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ABSTRACT: During redox reactions, oxide-supported catalytic systems undergo structural and chemical changes. Improving
subsequent catalytic properties requires an understanding of the atomic-scale structure with chemical state specificity under reaction
conditions. For the case of 1/2 monolayer vanadia on α-TiO2(110), we use X-ray standing wave (XSW) excited X-ray photoelectron
spectroscopy to follow the redox induced atomic positional and chemical state changes of this interface. While the resulting XSW 3D
composite atomic maps include the Ti and O substrate atoms and V surface atoms, our focus in this report is on the previously
unseen surface oxygen species with comparison to density functional theory predictions.

Oxide-supported catalysts are very commonly used in the
chemical industry and in pollution abatement. Several

reactions such as hydrogenation, transesterification, and
dehydrogenation have increased efficiency with supported
metal-oxide catalysts compared to using bulk catalysts. The use
of a supported catalyst reduces the amount needed and
increases the active surface area, thus decreasing cost and
enhancing chemical activity of the catalyst. In this work we
study one such system, TiO2 supported vanadium oxide, which
is widely used for selective catalytic reduction of NOx and
catalytic oxidation of organic compounds.1−4

We discuss a novel model-independent 3D atomic mapping
technique, which follows the change in surface site locations of
chemically distinct surface atoms during a redox reaction. This
method, XSW excited XPS,5−7 is uniquely suited for locating
surface oxygen atoms, which are distinguished from oxygens in
the supporting oxide substrate, by a chemical shift to their
binding energy. This is an extension to earlier studies which
used XSW excited X-ray fluorescence (XRF) measurements to
create element specific atomic maps.8,9 For the presented case
of 1/2 monolayer (ML) vanadium on α-TiO2(110), the
interface between the support and the catalyst plays a major
role in controlling the structure and in turn the activity of the
catalyst. The surface oxygen atoms take part in the catalytic
reaction, and hence their positions are modified during the
process. Herein, we use the XSW-XPS method to directly
observe in situ reversible structural and chemical state
modifications of the VOx/α-TiO2(110) interface. This is
combined with density functional theory (DFT) calcula-
tions10−12 to further improve and extend our understanding of
this complex catalytic system.
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Figure 1. O 1s XP spectra at 1.9 keV incident energy for the (a)
vacuum annealed surface, (b) oxidized surface, and (c) reduced
surface.

Figure 2. Modulations in BO and SO XPS yields for the oxidized
surface from the energy scans through the (a) (111) and (b) (200)
reflections.
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Atomic layer deposition (ALD) was used to grow 1/2 ML of
VOx on a rutile α-TiO2 (110) surface (1 ML = 10.4 atoms/
nm2). After transport to the ultrahigh vacuum (UHV) chamber
at the I09 Diamond Light Source X-ray station, the sample was
annealed at 350 °C to clean and reduce the surface. This was
followed by dosing the surface with atomic O and then H from
a thermal gas cracker cell to create the oxidized or reduced
surfaces, respectively, for in situ redox studies (see the
Supporting Information for details). Ex situ atomic force
microscopy before and after film growth and after the reactions
showed atomically flat terraces separated by atomic steps
(Figure S3). Low-energy electron diffraction of the rutile TiO2
(110) surface before and after the growth of submonolayer
vanadia and after the reactions showed (1 × 1) patterns
(Figure S3). Back-reflection XSW-XPS3,13 was used at I09 to
measure the distributions of interfacial atoms relative to the
substrate TiO2 lattice with both subangstrom spatial resolution
and chemical state specificity. The XSW, which is generated by
dynamical Bragg diffraction from the substrate crystal, extends
above and below the surface and has a period equal to the d-

spacing of the H = hkl diffraction planes. Analysis of the XSW
induced modulation to a photoemission signal determines the
amplitude ( f H) and phase (PH) of the Hth Fourier component
of the spatial distribution for that emitter (see the Supporting
Information for details). One specular (110) and three off-
specular (101, 111, 200) XSW data sets were collected to
triangulate the atomic positions in 3D. Each set of hkl
measurements were repeated after each redox treatment to
study the dynamic changes in the surface structure under in
situ reaction conditions.
In agreement with previous results for similar surfa-

ces,4,8,10,14 the XP spectra in Figure 1 show that the O 1s
photoelectrons experience roughly 1.5 eV higher binding
energy when emitted from surface oxygens (SO) than from
bulk oxygens (BO).15,16 Grazing emission XPS measurements
compared to nongrazing emission, shown in Figure S4,
confirms that these SO atoms are at the surface. Density
functional theory (DFT) calculations indicate that these SO
atoms are partially hydroxylated. Based on the integrated peak
areas estimated from Figure 1, the vacuum annealed surface

Figure 3. (a, b) XSW-XPS determined model-independent composite atomic maps of SO, BO, V, and bulk Ti for (a) oxidized and (b) reduced
surface. The size of each V and SO oval is proportional to its fractional occupancy. (c, d) DFT calculated model for (c) oxidized and (d) reduced
surface.
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had 0.50 ML, oxidized surface 0.88 ML, and reduced surface
0.44 ML of SO atoms. While DFT calculations were primarily
used to optimize structures, the DFT calculations are also in
general agreement with the XP spectra, predicting a chemical
shift of 1.3 eV for hydroxylated SO on V and 1.0 eV on Ti as
shown in Figures S17 and S19 (see the Supporting Information
for details).
The in situ XSW measurements induced distinctive

modulations for these two O 1s XPS peaks from scans across
four reflections. The XSW data and analysis are shown in
Figures 2a,b and Figures S12−S15 with the resulting four sets
of f H and PH measured values for each chemical state of oxygen
listed in Tables S4−S6. A Fourier summation of these four sets
of Fourier components and their symmetry equivalents is then
used to generate model-independent 3D atomic density ρ(r)
maps.17−22

∑ρ π= + [ − · ]
≠−
≠

r f P H r( ) 1 2 cos 2 ( )
H H

H

H H

0 (1)

Because there is a signal from each type of atom at this
interface, we combine these maps into a 3D composite atomic
map. Using the Ti 2p, V 2p, bulk O 1s, and surface O 1s XSW-
XPS results, we show such composite maps for the oxidized
and reduced surfaces in Figures 3a and 3b, respectively. The
initial vacuum annealed surface, discussed in the Supporting
Information, has a 3D map (Figure S16) similar to that of the
reduced surface. For all three surfaces, the bulk Ti and O show
up in their expected positions in the composite maps and show
no redox induced changes.
For the oxidized surface, the V cations, which are 64% V5+

and 36% V4+, laterally occupy 32% of the atop (AT) sites and
24% of the bridging (BR) sites with heights above the TiO
(110) bulk-like plane listed in Figure 3a. The chemically
shifted surface oxygens show up at the A, B, and C sites with
heights as indicated in Figure 3a. The oxidized surface DFT
model (Figure 3c) shows good agreement with these
experimentally determined V and SO heights.
For the reduced surface, chemically shifted surface oxygens

are detected at the B and C sites, but not at the A site (Figure
3b). The DFT (Figure 3d) is in good agreement showing no
A-site oxygen and closely agreeing with the XSW experimental
heights for B and C sites. V ions are 78% V4+ and 22% V5+ for
the reduced surface and occupy 44% of the AT and 42% of the
BR. Because the initial vacuum annealed surface had a similar
composite 3D map as the reduced surface, we would conclude
that the redox process was reversible for this surface.
To improve our understanding of this complex system, we

created a three-site model illustrated in Figure 4 to
quantitatively analyze the experimental data. The model,
which is based on the model-independent 3D atomic maps,
partitions the surface O to laterally sit at A, B, and C sites or to
be uncorrelated to the substrate lattice. (There are two
symmetry equivalent C-sites, C1 and C2.) To quantify the
structural parameters associated with these three adsorption
sites, we performed a least-squares global fit of this model to
the experimentally measured f H and PH values for each redox
condition. Here, the Hth Fourier component for the SO
atomic distribution is defined as

= = α + α + α

+ α

π π · π · π ·

π ·

F f e e e e

e

i P
A

i
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i
C

i

C
i

H H
H r H r H r

H r

2 2 2
1

2

2
2

H A B C

C

1

2 (2)

where αX denotes the fraction of surface O occupying site X =
A, B, C1, and C2 with positions rA = (00zA), rB = (1/20zB), rC1
= (0.21/2zC1), and rC2 = (0.81/2zC2). zx is the height of O above
the TiO (110) bulk-like plane (Figure 4). The global fits of eq
2 to the sets of measured f H and PH values give α and z at each
SO site. Table 1 for the Ox and Table 2 for the Re surface list
the heights above the (110) plane of TiO2 (in Å) by using Z =
zC, where C = 2d110 = 6.496 Å. The tables also list the heights
obtained from the DFT calculations for comparison. Also listed
are the eq 2 determined values of α for SO. The Supporting
Information shows various calculations to prove consistency
between the model-independent, model-dependent, and DFT
results. The XSW-XPS analysis of the V 2p for these same
oxidized and reduced surfaces will be the focus of a subsequent
paper.

Figure 4. Depiction of the (110) termination of a rutile α-TiO2
crystal showing three symmetry inequivalent surface oxygens (A, B,
C). Also shown are the surface Ti atop (AT) and bridging (BR) sites,
which are partially occupied by V atoms. The dotted lines outline a
conveniently chosen nonprimitive tetragonal unit cell with its C-axis
perpendicular to the TiO2 (110) surface. See Figure S9 for more
details.

Table 1. Oxidized Surface: XSW Determined Best Fit
Vertical Heights of Surface Oxygens (SO) above the Bulk
TiO (110) Plane and Heights Obtained from DFT; Also
Listed Is the Fraction of SO at Each Site (42% of the SO
Atoms Are Uncorrelated)

site exptl Z (Å) DFT Z (Å) α

A 1.84 (3) 1.89 0.23
B 0.98 (3) 1.27 0.03
C1 0.25 (3) 0.20 0.16
C2 0.25 (3) 0.20 0.16

Table 2. Reduced Surface: XSW Determined Best Fit
Vertical Heights of SO and Heights Obtained from DFT;
Also Listed Is the Fraction of SO at Each Site (50% of the
SO Atoms Are Uncorrelated)

site exptl Z (Å) DFT Z (Å) α

A 0.00
B 1.62 (3) 1.50 0.32
C1 0.32 (3) 0.32 0.09
C2 0.32 (3) 0.32 0.09
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We see from Tables 1 and 2 that SO atoms in B and C
positions are shifted upward on the reduced surface compared
to the oxidized one. Both experiment and DFT calculations
show the same trend. This suggests that the reduced charge on
V ions leads to weakening of ionic interactions between V and
SO, resulting in elongation of V−O bonds. To gain further
insights into the SO behavior, several different oxidized and
reduced surface models were evaluated by using DFT
calculations to optimize the structures. The best agreement
with the SO vertical positions for the reduced surface is
obtained for the model structure shown in Figure 3d, where
the V ions are in isomorphic positions with the rutile substrate
and surface oxygens in the VO layer are partially hydrogenated.
The presence of H atoms determines the vertical height of V at
the BR site where the V atom shifts upward from the bulk-like
Ti position; however, the absence of such a terminal O atom at
A site keeps the vertical position of AT-site V unchanged as
seen from both XSW measurements and DFT calculations.
Based on these results, a possible interpretation of the reduced
surface structure is the formation of 2D islands of hydro-
genated VO2 coherent with TiO2.
Upon oxidation, surface oxygens show up at all four possible

sites in the surface periodic cell as seen in Figures 3a and 3c.
Comparing experiment and DFT results, we see similar shifts
in the heights at each site. The presence of H at both A and B
sites results in V at both AT and BR sites to be shifted upward.
Also, as seen from DFT, the amount of chemically shifted
oxygens on the oxidized surface is twice that on the reduced
surface, which agrees with the coverage calculated from
experiment shown in Figure 1. Thus, the XSW experiment
and DFT calculations agree for the various chemically distinct
surface oxygen atoms and V atoms in both reduced and
oxidized surfaces. It is very interesting to observe that both
DFT and XSW show that reduction removes only the A-site
oxygen. This can be interpreted as the A-site being the
catalytically active site.
In conclusion, we studied a supported vanadium oxide,

demonstrating chemical-state-specific atomic-scale analysis for
the redox-driven cation dynamics, under reversible oxidation
and reduction processes. XSW-XPS analysis allowed us to
generate 3D composite atomic density maps that show surface
O atoms distinct from the bulk oxygens along with surface V
and bulk Ti atoms. These observations are in good agreement
with the DFT calculations. Such an approach can be applied to
a broad range of reactions on functionalized crystalline
surfaces.
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