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The rutile TiO,(110) surface is the most studied surface of titania and considered as a prototype of
transition metal oxide surfaces. Reactions on flat TiO,(110)-(1x 1) surfaces are well studied, but the
processes occurring on the step edges have barely been considered. Based on scanning tunneling
microscopy studies, we here present experimental evidence for the existence of O vacancies along
the (111)g step edges (Og vac.’s) on rutile TiO,(110). Both the distribution of bridging O vacancies on the
terraces and temperature-programed reaction experiments of ethanol-covered TiO,(110) point to the
existence of the Og vac.’s. Based on experiments and density functional theory calculations, we show that
Og vac.’s are reactive sites for ethanol dissociation via O-H bond scission. Implications of these findings

are discussed.
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The use of TiO,-based materials for catalytic and photo-
catalytic applications has spurred tremendous research
efforts [1-4]. At a fundamental level, surface science stud-
ies have often addressed the rutile TiO,(110)-(1 X 1) sur-
face, which has become a model of transition metal oxide
surfaces [4—8]. However, the vast majority of these studies
have focused on extended atomically flat terraces with
bridging oxygen vacancies (O, vac.’s), whereas processes
occurring at step edges have barely been explored [9].
Because many applications of TiO, are related to TiO,
nanoparticles [1-4], the study of step edges and related
extended topological defects is essential for an improved
fundamental understanding of the reactivity of TiO,
surfaces.

The rutile TiO,(110)-(1 X 1) surface consists of alter-
nating rows of fivefold coordinated Ti atoms and protrud-
ing, twofold coordinated Oy, atoms. The Ti atoms
underneath the Oy, atoms are sixfold coordinated (6f-Ti),
as any other Ti atom in stoichiometric rutile. Ar* sputtered
and vacuum-annealed TiO,(110) crystals are n-type semi-
conductors because of bulk defects such as Ti interstitials,
O vacancies, and crystallographic shear planes [5,10-13].
Depending on the sample preparation protocols, TiO,(110)
surfaces with different average terrace widths and Oy, vac.
densities can be prepared [14—16]. In the following, clean
reduced TiO,(110) surfaces with Oy, vac.’s are denoted as
r-Ti0,(110).

Two types of step edges are dominating on 7-TiO,(110)
surfaces: (001) and (111) step edges [5,12,14,16-19].
Whereas the structure of (001) steps is today still unre-
solved, a stable reconstruction of the (111) step edge
(denoted as (111)g) has been predicted recently, based
on density functional theory (DFT) calculations [9].
Compared to bulk truncated (111) step edges, this structure
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is characterized by one additional TiO, unit per step unit
cell [see light gray (yellow) dots in Fig. 1(a)]. The (111)g
step edges are characterized by 5f- and 6f-Ti atoms, with
the Ti’s of the additional TiO, units being sixfold coordi-
nated. Another important prediction put forward in Ref. [9]
is that the (111)g step edges on r-TiO,(110) are reduced.
As shown in Fig. 1(b), Og vac.’s, i.e., O vacancies at the
step edges, were found to be located at the end of the Oy,
rows [9]. So far, no experimental evidence of these Og
vac.’s has been reported.

In this Letter, we provide experimental evidence for the
existence of Og vac.’s along the (111); step edges on
r-Ti0,(110) surfaces. Based on scanning tunneling mi-
croscopy (STM) measurements, we conducted a detailed
analysis of the distribution of Oy, vac.’s on the r-TiO,(110)
surface, revealing that much fewer Oy, vac.’s exist in the
vicinity of (111)g step edges than on the terraces. However,
when Og vac.’s along the (111) step edges are introduced,
the total number of vacancies per surface area is constant.

FIG. 1 (color online).

(a) Stoichiometric TiO,(110) surfaces
with reconstructed (111)g step edges, i.e., with additional TiO,
units. (b) Reconstructed (111)g step edge on r-TiO,(110), char-
acterized by Og vac.’s. Light gray (yellow) dots indicate addi-
tional TiO, units. In (b), Oy, vac.’s and Og vac.’s are indicated by
squares and circles, respectively.
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In addition, our combined approach of temperature-
programed desorption or reaction (TPD/TPR) experi-
ments and DFT calculations addressing ethanol (EtOH)
exposed r-TiO,(110) surfaces also reveals the existence
of Og vac.’s.

Figure 2 shows empty-state STM images acquired
from three different regions of a r-Ti0O,(110) surface at
120-140 K [20]. The imaged 410 A X 410 A areas on the
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FIG. 2 (color online). (a)—(c) Selected STM images (410 A x
410 A) showing areas of (a) low, (b) medium, and (c) high total
step length, all acquired from the same r-TiO,(110) surface [20].
In (a), black and white arrows indicate (111) and {001) step
edges, respectively. The inset in (b) shows a 82 A X 82 A large
zoom-in on a terrace. (d) Zoom-in STM image (82 A x 82 A) of
the area indicated in (b). Squares indicate O, vac.’s. (¢) Number of
Oy, vac.’s [gray (red) bars] and (111)g step sites [dark gray (blue)
bars] of 17 STM images (410 A X 410 A) acquired on different
regions on r-TiO,(110). Bars corresponding to the STM images
depicted in (a)—(c) are indicated. The hatched gray (red) bar on the
left shows the number of Oy, vac.’s in ten 130 A X 130 A areas
located far from any step edges. The total area of these ten areas
almost equals that of the 17 410 A X 410 A STM images. The
dashed line indicates the average sum of Oy, vac.’s and (111)g step
sites. (f) Number of Oy, vac.s plotted against the number of
(111)g step sites corresponding to the data shown in (e).

surface span several terraces that are labeled by Roman
numbers; the uppermost terraces are marked by “I”” and
the lowest by “IV,” respectively. On the surface of the
same crystal, regions with low [Fig. 2(a)], medium
[Fig. 2(b)], and high [Fig. 2(c)] step densities were identi-
fied. Even though the Oy, rows are geometrically protrud-
ing, they appear dark in the STM images, and the 5f-Ti
atoms in the troughs bright [5]. Accordingly, the Oy, vac.’s
on the terraces appear as bright spots on dark lines in high-
resolution STM [see the inset of Figs. 2(b) and 2(d)].

To test whether a correlation exists between extended
defects such as step edges and Oy, vac.’s, we counted the
O, vac.’s in different regions on the r-TiO,(110) surface,
where the abundance of (111) steps varied. In total, we
extracted the number of Oy, vac.’s from 17 STM images of
410 A X 410 A size characterized by total (111)g step
length between 60 and 140 nm [gray (red) bars in
Fig. 2(e)]. Additionally, we analyzed ten 130 A X 130 A
STM images showing areas without any steps [hatched bar
in Fig. 2(e)]. We found that the number of O, vac.’s per
410 A X 410 A area varies considerably between ~618
and ~815, implying that the O, vac.’s are inhomogene-
ously distributed on the r-TiO,(110) surface.

Next, we included the (111)g step edges in our analysis.
Specifically, we extracted from the STM images the number
of (111)g step sites, here defined as the number of Oy, rows
terminating at (111) step edges [Fig. 2(e), dark gray (blue)
bars]. It is evident that the sum of Oy, vac.’s and (111)g step
sites per surface area is constant and that the number of Oy,
vac.’s is high in regions with few (111)g steps and low in
regions with many step sites. In fact, when plotting the
number of Oy, vac.’s against the number of (111)g step sites
[Fig. 2(f)], the slope is —(0.93 = 0.16), suggesting one Og
vac. per (111)y step site. Thus, by introducing the Og vac.’s
along the (111)y step edges, we arrive at a situation where
the total number of O vac.’s is independent of the step
density in the STM images. Therefore, we take our results
as a strong indication that the (111) step edges are reduced,
i.e., that the Og vac.’s do indeed exist.

Interestingly, we observed a depletion of Oy, vac.’s in
the vicinity of the (111); step edges [see Fig. 2(d)].
Specifically, on the upper terraces of the (111)g steps, a
~20 A wide zone exists, within which almost no O, vac.’s
occur. The (111)g step edges and Oy, vac.’s can be consid-
ered as competing defects on the surfaces of bulk-reduced
TiO,(110) crystals. In contrast, no clear correlation was
found between the number of Oy, vac.’s and (001) step
sites. Accordingly, to provide a precise measure of the
surface reduction (total surface O vac. density, pr), the
(111)g step edges need to be taken into account. Two
procedures are possible to determine a precise measure
of the surface reduction: (i) exclusively STM images ac-
quired on flat terraces are analyzed, or (ii), when regions
spanning several terraces were scanned, each (111) step
site is counted as one Og vac. For the data presented in
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Fig. 2, both procedures led to pr = (9.2 = 0.5)% ML on
all scanned regions on the surface, where 1 ML is the
density of the (1 X 1) unit cells, 5.2 X 10" cm™2.
However, if the (111)g step sites were ignored, the surface
reduction would be underestimated by up to 25%.

To further our studies addressing the presence of Og
vac.’s at the (111)g step edges, we utilized EtOH as a probe
and conducted combined STM and TPD/TPR experiments
(Fig. 3). Two sets of experiments were conducted with the
same TiO,(110) crystal as used for the STM experiments
presented above, but the surface reduction was with
p1(O vac.) = (7.4 = 0.2)% ML lower. Following EtOH
exposures at ~270 K (saturation), we flashed the samples
to 380 and 570 K, respectively, to selectively remove
different types of ethoxide species from the surface.

On terraces of r-TiO,(110) surfaces, three different
EtOH-related species are known: molecularly and disso-
ciatively adsorbed EtOH on top of 5f-Ti atoms (EtOHr;
and EtOr;, respectively) and ethoxides adsorbed at Oy,
vac.’s (EtOy,) that result from EtOH dissociation via O-H
bond scission at the Oy, vac.’s [21-23]. H adatoms (H,q4
species) are formed upon dissociation of EtOH both in the
Ti troughs and in the Oy, vac.’s. After flashing the sample to
380 K (““experiment I"’) exclusively, EtOy, ethoxides and
H,q4 species are expected to remain on the terraces [21-23],
but the STM data presented in Fig. 3(a) show that
adsorbates also persisted along the (111)y step edges [see
Fig. 3(a), inset (ii)]. This important result confirms the
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presence of Og vac.’s because, according to our TPD/
TPR and DFT results presented below, trapping sites are
required to stabilize any EtOH-related species on the
r-Ti0,(110) surface so strongly. In analogy to the EtO,
ethoxides on the terraces, we ascribe the adsorbates along
the step edges as ethoxides, EtOg. The EtOg ethoxides are
located at the end of Oy, rows, and their coverage is close to
1. After flashing the sample to 570 K [see Fig. 3(b),
“experiment II"’], our STM analysis revealed that exclu-
sively the EtOy, species remained on the surface, whereas
the EtOg ethoxides at the (111)g step edges disappeared.
Furthermore, we observed that O, vac.’s appeared on the
surface [see Fig. 3(b), insets (i) and (ii)], indicating that H,4
species recombined upon flashing to 570 K, which led to
the formation of Oy, vac.’s on the surface and water that
desorbed [24,25].

The TPD/TPR spectra corresponding to these experi-
ments [Fig. 3(c)] confirm that the species adsorbed along
the (111)g step edges are ethoxides. The TPD/TPR experi-
ments reveal the desorption of ethylene (C,Hy, m/e = 26)
and EtOH (m/e = 31), as is expected for the reaction of
ethoxide species via B-hydride elimination [21,22]. In the
TPD/TPR spectra corresponding to ‘“‘experiment I, two
distinct C,H, peaks exist at ~500 K () and ~640 K (),
respectively, whereas, in the TPD/TPR spectra correspond-
ing to “experiment I’ [Fig. 3(c)], only the y-C,H, peak at
~640 K was detected. The desorption of C,H, is accom-
panied by the desorption of water [26].

TPD/TPR data
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FIG. 3 (color online). STM images (390 A X 390 A) of EtOH/r-TiO,(110) prepared by saturating r-TiO,(110) surfaces with EtOH
at 270 K and flashing to (a) 380 K and (b) 570 K, respectively [20]. Insets (i) were acquired from other areas on the two surfaces.
Insets (ii) are enlargements of the areas indicated in (a) and (b), respectively. All insets show areas of 72 A X 72 A. Symbols indicate
EtO,, ethoxides (dotted circles), H,q species (hexagons), and Oy, vac.’s (squares), respectively. (c) Corresponding TPD/TPR
experiments with m/e = 26 (C,H,) and m/e = 31 (EtOH) traces. EtOH cracking fragments to the m/e = 26 signal were substracted.
For “experiment I, the m/e = 18 signal (H,0) is also shown (scaled by 0.25). Black arrows in (c) indicate the flashing temperatures.
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FIG. 4 (color online). Computed most stable EtOH adsorption
structures at reduced (111)g step edges. (a) Dissociatively adsorbed
EtOH at the end of the Ti troughs, consisting of EtOg_1; and H,y
species. (b) Dissociatively adsorbed EtOH at the end of the O,
rows, consisting of EtOg and H,4 species. Atoms of the adsorbates
are shown as follows: C atoms: dark gray (black) balls; O atoms:
large light gray (pink) balls; H atoms: small light gray (yellow)
balls. Circles indicate Og vac.’s. (c) Potential energy curves of EtOH
at reduced (111) step edges. The solid light gray curve describes
the dissociation of EtOHg_1; to EtOg_1; and H,y species, with the
two local minima corresponding to configurations where the H, 4
species are adsorbed on the O atoms indicated in (a). The dashed
black curve describes the diffusion of EtOHg_7; into an Og vac. and
the solid black curve its subsequent dissociation. Potential energies
are with respect to EtOH in the gas phase (EtOH,).

The data presented in Fig. 3 suggest that the two distinct
C,H, features at ~500 K () and ~640 K () observed in
“experiment I"” arise from B-hydride elimination of EtOg
and EtOy, ethoxides, respectively. The different line shape
of the two C,H, peaks and the rather large integrated area
of the B-C,H, peak indicate possible diffusion events to be
involved in the C,H, formation between 400 and 570 K.
Even though the C,H, formation reactions may be com-
plex, it is clear that the EtOy, ethoxides are more stable on
the surface than the EtOg ethoxides.

In our DFT calculations at the generalized gradient ap-
proximation level [20], we started with the step structure
proposed in Ref. [9] that is characterized by Og vac.’s [see
Fig. 1(b)]. EtOH molecules may bind at the (111) step edges
either on top of a 5f-Ti atom (EtOHg_t;) or directly in an Og
vac. (EtOHg). For both sites, EtOH molecules are rather
weakly bound with ~0.5 eV. The dissociation of an
EtOHg._T; molecule, forming EtOg_t; ethoxides and H,4 spe-
cies [Fig. 4(a)], is hindered by a substantial barrier, 0.62 eV,
and further along the dissociation path an even higher energy
barrier of 0.74 eV appears [see the solid light gray line in

Fig. 4(c)]. Given the fact that these barriers are higher than
the adsorption energy of ~0.5 eV, EtOHg.1; molecules
would rather desorb than dissociate. This means that the
species seen in the STM images along the step edges
[Fig. 3(a)] cannot be explained by EtOHg_1; molecules. On
the contrary, the dissociation of an EtOHg molecule is hin-
dered by a very low barrier of 0.15 eV, which can be easily
overcome [see the solid black line in Fig. 4(c)]. Upon disso-
ciation via O-H bond scission, an EtOg ethoxide and a H,q4
species are formed at the end of the Oy, row [Fig. 4(b)]. The
configuration shown in Fig. 4(b) is expected experimentally
because the diffusion of EtOHg_1; molecules from 5 f-Ti sites
into the Og vac.’s is facile [see the dashed black line in
Fig. 4(c)]. For this diffusion process, the barrier was com-
puted to be 0.38 eV, which is comparable to the diffusion of
EtOHr; molecules along the Ti troughs (~ 0.4 eV [23,27]).
Compared to the EtO,, ethoxy species, which binds with an
adsorption energy of ~1.5 eV [23], the EtOg species are
by ~0.5 eV less strongly bound and their adsorption energy
is ~1 eV. Thus, the Og vac.’s are mild trapping sites of EtOH
molecules. Accordingly, our DFT calculations are in line
with the above TPD/TPR data, revealing that the EtOg
species react at lower temperatures than the EtO,, species.

The presented results, i.e., the inhomogeneous distribu-
tion of Oy, vac.’s (Fig. 2), as well as the combined STM,
TPD/TPR, and DFT data addressing the EtOH —
r-Ti0,(110) interaction (Figs. 3 and 4), evidence the ex-
istence of the Og vac’s at the (I11); step edges.
Consequently, when describing reactions on r-TiO,(110)
surfaces, the processes occurring at the (111)g step edges
need to be considered as well, even though these processes
are intricate to model. Furthermore, when describing
r-TiO,(110) surfaces by STM, the (111); step edges
need to be taken into account. Specifically, when compar-
ing r-TiO,(110) surfaces obtained on different crystals
(and laboratories), the O, vac. densities can only be used
as a criterion of the sample reduction if regions close to
step edges are omitted. Moreover, for a fair comparison,
the step densities on the surfaces need to be considered.
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