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Abstract

Electronic structures of the vanadium/vanadium-oxide films supported on α-Fe2O3(0001) were studied by using X-ray photoemission
spectroscopy. The vanadium films were grown by evaporation of metallic vanadium at room temperature. The as-deposited V had a 3+ oxidation
state and the α-Fe2O3(0001) surface was reduced at the initial coverage. After complete reduction of interface iron atoms, metallic V started to
grow at a vanadium coverage greater than 2/3 monolayer. The V2O5 film was prepared by exposing the pre-deposited vanadium film to the atomic
oxygen at room temperature. Converting to the V2O5 film was accompanied by re-oxidation of the α-Fe2O3 at the interface. The reduction and re-
oxidation of interfacial iron manifest electron transfer between the adsorbed vanadium and substrate.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Material systems of metals or metal-oxides supported on
different type of oxides have been studied extensively due to
their wide applications in heterogeneous catalysis and gas
sensors [1]. Despite this considerable interest, the morphology
of the supported metal or metal oxide, the active sites and role of
supporting oxides in catalytic reaction need to be explored
further to design and to understand a new types of catalysis for
specific reactions.

Supported vanadium oxide has been used in the manufacture
of important chemicals and in the reduction of environmental
pollution [2]. In supported vanadium oxide catalysis, a
phenomenon known as monolayer catalysis has been reported
[3]. Here a submonolayer vanadium oxide film supported by
appropriate oxide displays greater catalytic activity when
compared to multilayer vanadium oxide films. The monolayer
catalysis indicates significant role of the supporting oxide
substrate. Significance of reducibility of the supporting oxide
has also been proposed [4]. In many cases, the catalytic activity
of vanadium oxide has an oxidation state dependency and the
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existence of 5+ oxidation state is crucial for catalytic reactions
[5,6].

There have been significant efforts to prepare vanadium
penta-oxide on various metal-oxide substrates due to this
significance of 5+ vanadium catalysts [7]. So far, the effort to
grow a V2O5 film on a different oxide substrate was only
successful for growing monolayer films on TiO2(110) [6, 8] and
CeO2(111) [9] substrates. The previous efforts can be
categorized either as post-annealing of a pre-deposited
vanadium film in relatively high oxygen partial pressure of
10−3 Torr [6, 9] or as co-dosing of VOCl3 and water followed
by annealing in 2×10−6 Torr of molecular oxygen [8]. The
V2O3 films appeared to be the most stable vanadium oxide form
grown on many oxides substrate [7,9–12].

As most stable form of iron oxide, α-Fe2O3 (hematite) has
wide application in fields of heterogeneous catalysis, corrosion
and gas sensing [1]. Vanadium oxide on α-Fe2O3 is an
interesting system since V2O3 and α-Fe2O3 are isostructural,
as both share the corundum structure. An oxidation of interface
atoms has been observed in vanadium films grown on oxide
substrates [11–14]. In films grown on corundum substrates,
Al2O3 [11] and Cr2O3 [14], vanadium atoms in metallic and 3+
oxidation state have been observed. Evolution of oxidation state
of vanadium as function of film thickness could provide insight
of interface oxidation in metal/oxide system.
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Fig. 1. The work function as a function of deposition time and estimated V
thickness. The inset shows the rapid decrease of the work function at the early
stage of deposition. The arrows mark 1.0 monolayer equivalent V coverage.
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By exposing pre-deposited vanadium films to an atomic
oxygen gas flow, we were able to prepare multi- and sub-
monolayer vanadium penta-oxide supported on a α-Fe2O3

(0001) substrate. In this paper, we report about the electronic
structures of the vanadium and vanadium oxide films grown on
a α-Fe2O3(0001) substrate.

2. Experimental details

The vanadium deposition and X-ray photoelectron spec-
troscopy (XPS) measurements were carried out in an ultra-
high vacuum (UHV) chamber by using a Knudsen-cell
evaporator, a dual anode X-ray source and a PHI hemi-
spherical electron energy analyzer. The chamber was also
equipped with low energy electron diffraction (LEED) and
gas sources. The base pressure of the chamber was
5×10−11 Torr.

The α-Fe2O3(0001) sample was purchased from Commer-
cial Crystal Laboratories as a 1.0-mm-thick polished wafer.
Degreased samples were mounted on a molybdenum sample
holder, which could be heated from the backside by thermal
radiation from a hot tungsten filament. The sample temper-
ature was monitored using optical pyrometer and a thermo-
couple attached near the sample holder. The clean surface was
prepared by annealing the sample at 450 °C under a stream of
atomic oxygen gas. The chamber pressure of 1×10−6 Torr
was kept during sample annealing and also during cooling
down to room temperature. The atomic oxygen flow was
produced by passing molecular oxygen gas through a
refractory capillary tube (MANTIS Deposition, TC50, 60 W
power) heated to 975±50 °C by an e-beam bombardment
method. Due to the directional flow of the gas actual oxygen
partial pressure at the sample surface would be higher than
the chamber pressure. The ratio of atomic oxygen to
molecular oxygen determined by quadrupole mass spectrom-
eter was 1.5. After annealing in the atomic oxygen
environment for 30 min a sharp (1×1) LEED pattern was
observed from the surface. No carbon contamination was
detected in XPS. The main impurities of Ca and K from the
natural crystal were detected in XPS with less than 0.05
monolayer (ML).

The vanadium (99.9 %, Goodfellow) was successively
deposited on to the α-Fe2O3(0001) substrate by means of a
Knudsen cell evaporator. During the deposition sample was at
room temperature and chamber pressure was better than
2×10−9 Torr. After characterizing as-deposited vanadium
films with XPS, vanadium oxides were then prepared by
exposing the deposited vanadium to the atomic oxygen. During
the atomic oxygen exposure sample was kept at room
temperature to avoid a possible inter-diffusion of vanadium to
the α-Fe2O3 substrate.

XPS measurements were performed with a non-monochro-
matic Al Kα X-ray source and with a hemispherical electron
energy analyzer. No charging from the sample was observed
during the measurements. The work function changes were
measured from shifts of the secondary electron cut-offs of the
XP spectra taken from the negatively biased sample.
3. Results and discussion

Fig. 1 shows how the work function changes with increasing
film thickness. The work function of the clean α-Fe2O3(0001)
surface was measured from the difference between the
excitation energy (1486.6 eV for Al Kα1,2) and the entire
width of the XP spectra (KE(EF)−KE(Ecut-off)) obtained from
negatively biased sample. The measured work function of
5.38 eV is similar to previously reported theoretical and
experimental values [15,16]. From different types of iron
oxides similar work functions were observed, FeO(111) 5.90 eV
and Fe3O4(111) 5.52 eV [17]. As the V deposition proceeds the
work function change shows three distinct stages. In an early
stage of deposition, the substrate work function decreases
rapidly. Then the work function increases slowly after reaching
a minimum and approaches 3.95 eV. Finally, the work function
of the thick film decreases again and approaches 3.81 eV. It is
worthwhile to note that reported work function of bulk
vanadium metal varies between 4.10 eVand 4.65 eV [13,18,19].

The initial work function reduction can be understood as a
result of electron donation from deposited vanadium to α-Fe2O3

surface layers. This interpretation is supported by changes in the
oxidation state of V and interface Fe as described bellow. In
analogy to an alkali metal system [20] the observed work
function minimum can be explained by de-polarization of a
vanadium-induced dipole moments due to an increasing
interaction between the dipoles at a higher coverage. In alkali
metal system the work function increases as result of back-
donation of electrons to the deposited alkali metal. Adsorption
site change and morphology change (including island formation
which occurs as the coverage increases) can also affect surface
work function [21]. As the vanadium coverage increases, LEED
patterns changed to a dimmed (1×1) with increased background
intensities. The dimmed (1×1) pattern was maintained even
after the α-Fe2O3 substrate is covered by a thick vanadium film,
which implies a three-dimensional vanadium island growth.
Since the spill-over of electron at step edge creates dipole
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Fig. 3. O 1s, V 2p spectra with increasing vanadium coverage. Guidelines are
drawn to connect the oxide peaks with constant binding energy and the metallic
peaks with shifting binding energy.
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moments opposite to the flat surface, steps cause overall
reduction of work function [22]. Deviation of work function
from bulk value for the thick film can be attributed to the 3D
vanadium island formation which introduces step edges.

Along with the work function changes, there were
corresponding changes in Fe 2p and V 2p XP spectra. As
manifested in the Fe 2p spectra shown in Fig. 2, donated
electrons from the deposited vanadium were transferred to the
Fe. This subsequently changes the oxidation state of the Fe from
+ 3 to + 2. In addition to a small shift (1 eVat most) in the peak
position, the 2p XP spectra from Fe ions have a distinct
oxidation-state-dependent satellite features that indicated as
arrows in Fig. 2. The 2p spectrum from the Fe2+ ions have
satellite peaks separated toward higher binding energy by 6 eV
from the main peaks and the Fe3+ ions have satellites at 8 eV
higher binding energy sides of the main peaks [23–25]. As the
vanadium coverage increases, the contribution from the Fe2+

ions increases and the 2p spectrum changes gradually from that
of Fe3+ to Fe2+ ion.

The vanadium deposits are oxidized after donating electrons
to the α-Fe2O3 substrate. The binding energy of 515.7 eVof the
V 2p3/2 peak in a low coverage region is close to the vanadium
in the 3+ oxidation state (V3+ at 515.85 eV, V5+ at 517.2 eV [26]
and V0 at 512.2 eV [27]). The binding energy of the V3+ peak
does not change in a thicker film (dotted guideline in Fig. 3). At
a higher coverage additional peak is developed showing
characteristics of a spectrum from a metal that has a continuous
electron energy loss tail in its higher binding energy side. As the
vanadium coverage increases, the binding energy of the metallic
peak changes slowly (solid guideline in Fig. 3) from 513.3 eV to
512.8 eV. The continuous shift of binding energy indicates that
the metallic peak might be originated from vanadium clusters of
which the size increases as coverage increases [28].
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Fig. 2. Change of Fe 2p spectra with increasing vanadium coverage with the
clean α-Fe2O3 surface spectrum at the bottom. Dashed line corresponds to
spectrum from c.a. 1 MLE vanadium film. Arrows indicate characteristic
satellite peaks from 3+ and 2+ iron ions. Vertical line is to guide the eyes for
small peak position shifts.
The XP spectra in the valence band region are shown in Fig.
4. Along with the development of V2O3 that shows metallic
behavior, the intensities at the Fermi level increase. As the
metallic V peak starts to grow, the intensity at the Fermi level
increases further. Especially the spectrum from the second
thickest film shows the characteristics of a metal spectrum,
which has featureless plateau from 4 eV up to the Fermi level.
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Fig. 4. Valence band spectra with increasing V coverage.



Fig. 6. (a) Integrated intensities of Fe 2p spectra (filled circle) and Fe2+

contribution to Fe 2p spectra (filled square) as function of deposition time.
Integrated intensities of O 1s (b) and V 2p3/2 (c). Solid lines represent fitting
result for changes of Fe 2p and metal V 2p intensities caused by the vanadium
film growth.
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For quantitative analysis, the Fe 2p spectra were recon-
structed from reference spectra from Fe3+ and Fe2+ ions. The Fe
2p spectrum from clean α-Fe2O3(0001) surface was used for
Fe3+ reference. The Fe 2+ reference spectrum was taken from Ar
ion sputtered α-Fe2O3(0001) surface where majority of
subsurface Fe ions are in 2+ oxidation state [23,29]. The
sputtering was performed with 500 eV ion energy at a 1.5 μA
sample current for 20 min. The iron metal peak was not
observed from the sputtered surface. The background due to
inelastic scattering of photoelectrons was calculated with the
Tougaard formalism [30] and subtracted from the measured
spectra. The differential inelastic cross section K(E,T) for the
photoelectron with primary energy E and energy loss T was
approximated to a universal cross section as λK(T)=BT/(1+
(CT)2), where λ denotes the inelastic electron attenuation. The
constant value for C was taken as 1643 eV2 from the literature
[30]. The value of B was selected so that the universal formula
can give reasonable background for a spectrum of a wide
binding energy region from the clean surface. The selected
constant B of 2380 eV2 is comparable to values used by other
groups for iron oxide studies [31,32]. As an example of the
reconstruction, the Fe 2p spectra for 50 min of vanadium
deposition are shown in Fig. 5. The measured spectrum was
reconstructed with contributions of 43% of Fe3+ and 57% Fe2+

reference spectra. Fig. 6a shows integrated intensities of
measured Fe 2p spectra with background correction and the
ratio of the Fe3+ to the Fe2+ reference spectra used to compose
the spectra. The integrated intensities of Fe 2p photoelectron
diminished with increasing deposition time. The vanadium film
thickness was estimated through fitting of an attenuation of the
substrate Fe 2p photoelectron signal to exp(− t/λFe) and the
growth of metal V 2p3/2 intensities to 1−exp(− (t− to)/λV). The
λ, t and to denote effective attenuation length, total film
thickness and the onset thickness at which the metal V appears,
respectively. The best fit gives deposition rate of 0.014 Å/min
with effective attenuation lengths of 14.3 Å and 17.0 Å for Fe
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Fig. 5. Fe 2p spectra of V/α-Fe2O3(0001), V deposited at room temperature for
50 min. Circle: raw XPS data. Dashed line: contribution for Fe2+ ions. Dotted
line: contribution from Fe3+ ions. Dash-dotted line: Tougaard background. For
the reconstruction 43% Fe3+ and 56% Fe2+ contributions were used.
2p and V 2p3/2 photoelectrons, respectively [33]. This
estimation should be taken as an approximation since it is
accurate only for layer by layer film growth. The film thickness
was converted to coverage based on V density 6.11 g/cm3. The
coverages are referred in “monolayers equivalent” (MLE) to
account V island formation. 1 MLE of vanadium was defined to
be 0.91×1015 atoms/cm2 which is the density of Fe atoms in the
α-Fe2O3(0001) surface.

The oxygen and vanadium spectra were fitted with a Doniac-
Sunjic lineshape for metallic vanadium peaks and with a Voigt
function (Gaussian convoluted Lorentzian) for the other oxide
peaks. In both cases a Shiely-type background was used.
Unfortunately, the V 2p XP spectra excited by Al Kα1,2 overlap
with O 1s peaks excited by Al Kα3 and Kα4. The relative
positions and intensities of the O 1s peaks excited by Kα3,4 and
Kα1,2 were obtained by fitting the spectra from the clean
surface. The obtained fixed relation of position and intensity
was used during fitting procedure to take account excitations by
Kα3,4. As shown in Fig. 6(c), the V 2p metallic peak intensities
started to develop above a thickness of 2/3 MLE where the
substrate Fe 2p are mostly in 2+ states. Following an initial
growth, the vanadium oxide peak intensities approach constant
values after showing a maximum at about 150-min deposition.
The behavior of the vanadium oxide photoelectron intensities
could be due to an oxidation of the outer metallic vanadium
surface layers by residual oxygen in the UHV chamber. The
existence of the surface vanadium oxide layer can be seen from
the non-vanishing oxygen signal (Fig. 6(b)) even after the Fe
signal attenuated to background level. Contrary to the Fe
photoelectrons, the intensities of the O 1s peaks were not
attenuated to zero but approach a finite value.

The vanadium deposition on α-Fe2O3(0001) can be
summarized as follows. At the early stage of film growth,
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the deposited vanadium is oxidized to V3+ after donating
electrons to the substrate. The electron transfer also causes
the work function to decrease, and reduction of the substrate
Fe ion from a 3+ to 2+ oxidation state. Above a film
thickness of 2/3 MLE, the near surface Fe ions are mostly in
a 2+ oxidation state and the vanadium metal clusters start to
grow.

As shown in Fig. 7(a), exposure to a flow of atomic oxygen
at room temperature oxidized a thick vanadium film resulted
from 770 min of accumulated V deposition. The V 2p3/2 XP
spectrum showed a single peak at the binding energy of
517.0 eV which can be assigned to V2O5. The assignment of the
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Fig. 7. (a) Effects of the atomic oxygen exposure and vacuum annealing in O 1s
and V 2p spectra of vanadium film produced by 770 min of deposition. Changes
in O 1s and V 2p spectra (b) and Fe 2p spectra (c) caused by the atomic oxygen
exposure to submonolayer vanadium film.
oxidized film to V2O5 is evident from a sharp feature of the V
2p spectrum that originates from a d0 electronic configuration of
the 5+ vanadium ions. To check the change of the V3+

component in the sub-monolayer film, the 0.64 MLE vanadium
film was prepared and exposed to the atomic oxygen flow at
room temperature. The vanadium deposits in the 3+ oxidation
state also fully oxidize to the 5+ oxidation state upon atomic
oxygen exposure (Fig 7(b)).

Interestingly, the Fe 2p spectrum composed from a mixture
of 3+ and 2+ iron ions with the as-deposited 0.64 MLE film
changed to a spectrum from pure 3+ iron ions after the atomic
oxygen exposure (Fig. 7(c)). Similar reduction and re-oxidation
of substrates has been reported in systems of vanadium films on
other types of metal oxides [9,13,14]. For the 0.64 MLE film,
the exposure to the atomic oxygen source introduced distinct
energy gap in valence band region.

The thermal stability of vanadium oxide films is usually
hampered by the inter-diffusion of the vanadium deposits into
the α-Fe2O3 substrate upon heating of the substrate. Since the
inter-diffusion behavior of metals and their oxide form can
differ, we annealed vanadium oxide films prepared by the
atomic oxygen exposure. Interestingly, the multilayer V2O5 film
is stable upon annealing in the sense that the V5+ does not
convert to V3+ contrary to the V2O3 multilayer formation on
CeO2(111) substrate. Post-annealing under 1×10−3 Torr O2

converted multilayer vanadium films on a CeO2(111) to V2O3

films [9]. Although there was a decrease of the V 2p XPS
intensities caused either by diffuse-in or desorption of
vanadium, the vanadium penta-oxide prepared on α-Fe2O3

(0001) with atomic oxygen exposure was stable up to 450 °C
(Fig. 7(a)).

4. Summary

The electronic structure of vanadium and vanadium oxide
films prepared on a hematite (α-Fe2O3)(0001) substrate has
been studied. At submonolayer coverage, the vanadium
deposits achieve a 3+ oxidation state by donating electrons to
the substrate. The transferred electrons caused a substrate work
function decreases and a reduction of the substrate Fe ions from
3+ to 2+ oxidation states. Metallic vanadium started to grow
after whole reducible interface Fe ions are changed to 2+.
Exposure of the vanadium films to atomic oxygen converted the
films to vanadium penta-oxide films. Re-oxidation of substrate
Fe ions was observed during the formation of sub-monolayer
vanadium penta-oxide. The observed reduction and re-oxida-
tion of the supporting α-Fe2O3 imply a significant role of a
supporting oxide in heterogeneous catalysis where reduction
and re-oxidation of vanadium oxide catalysts would take place
during catalytic reaction.
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