sample (see
Experimental Methods) are also exposed to 50 mbar O, during
the oxidation procedure, and they are expected to adsorb
considerable amounts of oxygen. It is well-known that O,
adsorbs dissociatively at room temperature on Pt.® The resulting
surface O atoms are generally observed to recombine and desorb
at temperatures around 300 °C to 600 °C (the exact temperature
depends on the surface plane, the coverage, the heating rate,
etc).’*%0 The position of the peak observed in our case
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Figure 14. XP spectra (V2p and Ols region) obtained after preparation
(a) and following 5 min of annealing in UHV at 450 °C (b) for a film
formed by two cycles of deposition and oxidation of 2.6 MLE
V/Au(111). The spectra have been shifted with respect to each other
in the y direction.

corresponds quite well to the flash desorption data reported by
P. R. Norton for Pt foils exposed to oxygen, where a broad
desorption feature starts at about 300 °C.%° A further argument
supporting this assignment comes from the fact that the intensity
of the peak is almost the same in the TPD spectra of all the
films, including the fractional coverage monolayer (compare
Figures 11 and 13). If this O, desorption peak would originate
from a reduction of the vanadium oxide layer, one would rather
expect its intensity to scale somewhat with the thickness of the
layer. The Feulner cup used in our experiments shields to some
extent the mass spectrometer from the molecules emitted from
the surrounding of the sample. However, a significant O, release
from the sample holder augments the pressure in the UHV
chamber and increases the quantity of O, molecules that can
reach the mass spectrometer detector by passing through the
small gap between the Feulner cup entrance and the sample
surface (~1 mm).

The O, intensity does not fully go down at higher tempera-
tures after the peak and continues increasing on a steady slope.
This seems to follow the evolution of the main chamber’s
pressure. A gradual warm-up of the Pt parts that are further
away from the sample and are not directly heated might
contribute to the gradual O, desorption/pressure increase. In fact,
XPS results indicate that no significant reduction of the films
takes place at 450 °C. This is evidenced in Figure 14, where
spectra acquired after preparation and following heating at 450
°C for 5 min are seen to be identical. The spectra have been
slightly shifted along the ordinate axis; otherwise the two curves
would be undistinguishable. There is a small O, desorption peak
at about 500—510 °C which is more clearly visibly after
magnification of the intensity scale (see Figure 11). This may
be due to a slight oxygen loss of the oxide layer. However, this
peak’s intensity and desorption temperature varies somewhat
from one preparation to the other, which means that it might
also originate from the sample holder. The sample holder plate
is exposed to oxygen when the sample is oxidized in 50 mbar
of oxygen at elevated temperature which means that it probably
contains much oxygen.

In contrast to the other O, desorption features observed at
lower temperatures, a very sharp and intense peak can be seen
between 560 and 610 °C in Figure 11. The peak reaches a



11844 J. Phys. Chem. C, Vol. 112, No. 31, 2008

maximum at ~590 °C and seems to coincide with the intensity
decrease of the first V,O, desorption feature. As mentioned
before, the latter has a high temperature shoulder at about 600
°C. These observations could be interpreted as follows: until
~560 °C, the oxygen loss is negligible while V,0s already starts
to sublimate at around 500 °C. However, at ~590 °C a
significant loss of oxygen probably accompanied by a structural
transition occurs, resulting in a sharp O, desorption peak. The
resulting reduced phase sublimates/decomposes at a slightly
higher temperature than V,0s, giving rise to the high temper-
ature shoulder at 600 °C. This phase might consists of VO3,
which would form via a lattice shear-plane mechanism.!° Since
the sublimation of the V,0s5(001) layer starts at a lower
temperature than the structural transition, one can expect that
for smaller thicknesses the sublimation of the V,0s(001) layer
will be complete before the transition can take place. This seems
to be the case for the film produced from 5.2 MLE V. Indeed,
as seen in Figure 12 the first broad V,0, desorption peak has
already lost all its intensity at 600 °C and does not have a clear
high temperature shoulder. Concomitantly, the 590 °C O,
desorption peak is very weak.

The rest of the desorption peaks seen in Figure 11 (610 °C
to 660 °C) can possibly be assigned to the decomposition/
desorption of the interface film, which is an oxide double-layer.?
This is supported to some extent by the monolayer film?® TDS
shown in Figure 13 (film formed by the oxidation of 0.26 MLE
V), which shows a single wide V,Oy desorption peak at ~645
°C. This roughly corresponds to the position of the last peak
observed in the VO, desorption curves shown in Figure 11.
Reduced species formed during the oxygen release at 590 °C
can also contribute to some of the desorption intensity observed
between 610 and 660 °C.

For all films, XPS revealed that after heating to 680 °C no
vanadium (or barely detectable quantities) remains on the
Au(111) surface. This observation leads to the conclusion that
no significant amount of V,0j3 is formed during the desorption,
since V503 is stable up to about 750 °C in UHV?’ and would
remain on the surface after TPD.

Concerning the removal of oxygen from the thick V,0Os films,
our results correspond quite well to the TPD data reported by
Dziembaj and by Lewis et al.®'-%* Dziembaj’s experiments were
carried on V,0s powders that were previously degassed and
reoxidized in situ, while Lewis et al. investigated micron-sized
V,0s crystallites that were grown on a gold foil by V,0s
evaporation and subsequently fully oxidized in air. In both cases,
the release of O, was observed to start slowly around 450 °C to
500 °C before an intense peak begins to appear at about 550
°C. The observation that only slight oxygen loss takes place
below 550 °C to 560 °C also corresponds to the findings of
Colpaert and co-workers.!? In their experiments on V,05 single
crystals cleaved in situ, they observed that after heating at 550
°C for 24 h the samples had lost some oxygen, but no structural
transition to a lower oxidation state could be detected with either
LEED or X-ray diffraction.

A number of studies have been reported on the reduction of
V705 in UHV, and, although the results of the investigations
mentioned above agree very well with our findings, some other
studies came to various different conclusions. Actually, several
authors reported that the reduction of V,0s occurs at much lower
temperatures. For instance, Heber and Griinert observed the
formation of substantial amounts of V4" species at the surface
of polycrystalline V,0s with XPS after annealing at temperatures
as low as 200 °C.57 More recently, Wu et al. also observed a
partial surface reduction of evaporated V,Os thin films to V4"
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at 200 °C.%* Their photoelectron spectra even revealed the
formation of V3* at 400 °C. In both communications, no
information concerning the possible formation of crystalline
structures of lower oxidation states were reported. In another
study, Devriendt and co-workers probed the surface of
V,05(001) single crystals annealed at 500 °C with LEED, XPS,
and X-ray photoelectron diffraction (XPD).% They concluded
that V¢0;3(001) forms at the surface under those conditions.
Only V3% and V#* species were detected with XPS, excluding
the presence of V3% at the surface. The thermal reduction of
V,0s in UHV has also been investigated with transmission
electron microscopy (TEM) by several groups. Su and Schlogl
investigated tiny V,Os flakes with TEM and electron energy-
loss spectroscopy (EELS).% Their samples were already slightly
reduced after heating to 200 °C. The EELS spectra and the
diffraction patterns indicated a phase transformation into V,03
via VO,: VO, was observed at 400 °C, a mixture of VO, and
V,03 was identified at 500 °C, and only V,03 remained at 600
°C. Ramana et al. did not observe the formation of reduced
phases below temperatures of 450 °C during their TEM
investigation of thin films grown by evaporation of V,05.%7
However, at 500 °C they identified a phase containing mainly
V,0s5 and smaller amounts of V,03 (V3") and V409 (a
superstructure with O vacancies in the V,Os lattice ). After
heating at 600 °C, only V,03 nanocrystals were seen to remain.
However, the authors acknowledged that in their case the
thermally induced reduction process might have been aided by
electron-beam-induced reactions.

From the examples mentioned above, it is obvious that the
results on the reduction of V,0s (including both the reduction
onset temperature and the observation of structural transitions)
vary significantly from one study to the other. This might
originate from several complications. First, the presence of
surface contamination has been shown to have a critical
influence on the reduction process.'>%* Colpaert et al. detected
a significant quantity of carbon contamination at the surface of
single crystals that were cleaved in air (not cleaved in the UHV
system).!? Reduction and a structural transition to VO3 was
observed at the surface of these samples after annealing at 550
°C, whereas the carbon-free surface of UHV-cleaved samples
retained the V,0s5 structure after the same thermal treatment
(only a “homogeneous” oxygen loss was observed). The
difference was attributed to a faster reduction rate at surfaces
contaminated with carbon (likely through the formation and
desorption of CO and CO,). If this rate is high enough with
respect to the bulk diffusion of O toward the surface, a critical
concentration of vacancies can be reached, allowing the
nucleation and the growth of VO3 at the surface through a
shear-plane mechanism. Lewis and co-workers also evidenced
the fact that the reduction of V,0Os is facilitated by the presence
of hydrogen atoms or carbon-containing species.®> Oxygen loss
through desorption of water was observed at about 150 °C for
surfaces dosed with activated hydrogen. After ethanol adsorption
(which was only possible at relatively high exposures), CO and
CO, were released upon heating around 400 °C. Thus, the
surface of contaminated samples will obviously get reduced at
lower temperature. In some case, this effect might be even more
pronounced since it is foreseeable that V,0Os powders and
crystals might get bulk-contaminated depending on how they
were produced, handled, or stored. Indeed, V,0s has a crystal
structure containing rather large cavities, and it is a material
that displays good intercalation properties,* thereby possibly
allowing the inclusion/diffusion of various impurities in its
lattice.
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Another factor that might partly explain the variance between
some of the reduction studies is the marked susceptibility of
V,0s to beam damage. As mentioned before, both X-ray'# and
electron beams!? have been shown to rapidly reduce vanadium
pentoxide. In the case of TEM investigations, it thus seems that
the contribution of electron beam-induced processes to the
observed reduction behavior cannot be fully neglected. Similarly,
studies where the samples were exposed to high X-ray doses
should be considered with care. In fact, Chenakin et al. showed
that significant V4" intensity appears in the V2p XPS signal of
V,0s after prolonged Mg Ko exposure.'4

Even though the reduction experiments mentioned above were
carried out with considerably different annealing times, it seems
that kinetic factors alone can not explain the divergence of the
results. A clear example supporting this affirmation is the fact
that Colpaert et al. did not observe significant reduction after
annealing 24 h at 550 °C, while Wu et al. reported the formation
of V3% following only 1 h of heating at 400 °C.

The observation that V,0Os starts to sublimate at about 500
°C in UHV is an interesting result in itself (V,0s has been
reported to melt at about 670 °C in ambient conditions®®%%).
To the best of our knowledge, the sublimation of vanadium
pentoxide in vacuum has not been investigated in detail yet.
Several V,0,-type molecules vaporizing from V,0s heated in
a Knudsen cell were detected by mass spectrometry by Berkow-
itz et al.”® However, the authors did not report at which
temperature the material was heated in the Knudsen cell. Farber
and co-workers also performed an effusive-mass spectrometric
study of the gaseous vanadium compounds evolving from V,Os,
but their investigated temperature range was limited to 730 °C
to 930 °C.7! Surprisingly, the sublimation of V,0s was not taken
into account in any of the studies on the thermal stability
mentioned previously. Our results show that V,0s can sublimate
before substantial reduction takes place (provided of course that
low temperature reduction due to contamination is avoided).
This means that in principle, near-stoichiometric films could
be grown by the evaporation of V,0s. Of course, the evaporation
temperature must be kept below the limit where significant
reduction occurs (~560 °C), a condition that most probably
severely restrains the achievable evaporation rate. In previous
works, much higher evaporation temperatures were sometimes
used (for example, 670 °C% and 840 °C!6). In these cases, it is
not very surprising that the resulting films were not fully
oxidized and contained some V** species.

Conclusions

Well-ordered V,05(001) thin films containing a low density
of point defects can be grown on Au(111) by evaporation of
vanadium and subsequent oxidation in 50 mbar O,. Although
the films display some azimuthal disorder, their surface shows
rather large (~20 nm) single crystalline domains and a low
density of steps (i.e., the films are “flat””). The growth of such
well-ordered V,05(001) thin films with a rather simple technique
is interesting and of considerable advantage for the undertaking
of model reactivity studies.

The V,05(001) films sublimate at temperatures above 500
°C, whereas significant reduction does not take place until 560
°C and no oxygen loss was detected below 450 °C. Surface
contamination appears to drastically influence the thermal
reduction of V,0s. Considering that V,0s is used as a catalyst
because of its ability to transfer oxygen to adsorbed molecules,
this is not very surprising.

The susceptibility of V,0s toward X-ray or electron irradia-
tion has also been evidenced in the course of our investigations.
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The creation of surface vanadyl oxygen vacancies after exposure
to X-rays has been probed with STM. The results confirm
theoretical predictions that the reduction occurs in a concerted
way, the vacancies preferentially appearing in groups (forming
rows along [010] and/or pairs along [100]).
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