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Abstract The influences of oxygen vacancies on the
electronic properties of V,0s_, have been investigated by
photoelectron spectroscopy and first principle calcula-
tions. Photoelectron spectroscopic data suggested that the
vanadium (V) ions are gradually reduced to lower oxi-
dation states with the increases of oxygen (O) vacancy
density. Simultaneously, the formation of O vacancies
leads to a decrease in the work function of V,0s5_,.
Theoretical calculations further prove that the formation
of O vacancies would cause a reduction in the charge
state of V ions and a decrease of work function. The
electronic structures of V ions are strongly modified by
the removal of O ions nearby due to electron transfer to
the 3d orbitals of the V ions.

1 Introduction

Since it is a promising material in many technological
applications, vanadium pentoxide (V,0s) has been the
subject of intense work due to its small and highly aniso-
tropic n-type electrical conductivity [1-7]. Especially,
a-V,0s5 is a widely used industrial catalyst for a variety of
chemical reactions such as the oxidation of hydrocarbons
and sulfur dioxide [8, 9]. The oxidation involves Mars-van
Krevelen [10] redox cycles using lattice oxygen (O) as
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reactive intermediates [11]. The ability of vanadium (V)
atoms to possess multiple stable oxidation states results in
the easy conversion between vanadium oxides of different
stoichiometry by oxidation or reduction and is believed to
be an important factor leading to variations in its electronic
properties. Alteration of electronic properties of V,05 will
strongly affect its usefulness. It is generally considered that
O vacancies will form as point defect in the V,0j5 lattice
when V,0s5 is simply annealed in a vacuum chamber or
exposed to reducing environments at elevated tempera-
tures. Removal of a neutral O atom may result in trapping
of an electron in the formed cavity thus changing the
electronic structure of the resulting V,0s_,. The effects of
the formation of surface O vacancies on the electronic
structures of V,0s5_, have been previously studied theo-
retically by Ganduglia-Pirovano et al. [12, 13]. In present
work, the effect of bulk O vacancies on the electronic
properties of a-V,05_, was investigated by a combination
of X-ray and ultraviolet photoelectron spectroscopy (XPS
and UPS) studies and density functional theory (DFT)
calculations.

2 Experimental details and calculation method

A V,0s thin film (sample a) was first deposited on a
freshly cleaved highly orientated pyrolytic graphite sub-
strate at room temperature (RT) from a homemade
physical vapor deposition effusion cell using a BN cru-
cible in an ultrahigh vacuum (UHV) chamber. Reduced
V,05_, thin films were subsequently formed by annealing
the as-prepared V,Os thin film in the UHV chamber at
200 and 300 °C for 1 h (samples b and c, respectively).
The XPS and UPS experiments were carried out at RT
with a surface analysis system (Phi 5700). The base
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pressure during the measurements was better than
1 x 1077 mbar. Al Ko radiation (hv = 1486.6 eV) from a
monochromatized X-ray source was used for XPS. A UV
light (hv =21.22eV) from a discharge lamp was
employed for UPS measurements. The spectra are given
as the binding energy (BE) referred to the Fermi level of
a sputter cleaned Ag reference sample. Sample stoichi-
ometry ratios S;; are calculated from the XP spectra using
the following formula [1]:

C;  IjASF,

G Ylasr,

ij —

(1)

where C; and C; are the concentrations of the elements, /;
and [; the background corrected intensities of the photo-
electron emission lines and ASF; and ASF; the atomic
sensitivity factors for photoionization of the ith and jth
elements. For example the O to V ratio (Sp,y) in stoichi-
ometric V,05 should be 2.5.

DFT was employed for electronic structure calculations
utilizing the Vienna Ab-initio Simulation package (VASP)
in a local density approximation (LDA). VASP is a
complex package for performing ab-initio quantum-
mechanical molecular dynamic simulations with plane-
wave basis sets and ultra-soft Vanderbilt pseudopotentials.
The electron-core interaction is described by the projector
augmented wave (PAW) method [12]. For the defect
calculation we use a supercell with 28 atoms equivalent to
1 x 1 x 2 primitive unit cell. Based on the literature [12,
14], we removed one or two vanadyl oxygen (O1) ions
from Vg0, thus forming VgO;9 or VgO;g as shown in
Fig. la. In this calculations a non-shifted I'-point centered
4 x 4 x 4 k-point mesh was employed. The geometry of
the V,0s lattice has been optimized by varying the ¢
value whilst remaining the ratios of c¢/a and c¢/b. The
lattice constants of a = 11.497 A bh=3559 A and
c =4.7335 A, which are only about 0.7% relative error
compared with those lattice constants reported previously,
have been obtained.

Fig. 1 The crystal structures of
(a) V802(), (b) Vgolg and (C)
VgOis; the location of Vi, Vs,
V3, V4 and Ol ions are
illustrated

(a)

V302

3 Results and discussion

Figure 2 shows the XP spectra of the O /s and V 2p core
level emission lines for samples a, b and c. The BEs of O Is
and V 2p;,, are 529.6 and 516.8 eV for sample a, which are
consistent with the literature values for stoichiometric
V,0s5 [15]. But a very small shoulder is found at the lower
BE side of V 2p3,, indicating a small amount of vanadium
in the reduced +4 oxidation state. Spectra b and ¢ show that
the V 2p3, and V 2p,,, lines become broader and shift to
lower BEs. The decrease in the BE of the core level
(chemical shift) usually indicates a decrease in the positive
charge of the transition metal atoms. Simultaneously, the O
Is lines of spectra b and c become asymmetric. The
intensity ratios (Sp,y) of O Is / V2p;,, calculated according
to Eq. 1 are listed in Table 1. The S,y for sample a is about
2.48, which suggests that 4% of V ions are in the +4 oxi-
dation state, i.e., the O vacancy concentration is about 4%.
The Spv for samples b and c¢ are 2.35 and 2.10. The
decrease of the Sp,y implies the decomposition of V,0s
after heating at higher temperatures in vacuum. The
removal of the originally negatively charged O ions as
neutral species leads to the reduction of the V ions. Orig-
inally empty 3d orbitals of V ions adjacent to a vacancy are
able to localise the excess electrons left by the removed O
ions, leading to the formation of V** in the vicinity of the
vacancy. Further details based on the UPS data and the
theoretical calculations are discussed later. Figure 3 reports
the UP spectra measured from the same samples as those
shown in Fig. 2. In these spectra, there are three distinct
lines between 3 and 8 eV, they exhibit a well-defined
valence band shape with binding energies at about 3.7, 5.4
and 6.9 eV, respectively. It is clear that a broad V 3d signal
appears at ~ 1.3 eV and increases in the order of a to c.
This implies that the V 3d orbital is gradually occupied due
to the increase of the O vacancy concentration, as more and
more V ions are reduced to lower oxidation species. Fur-
ther, from the UP spectra, the change of work functions has

V5019
OVeo

VsOis
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Fig. 2 XP spectra of O Is and V 2p core levels of V,05_, for
samples a, b and ¢

been noted. The work function could be calculated as hv
(21.22 eV)—BEggo (where BEggq is the BE of secondary
emission onset indicated in Fig. 3). It decreases with
increasing O vacancy concentration. This phenomenon is
possibly due to the concentration change of reduced V
species on the surface. The higher the concentration of V**
species leads to a decrease in the work function.

In the theoretical calculation, we found that the total
energy of VgO,p, VgOj9 and VgO;g are about —253.8,
—243.9 and —234.2eV, respectively, which means that the
formation of O vacancies will lower the stability. The total
density of states (DOSs) of (a) VgO,, (b) VgO;9 and (c)
V30,3 are showed in Fig. 4. Compared with VgO,, the
valence band minima of VgO;9 and VgO;g shift to lower
energies. This result is consistent with the decrease of work
function found on the UP spectra for chemical nonstoi-
chiometric V,0s_,. In the conduction bands, it is obvious
that the split-off in VgO,( caused by the crystal field into
lower (t,) and upper (e;) segments [16] disappears in
V3019 and VgOig. The conduction band consists mainly of
V 3d state [17]. This indicates that the V 3d orbital is
strongly influenced by the formation of the O vacancy.
Shown in Fig. 5 are the conduction band structures of (a)
V5O0;y, (b) VgOy9 and (c) VgO,g. The energy bands that are
degenerated in VgO,q split off in VgO,9 and VgO;g. The
conduction band structure of VgO;o9 shows an additional

Table 1 The binding energies (BEs) of V 2p;, emissions, the
intensity ratios of oxygen/vanadium (So ), and the chemical com-
positions for samples a, b and ¢

Sample Bes Sov Composition

a 516.9 2.48 V10496
516.6 2.35 V,04.70

c 516.1 2.10 V,04.50

@ Springer
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Fig. 3 Hel (21.2 eV) spectra of samples a, b and ¢

energy band at the bottommost indicated by the arrow. It is
so close to the conduction band that we could not find it in
the total DOSs. It exactly matches the donor level caused
by O vacancy [14]. Consequently, the VgO;g shows two
donor levels at the bottom of the conduction band. These
results suggest again that the electrons left by the O
vacancy would locate in V 3d orbitals. In order to under-
stand the effect of an O vacancy on the oxidation state of V
ions, the partial charges (g/e) for different V ions are
summarized in Table 2; the locations of different V ions
are labeled in Fig. 1. The original charge of V ions in
Vg0, is about +2.64 g/e, indicating that there is strong
electronic hybridization between V and O ions [17]. When
one O vacancy is formed, the average charge of V ions
decreases to +2.58 g/e, showing that an O vacancy would
donate about 0.48 g/e (8§ x(2.64—2.58)) to the V ions. It is
not surprising that the V; ion closest to an O vacancy is
reduced seriously from 2.64 to 2.14. The partial charges of
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Fig. 4 The DOSs of (a) V4O, (b) VsOio and (c) V5Oig
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Fig. 5 The conduction band structures of (a) VgO,g, (b) VgO,9 and
(e) VgOig

Table 2 The partial charges (g/e) of different V ions (Vy, V,, V3 and
V4 as indicated in Fig. 1) obtained by Bader analysis; V, is the
average partial charge for different V ions

V ions Charge g/e

VgOzQ V3019 VSOIS
Va +2.64 +2.58 +2.50
A\ +2.64 +2.14 +2.10
vV, +2.64 +2.65 +2.10
V3 +2.64 +2.63 +2.63
Vy +2.64 +2.63 +2.62

V,, V3 and V, ions hardly change, indicating that the
removal of O only affects the electron charge of the nearest
V ion and has very little influence on the V ions far away
from it. The average charge of V ions in VgO,g is about
0.14 g/e less than that in VgO,,. Therefore, 1.1 electrons
are transferred to V ions caused by two O vacancies. In
Fig. Ic, both of the partial charges of V; and V, ions
decrease, while the partial charges of the V3 and V, ions
almost does not change. It is generally considered that the
O vacancy is the basic point defect in the V,Os5 lattice. Its
formation may be described by the following equations
expressed in Kroger-Vink notation:

1
0f & Vi +3502 2)
VEeVi+ed < VP +e" (3)

where V denotes the O vacancy, © and ’ are the positive
and negative charges with respect to the lattice. Removal of
an O atom may result in trapping of an electron in the
formed cavity [18]. The electron left behind after the
removal of a neutral O atom from the perfect crystal can be
localized at the ions around the cavity. However, there is a
finite possibility of them being trapped and localized in the
center of the vacancy. This has been proved by the above
experimental and theoretical studies: the oxidation state of
the nearest-neighbor V ions to the O vacancy is reduced
and its electronic structures are altered seriously. One O
vacancy will only transfer 0.48 electrons to the closest V
ions, the rest would still be localized in the center of the
vacancy [18].

4 Conclusions

The influences of the O vacancies on the electronic struc-
tures of V,05_, have been investigated by a combination
of photoemission spectroscopy study and theoretical cal-
culations. The O vacancy defect electrons will become
partially localised at the V ions nearby and cause them to
experience a decrease in their partial charge; one O
vacancy would transfer about 0.48 electrons to nearest V
3d states. Moreover, the formation of O vacancies would
decrease the work function of V,05_, due to the formation
of lower oxidation state V ions.
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