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Activation of molecular oxygen is a key step in converting fuels
into energy, but there is precious little experimental insight into
how the process proceeds at the atomic scale. Here, we show
that a combined atomic force microscopy/scanning tunneling
microscopy (AFM/STM) experiment can both distinguish neutral
O2 molecules in the triplet state from negatively charged (O2)−

radicals and charge and discharge the molecules at will. By mea-
suring the chemical forces above the different species adsorbed
on an anatase TiO2 surface, we show that the tip-generated (O2)−

radicals are identical to those created when (i) an O2 molecule
accepts an electron from a near-surface dopant or (ii) when a
photo-generated electron is transferred following irradiation of
the anatase sample with UV light. Kelvin probe spectroscopy mea-
surements indicate that electron transfer between the TiO2 and
the adsorbed molecules is governed by competition between elec-
tron affinity of the physisorbed (triplet) O2 and band bending
induced by the (O2)− radicals. Temperature–programmed desorp-
tion and X-ray photoelectron spectroscopy data provide infor-
mation about thermal stability of the species, and confirm the
chemical identification inferred from AFM/STM.
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Neutral O2 molecules have a triplet spin configuration (1)
and cannot form chemical bonds or enter chemical reactions

with species in a singlet state (the vast majority of compounds).
To become reactive, O2 molecules need to be excited to the sin-
glet state. Because this state lies 0.98 eV higher in energy (2),
excitation is inefficient at room temperature but occurs, e.g., in
combustion. Alternatively, O2 can accept an electron. This pro-
cess is not temperature-limited and is used by living organisms
(via enzymes) (3, 4) and in technologies such as fuel cells and
catalysis. Electron transfer into normally inert molecules (such
as O2, CO2, or CH4) is a key step toward their activation (5),
yet direct experimental insights into this process are scarce, and
appropriate theoretical tools are just under development (6, 7).

In recent years, combined atomic force microscopy/scanning
tunneling microscopy (AFM/STM) has emerged as a powerful
technique for investigating and manipulating the charge state
of atoms and molecules. Gross et al. (8) have shown that the
charge state of single Au atoms can be determined from Kelvin
spectroscopy, and that electrons can be deliberately injected and
removed using the AFM/STM tip. Similar tip-induced charg-
ing/discharging processes have subsequently been demonstrated
for other adsorbates, including organic molecules (9). In this
work, we applied this approach to an anatase TiO2 (101) surface
covered with small amounts of molecular O2.

A mixture of neutral and charged O2 molecules form upon
adsorption. The charge of the latter originates from near-
surface dopants, albeit the resulting (O2)− is not necessarily
directly located directly above these dopants. The charged and
uncharged molecules are clearly distinguished by their charac-
teristic fingerprints in Kelvin probe spectroscopy. We directly
measure chemical forces; the charged (O2)− readily forms a

chemical bond with the AFM tip, whereas neutral O2 interacts
only weakly. The charging of (O2)− can also be achieved by
injection of electrons from the tip, or by exposing this model
photocatalytic system (10) to UV light. The microscopy results
are complemented by area-averaging spectroscopy data, which
reveal that the neutral O2 species is present in the triplet state
and desorbs at 64 K. Activated (O2)−, however, is chemisorbed
and stable above room temperature. The band bending induced
by the adsorbed (O2)− species is determined from core-level
peak shifts in X-ray photoelectron spectroscopy (XPS). We dis-
cuss our results with respect to previous work on the prototypical
rutile TiO2 (110) surface (11–24).

Results
When an anatase (101) surface is exposed to molecular O2 at
low temperature two types of adsorbates appear. Representa-
tive AFM images in Fig. 1 show faint, gray together with pro-
nounced, dark spots; these are marked by black and red arrows,
respectively. We will show that the faint spots are neutral O2

molecules, and the dark spots are molecules that have sponta-
neously accepted an electron from the substrate. Throughout this
paper we refer to the latter species as (O2)− because our mea-
surements are more consistent with the singly-charged (super-
oxo) than doubly charged (peroxo) state (25, 26). We note, how-
ever, that the experimental methods used here do not allow a
precise quantification of the charge localized at a molecule. The
(O2)− are dominant at low coverages (Fig. 1A), but their con-
centration saturates at 1 to 2% of a monolayer (ML). All further
O2 molecules adsorb in neutral form (Fig. 1C).

The strong AFM contrast between the two species arises from
their chemical reactivity. The (O2)− readily forms a chemical
bond with the tip, whereas the neutral O2 is inert. Short-range
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Fig. 1. Characterization of neutral and charged O2 molecules by AFM.
(A–C) Constant-height AFM images of O2 adsorbed on the anatase (101)
surface at T = 5.5 K. The total O2 coverages are 0.008, 0.016, and 0.056 ML,
respectively. Black arrows mark neutral O2 molecules, and red arrows mark
negatively charged (O2)− species. Scale bars in the lower right corner reflect
the concentration of the O2 and (O2)− in the imaged area. (D) Short-range
chemical forces measured above the neutral and the charged O2 molecules.

chemical forces measured above these species are plotted in
Fig. 1D. The maximum attractive force above the neutral O2 is of
the order 20 pN, a weak interaction. The force measured above
the (O2)− is more than an order of magnitude higher and can be
classified as a chemical bond with the tip. With most tips the mini-
mum of the attractive force above the (O2)− could not be reached
because the molecule either dissociated or reacted with the tip.

All AFM images in this work are measured in the constant-
height mode, where darker color reflects higher attractive force.
This is necessary to avoid unintended interactions with the
weakly adsorbed neutral O2 species, for example pulling it across
the surface or picking it up with the tip. The contrast in AFM
images is tip-dependent, and throughout this paper we present
images acquired with reactive tips, likely Ti-terminated (27).
Other tip terminations are discussed in Supporting Information
(Fig. S1), along with AFM images of the clean anatase substrate
(Fig. S2). The ∆f scale shown next to Fig. 1A is similar in all fur-
ther AFM images in the main text. Precise scale bars are shown
in Supporting Information.

When imaging the surface it is important to avoid electron tun-
neling from the tip into the sample, because this results in charg-
ing the neutral O2. Therefore, all AFM images in Fig. 1 were
acquired at either zero or slightly negative sample bias (i.e., at
a VS located within the band gap of the n-type semiconduct-
ing TiO2). The effect of tip-induced charging is shown in Fig.
2. Fig. 2A shows the anatase (101) surface after exposure to O2

at T = 5.5 K. The same area was imaged in Fig. 2B but now a
positive sample bias of +0.35 V was applied. The slow scanning
direction is bottom-to-top and horizontal streaks in the image
originate from tip-induced changes. Here the tip injects electrons
into the neutral O2 molecules and converts them to (O2)−. The
resulting (O2)− configuration is stable over the timescale of the
experiment (many hours), even though the substrate is electri-
cally conducting. A tunneling current image recorded simultane-

ously with Fig. 2B is shown in the inset. The tunneling current
due to the charging of the neutral O2 was below the detection
limit of ≈0.1 pA.

The maximum concentration of the (O2)− species that can
be obtained by direct electron injection from the tip depends
on the applied sample bias. This is shown in Fig. 2 C and D,
where the same surface area is imaged after one scan at a bias
of +0.44 and +1.1 V, respectively (an extended dataset is shown
in Fig. S3). Fig. 2D shows that, after applying +1.1 V, almost
all O2 molecules are charged. A constant-height STM image
(VS = +1.1 V) of the same region is presented in Fig. 2E. It
shows the molecular orbitals of the (O2)− species as reported
in a previous STM study (28), together with the signature of
subsurface dopants (blue arrows). Based on our previous work,
we attribute these dopant defects to Nb+ donors located in the
first subsurface layer (28), because this model fits best with the
observed surface chemistry (28, 29) and electronic structure (30)
of the surface. When comparing the position of the originally
charged (O2)− in Fig. 2A with the location of the dopants, it is
obvious that the electron transfer into the O2 molecule is not
limited to the defect site but readily occurs in defect-free regions
as well. In our previous work, where oxygen dosing was per-
formed at T = 100 K, we found that all (O2)− adsorbed directly
above the dopant site (28). We conclude that the activated (O2)−

species diffuse toward the Nb+ dopants at elevated temperatures
due to an electrostatic interaction.

Temperature-Programmed Desorption and XPS. To assess thermal
stability and charge state of the two O2 species we resort
to area-averaging spectroscopies. Fig. 3A shows temperature-
programmed desorption (TPD) spectra with increasing O2 expo-
sure. The desorption peak at 64 K saturates at a coverage cor-
responding to a full monolayer, then a multilayer peak appears
at 34 K. The monolayer peak shows first-order behavior with a
desorption temperature corresponding to an adsorption energy

A B
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Fig. 2. Injecting electrons into O2 by the STM tip. (A) AFM image of the
anatase (101) surface after exposure to O2. Note that no electron injection
occurs at a negative sample bias of VS = −0.2 V. (B) Scanning the same region
at a positive sample bias of +0.35 V. (Inset) The simultaneously recorded
tunneling current. (C and D) The same area following scans at VS = +0.44 V
and +1.1 V, respectively. (E) Constant-height STM image of the same region.
Blue arrows mark subsurface Nb+ dopants. Dashed circles mark the same
position in all panels.
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Fig. 3. Temperature-dependent behavior. (A) TPD spectra of O2 from the
anatase (101) surface. (Inset) A larger temperature range. (B) XPS spectra
of the O1s peak for a clean anatase (101) surface and after exposure to
1 Langmuir (L) of oxygen. (C) STM image of the anatase (101) surface after
dosing 1 ML O2 at T<15 K and subsequent annealing to room temperature.
The red arrow marks an (O2)− molecule; the pair of white arrows mark a
dissociated O2. (D) AFM image of the surface after dosing 0.04 ML O2 and
annealing to 35 K. Neutral O2 diffused toward the (O2)−.

of 0.19 ± 0.02 eV (assuming a prefactor of 1015 s−1). The only
other desorption peak occurs at 150 K (Fig. 3A, Inset); it corre-
sponds to just 0.003 ML O2. This peak might be related to O2

adsorbed at step sites (31).
Whereas TPD suggests no O2 desorption above 150 K, STM

imaging clearly shows that the (O2)− species are stable even
above room temperature. Fig. 3C shows an STM image of the
anatase surface following exposure to 1 L O2 at T < 15 K, and
subsequent annealing to 300 K. An (O2)− density of 0.013 ML
is observed (red arrows), with the same STM appearance as the
(O2)− in Fig. 2E. A few molecules dissociate at room temper-
ature (marked by white arrows) and split into pairs of bridging
oxygen dimers [referred to as (O2)O in previous work (28)]. It
is interesting to note that the neutral O2 molecules can diffuse
across the surface at temperatures above ≈25 K and are attracted

to the (O2)− (Fig. 3D). Such clustering was also reported to
occur in the gas phase (32).

XPS provides independent confirmation of the charge state of
the adsorbed O2 species (Fig. 3B). The black curve in Fig. 3B
shows XPS of the O1s state on the clean surface, with a peak
at EB = 530.7 eV originating from lattice oxygen. Exposing the
surface to 1 L O2 at 50 K (red curve) results in a new feature
at ≈537.3 eV; this double peak is due to final state effects and
a characteristic of physisorbed oxygen in the triplet state (33).
In addition, the peak of the lattice oxygen shifts toward lower
binding energies due to an upward band bending of 0.19 eV.
Annealing the surface to room temperature (blue curve) results
in desorption of the triplet O2 and the disappearance of the peak
at 537.3 eV. The band bending remains, however, because it is
induced by the ≈0.013 ML of chemisorbed (O2)− (estimated
from Fig. 3C). The entire monolayer of triplet O2 therefore does
not contribute to the band bending, which confirms their neutral
charge state.

Kelvin Probe Spectroscopy and Charge Manipulation. For a quan-
titative evaluation of charging the neutral O2, and the reverse
process of removing an electron from the (O2)−, we used point
Kelvin probe spectroscopy (34). We positioned the tip above a
single, neutral O2 molecule and ramped up the VS , to switch
its charge state to (O2)−. The corresponding Kelvin parabola is
shown as the black curve in Fig. 4A. The step at VS ≈+0.35 V
corresponds to the charging event, and a simultaneous jump to a
different parabola with its maximum shifted toward a higher VS .
Such a change in the local contact potential difference (LCPD)
reflects upward band bending induced by negative charge local-
ized at the molecule. The typical LCPD shift due to charging is
0.2 to 0.5 eV. The vertical jump in frequency shift (black curve
in Fig. 4A) is induced by the chemical activation of the molecule;
the attractive force is significantly higher after switching to the
(O2)− state.

When ramping the VS down to negative values a discharging
occurs typically at VS ≈−1.5 V (red curve). During this pro-
cess molecules often move away, as discussed in the context of
Fig. 4 C–F. They desorb, hop by several adsorption positions,
or jump to the tip apex. We attribute this mobility to the sud-
den transition between the chemisorbed and physisorbed states,
that is, a Newns–Anderson process (35) as sketched in Fig. 4B.
The physisorbed molecule has a shallow potential minimum far
from the surface, whereas the chemisorbed state has a much
deeper minimum nearer to the surface. Electron removal from
the (O2)− results in a neutral molecule too close to the sur-
face, which is immediately and strongly repelled. We note that
for all tip-induced charging and discharging events throughout
this work we retracted the tip by ∆z = +50 pm compared with
normal imaging conditions. This reduces the probability of trans-
ferring the molecule to the tip apex. Further, we note that the
(O2)− molecule used in Fig. 4A hopped by two lattice constants
during the discharging process; the gray parabola is therefore still
affected by this molecule.

Fig. 4 C–F focus on discharging the (O2)− and its consequent
motion at the surface. The surface in Fig. 4C contains a mixture
of O2 and (O2)−. Bias sweeps down to −1.8 V were applied
above three (O2)− molecules (red arrows), and Fig. 4D shows
the same region afterward. Molecules 1 and 2 have disappeared.
During this process the substrate gains the excess electrons back,
and this charge is accepted by other neutral molecules adsorbed
nearby (white arrows). Molecule 3 moved by one adsorption site
after the discharging, and one neighboring, neutral molecule has
become charged. Finally, one new, neutral O2 has appeared in
the region (marked by a circle), which is likely molecule 1 or 2.

The negative bias sweeps were applied above all (O2)− species
in Fig. 4D, which resulted in further desorption and charge
rearrangement in the area (see Fig. 4E). The same action was
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Fig. 4. Point spectroscopy. (A) Kelvin parabolas showing charging and dis-
charging an O2 molecule (Upper) and the simultaneously recorded tunnel-
ing current (Lower). (B) Schematic potential-energy curves for adsorbed O2

and (O2)−. (C) Surface with adsorbed O2; bias sweeps down to −1.8 V were
applied above the marked molecules. (D) The same area afterward; see the
text for a description of the changes. (E and F) The same area after applying
further negative-bias sweeps above all (O2)−. (G) STM image of the same
region as in F; blue arrows mark Nb+ dopants.

repeated once again, and the result is shown in Fig. 4F. Here
the neutral O2 species do not spontaneously accept the elec-
trons any further. We attribute it to the excess electrons being
spatially confined around subsurface Nb+ dopants (30). The
dopants (blue arrows) within the region are clearly visible in STM
(Fig. 4G); spontaneous charging events in Fig. 4 C–F occurred
exclusively in their vicinity.

The tunneling current was recorded simultaneously with the
Kelvin parabola measurements (Fig. 4a, Lower). The charging is
typically accompanied with a negligible tunneling current. Before
the discharging event, however, we reproducibly detect a small
current of the order 1 pA, which abruptly stops. We attribute this
to a tunneling from an occupied orbital of the (O2)− molecule.
The excess electron of the (O2)− therefore has an energy in the
middle of the band gap and facilitates chemical bonding with the
substrate. This bond is broken when the electron is removed.

Charge-Transfer Limitation. The concentration of intrinsic (O2)−,
in the absence of tip-induced charging, is only ≈0.01 ML. Charge
transfer between the substrate and adsorbed molecules is a
decisive factor in catalytic processes such as the oxygen reduc-
tion reaction (38, 39), so it is worthwhile investigating why so
few molecules become charged. In Fig. 5 we propose a sim-
ple model. For a clean surface (Fig. 5A), the adsorbed, neu-

tral O2 molecule has its lowest unoccupied molecular orbital
(LUMO) state slightly below the anatase Fermi level (EF ); spon-
taneous charging can occur. Formation of the first (O2)− species
induces upward band bending, which shifts the LUMO of subse-
quently adsorbed, neutral O2 molecules above EF and prevents
the charging of additional molecules.

Despite this intrinsic limitation electrons can still be injected
using the tip, but it is necessary to overcome the energy barrier
due to built-up band bending by applying an increasingly posi-
tive sample bias VS . To test this model, we have investigated the
tip-induced charging in detail. We selected an area with a rela-
tively high concentration of adsorbed neutral O2 (such as in Fig.
2A). As the molecules were charged one by one we measured
Kelvin parabolas above each of them, as in Fig. 4A. Fitting the
parabola provides the LCPD, which is directly proportional to
the band bending. For each parabola we can also determine the
value of VS where the charging event occurs. There is clearly
a linear correlation between these two quantities as plotted in
Fig. 5C. In other words, the LCPD shifts to positive values with
increasing (O2)− concentration (an indication of upward band
bending). The bias necessary for charging the neutral molecules
shifts in proportion. The experiment was repeated with three
different tips (different colors in Fig. 5C); in all cases a linear
correlation with a slope close to unity was observed. The offsets

A

C

B

Fig. 5. Limitation to charge transfer. (A and B) Model of the electron trans-
fer based on band bending. In A the O2 affinity level for accepting an elec-
tron lies below the Fermi level of anatase, and thus electron transfer is pos-
sible. In B adsorbed (O2)− induce upward band bending; the empty O2 level
shifts above the anatase Fermi level and electron transfer to further neutral
O2 molecules is blocked. Experimental values of the work function Φ and the
band gap Eg are adopted from refs. 36 and 37. (C) Measured relation between
the LCPD and VS required for charging a molecule. For details see the text.
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of the LCPD result from different tip work functions. The LCPD
plotted on the x axis corresponds to the value before the charg-
ing event (i.e., the black parabola in Fig. 4A). A more detailed
description of the experiment is given in the Fig. S4.

From the band bending observed upon O2 adsorption (XPS
data in Fig. 3) we deduce that the LUMO state of the neutral O2

is initially not more than 0.19 eV below the anatase EF . Assum-
ing an anatase work function of 5.1 eV (36), this corresponds to
an electron affinity of 5.1 to 5.3 eV (Fig. 5A). Considering that
the triplet O2 is only physisorbed, its electron affinity is strik-
ingly different from an O2 molecule in the gas phase, where the
affinity is 0.45 eV (40). Upon approaching toward solid surfaces,
molecular electron affinities are increased due to effects such
the image charge (41), Madelung potential (42), surface electric
dipoles, and quantum-mechanical interaction with the surface.
Our results indicate that the electron affinity of the physisorbed
molecule, and thus the exact physisorbed configuration, play a
key role in the charge transfer.

UV Light. In this section we show that exposing the sample to
UV irradiation induces dis/charging events identical to those
achieved by STM/AFM manipulation. We started with an
anatase (101) surface containing a mixture of O2 and (O2)− (Fig.
6A) and irradiated the sample for 10 min (T < 12 K). Fig. 6B
shows the same area after the UV exposure, and Fig. 6C after an
additional 80 min of UV light. The overall coverage decreases;
the red and black bars in Fig. 6 A–C give the amount of charged
and uncharged O2 molecules, respectively. In addition, some dis-
sociation occurred (discussed below).

A sketch of possible events is outlined in Fig. 6D. UV illumi-
nation introduces holes in the valence band and excess electrons
in the conduction band. It is known (13, 20) that holes induce the
desorption of (O2)−. This process is akin to removing the elec-
tron by the STM tip at negative biases. Neutral O2 molecules
can accept electrons, either the ones photoexcited by the UV

A

C D

B

Fig. 6. Illuminating the sample by UV light. (A) Anatase (101) surface with
adsorbed O2. (B) The same region after exposing to UV light for 10 min.
(C) The same region after another 80 min of UV illumination. (D) Schematic
drawings of the processes occurring during the UV illumination.

light or provided by dopants. The latter process becomes possi-
ble once the other (O2)− species are photodesorbed. Some dis-
sociated O2 are highlighted by white arrows in Fig. 6C. These
appear as a pair of adjacent, negatively charged species in AFM
images. Using STM (dashed region and inset in Fig. 6C) we can
clearly identify them based on our previous work (28, 43). Earlier
(28) we found that the (O2)− species dissociate upon scanning at
VS > +2 V; we thus attribute the photodissociation in Fig. 6C
to hot electrons excited higher into the conduction band.

Discussion
We have observed that exposing the anatase (101) surface to
molecular oxygen results in the activation of 0.01–0.02 ML O2

and a concomitant upward band bending of 0.19 eV in the sub-
strate. The amount of charged (i.e., activated) oxygen could be
increased approximately by a factor of five via tip-induced elec-
tron injection, resulting in a band bending up to 0.9 eV (Fig. 5C).
The adsorption of O2 has been studied in detail on the proto-
typical rutile (110) surface (11), and it is well accepted that an
electron transfer is a prerequisite for O2 chemisorption. This was
first proved by integral techniques, mainly a combination of TPD,
photodesorption, and electron-stimulated desorption (12, 14–
19). The excess electrons on the rutile (110) surface are mainly
provided by surface oxygen vacancies (22, 23, 44), although
subsurface Ti interstitials also play a role (21). The anatase (101)
surface typically does not contain any oxygen vacancies (45, 46),
and the electrons are provided solely by subsurface dopants. The
substrate n-type doping level then determines the concentration
of adsorbed (O2)− species through band bending (47).

Although the integral methods clearly prove the presence of
molecular O2 at the rutile (110) surface, STM studies have
mainly focused on dissociated oxygen, that is, O adatoms (22, 23).
The key problem in using STM for O2 adsorption is its sensitivity
to injected electrons. We have shown that STM imaging converts
neutral O2 molecules into (O2)−. The (O2)− species may be fur-
ther dissociated by the tip; the exact conditions vary with the sub-
strate (24, 28, 48). AFM can image all of the species with atomic
resolution without the need of tunneling current, which makes
this method an invaluable tool for studying systems sensitive to
electron injection.

AFM experiments with molecule charging have previously
been performed on insulating materials, typically NaCl thin films
(8, 49, 50), which decouple the adsorbate from a metal substrate.
Even though the anatase sample is electrically conducting, two
stable charge states of O2 could be observed. This is due to
the large hysteresis between the charging and discharging events
(Fig. 4A), a special property of the O2 molecule. The charg-
ing/discharging is accompanied with a large structural relaxation,
that is, a transition between the physisorbed and chemisorbed
state (6, 25).

The tip-induced discharging is accompanied by a measurable
tunneling current (Fig. 4A), which we explain in the following
way. After removing the excess electron from the (O2)−, the
molecule must relax away from the surface. The excess electron
can be replenished from the conducting substrate during this
period. The quantum efficiency of the tip-induced discharging is
of the order 10−6; this estimate comes from integrating the tun-
neling current under the red curve in Fig. 4A. The UV illumina-
tion in Fig. 6 has a comparable quantum efficiency, as estimated
from the incident photon flux, illumination time, and number of
photodesorption events. Comparable quantum efficiencies sup-
port the picture that the tip-induced and light-induced events
have the same origin.

Conclusions
We have shown that AFM can resolve different chemical states
of a single O2 molecule, as well as switch the chemical state by

E2560 | www.pnas.org/cgi/doi/10.1073/pnas.1618723114 Setvin et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618723114/-/DCSupplemental/pnas.201618723SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/cgi/doi/10.1073/pnas.1618723114


PN
A

S
PL

U
S

CH
EM

IS
TR

Y

injecting or removing an electron. The tip-induced charging tran-
sitions are identical to those occurring when the surface is illumi-
nated by UV light, or when electrons are spontaneously trans-
ferred from subsurface dopants. The methodology presented
here opens a pathway for investigating and understanding key
processes in photocatalysis, electrochemistry, or redox chemistry.
Our results indicate that the physisorbed molecular state, in par-
ticular its electron affinity, plays a key role in the electron trans-
fer. The concentration of activated (O2)− species is limited by
a counteracting mechanism, which originates from band bend-
ing induced by electric charge localized at these species. The
dopant (defect) sites have little direct influence on the charge
transfer and only enter the process indirectly by providing the
excess charge.

Materials and Methods
Combined STM/AFM measurements were performed at T = 4.8 K in an
ultrahigh vacuum (UHV) chamber with a base pressure below 2 × 109 Pa,
equipped with a commercial Omicron q-Plus LT head. O2 was dosed directly
into the cryostat at T = 5.5 K. Tuning-fork-based AFM sensors with a
separate wire for the tunneling current were used (51) (k = 3,750 N/m,
f0 = 47,500 Hz, Q≈ 50,000). Electrochemically etched W tips were glued to
the tuning fork and cleaned in situ by field emission and self-sputtering in
10−4 Pa Ar (52). The reactive tip termination was reproducibly obtained by
touching the anatase surface and applying a high tunneling current (53).
The short-range chemical forces in Fig. 1D were determined by measuring
∆f(z) curves above the O2 molecules, subtracting the long-range contribu-

tion (54) and converting the frequency shift to force (55). We used a single-
crystalline mineral anatase TiO2 (101) sample, naturally doped by 1% Nb.
The surface was prepared by ex situ cleaving and subsequent cleaning in
vacuum by cycles of Ar+ sputtering (1 keV) and annealing to 950 K (56).

The TPD and XPS measurements were carried out in a UHV system with
a base pressure of 5 × 10−9 Pa. The anatase sample was mounted on a Ta
back plate, cooled by a Janis ST-400 UHV liquid-He flow cryostat, and heated
by direct current through the back plate. The temperature was measured
by a K-type thermocouple spot-welded to the sample plate; the temper-
atures are accurate within ±3 K. O2 was dosed by an effusive molecular
beam with a hat-shape profile (57). A linear temperature ramp of 1 K/s was
used. A HIDEN quadrupole mass spectrometer in a line-of-sight configura-
tion was used for detection of the TPD flux. The amount of dosed gases was
calibrated according to the method described in ref. 58. One monolayer is
defined as 1 molecule per surface 5-coordinated titanium atom and corre-
sponds to an exposure of 1.6 Langmuir (L; 1 L = 1.33×10−4 Pa×s). The cal-
ibration includes a sticking coefficient of ≈0.9. Analysis of TPD spectra was
done according to the procedure in ref. 59. XPS spectra were measured with
a hemispherical electrostatic energy analyzer (SPECS Phoibos 150), using a
monochromatized Al Kα X-ray source (SPECS Focus 500) at a sample tem-
perature of T = 50 K. XPS was measured under a 60◦ exit angle off normal.
An Hg discharge lamp was used for illuminating the sample by UV light. The
incident photon flux was 1.3 × 1016 cm−2s−1. UV illumination was intro-
duced to the UHV chamber via a quartz window. The sample temperature
during the illumination was below 12 K.
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