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Effects of O2 pressure on the oxidation of VOx/Pt(111)

Zhenyan Tang, Shaolin Wang, Lihua Zhang, Ding Ding, Mingshu Chen* and
Huilin Wan

Vanadium oxide (VOx) has been extensively used in many oxidation and selective oxidation reactions.

In this study, VOx thin films were prepared in an ultra-high vacuum (UHV) chamber by evaporating V onto

a Pt(111) surface followed by subsequent oxidation at 623 K in 1 � 10�7 Torr O2, and further oxidized in

the ‘high-pressure’ reaction cell with 1 Torr O2. The film quality and structure were investigated by high-

resolution electron energy loss spectroscopy (HREELS), X-ray photoelectron spectroscopy (XPS), low energy

electron diffraction (LEED), low energy ion scattering spectroscopy (LEIS), Auger electron spectroscopy

(AES), and in situ infrared reflection absorption spectroscopy (IRAS). On the Pt(111) surface, VOx forms

isolated OQVOx (x = 0–3) species, surface two-dimensional (2D) (2 � 2)-V2O3 domains, a bi-layer structure

with a (3O3 � 6) arrangement, and a complicated tri-layer structure as the coverage increases from

submonolayer to multilayer. Under the UHV conditions, the oxidation state of V is mainly +3 and the

stability was found to be surface V2O3 4 bi-layer V2O3 4 tri-layer one. After exposing to 0.3–1 Torr O2,

VOx can be oxidized to higher oxidation states, mainly V2O5, as evidenced by the shifts of the core-level

binding energies and presence of VQO. These results indicate that thorough oxidation of VOx requires

sufficiently high O2 pressure, and that vanadium-based catalysts may possess higher oxidation states under

most reaction conditions in the presence of O2.

Introduction

The interesting physical and chemical properties of vanadium
oxides, originated from a variety of vanadium oxidation states
and coordinated oxygen species, have inspired numerous studies
in the past several decades.1–13 Moreover, vanadium oxide has
been widely used in heterogeneous catalysis, particular in oxida-
tion and dehydrogenation of alkanes,14–22 and also in the oxida-
tion of SO2 to SO3 (ref. 23) and the selective catalytic reduction
(SCR) of nitric oxides.24,25 The broad applications of vanadium
oxide make it an interesting model system to study the influence
of the surface structure on the catalytic properties. Understand-
ing the detail structures and oxidation states of vanadium oxides
on a molecular level is the key factor in designing more efficient
catalysts. Such studies should provide very useful information
for designing highly efficient catalysts.22

Thin films of vanadia have been studied on several well-
defined metal oxide surfaces like TiO2(110),26–30 Al2O3,6,7,31,32

CeO2,21,33–36 and many metal crystal surfaces.9,34–50 These
studies provided opportunities for better understanding the

relationships between the structures and catalytic activities,
and the promotion effects of the supports. Especially, on single
crystal metal surfaces, well-defined vanadia thin films can be

grown. Somorjai’s group36 prepared an ordered ð
ffiffiffi
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Þ

R301-V2O3 film on a Au(111) surface by depositing vanadium
followed by subsequent oxidation. Kishi and Fujiwara37,38

reported that a V2O3-like oxide phase formed on Cu(100) when
oxidized at room temperature and ordered VO(111)-like struc-
tures formed on both the Cu(100) and Ni(110) surfaces oxidized
at 523 K. Well-ordered V2O3(0001) films with vanadyl groups
were grown on W(110) and Au(111).3,4,39 Well-ordered V2O5(001)
thin films on Au(111) were prepared by oxidation of the vanadia
in 38 Torr O2 and used as a model surface to investigate the
catalytic reactivity for partial oxidation of methanol.39–41 Thin
films of vanadium oxides on Pd(111)42–47 and Rh(111)8,48–51

have also been studied in detail. Literature reported results
showed that the structures and properties of vanadia thin films
were affected significantly by the substrate surface and thick-
ness. It had been shown that a NaCl-type VO film and VOx

(0.8 r � r 1.3) epitaxial films can be grown on the Pt(111)
surface by evaporating vanadium in a controlled water back-
ground (8 � 10�10 Torr).52

One of the key issues for partial oxidations over the sup-
ported vanadium-based catalysts is which oxygen species,
VQO, V–O–V, or V–O-support, is the most active or selective
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oxygen species. In our serial work, we first selected the Pt(111)
surface as the substrate to grow model vanadia surfaces,
regarding that the bulk Pt is stable under the most catalytic
reaction conditions and relatively simple in vibrational spectro-
scopies as compared to oxide supports. The vanadia thin films
were grown by depositing vanadium onto the Pt(111) surface in
UHV followed by subsequent oxidation. Well-ordered mono-
layer and bi-layer films were found to form at one and two
monolayers, respectively. Isolated vanadyl (OQVOx) forms at
submonolayer, and a third attached layer formed at 2 ML o
y o 3 ML. The effects of the ‘high pressure’ oxygen on these
films were examined and discussed.

Experimental

The experiments were carried in two ultra-high vacuum (UHV)
chambers with a base pressure of 5 � 10�10 Torr. One equipped
with a high-resolution electron energy loss spectrometer
(HREELS, LK-5000), an elevated-pressure reactor furnished
with an in situ infrared reflection absorption spectroscope
(IRAS), low-energy electron diffraction (LEED), and an Auger
electron spectrometer (AES). The HREELS measurements were
performed in a specular reflection geometry ~in = ~out = 351
with a primary energy of 7.254 eV and a typical resolution of
B2 meV. The AES data were acquired with a primary beam
energy of (2.5 keV). The second chamber was equipped with an
X-ray photoemission spectrometer (XPS) and a low energy ion
scattering spectrometer (LEIS) (Thermo Multilab 2000). XPS
measurements were performed using Al Ka (1486.6 eV) and a
hemispherical analyzer with a 10 mm diameter sample collec-
tion area. LEIS was done using 1 keV He+ generated in a hot
cathode ion gun, directed at the sample with a 451 angle of
incidence, and a pass energy of 50 eV.

The Pt(111) sample was mounted with a Ta wire that is
heated resistively. A C-type (W-5%Re/W-26%Re/W) thermo-
couple was spot-welded on the backside of the sample. The
sample was cleaned by repeated Ar+-sputtering and subsequent
annealing at 1100 K in UHV. The sample may be heated at
800 K in O2 to remove carbon contamination before being
annealed at 1100 K in UHV. The cleanness of the Pt(111)

sample was confirmed by AES/LEED and XPS. Vanadium was
deposited under UHV from a resistively heated tantalum fila-
ment wrapped with high purity vanadium wire (99.999%). The
coverage of one monolayer (ML) was defined from the break-
point obtained from the plot of AES or XPS V/Pt ratio versus the
deposition time, in which a single atomic layer of oxide film
was supposed to cover the whole substrate surface. This was
also confirmed by the LEIS and HREELS measurements using
CO as a probe. High purity CO (Hong Kong Specialty Gases Co.,
Ltd.) was further purified by a liquid nitrogen trap before being
introduced into the chamber and the sample was kept at room
temperature during CO adsorption experiment.

Results and discussion

The vanadia thin films were prepared by depositing V onto the
Pt(111) surface at room temperature in UHV followed by sub-
sequent oxidation at 623 K in 1 � 10�7 Torr O2 for 10 min. The
AES ratio of V/Pt as a function of the V deposition time is
displayed in Fig. 1(A). Two break-points are evidenced at 15 and
30 min. This demonstrates a layer-by-layer growth model. The
amount of VOx at the deposition time of 15 min was defined as
one monolayer (1 ML), which corresponds to a full cover of the
Pt(111) surface by a one atomic layer of VOx. The full cover of
the Pt(111) surface at the first breakpoint was confirmed
by LEIS (Fig. 1(B)), which is a surface-sensitive technique,
acquiring information from the topmost one atomic layer.53

As shown in Fig. 1(B), with an ion beam energy of 1000 eV, the
O, V and substrate Pt are peaked at 430, 730, and 910 eV,
respectively. At submonolayer, scattering from the surface Pt
atoms are still observed; while at and above one monolayer, no
Pt signal is detected.

HREELS was applied to characterize the vanadium oxide
thin films. Fig. 2 shows HREEL spectra for the VOx/Pt(111) with
VOx coverages of 0.3–1.0 ML. For coverages below 0.5 ML, the
phonon features of the VOx/Pt(111) consist in a strong loss peak
at 128 meV, which can be attributed to the stretching vibration
of the vanadyl group (VQO).3,45 Concurrently, there appears a
weak loss peak at 94–96 meV probably related with the V–O–Pt
vibration and a weak peak at around 61 meV corresponding to

Fig. 1 (A) V/Pt AES ratios as a function of the deposition time; (B) LEIS spectra for the VOx /Pt(111); (C) O/V LEIS ratios as a function of the VOx coverage.
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Pt–O species on the uncovered Pt surface.54 The 0.5 ML VOx/
Pt(111) surface still exhibits a (1 � 1) LEED pattern with respect
to the Pt(111) substrate (Fig. 3(a) and (b)). These results suggest
that the VOx on Pt(111) may form OQVOx (x = 0–3) as an
isolated species or small incommensurate domains that are
randomly located on the surface, as shown in Fig. 4(A).

As the VOx coverage continuously increases above 0.5 ML, a
phonon peak at 69 meV appears and becomes dominant, while
the loss peak at 128 meV fades away. Simultaneously, a (2 � 2)
LEED pattern appears. At 1 ML, there is only one phonon loss at
69 meV, and exhibits a sharp (2 � 2) LEED pattern (Fig. 3c).
These results evidence the formation of a well-ordered surface
structure. There are three possible arrangements of the O and V
atoms, O–V–Pt, V–O–Pt and O–V–O–Pt, as shown in Fig. 4(B)–a,
b, and c, respectively, among which a and b should have only
one phonon feature associated with oxygen, while c should
have at least two phonon losses. To clarify this uncertainty, the
off-specular HREEL spectrum which provides for both the
perpendicular and parallel vibrational modes was measured
and compared in Fig. 2A. There is no new loss feature appeared
in the off-specular spectrum, confirming that in the 1 ML

VOx/Pt(111) there is only one vibrational mode that oxygen
involves. Hence the stacking sequence of O–V–O–Pt in
Fig. 4(B)–c can be excluded. Regarding that, a single loss feature
of 68 meV and a (2� 2) LEED pattern were also observed for the
1 ML VOx/Pd(111).45,46 The 1 ML VOx/Pd(111) was proposed to
be a surface V2O3, noted as s-V2O3, in which the V atoms bond
directly with the surface Pd atoms and oxygen atoms locate on
the topmost bonding with the V atoms and forming V–O–V
bridges.45,46 The single phonon mode at 69 meV and a (2 � 2)
LEED pattern observed for the 1 ML VOx/Pt(111) suggest a
surface structure resembling that of the 1 ML V2O3/Pd(111).
That is a surface V2O3 formed on the Pt(111) surface with V
atoms bonding directly to the surface Pt atoms and oxygen
atoms on the top layer forming V–O–V bridges, as indicated
in Fig. 4(B)–a. The FeO/Pt(111) was also proposed to have a
O–Fe–Pt arrangement.55

CO was used to probe the growth of VOx on Pt(111), as
shown in Fig. 2B. On the clean Pt(111) surface, two nCO loss

Fig. 2 (A) HREEL spectra for the VOx/Pt(111) with VOx coverages of 0.3–1 ML. The coverages of VOx were indicated in the figure. A spectrum of the 1 ML-V2O3 on
Pd(111)45 was compared at the top panel. (B) HREEL spectra for the VOx/Pt(111) with saturated adsorption of CO at room temperature.

Fig. 3 LEED patterns of the VOx/Pt(111) surfaces: (a) clean Pt(111) at 63 eV,
(b) 0.5 ML VOx/Pt(111) at 63 eV, (c) 1 ML VOx/Pt(111) at 58 eV, (d) 1.3 ML VOx/Pt(111)
at 51 eV, (e) 2 ML VOx/Pt(111) at 53 eV, (f) 2.5 ML VOx/Pt(111) at 63 eV.

Fig. 4 Structure models (side-view) for the VOx/Pt(111) at coverages of
(A) 0.3–0.5 ML, (B) 1 ML, (C) 2 ML, and (D) 3 ML.
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peaks of 259 and 229 meV and a loss peak of 57 meV assigned
to the Pt–C vibrations are observed, respectively.56 Exposing
VOx/Pt(111) surface to CO at room temperature appear similar
nCO loss features as on the clean Pt(111), the intensity of which
decreases as the VOx coverage increases up to 1 ML. However,
the loss features corresponding to VOx change significantly, i.e.
128 to 69 meV, especially for those with VOx coverages less than
0.5 ML. And a (2 � 2) LEED pattern appears instead of the
(1 � 1). Such results reveal that the OQVOx(x = 0–3) species at
low coverage is isolated on the surface and compressed into 2D
surface V2O3 domains upon coadsorption with CO.

Fig. 5 shows HREEL spectra for one to multi-layer VOx films
on the Pt(111) surface. At 1 ML, the loss peak at 69 meV is
characteristic of a s-V2O3. Above 1 ML, a new loss peak at
62 meV appears, sacrificing the intensity of the loss peak at
69 meV. This change completes as the VOx coverage increases
up to 2 ML. At the same time new LEED spots corresponding to
a (3O3 � 6) pattern appear (Fig. 3D), and become sharp and
solely at 2 ML (Fig. 3E). Such a LEED pattern was observed
for 0.8 MLE TiOx on Pt(111), and named as a zigzag-like
structure.57 The apparently different LEED patterns for the 1
and 2 ML films conclude that the second VOx layer is not
epitaxial on the first layer, but reconstructs to a different
arrangement. The phonon feature of 62 meV was also observed
for a porous (2 � 2)-V2O3 phase obtained by reducing a (4 � 4)
V5O14/Pd(111) surface47 and for a reduced 0.25 MLE Rh(111)-
(O7 � O7)R19.11 VOx.48 The phonon loss peak at 62 meV is
broader comparing to the loss peak at 69 meV (Fig. 5). It should
consist of at least two phonon features. Based on the above
information, three possible structures, O–V–V–O–Pt, O–V–O–V–
Pt and O–V–O–V–O–Pt, were proposed in Fig. 4(C)–a, b and c,
respectively. In the s-V2O3 (Fig. 4(B)–a), the oxidation state of
the V is +3. In the structures of O–V–O–V–Pt and O–V–O–V–O–Pt
(Fig. 4(C)–b and c), the oxidation states for the V atoms in the
upper layer should be higher than +3 since those V atoms bond
with more oxygen atoms as compared to that in O–V–Pt

structure (Fig. 4(B)–a). A higher loss energy of the loss peak
related with V–O–V would be encountered.58,59 Therefore, the
O–V–O–V–Pt and O–V–O–V–O–Pt structural models can be
excluded regarding that loss peak shifts from 69 to 62 meV.
Surnev44 also reported that the growth of additional adlayers on
the s-V2O3, i.e. a O–V–O–V–Pt model, was not favored. Here,
another structural model of O–V–V–O–Pt was proposed. Since
the electronegativity of Pt is higher than that of V, the charging
amount of the V atoms in the upper layer for the O–V–V–O–Pt
(Fig. 4(C)–a) would be less than that for the O–V–Pt (Fig. 4(B)–a).
Hence, a lower loss energy is expected for this V–O–V species.
This is consistent with the experimental observation of the shift
of loss energy from 69 to 62 meV.

For coverage exceeding 2 ML (Fig. 5), the phonon peak of
128 meV corresponding to the VQO appears again together
with a phonon at 90 meV, while the phonon at 62 meV
maintains. This suggests that the third layer may attach weakly
on the second layer, consistent with the layer-by-layer growth of
VOx as seen from the AES break-point (Fig. 1(A)). This is also
supported by the top surface layer information obtained by
LEIS (Fig. 1(B) and (C)). Note again that LEIS is a surface-
sensitive technique in probing the topmost layer of a solid
surface.53 As the VOx coverage increases from submonolayer to
1 ML, the ratio of the O/V LEIS intensities continuously
decreases to a constant value at 1 ML which maintains up to
2 ML (Fig. 1(C)). The initial decrease of the O/V ratio should be
contributed to the surface chemisorbed oxygen on the Pt
substrate surface. The constant value for 1 ML to 2 ML reveals
that the surface composition should be similar for surfaces of
1 ML and 2 ML. Above 2 ML, the O/V LEIS ratio increases
quickly, suggesting the formation of a high oxygen involved
topmost surface. This is consistent with the HREELS results
that a strong loss peak at 128 meV appears above 2 ML, i.e. an
oxygen terminated VQO species located on the topmost layer.
The LEED pattern becomes complicated.

The thermal stability of the VOx/Pt(111) surfaces with differ-
ent thicknesses was investigated by annealing at various tem-
peratures. When the 0.4 ML VOx/Pt(111) surface was annealed
above 673 K, the isolated OQVOx(x = 0–3) species networked to
the surface V2O3 domains as evidenced by the disappearance of
the 128 meV phonon and the appearance of the 69 meV phonon
(Fig. 6A) and a (2 � 2) LEED pattern. This reveals that the
isolated OQVOx(x = 0–3) species bonds weakly and is mobile on
the Pt(111) surface, consistent with the results observed in
coadsorption with CO. For a 1 ML VOx/Pt(111) surface, the
phonon features, as well as the LEED patterns, do not change
upon annealing between 623 and 773 K, as shown in Fig. 6B.
The 2 ML VOx/Pt(111) surface is stable up to 673 K, but
decomposes gradually when annealed at 723 K, as evidenced
by the shift of the phonon peak from 62 to 69 meV and the
decrease of the V/Pt AES ratio (Fig. 6(C)). Annealing the 2.5 ML
VOx/Pt(111) surface at above 673 K observes weakening of the
VQO loss peak at 128 meV, as well as a quick decrease of the
V/Pt AES ratio to a value of about 0.036, corresponding to a
bilayer structure. Further annealing at higher temperature,
a sharp loss peak at 69 meV occurs, and the AES ratios of

Fig. 5 HREEL spectra for the VOx/Pt(111) with a coverage range of 1.0–3.3 ML.
A bulk-like V2O3 spectrum was compared at the top.49
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V/Pt also decreases to 0.012, consistent with the decomposition
of the bilayer structure to a s-V2O3. These results clearly
demonstrate the relative stability to be 1 ML 4 2 ML 4
multi-layer VOx/Pt(111).

The above results show that VOx only reaches a low oxida-
tion state under UHV conditions. In fact, they are stable even at
O2 pressure of 5 � 10�5 Torr. It is then interesting to examine
them near the real catalytic reaction conditions. The sample
was transferred into the ‘high pressure’ reaction cell that was
connected to the UHV chamber. High purity O2 was filled up to
1 Torr, and the sample was heated to a certain temperature
for 10 min. After pumping out the O2, the sample was moved
back to the UHV chamber at room temperature for HREELS
measurements. The results are compared in Fig. 7. For the
0.9 ML VOx/Pt(111) (Fig. 7(A)), the main loss feature is 128 meV

and some weak peaks at 80B120 meV after exposing to 1 Torr
O2. Note that loss features at 150–200 meV may be due to some
contamination. The significant changes of the loss features
indicate oxidation of the (2 � 2)-V2O3/Pt(111) to OQVOx as
shown by the insert in Fig. 7(A), which are more obviously seen
for the 3 ML VOx/Pt(111) sample (Fig. 7(B)). The broad loss
peaks at 80–120 meV and a sharp peak at 128 meV can be
assigned to a bulk-like V2O5 surface.60 These results conclude
that the V2O3 films stable in UHV are further oxidized at the
higher pressure of O2.

In fact, when the 0.9 ML VOx/Pt(111) is exposed to 1 Torr O2

at room temperature, a vibration peak at 1038 cm�1 corre-
sponding to the VQO vibration appears,3,45 as seen from the
IRAS spectra in Fig. 8(A). This intensity peak increases with the
exposure time, and reaches stability at an exposure time of
10 min. The appearance of VQO confirms the oxidation of
V2O3/Pt(111), as shown by the inserts in Fig. 7(A). For the 3 ML
VOx/Pt(111), the VQO species forms at 343–373 K (Fig. 8(B))
upon exposing to 1 Torr O2.

X-Ray photoelectron spectroscopy (XPS) is a powerful techni-
que to determine the oxidation state of an element. However,
it is a little bit difficult for vanadium oxides, since the shifts of
the binding energies for the different oxidation states are small

Fig. 8 IRAS spectra for (A) the 0.9 ML VOx/Pt(111) exposed to 1 Torr O2 at room
temperature, (B) 3 ML VOx/Pt(111) exposed to 1 Torr O2 at the indicated
temperatures.

Fig. 6 HREEL spectra of the VOx/Pt(111) samples annealed at different tem-
peratures or different times. (A) 0.4 ML, (B) 1 ML, (C) 2 ML annealed at 723 K with
different times, (D) 2.5 ML. The insets show the AES ratios as a function of the
annealing time or temperature.

Fig. 7 HREEL spectra of the VOx/Pt(111) samples before and after exposing to 1 Torr O2. (A) 0.9 ML, (B) 3 ML.
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as compared to the full width at half maximum (FWHM).61 The
XPS spectra of the 3 ML VOx/Pt(111) film oxidized at 10�7 and
0.3 Torr O2 are compared in Fig. 9. Since the two V 2p peaks
(2p3/2 and 2p1/2) overlap with the Pt 4p3/2 peak, peak fittings
were performed to better evaluate the difference of the oxida-
tion states as shown in Fig. 9(A), and the parameters for each
peak were summarized in Table 1. Here we notice that for the
film oxidized at 1� 10�7 Torr O2, the V2p3/2 shows a broad peak
(FWHM = 3.4 meV) at 515.3 eV, which can be attributed to
V2O3.44,48,61 This is consistent with HREELS results as dis-
cussed above. After oxidation at 0.3 Torr O2, the V 2p3/2 peaks
shift to higher binding energies, and can be decomposed into
two peaks, 515.9 eV for V4+ and 516.8 eV for V5+.27,40,61–65

In contrast, the O 1s peak shifts to a lower binding energy,
from 530.2 to 529.8 eV, which is characteristic of a higher
oxidation state.

V Auger lines (L23M23M45) excited by X-ray are more sensitive
to the changes of the oxidation states of vanadium.61 Regarding
the overlap of the Pt 4p3/2 and V 2p3/2, V 2p1/2 peaks, the V Auger
lines were also used to evaluate the oxidation state of the VOx

thin films, as shown in Fig. 9(B). The low kinetic energy side,
marked as A at 468.2 eV, originates from the O 2p position of
the valence band; and the high kinetic energy side, marked as B
at 473.4 eV, is the d-band emission close to the Fermi level.61

The Auger line shape for the VOx/Pt(111) oxidized at 10�7 Torr O2

(uper line in Fig. 9(B)) is very similar to that of V2O3 reported in
ref. 61 as shown in the insert of Fig. 9(B). Moreover, the HREELS
and LEED results also confirm to be a V2O3 thin film. After
oxidation at 0.3 Torr O2, the line shape (lower line in Fig. 9(B))

characterizes a mixture of VO2 and V2O5,61 consistent with the
results from XPS V 2p peak shifts.

Conclusions

Ordered thin films of vanadium oxide were grown on the Pt(111)
surface and characterized in detail using AES, LEED, HREELS,
LEIS, XPS and IRAS. The results demonstrate a layer-by-layer growth
up to three monolayers. Isolated OQVOx(x = 0–3) species form at
submonolayer characteristic of a strong VQO loss feature at
128 meV, which bond weakly on the surface. Such isolated species
condense into the 2D surface V2O3 domains upon coadsorption
with CO at room temperature or annealing in UHV. A 2D surface
V2O3 forms at 1 ML exhibiting a single phonon at 69 meV, which is
stable upon annealing. A bilayer structure characteristic of 62 meV
phonon loss forms at 2 ML. Further increasing the VOx coverage
high than 2 ML, results in attachment of the third layer with
OQVOx(x = 0–3) onto the bilayer structure. Such stacking structure
is unstable, and desorbed from the bilayer surface upon annealing
above 673 K. Under UHV conditions, the VOx films are stable at V3+.
A higher oxidation state can be reached by oxidation at ‘high
pressure’ of O2, as evidenced by binding energy shifts in XPS and
the appearance of nVQO in IRAS.
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