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ABSTRACT Oxide monolayers supported or intermixed with an oxide support are
potential nanocatalysts whose properties are determined by the interplay with the support.
For fundamental studies of monolayer oxides on metal oxide supports, well-defined
systems are needed, but so far, the synthesis of monolayer oxides with long-range order on
single-crystal oxide surfaces is rare. Here, we show by a combination of scanning tunneling
microscopy, photoemission spectroscopy, and density functional theory (DFT)-based
computational analysis that the rutile Ti0,(011) surface supports the formation of an
ordered mixed FeTiO; monolayer. Deposition of iron in a slightly oxidizing atmosphere

(10~ Torr 0,) and annealing to 300 °C results in a well-ordered surface structure with Fe in
a 2+ charge state and Ti in a 44 charge states. Low-energy ion scattering suggests that the cation surface composition is close to half Fe and half Ti. This
surface is stable in ultrahigh vacuum to annealing temperatures of 300 °C before the iron is reduced. DFT simulations confirm that a surface structure with
coverage of 50% FeO units is stable and forms an ordered structure. Although distinct from known bulk phases of the iron—titanium oxide systems, the
FeTi0; monolayer exhibits some resemblance to the ilmenite structure, which may suggest that a variety of different mixed oxide phases (of systems that
exist in a bulk ilmenite phase) may be synthesized in this way on the rutile Ti0,(011) substrate.
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ue to their chemical stability, metal

oxides have wide applications in

chemical sensors, heterogeneous
catalysis, and photocatalysis, etc. These ap-
plications are sensitive to the surface struc-
ture and composition. At the same time,
the (photo)catalytic properties of transition
metal oxides are being modified by bulk or
surface doping with various other transition
metals, creating complex systems whose
fundamental structure and properties are
often poorly understood. Only in a few
cases are clear synergies between surface
dopants and substrate oxides known. For
example, a noteworthy system is vanadium
oxide on a TiO, heterogeneous catalyst
for partial oxidation reactions of alcohols
to aldehydes and oxidative dehydrogena-
tion of alkanes to alkenes. However, even
in this case, details of the active vanadium
oxide surface species are still debated,
and a number of surface science studies of
vanadia on TiO, have been performed in
order to address possible configurations.'
A complicating factor is that in many of these
catalytically active systems different surface
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orientations of the oxide support can result
in very different dopant species and thus
chemical properties. Sometimes minority
facets can dominate the activity of a cata-
lyst, and thus the surface orientation of
the support may be crucial for stabilizing
catalytically active species. For instance, it is
believed that for catalytic combustion of
methane over Pd/CeO, catalysts, the for-
mation of a mixed PdCeOx surface layer
on the Ce0,(110) surface under reaction
conditions could be the catalytically active
phase.? The (110) surface exhibits formation
energy much higher than that of the (111)
surface® and thus is just a minority facet
on a CeO; crystal. The fact that the mixed
PdCeO, oxide forms on a high surface en-
ergy orientation may not be a coincidence.
Surfaces with high energies are by defini-
tion less stable, often resulting in complex
surface reconstructions, and thus may more
readily incorporate “impurity” atoms in its
crystal structure. Thus, we propose that,
in an attempt to search for novel mixed
oxide surface phases, one should consider
surface orientations that exhibit surface
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Figure 1. STMimages of (a,b) the clean TiO,(011) surface; (c,e) after depositing Fe at room temperature in UHV for 2 and 4 min;
(f) after annealing 4 min Fe deposit in UHV at ~400 °C for 10 min, and (g) at 575 °C for 10 min. (d) XPS spectra for 2 min Fe
deposit in UHV at room temperature and subsequent annealing for 10 min at 450, 550, and 650 °C in UHV. All STM images

were taken with ~1.2 V and ~400 pA tunneling conditions.

reconstructions in their pure form. For the initial choice
of the “impurity” atoms, we consider atoms that are
known to form bulk mixed oxides with the support
material, that is, elements that are miscible with the
support material, although this may not be a necessary
condition since the miscibility of oxides may be differ-
ent at the surface than in the bulk.

Titanium dioxide is a model system for oxide surface
science studies* and a prototypical photocatalyst.
Most surface science studies have been performed
on the rutile (110) surface, which has the lowest surface
formation energy and exhibits a bulk truncation
with small surface relaxations. On the other hand, the
second most stable surface orientation, the (011) sur-
face, exhibits a complex surface reconstruction with
a (2 x 1) periodicity®® and thus may be a better
candidate for stabilizing novel mixed oxide phases (see
Figure 1a,b). As a potential dopant cation, we chose
iron. Iron oxide and titanium oxide form various stable
bulk mixed oxides. limenite with an Fe(ll)Ti(IV)O5; com-
position is the most prominent mineral and common
source for titanium in the Earth's crust. On the other
hand, it is known for small iron impurities in rutile and
anatase TiO, to segregate to the surface by vacuum
annealing,'® but no ordered mixed oxide layer at the
surface has been reported previously. Here, we show
that an ordered mixed oxide surface layer can form on
the rutile (011) surface, which has an Fe(I)Ti(IV)O3
composition and bares some structural similarities to
the ilmenite phase. This oxide may form under very low
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oxygen partial pressure (108 Torr O,). However, an-
nealing in ultrahigh vacuum (UHV) results in the re-
duction of Fe and formation of metallic iron clusters at
the surface.

RESULTS AND DISCUSSION

The preparation of an ordered mixed Fe—Ti oxide
surface on TiO,(011) is sensitive to the preparation
conditions in a UHV chamber. Therefore, the experi-
mental part focuses on the morphology, Fe oxidation
state, and structural characterization as a function of
preparation conditions and the thermal stability of the
iron deposits. The computational part uses first-principles
density functional theory (DFT) simulations combined
with an evolutionary algorithm to determine the stable
structures of the ordered mixed oxide phase.

Experimental. The surface structure and thermal evo-
lution for three differently prepared iron deposits on
TiO,(011) are presented: (i) deposition of iron in UHV,
(i) iron deposition in an oxygen atmosphere of 5 x
1078 Torr and its thermal evolution by annealing in
UHV, and (iii) an optimized procedure for obtaining
only the mixed oxide phase, consisting of a combina-
tion of Fe deposition in 5 x 1078 Torr and annealing in
oxygen and UHV. Iron deposition in 10° Torr O, was
also attempted and qualitatively resulted in the same
ordered structures. However, in addition to the or-
dered structure, clusters were formed which may be
a consequence of reoxidation of bulk Ti interstitials.
Thus, in the experiments, we concentrated on the
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Figure 2. STM images of Fe deposited on TiO,(011) in 5 x 10 2 Torr O, background pressure at room temperature for
(a) 2 min, (b) 4 min, and (c) 7 min exposure periods; (e) after annealing 4 min Fe deposit in UHV at ~400 °C for 12 min; (f) after
annealing 7 min Fe deposit in UHV at ~400 °C for 10 min. (d) XPS spectra for 2 min Fe depositin 5 x 108 Torr O, background
at room temperature and subsequent annealing for 10 min at 450 and 650 °C in UHV. All STM images were taken with ~1.2V

and ~400 pA tunneling conditions.

lower (5 x 1078 Torr) pressures, and these are the
results discussed here. In the following, the results for
sample preparation conditions (i—iii) are discussed
separately.

Fe Deposition at Room Temperature and Annealing
in UHV. Fe was deposited in UHV at room temperature.
Scanning tunneling microscopy (STM) images, shown
in Figure 1, reveal the formation of clusters. The cluster
size and density increased with deposition time. For
low amounts of deposited Fe, the clusters appear flat,
thatis, no more than a single atomic layer in heightand
lateral dimensions of only 1—2 surface unit cells (see
Figure 1c). With increased Fe deposition, a few thicker
and bigger clusters occurred. These clusters are 2—3
atoms in height but still only a couple of surface unit
cells wide (Figure 1e). Annealing of this Fe deposit in
UHV led to a sintering of the iron clusters. Figure 1f,g
shows samples annealed at 400 and 575 °C, respec-
tively. To investigate the oxidation state of the depos-
ited iron, we conducted X-ray photoemission spectro-
scopy (XPS) studies. After deposition of Fe at room
temperature, as shown in Figure 1d, the Fe 2p peak
exhibits an oxidized Fe?" state with a binding energy
of 710.1 eV and a metallic state with a binding energy
at 706.8 eV. In addition, a satellite peak at an apparent
binding energy of 715.2 eV is observed, which is a
characteristic feature of FeO, corroborating the assign-
ment of iron in a 2+ charge state. Oxidation of iron
without the presence of oxygen in the atmosphere
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suggests a simultaneous reduction of the Ti at the
interface. Indeed, a small Ti*" is observed in the Ti 2p
spectra in XPS. Annealing in UHV to sequentially higher
temperatures causes a decrease of the Fe*" compo-
nent, as shown in Figure 1d. This indicates that the
larger clusters observed in STM are predominantly
metallic Fe. The observed decrease in the Fe*" com-
ponent during annealing may be a consequence of
reduction of the iron at elevated temperature or diffu-
sion of oxidized iron into the bulk. Further annealing to
650 °C results in a complete loss of iron signal in XPS
and thus suggests that iron diffusing into the bulk
occurs at these temperatures. Overall, the picture
described here for Fe deposition without oxygen is
very similar to the studies performed on TiO,(110).'""'2

Fe Deposition in an O, (5 x 1072 Torr) Atmosphere
at Room Temperature and Annealing in UHV. When
Fe is deposited in a low O, background pressure of
5 x 108 Torr at room temperature, formation of metallic
clusters is avoided. Figure 2a—c shows STM images for
increasing deposition times in the submonolayer re-
gime. The surface exhibits disordered structures but no
large clusters. Subsequent annealing of these deposits
to 400 °C in UHV also did not cause formation of larger
clusters, in contrast to the UHV-deposited iron dis-
cussed above. Instead, an ordered structure was ob-
served after annealing to 400 °C. This is shown in
Figure 2e/f. This structure is less corrugated than the
2 x 1 reconstruction of the pure TiO,(011) surface but
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Figure 3. STM images of (a) Fe deposited on TiO5(011) in 5 x 102 Torr O, background pressure at room temperature for
4 min exposure period and annealed immediately in 5 x 1078 Torr O, at ~300 °C for 10 min followed by UHV annealing for
about 10 min. (b) High-resolution STM of Fe—Ti mixed oxide phase. (c) After annealing, the new structure in UHV ~ 400 °C for
10 min and (d) after annealing in UHV at ~550 °C for 10 min. All STM images were taken with ~1.2 V and ~400 pA tunneling

conditions.

may still be described as a 2 x 1 superstructure with
respect to the (011) substrate. The structural details are
discussed below. However, in addition to the two or-
dered surface structures (i.e., the clean TiO,(011)-2 x 1
and the new ordered mixed FeTi oxide), there still
remain many small clusters at the surface. In XPS, only
Fe>" is observed for the as-deposited Fe (in oxygen
atmosphere) as well as for samples annealed to tem-
peratures as high as 300 °Cin UHV. At higher annealing
temperatures, metallic iron was eventually formed, as
indicated in the XPS spectra shown in Figure 2d. Higher
annealing temperatures are discussed below for sam-
ples that start off with a more uniform mixed oxide
surface, the preparation of which is discussed next.
Optimized Preparation for Ordered Mixed Fe—Ti Sur-
face Phase. In an attempt to prepare surfaces that are
predominantly covered with the mixed Fe—Ti oxide
surface, we combined Fe deposition and annealing in
an oxygen atmosphere with vacuum annealing at
300 °C, that is, a temperature for which we have
demonstrated that the new phase is stable in UHV
without reduction of the iron. We found that the best
preparation conditions consist of room temperature
deposition of Fe in 5 x 1078 Torr O,, immediately
followed by annealing of the sample at 300 °C in the
same oxygen background for 10 min. Then the O, was
turned off, and the sample was annealed for another
5—10 min at the same temperature in UHV. Such
prepared samples exhibit up to 90% of the surface
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covered with the new mixed Fe—Ti oxide phase, as the
STM image in Figure 3a shows. To obtain information
about the composition of this surface layer, we con-
ducted low-energy ion scattering spectroscopy (ISS)
experiments using He™ ions. Due to the high prob-
ability of He neutralization, this technique is very sur-
face sensitive and primarily probes the surface com-
position of the topmost layer. Figure 4 shows the ISS
data for the pristine TiO, surface and the surface ~90%
covered with the new surface phase. For the latter, the
Fe peak is only slightly more intense than the Ti
peak. Given the unknown neutralization cross sections
for He' scattered from Ti and Fe, it is impossible to
quantitatively determine the composition of the sur-
face layer. However, the similar intensities for Ti and Fe
suggest a close to 1:1 composition in the surface layer.

Further vacuum annealing of the same mixed sur-
face oxide sample at 400 °C for 10 min in UHV results in
the formation of small clusters, as shown in the STM
image in Figure 3c. With higher annealing tempera-
tures, the size of these clusters increases, which can be
seen from Figure 3d for an annealing temperature of
550 °C. A systematic XPS study of the oxidation state of
Fe as a function of annealing temperature is shown in
Figure 5. At 300 °C, no metallic iron is detected, and
with increasing annealing temperature, the ratio of
metallic Fe to Fe?" continues to increase. The change
of the Fe?" and metallic Fe peak intensity as a function
of annealing temperature and normalized to the Ti 2p
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intensity shows the rapid decrease in intensity of the sensitivity of XPS to dispersed species at the surface
Fe" signal while the metallic component increases compared to iron in clusters can explain the overall
only weakly; in other words, the total Fe signal de- (metallic plus Fe?") decrease in the Fe 2p signal with
creases with annealing temperatures. This difference in annealing temperature. Furthermore, some loss of
the apparent rate of change of the two components is Fe®" species through diffusion into the bulk is likely.
likely a consequence of the different morphologies. We also monitored the Ti 2p and O 1s signals. For the Ti
The metalliciron is assumed to be mainly presentin the signal, we did not observe any additional formation of
clusters that are seen in STM occurring on the surface Ti** or lower oxidation states. Thus, the formation of
after annealing, while the Fe*" signal comes, at least the mixed oxide surface appears to only consist of Ti*"
initially, from the 2D surface oxide phase. The higher and Fe*". Arigid shift of ~0.2 eV of the entire Ti 2p peak
and the O 1s peak was observed upon formation of the
i Fe—Ti mixed surface oxide compared to the pristine
S 0 TiO,(011)-2 x 1 surface. Such a shift is caused by an
Fe deposited and annealed to 300 C
Ti Fe upward band bending of the TiO, at the surface,
implying the formation of a positive space charge
region in TiO, induced by the mixed oxide surface
layer. In addition to core level photoemission spectros-
copy, we utilized ultraviolet photoemission spectros-
copy (UPS) to monitor the formation of new valence
band states. Figure 6 shows the valence bands of the
F pristine TiO,(011)-2 x 1 surface and the valence band
after formation of the mixed FeTiO, surface oxide. The
valence band maximum for the pristine TiO,(011) sur-
T T = face is determined to be ~2.8 eV below the Fermi level,
300 Kinetic é;,?frgy(ev) %00 consistent with a strongly n-type doped rutile TiO,
sample. Some photoemission intensity was observed
Figure 4. lon scatterinq spectra for the TiO,(011) surfac.e within the band gap. This is a combination from photo-
before and after deposition of Fe at room temperature in L. . .
emission excited by the non-monochromatic He lamp

5 x 10~ Torr of O, and annealing at ~300 °C in the same
oxygen background (the fluorine peak is a contamination). as well as defect-induced true band gap states in

Intensity (a.u.)

(a)[Fez reo7oes | (D) [Fezppeakiitatssorc Fezv2p,, (c)[mze 026V '):.'7"
Fe2+:710.1 Fe2* 2p.
W’x‘ JI bl sate““:’z Clean
T T T T = F\T/"ZPM i LT T
0| Fe 2p,y | o T 300°C
300°C & O
T . r > L L L R 1
._./\~/-/ I /’l
e AN 550°C
\350°C
— 1 : 730 720 710 700 -
- g 465 460 455
S N Binding Energy (eV) Binding Energy (eV)
&
o Ty
3 — : (d) 1 m Fe™TH
N Ny coad @ l L e Fe'mi*
450 °q E
°s | | 1- Normalized area of peaks shaded with gray
T T T w, ! w 2- Normalized area of peaks shaded with red
k-]
e\’ g
500°0 RETY .
' I I bl ‘ :.t 2 "
L o l - -
550 Q) P B L] °
o
T y 0.0 , : . . . .
730 720 710 700 300 400 500 600
Binding Energy (eV) Annealing Temperature (°C)

Figure 5. X-ray photoemission studies of Fe deposition on TiO,(011) for (a) room temperature Fe deposition and annealing to
550 °C from 300 °C in steps of 50 °C in O, background pressure of 5 x 102 Torr. (b) Peak fitting for 350 °C annealed Fe deposit
(the same fitting parameters were maintained for all other Fe 2p spectra in (a)). (c) Ti 2p peak for clean TiO,(011) surface and
for the Fe-deposited and annealed samples at 350 and 550 °C. (d) Fe?"/Ti*" and Fe%/Ti*" ratios with the annealing
temperature.
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Figure 6. (a) UV photoemission spectroscopy for the TiO,(011)-(2 x 1) sample before and after Fe deposition at room
temperaturein 5 x 102 Torr of O, and annealing to 300 °C in the same oxygen background; (b) zoomed-in view of the low BE

region.

Ti0,."*~'® Upon formation of the mixed FeTiO, surface
oxide, a significant band gap narrowing was observed.
The new valence band maximum is measured around
1.0 eV below the Fermi level, and we attribute this new
valence band maximum within the bulk band gap of
TiO, to the valence band of the mixed surface oxide.
This valence band maximum may be compared to
known bulk band gaps for iimenite Fe*>'Ti*T0; of
2.5—2.9."57'8 This means that either the surface mixed
oxide has a much reduced band gap or the Fermi level
lies closer to midgap than it does for the TiO, substrate.

Scanning Tunneling Microscopy of Ordered Structure.
The experimental studies suggest the formation of a
mixed surface oxide with Fe/Ti ratio of about 1:1 and Fe
in the 2+ oxidation state. STM shows a well-ordered
structure with the same periodicity as the recon-
structed pristine TiO»(011)-2 x 1 surface, that is, a
rectangular unit cell. Two protrusions per unit cell are
imaged, that is, a protrusion in every corner of the
rectangular unit cell and another protrusion close to
the center of the unit cell, as schematically illustrated in
Figure 7a. From STM, this gives a surface structure that
may be described as a c(2 x 1) unit cell. Previously, we
reported a similar structure after oxygen annealing of
the pristine TiO5(011) surface.'® Because of the simila-
rities in the STM images as well as the valence band, it is
possible that the previously reported structure, in fact,
was formed by iron impurity segregation and not a
separate TiO, surface phase. The STM image shown in
Figure 7b shows both the structure of the TiO»(011)-2 x 1
substrate as well as the new mixed oxide surface.
Gridlines indicate the lattice as measured from the
TiO,(011)-2 x 1 substrate structure. This allows deter-
mination of the protrusions in the mixed oxide rela-
tive to the TiO, lattice. Furthermore, linear defects or
domain boundaries are frequently observed in STM
images of the mixed oxide surface phase. This is
shown in Figure 7b,c. These straight domain boundaries
are aligned with the (01—1) substrate direction. The unit
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cells marked in Figure 7c show that these domain
boundaries correspond to a ~1/2 unit cell offset between
neighboring domains. In order to determine a possible
atomic-scale structural model for this surface structure,
we performed DFT simulations that are discussed next.

Computational. Mixed oxide surfaces may exhibit
complicated structures, and therefore, computational
simulation and screening of possible structural models
are still challenging. In particular, a robust optimization
strategy other than those based on bulk-truncated
substrates with arbitrary construction of add-on do-
pants is highly desired. In the current work, an evolu-
tionary algorithm was adopted in combination with
total energy DFT calculations for generating and opti-
mizing structures. The 2 x 1 rutile TiO,(011) surface
cells containing a full (4 FeO) or half (2 FeO) monolayer
of FeO units (with respect to the number of surface
TiO, units) on top were considered in the search for
possible mixed FeTiO, surface oxides. The calculation
details are given below.

For each 2 x 1 surface cell of rutile TiO,(011), four
TiO, units are exposed, and they have the same height
on an unreconstructed surface while two of them rise
above the other two on a 2 x 1 reconstructed surface.®
We first performed calculations to search for the mixed
oxide surface containing a full monolayer of FeO (4 FeO).
The calculated structures with the lowest and second
lowest total energies are illustrated in Figure 8a,b.
One can see that the most stable mixed oxide surface
exhibits disordered structure, while the second most
stable surface structure is very ordered and quite
similar to the ilmenite (012) surface, which is illustrated
in Figure 8c. More oxide surfaces with mixed FeO and
TiO, in the top two surface layers were also calculated
(see Figure 8d,e) in order to further test the stability
of ilmenite-type mixed surfaces. As one can see from
Table 1, the determined well-ordered structures are
significantly less stable compared to the disordered
one, and the tested multilayer ilmenite-type mixed
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TiO, (011)-(2x1) surface
Fe(ll)Ti(IV)O3 film

Figure 7. (a) Top view of the structural model of the new surface mixed oxide phase formed on the TiO,(011)-2 x 1
reconstructed surface. (b) STM image that shows both the structure of the TiO,(011)-2 x 1 substrate and the new mixed oxide
surface. The gridlines indicate the lattice as measured from the TiO,(011)-2 x 1 structure. (c) Linear defects or domain
boundaries aligned with the [01—1] substrate direction observed in STM images of the mixed oxide surface phase. (d)
Rectangular unit cell dimensions given by the TiO,(011) substrate and the new mixed oxide phase.

Figure 8. Cross-sectional view of various calculated structural models for a full iron oxide monolayer (a,b,d,e) on a rutile
TiO,(011) surface and that for a bulk ilmenite FeTiO3(012) surface (c). Ti atoms are in gray, O in red, and Fe in violet.

TABLE 1. Calculated Relative Energies of Different Surface Structures with Full and Half Monolayer FeO on Rutile
Ti0,(011)

full monolayer

structure Figure 8a Figure 8b Figure 8d Figure 8e

relative energy (A, eV) 0 0.27 0.70 0.93

half monolayer

structure Figure 9a Figure 9b Figure 9¢ Figure 9d Figure 9e Figure 9f

relative energy (AL, eV) 0 0.08 0.10 0.1 0.1 0.15

oxides on TiO,(011) are even less stable. From the ordered FeTiOz structures on TiO,(011) substrates.
above calculated structures and corresponding stabi- Furthermore, when the Fe cations all occur at the
lity trend of the monolayer FeO at TiO,(011), one may surface, repulsion between them prevents the forma-
conclude that Fe cations do not like to form multilayer tion of uniformly distributed FeO units.
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Figure 9. Cross-sectional view of various calculated structural models for half a monolayer of iron oxide on a rutile TiO,(011)

surface. Ti atoms are in gray, O in red, and Fe in violet.

From these results, it can be suggested that a full
monolayer of FeO may not match well with the TiO,-
(011) substrate. Consequently, one may expect that a
submonolayer of FeO could be more favorable for
formation of an ordered mixed oxide surface layer.
Therefore, we also calculated the mixed surface oxide
with a half monolayer of FeO (i.e., two FeO ineach 2 x 1
surface cell). The obtained six structures with the low-
est total energies are illustrated in Figure 9a—f in order
of stability. In this case, one can see that the most
stable mixed surface oxide (Figure 9a) gives an ordered
structure that appears to form by removing half of the
ordered full monolayer FeO (Figure 8a). It needs to be
noted that, though such structures look similar to that
of the ilmenite (012), clear differences exist between
these structures; particularly, the Ti and Fe cations are
not uniformly mixed in the obtained surface struc-
ture, but the two FeO units actually form a dimer row
anchored at the pristine TiO, support. In fact, the ilmenite-
like structures with dispersed FeO (Figure 9b—f) were
calculated to be much less stable. Furthermore, the mixed
surface oxide with the TiO,(011) substrate in a recon-
structed (disordered) configuration was also found to be
unstable (not shown).

Thus, from calculated structures and energetics of
the mixed oxide surface, the observed ordered FeTiO,
surface can be explained by the half monolayer FeO
model shown in Figure 9a. This structure exhibits an
equal number of exposed Fe*>" and Ti** cations on the
surface, which is consistent with the experimental ISS
measurement. We also simulated the STM image of this
surface, shown in Figure 10. It can be seen that the
exposed Fe? gives the brightest features. The 2 x 1
unit cell structure of the structural model is also clearly
represented in the calculated STM images. In contrast,
the experimental STM image appears like a c(2 x 1)
structure. This may indicate that tip effects in the
strongly corrugated structure play an important role
in the imaging of this structure, more sophisticated
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Figure 10. Simulated STM images of the most stable half
monolayer FeO structure at rutile TiO,(011) (Figure 9a). The
large bright spots correspond to Fe cations and small spots
to topmost O. The dotted square in red indicates the (2 x 1)
unit cell.

STM simulations need to be employed,? or yet other
structures exist. Finally, we want to point out that,
although the whole top layer TiO, as well as the added
FeO were included in the mixed oxide structure search,
no reconstruction as that of TiO,(011)-2 x 1 was
determined to favorably occur for the substrate. This
suggests that the FeO deposition can remove the
reconstruction of the clean TiO,(011) surface, similar
to the case of adsorptions of various organic mole-
cules.?’ Moreover, from the optimized structure, one
could also see that both the exposed Ti and Fe cations
at the surface exhibit dangling bonds, which can give
rise to unique chemical properties of such a mixed
oxide surface.

CONCLUSIONS

This work demonstrates that well-ordered surface
structures of monolayer mixed oxides may be obtained
on single-crystal surfaces under the right preparation
conditions, and thus novel mixed oxide monolayer
materials can be synthesized and characterized by
surface science investigations. While there are many
more investigations of monolayer oxides on the rutile
TiO,(110) surface, very few similarly well-ordered oxide
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monolayers?>?* have been reported for that surface
orientation. We consider that the less stable (011)
surface that exhibits a 2 x 1 surface reconstruction
may facilitate the formation of ordered mixed oxide
surfaces. In the particular case of iron oxide on TiO,,
the formed mixed oxide surface layer has similarities
with the ilmenite FeTiO3 phase from both a structural
perspective as well as the cation charge states. Iron is
not the only transition metal that forms the ilmenite
structure with TiO,. Other metals that form a mixed
oxide ilmenite phase with Ti include Mn, Ni, Co, Mg,

METHODS

Experimental Methods. STM studies were performed in an UHV
chamber with a base pressure of ~2 x 10~'° Torr equipped with
an Omicron variable temperature (VT)-STM operated at room
temperature. Empty-state STM images were recorded at room
temperature with electrochemically etched tungsten tips
cleaned in situ by voltage pulsing. XPS, UPS, and ISS measure-
ments were performed in a separate UHV chamber with a base
pressure of ~5 x 10~ '° Torr. This second UHV chamber was also
equipped with a room temperature STM, which was used to
make sure that the same surface structures were obtained. For
electron and ion spectroscopy studies, a non-monochroma-
tized dual-anode X-ray source (Omicron, DAR 400) for XPS, a He
Il VUV photon source (Omicron, HIS 13) for UPS, and a fine
focused ion (He™ ions with primary energy of ~1000 eV) gun for
ISS measurements were used. The kinetic energy of the scat-
tered electrons/ions were detected with a seven-channel hemi-
spherical energy analyzer (Omicron, Sphera Il). To increase the
surface sensitivity in XPS measurements, data were collected
with the analyzer at a grazing angle of 70° (measured from
surface normal). For UPS and ISS, the analyzer was normal to the
surface. The scattering angle for ISS was 37° in our experimental
setup. The XPS data were acquired with Mg Ko. X-rays. The XPS
peaks were fitted with Gaussian—Lorentzian peak shape after
subtracting a Shirley background. Substrate preparation and
the methodology for iron deposition as well as the subsequent
annealing procedures were identical in the two UHV systems.
Briefly, the commercially available TiO,(011) single-crystal sub-
strate (from MTI Corporation) was prepared by multiple cycles
of Ar" sputtering at room temperature (1 kV, 5 A, 30 min)
followed by UHV annealing at 700 °C for 30 min. The cleanliness
of the surface was checked by STM. Fe was evaporated from
an Fe rod and heated in a water-cooled mini e-beam evapo-
rator with the substrate held at room temperature. The 2, 4,
and 7 min exposure periods were estimated from STM images
to correspond to 0.25, 0.5, and 0.75 ML surface coverage,
respectively.

Computational Methods. In this work, we used the evolutionary
algorithm embedded in USPEX code?*~?° to search for stable
surface structures, which has been successfully applied for
predicting stable structures of bulk crystals,>® nanoclusters,?
surfaces,”” and polymers.*® As a global optimization method,
the USPEX code uses four ways (hereditary, mutation, transmu-
tation, random) to produce surface structures, and the whole
prediction usually requires hundreds or thousands of individual
structure relaxations. In our calculations, oxide surfaces were
modeled by periodic slabs; each candidate surface structure can
be divided into vacuum, surface, buffer, and substrate regions,
and only the surface region was involved in generating new
structures.?’ In the current work, calculated lattice parameters
of bulk rutile TiO, are a = b = 4660 A, ¢ = 2.973 A, in good
agreement with experimental values. The unreconstructed and
2 x 1reconstructed rutile TiO,(011) surfaces were modeled with
a slab containing four TiO, layers in a 2 x 1 surface cell. The
vacuum height was about 15 A. In the structural optimization,
we relaxed the atom positions in the surface and buffer region,
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and also V. Thus, it will be exciting to investigate if the
same bulk structure of these mixed oxides can also
be translated in the formation of the same surface
mixed oxide on TiO,(011). Identification, synthesis, and
compositional control of well-ordered mixed oxide
monolayers are prerequisites for atomic-scale under-
standing of these kinds of nanocatalysts. The studies
reported here suggest that the TiO,(011) surface is
a better model system for these kinds of investiga-
tions than the more frequently used rutile TiO,(110)
surface.

while the other atoms (bottom two layers of the TiO,(011)) were
fixed. In our calculations, the relaxations were done using DFT
calculations within the generalized gradient approximation
(GGA)*° using the all-electron projector-augmented wave'
method as implemented in the VASP code3'? We used
the kinetic energy cutoff of 400 eV for the plane wave basis
set. The Brillouin zone was sampled with a 1 x 2 x 1 k-point
mesh, and each candidate structure was relaxed until the
residual forces were below 0.05 eV/A.

In order to reduce the computing time, we took the topmost
O of the unreconstructed rutile TiO,(011) layer together with
all the added FeO (4 in a unit cell) as the surface layer for
calculating the mixed surface oxide with a full monolayer FeO.
In contrast, for calculating the mixed surface oxide with half
monolayer FeO, we then took the whole top TiO, layer together
with the added FeO (2 in a unit cell) as the surface layer. Details
of the STM simulations®® can be found in our early work 5!
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