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ABSTRACT: A knowledge of adsorption behaviors of oxygen on  [IGEETIY
the model system of the reduced rutile TiO,(110)-1x 1 surface is of
great importance for an atomistic understanding of many chemical
processes. We present a scanning tunneling microcopy (STM)
study on the adsorption of molecular oxygen either at the bridge-
bonded oxygen vacancies (BBOy) or at the hydroxyls (OH) on the
TiO,(110)-1x 1 surface. Using an in situ O, dosing method, we are » =
able to directly verify the exact adsorption sites and the dynamic L
behaviors of molecular O,. Our experiments provide direct evi- [ASAZAULINE
dence that an O, molecule can intrinsically adsorb at both the BBOy,

and the OH sites. It has been identified that, at a low coverage of O,, the singly adsorbed molecular O, at BBOy, can be dissociated
through an intermediate state as driven by the STM tip. However, singly adsorbed molecular O, at OH can survive from such a tip-
induced effect, which implies that the singly adsorbed O, at OH is more stable than that at BBOy. It is interesting to observe that
when the BBOys are fully filled with excess O, dosing, the adsorbed O, molecules at BBOy, tend to be nondissociative even under a
higher bias voltage of 2.2 V. Such a nondissociative behavior is most likely attributed to the presence of two or more O, molecules

simultaneously adsorbed at a BBOy, with a more stable configuration than singly adsorbed molecular O, at a BBOy,.

1. INTRODUCTION

The adsorption of molecular oxygen on titanium dioxide has
attracted extensive study interests since adsorbed oxygen plays an
important role in many surface chemical processes,” > particu-
larly for the low-temperature oxidation reactions in heteroge-
neous catalysis,* as well as in photocatalysis.® In general, adso-
rbed O, acts as a scavenger to excess electrons originating from
donor-specific sites, such as bridge-bonded oxygen vacancies
(BBOy), hydroxyl groups (OH), and Ti interstitials.®”'® Scan-
ning tunneling microscopy (STM) has been used to characterize
adsorbed molecules on the TiO, surface and provide useful
information for understanding the chemical processes at the
atomic scale. Some recent efforts using STM have been made
to understand the adsorption of molecular oxygen on the
reduced rutile TiO,(110)-1x1 surface.''® However, adsorp-
tion of molecular oxygen at low temperatures remains a puzzling
problem.7’8’14’l7_20 The STM results showed dissociative O,,
either dissociated at BBOy with one O atom healing the BBOy
and the other O atom leaving at a neighboring 5-fold-coordinated
Ti (Tis.) site as an adatom, >>°~> or dissociated directly at Tis,
sites, yielding paired O adatoms which may be caused by Ti
interstitials.”*® It was reported that the O, molecule may also
react with the hydroxyl group, yielding HO, species.”** *® On
the other hand, the photodesorg)tion experiments indicate two
states of molecular O, at BBOy.” The temperature-programmed
desorption (TPD) measurements suggest that up to three O,
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molecules adsorb per BBOy at 120 K, but a dissociation channel
is favored above 150 K.* A recent result reports that two O,
molecules chemisorb per BBOy, and convert to a stable tetra-
oxygen as annealed above 200 K,*” which was predicted by the
theoretical results.”® In photocatalysis, it is reported that the
molecular oxygen plays an indispensable role, assisting the charge
separation and generating the active species of O, 0,°7, HO,,
etc.”?*7*" Such molecular oxygen species on TiO, are required
to be comprehensively understood at a molecular scale, especially
on their actual adsorption sites, in the interaction with the TiO,
surface, and in the reaction with other adsorbed species.

In this study, we investigated O, adsorption on TiO,(110)
surfaces with BBOy and OH. The adsorption behaviors of
molecular O, were systematically studied with various coverages
of O, and different temperatures using STM. The dissociation of
O, molecules at BBOy was measured at different temperatures
and different O, coverages. The dissociation processes are ana-
lyzed and simulated using first-principle calculations. The inter-
action of O, with OH is also studied, which shows a behavior
different from that of adsorbed O, at BBOy,. Our study provides a
comprehensive picture of O, adsorption and some insights into
the role of O, as a scavenger to excess electrons in the chemical
reactions mediated by TiO, surfaces.
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2. EXPERIMENTAL SECTION

The experiments were conducted in an ultra-high-vacaum low-
temperature STM (LT-STM) system (Omicron, base pressure <3 X
10~ " mbar). The reduced rutile TiO,(110)-1x 1 surface was prepared
by repeated cycles of 1000 eV of Ar" sputtering and annealing to 900 K
with a Ta-foil heater behind the sample. The clean TiO,(110)-1x1
surface was then transferred to the cryostat of the microscope, which had
been precooled to 80 or 5.2 K. The STM measurements were performed
mostly at 80 and 5.2 K, at which the microscope has good performance in
thermal stability. Variable-temperature experiments have also been per-
formed by warming the sample from 80 to 130 K. The O, (99.999%)
dosing was performed by keeping the sample either at 80 K or at 5.2 K.
During O, dosing, the tip was retracted from the surface by about 10 ym.

3. COMPUTATIONAL DETAILS

All the calculations were performed with the Vienna ab initio
simulation package (VASP) with the generalized gradient approxima-
tion of Perdew, Burke, and Ernzerhof (PBE-GGA).>*" % The TiO,-
(110)-1x1 surface was modeled by periodically repeated slabs consis-
ting of a 4 X 2 cell with five O—Ti—O trilayers separated by 15 A of
vacuum. One of the bridge-bonded oxygen atoms in the uppermost layer
was removed to mimic the oxygen vacancy. A plane-wave basis set with
an energy cutoff of 460 eV and the projector-augmented wave (PAW)
potential were employed.** Monhkorst-3 Pack grids of 2 X 2 X 1 K-
points were used. During the optimization, only atoms in the upper two
trilayers were allowed to relax until the self-consistent forces were
smaller than 0.01 eV/A. The STM images were simulated by the
Tersoff—Hamann formula.>”**

4. RESULTS AND DISCUSSION

4.1. Adsorption of Molecular O, at BBOy with a Low
Coverage. Parts a and b of Figure 1 give a pair of images for
the reduced TiO,(110)-1x1 surface before and after the ex-
posure of 0.04 langmuir of O, (1 langmuir = 1.33 X 10°°
mbar-s). Figure la shows a typical empty-state STM image of
reduced TiO,(110)-1x 1, with alternating rows of S-fold-coor-
dinated Ti atoms (Tis.) as bright rows and 2-fold-coordinated
bridge-bonded O atoms (BBO) as dark rows. The bright pro-
trusions in the BBO rows are the oxygen vacancies (BBOy,) with
a concentration of 0.08 monolayer (1 monolayer = 52 x 10'*
cm ™ ?). It is observed that after O, dosing some of the BBOys
become almost misty (marked by squares), and four BBOys
remain in the frame, as shown in Figure 1b. The two bright
protrusions at Tis, sites (marked by yellow arrows) are attributed
to the O adatoms resulting from the dissociative O, at BBO,.'*?°
Parts c—f of Figure 1 correspondingly give the line profiles along
marked lines 1—4 in Figure la and marked lines 1'—4’ in
Figure 1b. The apparent height of BBOy changes from about
0.30 A to a value of about 0.13 A after O, dosing. The observation
here suggests that the misty BBOy can be the adsorption of one
molecule of O,. To support this, we calculated the adsorbed con-
figuration and simulated the image of the adsorbed molecular O,
at BBOy with a 4 X 2 unit cell including five O—Ti—O trilayers
separated by 15 A of vacuum based on the basis of density
functional theory (DFT). Consistent with the previous calcu-
lated results,"** %% the O, molecule adsorbs at BBOy, with the
bond axis perpendicular to the BBO row, as shown in Figure 1g.
The O—O bond length is 1.44 A, which is much longer than the
bond length of O, in the gas phase, su%gesting that the molecular
O, at BBOy is doubly charged as O, -0 Figure 1h shows the
simulated STM image, which exhibits a faint contrast for the
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Figure 1. STM images of the hydroxyl-free TiO,(110)-1x 1 surface (a)
before and (b) after 0.04 langmuir of O, dosing within the same area
(size 6.5 x 7.0 nm?, imaged at 1.0 V and 10 pA, at 80 K). The dashed
squares mark the misty BBOy after O, dosing. The yellow arrows mark
the O adatoms at Tis. sites. (c—f) Line profiles giving the relative
apparent height change along lines 1—4 marked in (a) and lines 1'—4’
marked in (b), correspondingly. (g) Optimized structure of molecular
O, adsorbed at BBOy in top view. (h) Simulated STM image of
molecular O, adsorbed at BBOy with a sample bias of 1.0 V (the Fermi
level is set to be 0.12 eV below the conduction band minimum) and a
constant height of 3.1 A.

adsorbed O, molecule at BBOy, in good agreement with our
experimental observations. Hence, Figure 1b provides the direct
image of the singly adsorbed molecular O, at BBOy; by compar-
ison in situ with the image in Figure la.

4.2. Adsorption of Molecular O, with Variable Coverages.
Figure 2 shows the results obtained from the stepwise O,
exposure experiment. In the first step, we allowed the sample
to be exposed to 0.02 langmuir of O,. Figure 2b shows the first
scanning frame after exposure of O,. One can see three misty
BBOys, similar to the image in Figure 1b. However, in addition to
the misty BBOvs, there are some paired protrusions occurring at
the neighboring Ts. sites in opposite rows of the preexisting
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Figure 2. STM images obtained from a stepwise O, adsorption process within the same area (size 5.7 x 9.7 nm?, imaged at 1.0 Vand 10 pA, 80 K). (a)
Image before O, dosing. (b—f) Consecutively acquired images after 0.02 langmuir of O, dosing, showing the dissociation of the adsorbed O, during
scanning (step I). The green arrows show the scanning directions. (g) Image showing the fully filled BBOy after an additional 0.12 langmuir of O, dosing
(step II). (h) Image acquired after another additional 0.20 langmuir of O, dosing (step III). Dashed squares mark the misty BBOy with adsorbed
molecular O,, dashed rectangles the intermediate state of the adsorbed molecular O, at BBOv;, and white arrows the paired O adatoms presented at Tis.
sites. (i, j) Line profiles corresponding to crossed lines 1 and 2 in (g) and lines 1’ and 2 in (h). The red arrow denotes the crosspoint of the two lines.

BBOys (marked by rectangles). As we show below, such paired
protrusions can be attributed to an intermediate state of an adsor-
bed O, molecule. Hence, there are five adsorbed O, molecules in
the image. After several cycles of consecutive scanning within the
same area at a bias of 1.0 V, all five adsorbed O, molecules
dissociate and present five O adatoms at the neighboring Tis.
sites (Figure 2b—f). In the second step, we allowed the sample to
be further exposed to an additional 0.12 langmuir of O,, as shown
in Figure 2g. It is observed that all of the BBOys are filled by
adsorbed O,, accompanied by some more dissociative O, that
exhibits as O adatoms at Tis, sites. In the following step, the
sample was exposed to another additional 0.20 langmuir of O,.
Some paired protrusions at the same Tis. row occur, as marked
by the white arrows in Figure 2h. Such types 0f4paired protrusions
at the Tis. row have been observed before,'* which have been
attributed to dissociative O, at Tis..”

It is suggested that two O, molecules chemisorb per BBOy
and convert to a stable tetraoxygen as annealed above 200 K, and
the tetraoxygen can sustain upon annealing to 400 K7 As
shown in Figure 2g/h, even though the BBOys are fully filled by
adsorbed O, with excess O, dosing, it is difficult to obtain the
exact number of adsorbed O, molecules per BBOy from the
image. In Figure 2b—f, it is shown that the adsorbed O, at a low
coverage can be completely dissociated after repeated scanning at
1.0 V within the same area, which can be attributed to the fact that
a singly adsorbed O, at BBOy, is quite dissociative.’’ However,
the image shown in Figure 2h did not follow the same behavior.
With repeated scanning at 1.0 V and even at a high bias up to 2.2
V, we observed that the number of O adatoms and the main

feature of the surface almost remained unchanged, indicating that
the adsorbed O, molecules tend to be nondissociative, in con-
trast to the easily dissociated singly adsorbed O, molecules at bias
voltages higher than 1.2 V in our experiment. This phenomenon
may lead to different explanations. First, one may think that it is
due to the total desorption of the adsorbed molecules without
dissociation. This argument can be ruled out, since in such a way
the preexisting BBOy, should be recovered. Second, the adsorbed
O, may go through dissociation without leaving an O adatom at
such a high coverage, but this is obviously inconsistent with the
dissociation behavior of singly adsorbed O,. A more plausible
explanation is that the nondissociative O, may contain quite sta-
ble oxygen adsorbates with a configuration quite different from
that of the singly adsorbed O, molecule.

To clarify, a further analysis is made by comparing the relative
heights, for example, along the dashed green and blue lines in
Figure 2gh, respectively, as shown in Figure 2i,j. The line profiles
have been normalized according to the height difference between
the O adatom and the BBO row. It is observed that both profiles
of lines 1 and 1’ are almost overlapped, except for the range
around the molecular O, adsorption site, marked by the red arrow.
In this range line 1’ drops to a lower relative height, but not to the
same height as the neighboring BBO rows (Figure 2i). Compar-
ison of the line profiles along lines 2 and 2" shows that both lines
also exhibit heights different from those of the other sites in the
same BBO row, and line 2 is more protruded than line 2’ around
the range marked by the red arrow in Figure 2j. Considering its
similarity (lines 1 and 2) to the singly adsorbed molecular O,
shown above, we suggest that it is a singly adsorbed O, molecule
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Figure 3. (a) Image of the bare TiO,(110)-1x1 surface (size 5.2 x 7.2 nm? acquired at 1.0 V and 10 pA). Dashed circles mark the original BBOy sites.
(b—e) Images acquired after 0.02 langmuir of O, dosing, acquired at different bias voltages. Squares mark BBOy, with adsorbed molecular O, and
rectangles the intermediate state of the adsorbed O,. Dark arrows in (d) mark the scratches, and the green arrow denotes the scanning direction.
Schematic drawings showing (f) molecular O, under the tip at its equilibrium site, (g) molecular O, inclined to the left Tis. site, (g) molecular O,

inclined to the right Tis. site, and (i) dissociative O,.

at the corresponding BBOy site in Figure 2g. Even though it
becomes much dimmer in Figure 2h, the line profiles (line 1’ and 2')
show that it is different from a singly adsorbed molecule, but also
different from a bare BBO site. Considering that the total O,
exposure is about 0.34 langmuir for Figure 2h, doubled compared
to the O, exposure of 0.14 langmuir for Figure 2g, we tend to
believe that the BBOy, should adsorb simultaneously two or more
O, molecules, which may imply the existence of a stable confi-
guration with more adsorbed molecules per BBOy;, as suggested
before.*”®

4.3. STM-Tip-Induced Dissociation of Adsorbed Molecular
O, at BBOy. The results in the previous STM studies showed
dissociative O,, dominantly with one O atom healing the BBOy
and the other O atom leaving at the neighboring Tis, site as an
adatom.'®?°7?* Here, we observed that the dissociation of O, is
induced by the STM tip at alow O, coverage, in which molecular
O, singly adsorbs at each BBOy dominantly. We found that the
singly adsorbed O, at BBOy may survive from the tip-induced
dissociation when we applied relatively low bias voltages. In
Figure 3, we give another set of experimental results. Figure 3b,
acquired with a low bias voltage of 0.6 V after the exposure of 0.02
langmuir of O,, shows a quite similar behavior of adsorbed O, at
BBOy. We allowed a repeated scanning in the same area at the
bias of 0.6 V. It is observed that the misty BBOys almost remain
unchanged at this bias. However, when the bias is increased to
about 1.0 V, it is observed that some of the adsorbed O,
molecules at BBOy undergo dissociation and produce O ada-
toms at neighboring Tis. sites, as shown in Figure 3c. Interest-
ingly, it is also observed that some paired protrusions occur at
opposite Ty sites neighboring the adsorbed O, at the BBOy
(marked by the rectangles), similar to those in Figure 2b. Such
paired protrusions should be an intermediate state of the mole-
cular O, before it dissociates. On the basis of our DFT calcula-
tions, such an intermediate state can be attributed to the inclined
configuration, in good agreement with the theoretical predic-
tion,”** as shown by the schematic drawings in Figure 3f—h.
Energetically, the flat-lying configuration in Figure 3f is more
preferred than the inclined configuration in Figure 3g (or
equivalently in Figure 3h) by about 0.15 eV. The barrier from
the flat-lying configuration to the inclined configuration is about
0.5 €V, and the return barrier is small at 0.35 eV.** Thus, the

paired protrusions are suggested to be a switching behavior
between the inclined configuration and the flat-lying equilibrium
configuration, which is excited by the inelastic tunneling electron
(IETE).* With the bias further increased to 1.2 V, the adsorbed
O, molecules at BBOy have much higher probability to be disso-
ciated. As shown in Figure 3d, one can see some scratches around
the BBOy with adsorbed O, (marked by the dark arrows). The
green arrow shows the scanning direction. In principle, the
scratches reflect the very fast switching situation of the adsorbed
O, between the equilibrium state and the intermediate state. At
80 K, once a scratch was observed for the adsorbed O, at BBOy,,
consequently the O adatoms presented without observation of
the intermediate state. This can be rationalized as follows: At a
higher bias, the molecularly adsorbed O, may have a higher
probability to overcome the barrier to the metastable intermedi-
ate state with the inclined configuration, caused by the IETE with
higher energies when the higher bias voltage is applied. With the
inclined configuration, O, can be dissociated easily by the IETE
with higher energies also, resulting in the dissociation state
(Figure 3e and the schematic drawing in Figure 3i). On the basis
of the spin-polarized DFT calculations by Chrétien et al,** O,
dissociation at BBOy; is exothermic by 0.85 eV in the triplet state
and the highest barrier is 0.67 eV, and O, dissociation is
endothermic by 0.11 eV in the singlet state and the barrier is
1.30 eV. According to the dissociation dependence on the bias
voltage in our experimental results (see Figure 5), the O, disso-
ciation is obviously observed at a voltage of about 0.8 V at 80 K,
which suggests most likely that the adsorbed O, is in the triplet
state and the O, dissociation is through the exothermic process.

To confirm the suggestion that the adsorbed O, may switch
between the different configurations, we measured the tunneling-
current (I—t) curve by locating the tip over the adsorbed O,
molecule. An I—t curve is recorded by locating the STM tip over
a specific site and turning off the feedback loop of the STM
without scanning. At 80 K, the I—t curve did not give obvious
signals showing the switching state. This may be caused by a too
fast switching rate to be recorded in the STM images and the I—¢
curves at 80 K. We then cooled the sample to 5.2 K. Figure 4
shows some representative I—t curves acquired at different bias
voltages at 5.2 K. Figure 4a shows the I—t curve acquired at the
bias of 1.2 V and the set point current of 10 pA at a misty BBOy,
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Figure 4. Representive I—t curves and STM images acquired at
different bias voltages at 5.2 K: (a, b) at 1.2 V and 10 pA, (c, d) at 1.4
Vand 10 pA, (e, f) at 1.6 Vand 10 pA, (g, h) at 1.6 Vand 10 pA. The I—¢
curves are acquired at the center of the adsorbed O,. The images are
selected from the large scanning areas correspondingly at the bias
voltages and the set point currents indicated. Image sizes: (b) 2.6 x
2.8 nm?, (d) 2.8 x 3.0 nm?, (f) 3.4 x 3.1 nm?, (h) 3.4 x 3.0 nm>.

with an adsorbed molecule of O,. The high current state in the
I—t curve thus denotes the O, molecule under the tip at its
equilibrium adsorption site, while the low current state denotes
the O, molecule off the tip. Correspondingly, we found the be-
havior of the adsorbed O, in the STM images, as shown
in Figure 4b. It is noted that as marked by the arrow the bright
notches at the two opposite Tis. rows are not in the same
scanning line, reflecting the O, either at the left or at the right side
of its equilibrium sites. In this case, the adsorbed O, molecule
mainly stays at its equilibrium site and has a small probability to
be excited to either off state as shown in Figure 3g,h. At 1.4V, the
switching rate increases significantly, roughly higher than that at
1.2V by about 1 order of magnitude, as shown in Figure 4c. In the
STM image acquired at 1.4 V (Figure 4d), it becomes difficult to
observe a feature similar to that in Figure 4b. At 1.6 V, the feature
of the high and the low current states in the I—t curves becomes
unobvious, as shown in Figure 4e. According to the results from
the low bias voltages, we attribute this phenomenon to the too
fast switching rate at 1.6 V. The bandwidth of the preamplifier of
the STM instrument used in this experiment is about 800 Hz, so
that the signals with higher frequencies than the bandwidth will
be cut off. Hence, the I—t curve obtained at 1.6 V reflects the
average of the high-frequency signals. At 1.6 V, the adsorbed O,
has a higher dissociation probability, which has been recorded
both in the I—t curves and in the STM images, as shown in
Figure 4gh, respectively. The sudden jump from the high-
current state to the low-current state reflects the dissociation of
molecular O, (Figure 4g). The scratches at opposite Tis. rows
are now in the same scanning line, reflecting the excitation of O,
and dissociation quickly, as shown in parts f (lower right) and h
of Figure 4.
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Figure S. Proportion of dissociated O, as a function of the applied bias
voltages. The error bars give the standard deviation of the data from
more than five runs. The data obtained at higher bias voltages at 5.2 K
were simply averaged over just two runs, without giving an error bar.

It thus becomes understandable that the nearly symmetric
paired protrusions shown in Figure 3c are caused by the fast
switching between the flat-lying equilibrium configuration and
the inclined configuration, either on the left or on the right side of
the tip, as shown in Figure 3gh, which are symmetric to the
equilibrium state. However, the slow scanning process of the
STM instrument can only obtain an average signal of the fast
switching states in the images. Similar behavior has been obser-
ved in our previous study for another molecular system between
two switching states excited by the IETE, which is generally
through a multiple-electron process.*' However, due to the low
conductivity of TiO,, the measurement with a higher tunneling
current is difficult. It is currently no possible to decide experi-
mentally whether the IETE-induced dissociation of O, is through
a multiple-electron process or a single-electron process.

Figure 5 is a plot of the proportion of dissociated O, molecules
as a function of the applied bias voltage. The proportion of
dissociated O, is obtained by averaging AN/N at every bias volt-
age. In each scanning area of the different experimental runs, we
counted the number of dissociated O, molecules, AN. As we
have shown above, repeated scanning may induce dissociation of
all of the adsorbed molecules even at a not very high bias voltage.
To make the data comparable, we counted the number of
dissociated O, molecules just in the first scanned STM images
obtained by using the same scanning speed of 100 nm/s and the
same set point current of 10 pA, typically with an area of about
30 x 30 nm”. The typical O, coverage used in such a measure-
ment is about 50% relative to the BBOy, where the concentration
of BBOy is about 8—12%. The total number of adsorbed O,
molecules also includes the number of dissociative O, molecules.
It is observed that at 80 K a distinct increase of the proportion
appears when the applied bias voltage is higher than 0.8 V, and
almost all of the adsorbed O, molecules are dissociated even
when scanned only once when the voltage is higher than 1.4 V.
This may explain the previous STM observations of only disso-
ciative O, since in most cases much higher bias voltages were
applied.

4.4. Temperature Dependence of the STM-Tip-Induced O,
Dissociation. It has been shown that the O, adsorption behav-
ior is temperature dependent.”®*” We have further checked the
adsorption behaviors of O, at various temperatures. For the TiO,
surface by dosing O, at room temperature, we always observed
that O, is dissociative.”” Here, we observed that molecular O,
can be intrinsically adsorbed at BBOy by O, dosing at low tem-
peratures, showing coverage dependence. At 80 K, most of the
adsorbed molecular O, may survive from the tip-induced dis-
sociation at biases lower than 0.8 V. By warming the sample to a
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Figure 6. (a) Image of the partially hydroxylated TiO,(110)-1x1
surface (size 4.5 x 6.5 nm* 1.0 V and 10 pA), (b) image acquired after
0.02 langmuir of O, dosing, and (c) image acquired after an additional
0.0S langmuir of O, dosing. (d, e) Pair of images before and after 0.20
langmuir of O, dosing (size 8.1 X 6.0 nm? 1.0 V and 10 pA). (f, g) Pair
of images before and after 0.30 langmuir of O, dosing (size 8.4 X 8.7
nm? 1.0 Vand 10 pA). Key: white arrows, OH; green arrows, OH—0,
complex; circles, BBOy; squares, molecular O, at BBOy;.

high temperature of 130 K, we still observed the adsorbed
molecular O, at BBOy;, but the proportion of dissociated O,
molecules increased to 20% even at a low bias of 0.6 V. Since it
took too long to perform the similar measurement at 130 K,
instead, we have performed the measurements at a much lower
temperature of 5.2 K. At this temperature, we can only image the
surface with a bias higher than 1.2 V and a very low set point
current of about 10 pA. The data obtained at 5.2 K are also
plotted in Figure S for comparison with those obtained at 80 K.
At 5.2 K, a similar dependence of O, dissociation on the voltage is
observed, but for the same value of the proportion, the voltage
shifts to a high value by about 0.35 V at 5.2 K. This reflects quite
an obvious dissociation dependence on the temperature, in
addition to the dependence on the bias voltage.

4.5. Observation of Molecular O, Adsorbed at Hydroxyl
Sites. The hydroxyl groups have been introduced as another
charge donor site to react with O, molecules.'>*** The distri-
bution of the excess electrons of OH has been observed to be
similar to that of BBOv, which is delocalized to the neighboring
Tis, sites.** To get insight into the electron scavenging process of
molecular O, on the surface, it is also important to understand
the interaction between the molecular oxygen and OH. We pre-
pared the clean TiO, sample first and then kept the sample at
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Figure 7. Voltage-dependent images of molecular O, adsorbed at OH
sites: (a) 0.6 Vand 10 pA, (b) 1.0 Vand 10 pA, (c) 1.4 Vand 10 pA, and
(d) 1.0 V and 10 pA after repeated scanning at 1.4 V and 10 pA about
10 times. Size: 7.5 X 4.9 nm”.

room temperature for about 12 h in a chamber with a base
pressure of about 1 x 10~ "% mbar before it was transferred to the
cryostat of the microscope. In this way, we obtained a partially
hydroxylated TiO, surface with a few OH groups in the BBO
rows, which were produced from the dissociation of background
water in the chamber, as shown in Figure 6a. The surface was
then exposed to O, at 80 K. Parts b and ¢ of Figure 6 show the
images obtained from the O,-dosed sample in two steps. In the
first step, we allowed the surface to be exposed to 0.02 langmuir
of O,. Some adsorbed molecular O, and dissociative O, are also
observed, similar to our discussion above. Interestingly, it is
observed that one of the OH groups changes from a round shape
to an X-like shape, as marked by the green arrow in Figure 6b,
while the other three OH groups in the upper panel remain un-
changed. In the second step, we allowed the surface to be exposed
to an additional 0.05 langmuir of O,. The other three remaining
OH groups now also change from the round shape to the X-like
shape (Figure 6¢). The shape change of the OH groups here thus
can be directly attributed to the adsorption of, most likely, one O,
molecule at each OH, forming a OH—O, complex. Generally,
such a OH—O, complex shows an asymmetric X-like shape at 1.0
V. Similar behaviors have been observed for the 0.2 langmuir of
O, dosed sample, as shown in Figure 6d,e. In Figure 6e, all of the
BBOys are filled with molecular O,. It is noted that one of the
complexes of O, at OH is different from the other two, showing a
more protruded and symmetric shape (marked by the triangle).
In the sample with a higher exposure of 0.3 langmuir of O,, more
complexes with such a shape present, as shown in Figure 6f,g.
The complexes with the more protruded and symmetric shape
may be due to the OH containing two or more O, molecules.
The exact configuration with high coverage of O, adsorbed at
OH needs further study.

Here we just discuss OH with only one adsorbed O, molecule.
In our previous work, we have shown that OH exhibits a depen-
dence on the bias voltage and the tunneling current in the STM
images."” A set of STM images acquired at different bias voltages
are given in Figure 7. At a low bias voltage of 0.6 V the OH—O,
complex shows a relatively symmetric X-like shape (Figure 7a).
As a comparison, one can see that OH is just slightly more
protruded than BBOy. At an intermediate bias voltage of
1.0 V the OH—O, complex exhibits a asymmetric X-like shape
(Figure 7b), and at a high bias voltage of 1.4 V the complex
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becomes a very round shape, similar to the protrusion of the OH
in the same frame. To confirm that the round-shaped protrusion
of the complex is not due to the desorption of O, from the
complex, we acquired the image back to a low bias voltage of 1.0
V and found that the X-like shape remains, as shown in Figure 7d.
At a higher bias voltage of around 2.2 V, we did not observe
desorption of O, from the complex. The observation here
suggests that the adsorbed molecular O, at OH is more stable
than that at BBOy against the IETE. Henderson et al. reported
that the O, + OH reaction does not occur at low temperatures
below 120 K.* It is suggested that OH reacts with O, at room
temperature, yielding an intermediate hydroperoxyl (HO,)
species at the Tis site.””* It is observed that the HO, species
presents as a protrusion at a Tis, site. However, in our observa-
tion the OH—O, complex exhibited at a BBO site shows a
dependence quite similar to that of OH on the bias voltage,
suggesting that the electronic states of the OH in the complex
almost remain as the individual OH. This is consistent with
results that O, and OH do not react at 80 K. The OH—0,
complex at 80 K could be a precursor of the HO, species.

During the manuscript preparation, we noticed some similar
works by other groups.*®*” Scheiber et al.*® reported the obser-
vation of an elusive adsorbate on the O,-dosed TiO, surface,
which is assigned to the adsorption of molecular O,. This is
consistent with the misty BBOy of singly adsorbed molecular O,
in our observations (Figures 1 and 2). However, we have an
explanation for the O, dissociation mechanism quite different
from their interpretation. Our results strongly suggest the dis-
sociation of O, undergoes an intermediate state, as discussed
above, illustrated in Figure 3f—h, and evidenced by the switching
behavior as shown in Figure 4. Moreover, our results show that
molecular O, adsorbed at OH can be very stable and also indicate
the existence of stable O, adsorbates with the BBOv fully filled
surface by excess O, dosing, different from the dissociative
behavior of singly adsorbed O, at BBOy. A more recent work
by Wang et al.*” reported that molecular O, can adsorb both at
BBOy and at Tis, sites. They found that molecular O, can be
observed at Tis, sites with rather extremely low parameters of the
bias voltage and the tunneling current of 0.3 V and 1 pA,
respectively, whereas O, molecules at Tis. sites become disso-
ciative at 0.6 V and 1pA, suggesting a quite easy STM-tip-induced
O, dissociation process. This may explain our observation of only
dissociative O, at Tis, sites since we typically imaged the surface
at biases higher than 0.6 V.

5. CONCLUSIONS

In conclusion, we have systematically studied the adsorption
behaviors of molecular O, at BBOy, on the reduced TiO,(110)-
1x1 surface using low-temperature STM. We provide direct
evidence that molecular O, intrinsically adsorbs at the defect
sites of BBOy and OH of the surface by comparing the perfor-
mance of the adsorbed O,. The adsorbed molecular O, at BBOy;
can be dissociated by the IETEs from the STM tip under
relatively high bias voltages. The tip-induced dissociation of O,
undergoes an intermediate state in which the molecular O, is
excited from its flat-lying equilibrium adsorption site, centered at
BBOy, to an offset site with an inclined configuration by the
IETE. The tip-induced dissociation also shows the dependence
on the applied bias voltage and the temperature. Differently,
singly adsorbed molecular O, at OH can survive from the tip-
induced dissociation under relatively high bias voltages, showing

that the adsorbed O, at OH is more stable than that at BBOy.
Our findings here provide useful and important information for
the atomic-scale study of O,-related chemical processes.
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