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The influence of bulk stoichiometry on near-
ambient pressure reactivity of bare and Pt-loaded
rutile TiO2(110)†
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The interaction of catalyst particles with reducible support materials can drastically change their reactivity.

On rutile TiO2, processes like particle encapsulation (caused by the “strong metal–support interaction”,

SMSI) have long been known to depend on the initial reduction state of the oxide. Despite this knowledge,

sample stoichiometry has rarely been controlled in a reproducible manner in the surface science litera-

ture. Here, we use scanning tunnelling microscopy (STM) to explore systematically how near-ambient

pressures (0.1–1.0 mbar) of O2, H2, CO and CO2 affect blank and Pt-loaded rutile TiO2(110) surfaces of

different bulk stoichiometry at 600 K. To this end, we present preparation recipes that result in a sample

stoichiometry always converging back to the same value, which allows us to use the same samples with

constant reduction state over hundreds of preparation cycles. Comparing a highly reduced and a near-

stoichiometric TiO2 sample, we find that surface reactivity to all four gasses differs even without Pt

loading. Most surprisingly, we find that the highly reduced TiO2(110) is oxidized by CO2, but this reaction

is completely inhibited on the near-stoichiometric sample. Pt nanoparticles, in turn, become encapsu-

lated after vacuum annealing on the reduced, but not on the near-stoichiometric sample. Encapsulation

on the near-stoichiometric sample is achieved only after exposing it to 0.1 mbar H2 at 600 K.

Interestingly, we also see a further modification of the already encapsulated particles on the reduced

sample under the same conditions, such that they become embedded deeper in the TiO2(110) surface.

Introduction

Rutile TiO2 is a prototypical support material in heterogeneous
catalysis and has been a staple model system in surface
science studies for many years.1–3 Such model studies aim to
understand the atomic-scale structures and mechanisms
involved in catalysis by strictly controlling sample preparation
and reaction conditions. Bulk or thin film crystalline supports
are first precisely characterized in ultra-high vacuum (UHV)

before building up complexity to include supported metal par-
ticles and reactant molecules. However, this approach is inher-
ently difficult to reconcile with the elevated pressures typically
associated with applied heterogeneous catalysis, as many of
the methods require UHV to function. This divide has been
referred to as the “pressure gap”, as mechanisms and even
surface structures may differ strongly between these two types
of environment.4 In recent years, this issue has been somewhat
alleviated as technical advances have allowed classical UHV-
based surface-science methods, such as X-ray photoelectron
spectroscopy (XPS) and scanning tunnelling microscopy
(STM), to also be applied in the “near-ambient pressure” (NAP)
regime, i.e. up to some mbar.5–12

In the case of TiO2, its interaction with supported metal
particles is particularly complex under reducing conditions.
A strongly reduced capacity to interact with molecules from the
gas phase, and thus significantly lower activity for most reac-
tions, was reported by Tauster for metal catalysts on reducible
oxides, and termed the “strong metal–support interaction”
(SMSI).13,14 After some initial debate whether this effect was
primarily electronic (through changed particle charge) or geo-
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metric (through blocking adsorption sites) in nature, it is now
the accepted explanation that the particles become encapsu-
lated by a thin suboxide (TiOx) layer.

15–21 One of the most con-
vincing demonstrations was provided in an STM study by
Dulub et al., who obtained atomic resolution of such an over-
layer on large Pt particles after UHV annealing, exhibiting a
“zigzag” structure.16 Similar films can be obtained by deposit-
ing titanium on Pt(111) and annealing in oxygen, confirming
the assignment as TiOx rather than a Pt–Ti surface alloy.22,23

In analogy to Dulub et al.,16 Bowker et al. showed that both a
“zigzag” and a “pinwheel” overlayer structure can coexist on
encapsulated Pd on strongly reduced rutile TiO2(110).

18,19

Recently, it was shown that a different type of encapsulation by
stoichiometric TiO2 occurs in oxidizing environments,21,24–26

and that particles can even be de-encapsulated in certain
H2 : O2 mixtures.25 Such reaction mixtures may arguably be the
more relevant conditions for many catalysts, but have only
recently become widely accessible to model system investi-
gation due to the advances in the NAP-XPS and NAP-STM
methods mentioned above.

While SMSI-induced encapsulation and de-encapsulation
dynamics clearly depend on the gas environment and tempera-
ture, it has further been reported that the sample history, and
in particular the bulk stoichiometry of TiO2 samples, plays a
decisive role.13,27 While UHV-prepared TiO2(110) surfaces
exhibit oxygen vacancies (VO) as the primary defect, Ti intersti-
tials (Tiint) are known to be the relevant defects in bulk
rutile,28 and can reach concentrations of up to x ≈ 4 × 10−4 in
TiO2−x, which corresponds to one Tiint per 1250 unit cells.29

Bulk stoichiometry can be roughly estimated by the sample
colour, which turns from transparent yellow-white when stoi-
chiometric via translucent blue when somewhat reduced to
oblique black when strongly reduced.1 Reducing a sample
further leads to the formation of linear defects of Ti2O3 stoi-
chiometry on the (110) facet, which accumulate to form a
(1 × 2) surface reconstruction at higher coverage.30–32 Reducing
the sample even further induces the formation of crystal shear
planes in the bulk.28,29,33

Interestingly, it has been shown that the encapsulation of
particles depends on the electronic structure of the support.
Rutile TiO2 typically acts as an n-type semiconductor due to
self-doping with Tiint defects. Fu et al. studied the encapsula-
tion of Pd nanoparticles and found that encapsulation occurs
on strongly reduced, but not on near-stoichiometric samples.20

However, encapsulation could also be achieved on Nb-doped
samples even when they were only lightly reduced,20 which
indicates that the relevant difference between the samples lies
in their electronic structure, rather than just the availability of
excess Ti.

The effect of sample stoichiometry on the interaction with
clusters or nanoparticles was already considered in some pre-
vious publications.34,35 However, in these works, “low
reduced” or “oxidized” samples were obtained either by follow-
ing a reducing preparation of sputtering and annealing in
ultra-high vacuum (UHV), but simply performing fewer prepa-
ration cycles than usual,34 or by reoxidizing only the surface of

a reduced sample at low temperature.35 Neither approach
yields a reproducible reduction state, as continued preparation
cycles will keep reducing the bulk. The latter approach of low-
temperature surface reoxidation has the added disadvantage of
introducing a significant stoichiometry profile near the
surface, which is both hard to control and to quantify.

Model catalyst studies generally aim to explore catalyst-
support interactions in a variety of environments and at
different metal loadings. Between experiments, sputtering and
annealing cycles are required to remove the added metal par-
ticles, and to otherwise clean the samples. To control for the
effect of sample stoichiometry, it is important that over tens or
even hundreds of these preparation cycles, the samples always
converge back to a reproducible bulk stoichiometry. It is easy
to see that this is impossible to achieve for a TiO2 sample
without oxygen annealing, as each sputtering step will reduce
the near-surface region. In contrast, a typical approach used to
“reoxidize” the TiO2 surface is through UHV annealing. This
works for the surface region because Tiint can be accommo-
dated in the bulk,28 but the resulting bulk concentration of
Tiint scales approximately linearly with the number of prepa-
ration cycles, and so samples will become more bulk reduced
over time. If samples are instead exposed to a mildly oxidizing
annealing step after each time they were sputtered, Tiint can
diffuse back to the surface and react with oxygen from the gas
phase to form new TiO2 layers.36 Although this is an activated
process,36–38 it is obvious that the rate of reoxidation partly
depends on the bulk Tiint concentration. It follows trivially that
alternating between sputtering and oxygen annealing will
always lead to convergence at some fixed bulk reduction state,
although if the reoxidation is too mild, the converged limit
may still be a heavily reduced state.

Here, we report preparation recipes yielding rutile TiO2(110)
crystals with reproducible stoichiometry and explore how
sample stoichiometry affects their reactivity. Following pre-
vious work, we refer to the two differently prepared samples as
lightly reduced and heavily reduced (LR-TiO2 and HR-TiO2,
respectively).34 We then use NAP-STM to study the reactivity of
blank and Pt-loaded LR-/HR-TiO2(110) surfaces to near-
ambient pressures (0.1–1.0 mbar) of O2, H2, CO, and CO2 at
600 K. We deposit smaller amounts of platinum than in pre-
vious studies to avoid interconnected films18 or partially
buried “iceberg” structures,16 and to better observe particle
dynamics. The interpretation of our microscopy results is sup-
ported by low energy electron diffraction (LEED), temperature
programmed desorption (TPD), (NAP) X-ray photoelectron
spectroscopy [(NAP-)XPS], low energy ion scattering (LEIS) and
Auger electron spectroscopy (AES). Even without a cocatalyst,
we find strong surface interactions of HR-TiO2 with all four
gasses, including significant surface oxidation by CO2.
Platinum nanoparticles on this surface exhibit an SMSI-
induced TiOx overlayer after UHV preparation,15,16,18 and are
remarkably dynamic in a NAP H2 atmosphere at 600 K. In con-
trast to HR-TiO2, the near-stoichiometric LR-TiO2 sample
shows no interaction with CO2, H2 or CO, confirming our
premise that strict control of the sample stoichiometry is
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required. Pt particles on LR-TiO2 initially remain unencapsu-
lated under UHV annealing, but encapsulate when the surface
is reduced in a NAP H2 atmosphere at 600 K.

Methods
Sample preparation and equilibration

TiO2(110) single crystal samples were obtained from
SurfaceNet GmbH and subjected to cleaning cycles of sputter-
ing (1 keV Ar+ ions) and annealing. Cleanliness was regularly
checked by AES (in the UHV system used for NAP-STM) or XPS
(in the UHV systems used for TPD and LEIS measurements).
Two of the four samples initially showed traces of potassium
impurities, which could be depleted by repeated cleaning
cycles. In later experiments, no elements aside from O, Ti, Pt
and Ar (implanted during sputtering, also sometimes visible
in STM) were ever detected.

We applied two different preparation recipes to obtain
samples with distinct, well-controlled stoichiometries. Typical
STM images of the as-prepared TiO2(110) surfaces are shown
in Fig. 1, and additional larger-area images are shown in
Fig. S1.† In both cases, preparation was carried out with fully
automated pressure and temperature control, which let us
achieve perfectly reproducible conditions. Fig. 1(c) shows the
oxygen pressures and temperatures used to prepare the two
samples discussed here (blue squares and black circles), as
well as preparation conditions from ref. 34–36. For ref. 35 and
36, the experimental conditions for surface reoxidation are
also indicated.

The more strongly reduced sample (HR-TiO2) was first pre-
pared in a classical manner by cycles of sputtering and anneal-
ing in UHV at 1100 K. Note that by “heavily reduced”, we mean
samples with maximal Tiint concentration before the onset of
structural changes of surface or bulk, rather than (1 × 2)-recon-
structed surfaces. Once the sample turned completely black
and first surface defects indicating the onset of the (1 × 2)
reconstruction30–32 appeared [bright features marked by white
arrows in Fig. 1(b)], we stabilized the stoichiometry by introdu-
cing an additional oxygen annealing step. For all subsequent
experiments, the preparation consisted of sputtering for
15 minutes, then annealing in 3 × 10−6 to 5 × 10−6 mbar O2 for
10 minutes at 900 to 950 K, and finally annealing in UHV at
1100 K for 20 minutes [black circles (1) and (2) in Fig. 1(c)].
Since the reduced surface defects visible in STM give a reliable
indication of at least the near-surface stoichiometry,39 for this
sample, we occasionally varied the temperature and pressure
of the oxygen annealing step to more quickly arrive back at the
desired state. This was particularly helpful after the strongly
oxidizing experiments, as will be discussed below. The bright
defects were present in small amounts on the HR-TiO2 sample
during all experiments described below. They always bridge
two Ti rows and are the smallest moiety of the Ti2O3-stoichio-
metric reconstruction formed on strongly reduced samples,
which becomes (1 × 2)-periodic at high coverage.30–32 The
same type of defect also appears as a metastable phase during

sample reoxidation, where it forms “crosslinked” (1 × 2) struc-
tures before being transformed into new (1 × 1) layers [orange
hexagons in Fig. 1(c)].32,36,40

For the only lightly reduced sample (LR-TiO2), the stoichio-
metry can in turn be estimated by the number of surface
oxygen vacancies VO [bright spots bridging two Ti rows, marked
by white arrows in Fig. 1(a)]. However, they are harder to quantify
quickly and routinely, because other defects can have a similar
appearance in STM, and acquiring images with sufficiently high
quality can be time-consuming. Therefore, we instead consist-
ently used the same preparation recipe and let the stoichiometry
equilibrate over a large number of cycles. Each cycle consisted of
sputtering for 10 minutes, then annealing in 5 × 10−6 mbar O2

for 20 minutes at 900 K, and for 10 minutes at 1100 K [blue
squares (1) and (2) in Fig. 1(c)]. The low-temperature annealing
step has the purpose of reoxidizing the sample, but we found
that a high-temperature annealing step is also required to obtain
nicely flat (110) surfaces. At 1100 K, the oxygen pressure is likely
insufficient to induce significant reoxidation, but should still
suppress thermal reduction.

Fig. 1 (a and b) Representative STM images of as-prepared rutile
TiO2(110) surfaces, showing (a) the LR-TiO2 sample (Usample = 1.2 V,
Itunnel = 0.2 nA) and (b) the HR-TiO2 sample (Usample = 1.2 V,
Itunnel = 0.2 nA). White arrows in (a) mark oxygen vacancies, while white
arrows in (b) mark (1 × 2)-like line defects. The crystal directions are
given in the top left corners, respectively. (c) Pressure-temperature
diagram showing the preparation conditions for LR-TiO2 (blue squares)
and HR-TiO2 (black circles), as well as preparation and experimental
conditions from ref. 34–36. Dotted grey lines mark constant oxygen
chemical potential µO2

.
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The crystal remained light blue and translucent throughout
all experiments shown here, even over a total of hundreds of
preparation cycles. Sample conductivity remained high
enough for STM and AES throughout, but after some initial
preparation cycles (possibly depleting a low concentration of
natural dopants), we observed charging effects in LEED at
room temperature (RT) below an incident electron energy of
200 eV.

One additional point to consider in the preparation of
LR-TiO2 is that when samples are cooled down in oxygen, Tiint
react with O2 to form undesired TiOx defects. This behaviour
has previously been studied as a function of oxygen pressure
and temperature.36–38 The conditions investigated in ref. 36
are indicated by the orange hexagons labelled as “oxidative
layer growth” in Fig. 1(c). These TiOx species typically form
more quickly than they can be incorporated into new (1 × 1)
terraces, so this pressure and temperature region should be
avoided when cooling down the samples. At even lower temp-
eratures, oxygen reacts with VO, healing the vacancy and yield-
ing an additional on-top oxygen [Oot, green star in Fig. 1(c)].35

However, pumping out the oxygen while the sample is still at
1100 K may instead introduce additional VO defects through
thermal reduction. Either species is undesirable if the goal is
for the surface to reflect the bulk stoichiometry. We solved this
issue by automatically ramping our oxygen pressure to keep
the oxygen chemical potential μO2

constant during the cooling
ramp. The final annealing step at 1100 K and 5 × 10−6 mbar of
a pure oxygen atmosphere corresponds to μO2

= −2.13 eV.41

Keeping this value constant during a linear temperature ramp
yields an approximately linear ramp of log(pO2

), reaching the
base pressure of 1 × 10−10 mbar at 900 K, as indicated by the
blue arrows in Fig. 1(c). Where automatic sample preparation
is unavailable, a similar result could likely be obtained by
cooling the sample to 900 K in oxygen, then pumping to UHV
before continuing the cooling ramp.

Experimental methods

Experiments were performed in three independent UHV
setups, using two separate pairs of LR-TiO2 and HR-TiO2

samples.
Most data were acquired in a system consisting of two

chambers with a base pressure of <1 × 10−10 mbar. One of the
chambers houses an SPM Aarhus 150 NAP instrument
(SPECS), where all NAP-STM data were acquired. STM was per-
formed in constant-current mode, using electrochemically
etched tungsten tips. The other chamber contains instruments
for LEED (ErLEED 150, SPECS) and AES (DESA 150, Staib
Instruments), a sputter gun (IQE 11, SPECS) and an electron-
beam heater, as well as an electron-beam evaporator (EBE-1,
SPECS) for depositing Pt (Goodfellow, 99.95%) and a quartz-
crystal microbalance (OmniVac) to calibrate the deposition
rate. Samples were mounted on stainless steel plates, and their
temperature was measured by a K-type thermocouple pressed
to the back of the sample by a spring. Since we also heat the
samples from the backside, this may result in a slight overesti-
mation of the actual surface temperature, although the effect

should be small as the temperature is equilibrated over many
minutes. All gasses used in NAP-STM and NAP-XPS experi-
ments were acquired from Westfalen AG (H2, O2: grade 5.0,
CO2: grade 4.5, CO: grade 3.7). H2 and CO were additionally
cleaned using a liquid nitrogen cold trap.

LEIS and NAP-XPS measurements were performed on
the same samples, which were initially prepared in the
NAP-STM setup and then transferred in-house via a vacuum
suitcase (p < 5 × 10−9 mbar) to the NAP-XPS setup (base
pressure <5 × 10−10 mbar). Samples were heated from the back
using a laser heater (OsTech DioSource, 976 nm). XPS data
were acquired with a PHOIBOS 150 NAP hemispherical analy-
ser (SPECS) and a monochromated X-ray source (XR 50 MF
with µFOCUS 600, SPECS). The same analyser and a scannable
ion source (IQE 12, SPECS) were used for LEIS.

TPD and corresponding STM and XPS measurements were
performed in a separate UHV setup consisting of two
chambers with a base pressure of <1 × 10−10 mbar. In one
chamber, C18O (Eurisotop, 96.1%) TPD was measured with a
quadrupole mass spectrometer (QMA 200 Prisma Plus, Pfeiffer
Vacuum) contained in a “sniffer” device42 described in detail
elsewhere.43 An Omicron EA125 hemispherical analyser and a
SPECS XR 50 X-ray source were use for XPS. Pt (Goodfellow,
99.95%) was deposited from a FOCUS EFM-3 electron-beam
evaporator. Samples were heated using a pyrolytic boron
nitride heater located directly below the sample, while the
temperature was measured with a type K thermocouple
pressed onto the rim of the tophat-shaped samples. In the
other chamber, STM was measured with a Scienta-Omicron
VT-AFM instrument in constant-current mode using electro-
chemically etched tungsten tips, to ensure the sample stoichio-
metry and surface structure of the two samples is comparable
in both setups.

Both the NAP-STM and TPD vacuum systems, where sample
preparation was performed, are equipped with automated
sputtering, temperature and pressure control systems, which
allows running a large number of preparation cycles, typically
during the night between experiments. This also enabled
linking pressure and temperature setpoints to regulate to a
specific oxygen chemical potential μO2

, which we applied to
avoid non-equilibrium oxidation or reduction during the
cooling ramps.

STM images were corrected by row alignment along the
slow-scan direction and subsequent plane subtraction. Mean
apparent nanoparticle heights were determined by evaluating
the mean height of their top facet with respect to the support-
ing TiO2 terrace, averaging over 30–80 particles in each
experiment.

Results
Reactivity of blank TiO2 surfaces

Fig. 2 summarises the results of exposing the LR-TiO2 and the
HR-TiO2 samples to various gasses at 600 K and 0.1–1.0 mbar.
We show representative stable and well-resolved STM images
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for each condition, selecting measurements either under NAP
conditions or after the reaction, depending on in situ imaging
stability under the respective conditions. We observed no sig-
nificant changes during pumping and cooling, i.e. while in situ
image quality is lower, images acquired near the end of
exposure correspond well to the higher-quality images
acquired in UHV.

The effect of 0.1 mbar of oxygen is similar to what was
observed previously at lower pressures (≤2 × 10−6 mbar),31,32,36,40

and can be most clearly observed on the LR-TiO2 sample
[Fig. 2(a), a higher-magnification STM image is shown in
Fig. S2(a)†]. Tiint from the bulk reacts with oxygen from the gas
phase, forming bright point defects which are reported to be a
precursor species to the line defects associated with the (1 × 2)
reconstruction.36 When these defects accumulate, they can
form patches of a “crosslinked” (1 × 2) phase,40 or a more
amorphous, metastable “rosette” phase at lower temperature.31,32

It has been proposed that these crosslinks shift the stoichio-
metry of the (1 × 2) reconstruction from Ti2O3 closer to TiO2

by incorporating bridging oxygen atoms.32,40 Once small
patches of such intermediate phases have formed, these are
then transformed into new (1 × 1)-periodic terraces, presum-
ably with bulk-like TiO2 stoichiometry and termination.32,40

The bright patches seen in Fig. 2(a) and Fig. S2(a)† appear
similar to the smaller, more amorphous structures reported
to form at ≈500 K in low oxygen pressure,31,32 rather
than the larger, (1 × 2)-periodic structures reported at
670–830 K.36,40

Post-annealing the same sample at 800 K in UHV for
10 minutes entirely removes the isolated point defects, as
shown in Fig. S2(b and c).† However, we still observe some
bright linear features extended along [1̄10], i.e. perpendicular
to the titanium rows, as well as poorly ordered patches with
slightly lower apparent height than the added (1 × 1) terraces
[Fig. S2(c)†], again similar in appearance to the “rosette”
phase.31,32 We tentatively propose that the linear features are
structurally related to this phase, with intermediate stoichio-
metry TiOx (1.5 < x < 2), and are only prevented from taking a
more stable shape by diffusion barriers.

On the HR-TiO2 sample, we were unable to obtain meaning-
ful STM images during or even directly after exposure to
0.1 mbar O2 at 600 K, likely due to high surface roughness and
poor ordering. The STM image shown in Fig. 2(b) was obtained
after post-annealing the sample at 1100 K in UHV for
10 minutes. While the surface termination is mostly (1 × 1)
after this treatment, STM still shows strongly increased surface
roughness and a correspondingly high step density. Note that
while the step density may vary on different areas of the same
sample, step bunching as seen in Fig. 2(b) was never observed
on as-prepared samples in this work. Conversely, the high step
density after O2 treatment is not limited to this single image,
but is representative of other spots on the same sample; we
were unable to find any larger flat terraces. We note again that
this is already after post-annealing at 1100 K, which usually
results in rather flat surfaces (see e.g. Fig. S1†). A LEED image
taken before the post-annealing step is shown in the inset to

Fig. 2 Representative STM images of LR-TiO2 (left) and HR-TiO2 (right)
exposed to NAP atmospheres of various gasses at 600 K. The crystal
directions of the two crystals are given in the top left corners of (a and
b), respectively. (a) LR-TiO2 after exposure to 0.1 mbar O2 at 600 K for
15 minutes, image acquired at RT in UHV. (b) HR-TiO2 after exposure to
0.1 mbar O2 at 600 K for 15 minutes, image acquired at RT in UHV after
post-annealing at 1100 K for 10 minutes in UHV. The inset shows a LEED
image taken before post-annealing. (c) LR-TiO2 after exposure to 1 mbar
CO2 at 600 K for 30 minutes, image acquired at RT in UHV. (d) HR-TiO2

after exposure to 1 mbar CO2 at 600 K for 30 minutes, image acquired at
RT in UHV. (e) LR-TiO2 after exposure to 1 mbar H2 at 600 K for
90 minutes, image acquired at RT in UHV. (f ) HR-TiO2 in 1 mbar H2 at
600 K, image acquired in gas atmosphere after 100 minutes. (g) LR-TiO2

in 0.1 mbar CO at 600 K, image acquired in gas atmosphere after
40 minutes. (h) HR-TiO2 in 1 mbar CO at 600 K, image acquired in gas
atmosphere after 40 minutes. Scanning parameters Usample and Itunnel
were (a) 2.0 V, 0.2 nA, (b) 1.2 V, 0.01 nA, (c) 1.7 V, 0.2 nA, (d) 1.6 V, 0.6 nA,
(e) 1.3 V, 0.1 nA, (f ) 1.3 V, 0.2 nA, (g) 1.4 V, 0.3 nA, (h) 1.0 V, 0.5 nA.
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Fig. 2(b) [larger size in Fig. S3(a)†]. Many of the LEED spots
exhibit highly diffuse profiles, as well as streaking along the
unit cell diagonals, providing further evidence for a highly dis-
organized surface. A LEED image taken after the post-anneal-
ing step, corresponding to the STM image shown in Fig. 2(b),
is shown in Fig. S3(b).† While the sharpness of the spots is
somewhat improved, streaking along the unit cell diagonals is
still pronounced. This can be understood as a signature of the
periodically spaced steps also seen in STM.

Flat surfaces could be recovered through the standard
preparation cycles, but it is worth noting that we often
observed screw dislocations and half-steps indicative of bulk
shear planes28,29,33 on HR-TiO2 following NAP O2 experiments.
Although these defects were eventually healed over many re-
preparation cycles, this suggests that at 0.1 mbar, the re-
oxidation proceeds too quickly for perfectly crystalline growth.

STM images of both TiO2 samples after exposing them to
1 mbar CO2 for 30 minutes at 600 K are shown in Fig. 2(c and
d). On the HR-TiO2 sample [Fig. 2(d), higher-magnification
image in Fig. S4(b)†], the resulting surface appears qualitat-
ively similar to that obtained after O2 exposure on LR-TiO2

[Fig. 2(a)], and the ones reported in the literature for oxidation
in low O2 pressure.31,32,36,40 A large number of bright point
defects (likely TiOx precursor species) coexists with linear
(1 × 2)-like defects, small interlinked (1 × 2)-like patches, and
small terraces of a (1 × 1)-periodic surface. An STM image
acquired in the gas atmosphere only 10 minutes after reaching
600 K is shown in Fig. S4(a).† Here, no additional (1 × 1) ter-
races and only few linear (1 × 2)-like defects are observed, and
the precursor TiOx point defects dominate. Overall, this
strongly suggests that CO2 acts as a weak oxidizing agent even
on the bare rutile TiO2−x surface. As we observed no accumu-
lation of carbon in STM or AES, the most likely mechanism is
that CO2 reacts to CO, leaving oxygen to form new TiO2 with
Tiint from the bulk. Post-annealing in UHV at 800 K [STM
image in Fig. S4(c)†] mostly removes the point defects in
favour of (1 × 1) terraces and (1 × 2) line defects.

Interestingly, no reaction at all is seen with CO2 on LR-TiO2.
Fig. 2(c) shows an STM image obtained after 30 minutes in
1 mbar CO2 at 600 K. We observe only defects that are also
present on the pristine surface [Fig. 1(a)], and crucially, not a
single one of the pronounced bright TiOx precursor species.
Since these are ubiquitous both on LR-TiO2 reacting with O2

[Fig. 2(a)] and on HR-TiO2 reacting with CO2 [Fig. 2(d) and
Fig. S4(a, b)†], we conclude that no reaction takes place
between CO2 and LR-TiO2 under the conditions investigated
here.

Turning from oxidizing to reducing gasses, Fig. 2(e and f)
shows STM images of the two substrates exposed to 1 mbar H2

at 600 K. The image of LR-TiO2 [Fig. 2(e)] was acquired in UHV
at RT, after 90 minutes at the reaction conditions. Images
acquired during H2 exposure were qualitatively equivalent, but
more poorly resolved. The surface appears more defective than
directly after UHV preparation or after reaction with CO2 or
CO. Various small defects may correspond to VO and/or
surface OH, though unambiguous assignment is difficult.

There are also some slightly larger features with greater appar-
ent height, which resemble the ones assigned as TiOx precur-
sor species under oxidizing conditions [Fig. 2(a and d)].
However, on this surface, we never observed any (1 × 2)-like
row structures or patches after reaction with H2.

Again, the effect of NAP gas exposure is much more pro-
nounced on the HR-TiO2 sample. The STM image shown in
Fig. 2(f ) was acquired during 1 mbar H2 exposure at 600 K.
The step edges appear considerably more frayed than typical
for an as-prepared surface, and a network of bright features
covers most of the surface. These bright patches are again
formed from rows like the ones seen in the (1 × 2) surface
reconstruction. This is easiest to demonstrate by post-anneal-
ing the surface in UHV, as shown in Fig. S5.† After post-anneal-
ing to 773 K [Fig. S5(a)†], we obtain a well-ordered crosslinked
(1 × 2) phase covering almost the entire surface. Interestingly,
there are also some additional small (<5 nm) islands with
(1 × 1) termination. Annealing to higher temperatures [973 and
1100 K, shown in Fig. S5(b and c),† respectively] removes most
of the reduced phase, though the surface still exhibits signifi-
cantly more (1 × 2)-like row defects than before H2 exposure,
even after 20 minutes of annealing at 1100 K.

We have also studied the reaction of HR-TiO2 with H2 as a
function of temperature. STM images acquired in 1 mbar H2

while sequentially increasing the temperature are shown in
Fig. S6.† No significant increase in the number of defects is
observed up to 473 K. At 523 K, bright features start to form on
the terraces in a manner very similar to that observed in O2 on
LR-TiO2. Initially we see primarily point features, which later
accumulate into (1 × 2)-like rows. Increasing the temperature
to 573 K increases the rate of this process, with more and
more rows forming until the surface is largely covered.

Finally, we investigated the reaction of TiO2(110) with CO.
Fig. 2(g and h) shows STM images of LR-TiO2 and HR-TiO2,
respectively, both acquired in CO at 600 K, ≈40 minutes after
reaching that temperature. On LR-TiO2, the surface appears
unchanged from the pristine state after preparation in UHV.
On HR-TiO2, we observe a slightly higher concentration of
reduced (1 × 2)-like row defects and their usual point precur-
sors than on the as-prepared surface. Interestingly however,
unlike with H2, the reaction with CO seemed to quickly
produce a small number of defects as seen in Fig. 2(h), but
this growth then saturated and stopped. While we could show
additional defect growth with longer exposure times in H2

[shown in Fig. S6†], the area seen in Fig. 2(h) remained com-
pletely unchanged over 10 minutes of imaging in CO, and even
for long exposures, no full coverage of a (1 × 2) phase as
observed in hydrogen [Fig. 2(f )] could be obtained. Note that
the images shown here were acquired in 0.1 mbar for the
LR-TiO2, but in 1 mbar for the HR-TiO2. We also tested the
influence of pressure on HR-TiO2, and found no qualitative
difference between 0.1 and 1 mbar exposure.

Reactivity of Pt nanoparticles on TiO2

To investigate how the sample stoichiometry affects supported
metal nanoparticles, we first deposited 7 monolayers (ML,
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defined as one atom per TiO2 unit cell, or 5.2 × 1018 m−2) of
platinum on HR-TiO2. Initially, we tried sintering the particles
by roughly following the recipe reported by Dulub et al.,
annealing first at 500 K for 30 minutes, then at 1000 K for
5 minutes, and finally at 800 K for 30 minutes (200 °C, 700 °C
and 500 °C, respectively were used by Dulub et al.).16 The Pt
particles we obtained in this manner are more closely spaced
and their lateral extension is much smaller than that reported
previously, possibly due to the smaller amount of deposited
material [7 ML vs. 25 ML (ref. 16)]. An STM image taken after
the initial annealing treatment described above is shown in
Fig. 3(a). Fig. 3(b) shows STM of the same sample after an
additional 30 minutes of annealing in UHV at 1200 K. The par-
ticles are typically 5–10 nm wide, with a mean apparent height
of 1.3 nm [see blue height profile in Fig. 3(g)]. We tried various
different annealing treatments, as well as keeping the sample
at 400 K during Pt deposition, but never obtained significantly
larger particles than those shown in Fig. 3. Interestingly, we
also observe that many particles are slightly tilted around the
[001] axis with respect to the underlying TiO2(110) surface.
When evaluating apparent particle heights, particles were
therefore assigned the median value of their surface plane.

A superstructure indicative of encapsulation is resolved in
STM already after the initial treatment in Fig. 3(a).
Interestingly, the motif more closely resembles the “pinwheel”
structure reported by Bowker et al. on Pd18,19 than the “zigzag”
structure reported by Dulub et al. on Pt(111).16 Dulub et al.
also reported an “iceberg” configuration of their particles with
some Pt apparently embedded in the surface;16 in contrast, the
overall area coverage and apparent height of our particles after
UHV annealing are in good agreement with the nominal
amount of deposited Pt, suggesting the nanoparticles are
mostly located on top of the TiO2 surface.

After acquiring the data shown in Fig. 3(b), we exposed
these particles to 0.1 mbar H2 at ≈600 K. A NAP-STM image
acquired in hydrogen, ≈84 minutes after the temperature
reached 600 K, is shown in Fig. 3(c). Note that the image
appears somewhat distorted due to thermal drift of the STM
scanner. Several changes can be observed on the surface.
First, bright point defects and rows as seen on reduced
TiO2(110)-(1 × 2) surfaces form on the substrate, similar to
what was also observed on the bare surface [Fig. 2(f ) and
Fig. S6†]. Second, the substrate undergoes significant surface
roughening, seen as an increased step density in between the
Pt nanoparticles. Third, the apparent height of the Pt nano-
particles decreases with respect to their UHV-prepared state
[compare the blue and pink height profiles in Fig. 3(g)], and
some of them appear almost coplanar with the TiO2 substrate.

These changes are investigated more closely by the STM
images in Fig. 3(d–f ), which were acquired after cooling to
room temperature and pumping to UHV. The mean apparent
height of the encapsulated Pt particles in Fig. 3(d) is ≈0.5 nm
[see green height profile in Fig. 3(g)], compared to ≈1.3 nm
before hydrogen treatment (blue height profile), while the
lateral extension of the particles remains largely unchanged.
Note however that the mean apparent height in Fig. 3(d)

comes with some systematic uncertainty, as it is difficult to
clearly assign particles to a TiO2 terrace due to the increased
number of step edges. Nevertheless, we can unambiguously
say that the particles appear to be buried significantly in the
surface after H2 treatment. This is especially clear when con-

Fig. 3 STM images showing the evolution of Pt nanoparticles on
HR-TiO2 in H2. (a and b) As-sintered nanoparticles in UHV, (a) annealed
30 minutes at 500 K, 5 minutes at 1000 K and 30 minutes at 800 K, and
(b) annealed another 30 minutes at 1200 K. (c) The same sample in
0.1 mbar H2 at 617 K, ≈84 minutes after a temperature of ≈600 K had
been reached. (d–f ) Images acquired after cooling to room temperature
and returning the sample to UHV. Note the strongly amplified colour
scale in (e). (f ) Magnified view of the area marked with a dashed white
square in (d). (g) Apparent height profiles measured along the horizontal
arrows drawn in (b) (blue), (c) (pink), and (d) (green). Scanning para-
meters Usample and Itunnel were (a) 1.8 V, 0.1 nA, (b) 1.9 V, 0.4 nA, (c) 2.0 V,
0.7 nA, (d and f) 1.7 V, 0.2 nA, and (e) 2.5 V, 0.1 nA.
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sidering some particles in particular, which appear fully copla-
nar with a TiO2 terrace. Fig. 3(f ) shows a magnified, contrast-
adjusted view of the area marked by a dashed white square in
Fig. 3(d). Here, the particle indicated by a green arrow appears
roughly in-plane with the upper TiO2 terrace, while the particle
indicated by a blue arrow clearly lies on the lower side of the
step edge, in-plane with the lower TiO2 terrace (also seen in
the green height profile in Fig. 3). Meanwhile, the super-
structure observed before H2 treatment [Fig. 3(a)] appears
unchanged, as seen in Fig. 3(e).

After the experiments shown in Fig. 3, we could again
obtain a flatter and nearly defect-free surface by post-annealing
in UHV at 1200 K for 30 minutes (STM image shown in
Fig. S7†). Here, the mean apparent height of the Pt particles
also somewhat increases again, from ≈0.5 nm to ≈0.7 nm.

We then performed the same series of experiments on
LR-TiO2. We obtained a very similar size and shape distri-
bution of particles as on HR-TiO2 after deposition of 7 ML Pt
and sintering at 1000 K in UHV [Fig. S8(a)†]. While some nano-
particle surfaces seem to exhibit a poorly ordered internal
structure [Fig. S8(d)†], we never clearly resolved an overlayer as
seen on HR-TiO2, even after annealing at 1200 K in UHV.
Unlike on HR-TiO2, the particles also appear largely unaffected
upon exposure to 0.1 mbar H2 at 600 K [Fig. S8(b and e)†].

To confirm the absence of a TiOx overlayer on UHV-
annealed Pt nanoparticles on LR-TiO2, we performed C18O
TPD measurements. Since these experiments took place in a
different UHV setup, STM images of the as-prepared Pt par-
ticles on both supports were recorded in the TPD setup
(Fig. S9†), which confirm that the surfaces closely resemble
those obtained in the NAP-STM chamber on both HR-TiO2

[Fig. 3(b)] and LR-TiO2 [Fig. S8(a and d)†]. Fig. S10† shows XPS
of the Pt 4f region, taken after Pt deposition and after sub-
sequent sintering of the particles. While the peak shapes and
areas for as-deposited Pt are almost identical, we observe a
slightly higher binding energy (by ≈0.2 eV) of the Pt 4f peak on
HR-TiO2 than on LR-TiO2 after sintering in UHV. This obser-
vation is consistent with a previously reported shift to higher
binding energies upon particle encapsulation.15

C18O TPD experiments of UHV-prepared Pt particles on
both samples are shown in Fig. 4(a). Even at first glance, it is
clear that the CO uptake on the two samples is markedly
different, despite the very similar particle size and shape distri-
butions seen in STM [Fig. S9(a and b)†]. Particles annealed at
1000 K on HR-TiO2 adsorb only a very small amount of CO
compared to those on LR-TiO2 [compare the black and dark
blue lines in Fig. 4(a), respectively]. Furthermore, while the
main desorption features on Pt/LR-TiO2 appear at similar
temperatures as on an extended Pt(111) surface, CO desorbs at
a lower temperature on HR-TiO2. This is still the case even
after further annealing the Pt nanoparticles on LR-TiO2 in
UHV at 1100 K for 75 minutes. While the CO TPD trace [light
blue line in Fig. 4(a)] is somewhat decreased compared to the
one initially obtained on the same sample, it is still drastically
higher than that on HR-TiO2, and the desorption temperatures
of the peaks remain unchanged. Correlating TPD with STM,

we can attribute the decrease in CO adsorption capacity
between 1000 K and 1100 K annealing to further sintering of
the particles [compare Fig. S9(b and c)†].

To further investigate this apparent difference in encapsula-
tion behaviour, we also performed LEIS, as shown in Fig. 4(b).
The as-deposited spectra show primarily platinum on both
samples, though some oxygen and titanium signal remains.
This indicates that for a deposition of 7 ML Pt, no closed Pt
film is achieved, in good agreement with prior work.15 Next,
the samples were annealed in UHV at 1000 K for 30 minutes.
STM images taken after this annealing step are shown in
Fig. S11.† At this point, LEIS shows a significant difference
between the two samples [Fig. 4(b), centre]: while the peak
ratios on LR-TiO2 are essentially unchanged, the Pt signal on
HR-TiO2 is decreased significantly. This is in good agreement

Fig. 4 (a) C18O TPD (1 K s−1) of Pt nanoparticles on HR-TiO2 (black) and
LR-TiO2 (blue). The dark blue and black curves were acquired after sin-
tering Pt nanoparticles at 1000 K for 15 minutes on LR-TiO2 and
HR-TiO2, respectively. The light blue curve was acquired after annealing
the Pt/LR-TiO2 sample for an additional 75 minutes at 1100 K.
Corresponding STM and XPS data are shown in Fig. S9 and S10, respect-
ively. Black and blue dashed lines show blank measurements of the
same samples before depositing Pt. A TPD curve from a Pt(111) single
crystal is shown for comparison (scaled ×0.2, dashed grey line). (b) LEIS
of Pt nanoparticles on HR-TiO2 (black) and LR-TiO2 (blue) directly after
Pt deposition (top), after sintering at 1000 K in UHV (centre), and after
exposing Pt/LR-TiO2 to 0.1 mbar H2 for 30 minutes at 600 K (bottom).
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with the effect seen in TPD [Fig. 4(a)], also indicating encapsu-
lation on the HR-TiO2, but not the LR-TiO2 sample.
Corresponding XPS data is shown in Fig. S12.† Again, we see a
slightly higher binding energy (by ≈0.2 eV) of the Pt 4f peak on
HR-TiO2 than on LR-TiO2 after sintering in UHV.

Finally, we exposed the LR-TiO2 sample to 0.1 mbar H2 and
heated it to 600 K while acquiring NAP-XPS (Fig. S13†).
Interestingly, when the sample is kept at 600 K, the Pt 4f
signal increases, while the O 1s and Ti 2p signals decrease.
The original peak ratios are largely restored when the sample
is returned to UHV and room temperature after 30 minutes of
H2 exposure, aside from a very slight increase in the Ti3+ com-
ponent of the Ti 2p peak. We tentatively assign this to a
spreading of the particles due to a change in metal–support
interaction, resulting in a slightly higher area coverage of Pt
particles in the H2 atmosphere, possibly also visible in
Fig. S8(b)† compared to Fig. S8(a and c).† LEIS data after this
H2 exposure [Fig. 4(b), bottom] indicates that under these con-
ditions, the particles on LR-TiO2 also become encapsulated, as
the Pt signal is strongly decreased with respect to Ti and O,
comparable to that on HR-TiO2 after UHV annealing.

Discussion

Overall, the various differences in reactivity between the bare
LR- and HR-TiO2 surfaces as well as that of supported Pt nano-
particles on those surfaces confirm the importance of control-
ling the rutile TiO2 sample stoichiometry. While the impor-
tance of support reduction state for e.g. the SMSI effect has
been known for decades, unfortunately, much of the existing
surface science literature relies on sputtering and “re-
oxidation” by UHV annealing. While this works fine for a
limited number of cycles, it is inherently ill-defined, and leads
to a creep in sample stoichiometry over time. It is easy to see
that sample stoichiometry will converge for any recipe which
includes a sufficiently oxidizing step to compensate the
reduction from sputtering and high-temperature UHV anneal-
ing. Here, we have presented two recipes producing a consist-
ent support stoichiometry, either highly reduced or near-stoi-
chiometric. We have shown that these recipes provide equi-
valent results when two sets of TiO2 samples have been pre-
pared in two different UHV systems.

Interstitial diffusion

Since many of the experimental results rely on extracting Tiint
from the subsurface, it is interesting to consider how well the
stoichiometry is equilibrated throughout the samples as a
function of depth z (i.e. distance from the surface). Since the
Tiint are extremely dilute in the bulk (x < 4 × 10−4 in TiO2−x),

29

their diffusion can be approximated by a one-dimensional
random walk, where stepping along the symmetry-equivalent
[100] and [010] directions each corresponds to a step by one
layer towards or away from the (110) surface. The probability
distribution resulting from such a random walk for any given
Tiint after n ≫ 1 steps is simply a normal distribution centred

at its original position, with a root mean square distance given
by

ffiffiffiffiffiffiffiffi
Δz2

p
¼ σ ¼ d

ffiffiffi
n

p

with step width d = 3.25 Å. The number of steps n after time t
follows

n ¼ tν0e
� EB

kBT

with a preexponential factor ν0 typically on the order of
1013 s−1. A surprising spread of values is reported in the litera-
ture for the activation barrier EB of Tiint bulk diffusion. While
tracer diffusion and conductivity relaxation studies consist-
ently report EB ≈ 0.5 eV perpendicular to the [001] direction
[i.e. towards or away from the (110) surface],44–46 contrasting
values were found in STM-based studies. Smith et al. observed
the growth of new TiO2 layers in low pressures of oxygen, and
found a linear dependence on oxygen pressure and an appar-
ent activation energy of only 0.25 eV.36 Since the process con-
tinued indefinitely without exhausting the subsurface Tiint, the
authors concluded that the activation energy in the bulk must
be of the same magnitude.36,47 In sharp contrast, Zhang et al.
investigated the oxidation of single Tiint atoms at the surface
between 360 K and 400 K with STM and electron-stimulated
desorption (ESD), and extrapolated an activation energy of EB
≈ 1.0 eV.37 This was supported by DFT calculations, where a
barrier of 1.2 eV was obtained for subsurface-to-surface
diffusion, though interestingly the same work shows a lower
barrier of 0.75 eV for diffusion to the subsurface from a deeper
layer.48

Based on these considerations, we can use the standard
deviations σ for Tiint positions after a given number of steps as
a measure of typical diffusion lengths when annealing. For
example, assuming a diffusion barrier of 0.5 eV, σ is as large as
0.3 mm after only one minute of annealing at 900 K, and on
the order of 0.1 mm after one minute even at 600 K. We can
therefore expect rapid equilibration throughout the bulk for
typical sample thicknesses of 0.5 to 3 mm, and high avail-
ability of Tiint at the surface even at low bulk concentrations.
Standard deviations σ as a function of the assumed bulk
diffusion barrier are shown in Fig. S14(a)† for selected times
and temperatures.

Separate from the experiments reported above, we have per-
formed studies on 0.5 mm thick TiO2(110) samples, which we
bulk-reduced by sputtering with 1 keVAr+ ions while annealing
at 1100 K for several hours until they exhibited a (1 × 2) LEED
pattern. When exposing these samples to 0.1 mbar O2 at
600 K, we have found that they can be fully reoxidized (as
judged by a change in colour from opaque black to transparent
yellow-white) over the course of several hours. Assuming only a
bulk diffusion barrier of 0.5 eV, one would expect a much
faster reoxidation, on a timescale of only minutes. It is reason-
able to assume that under these conditions, the availability of
oxygen from the gas phase is not rate-limiting. Likewise, pre-
vious DFT calculations suggest that the O2 dissociation is bar-
rierless once a Tiint diffuses to the surface and interacts with

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 17825–17837 | 17833

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
sr

pn
a 

20
24

. D
ow

nl
oa

de
d 

on
 1

1.
06

.2
02

6 
17

:3
9:

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01702a


an O2 molecule.48 These species must then diffuse to form
new rutile terraces before the next layer can form.36 It seems
plausible that this more complex, multi-step process has a
higher effective barrier, which can explain the apparent discre-
pancy between reported bulk diffusion barriers44–46 and the
≈1 eV surface oxidation barrier obtained from ESD.37 Note
that for bulk diffusion, we can rule out both the proposed
0.25 eV (ref. 37) and 1.0 eV (ref. 36) barriers, as they would
result in much faster and much slower reoxidation, respectively.

We have performed simple simulations (described in more
detail in the ESI†) to model Tiint diffusion following the
random-walk scheme outlined above. This allows us to quali-
tatively compare our experimental results to the different bar-
riers reported in the literature, and to estimate how many
preparation cycles are required to equilibrate a sample. Fig. 5
shows depth profiles of the Tiint distribution in a 2 mm thick
sample resulting from cycles of sputtering (reducing the
surface) and oxygen annealing at 900 K for 20 minutes, assum-
ing barriers of 0.6 eV for bulk diffusion, 1.0 eV for oxidation at
the surface (neglecting pressure dependence), and a preexpo-
nential factor ν0 = 1013 s−1. We choose to show the slightly
higher (0.6 eV) than commonly reported barrier here because
it more clearly illustrates the evolution of bulk concentration
profiles. The same plot for a barrier of 0.5 eV is shown in
Fig. S14(b).† Solid lines show the evolution of a sample start-
ing from a fully oxidized state, while dashed lines start from
an arbitrarily but homogeneously reduced state. In both cases,
the sample is well-equilibrated after about 30 cycles. The
remaining stoichiometry gradient at the surface is due to the
continual reoxidation, and is less pronounced for a smaller
bulk diffusion barrier, as shown in Fig. S14(b).† If we include

our final annealing step of 1100 K in the simulation, and
assume that no further oxidation takes place at that point due
to the strongly reduced oxygen chemical potential μO2

, then no
stoichiometry gradient remains from the surface to the bulk,
as shown in Fig. S14(c).† The bulk concentration always con-
verges to a constant value in these simulations, which matches
the experimental observation of a reproducible crystal stoichio-
metry (as judged by surface defects and the sample colour)
over hundreds of cycles.

Overall, our results are generally consistent with a ≈0.5 eV
barrier for bulk Tiint diffusion perpendicular to the (110)
surface, as reported in tracer diffusion studies.44–46 However,
we conclude that a higher barrier for oxidative reaction of Tiint
at the surface should be assumed, as we otherwise would
expect even faster reoxidation of heavily reduced samples than
is actually observed. This is in good agreement with the work
by Zhang et al., who estimate a barrier of ≈1.0 eV for reaction
with adsorbed oxygen below 400 K.37

Oxidizing conditions

Qualitatively, the rapid growth of TiOx ad-species in O2 and,
ultimately, the formation of new TiO2 terraces is easy to under-
stand. While the rate of material growth was observed to scale
linearly with pO2

at lower pressure [<10−5 mbar, orange lines in
Fig. 1(c)],36 the impingement rate of O2 per TiO2(110) surface
unit cell is 5.2 × 104 s−1 at 600 K and 0.1 mbar. It therefore
seems unlikely that the availability of O2 at the surface is still
rate-limiting. As discussed above, assuming a bulk diffusion
barrier for Tiint of 0.5 eV, bringing titanium to the surface is
likewise extremely fast. The rate of material growth is then
mainly determined by an effective surface reaction barrier,
which must include not only the reaction of Tiint with O2 at
the surface, but also the accumulation and structural
rearrangement of new TiOx precursor material into bulk-struc-
tured TiO2 terraces. The previously reported value of ≈1.0 eV
(ref. 37) should therefore be seen as a lower bound. The results
on LR-TiO2 indicate that at 600 K, on-surface diffusion of the
precursor point defects is sluggish, and once formed, terraces
remain small rather than accumulating into larger ones.
Indeed, on HR-TiO2, LEED and (after post-annealing) STM
both indicate highly disordered growth and surface roughen-
ing. The observation of bulk defects (seen as screw dis-
locations and half-steps in STM, data not shown) after NAP
oxygen exposure also fits into this picture. The much higher
rate of growth on HR-TiO2 is readily explained by the higher
availability of Tiint in that sample.

In contrast to O2, we observe a clear qualitative difference
between the LR-TiO2 and HR-TiO2 samples in CO2. While the
NAP exposure is clearly mildly oxidizing on HR-TiO2, no
material growth at all is observed on LR-TiO2. Though one may
reasonably expect a slower rate of oxidation based on the lower
availability of Tiint, comparison with the NAP O2 experiment
still suggests that TiOx species should also form on LR-TiO2,
albeit at a lower rate. The fact that not a single defect was
found in STM even after 30 minutes at 600 K suggests that the
reaction of Tiint either has a significantly higher activation

Fig. 5 Tiint concentration profiles in a 2 mm thick rutile TiO2(110)
crystal from a simple diffusion simulation, shown after a given number
of cycles of sputtering and annealing in O2 for 20 minutes at 900 K.
Here, the bulk diffusion barrier was set to 0.6 eV, with a surface reaction
barrier of 1 eV determining the rate of reoxidation. Solid and dashed
lines show equilibration when starting from a fully stoichiometric and
from a homogeneously reduced initial state, respectively, both arriving
at a stationary state shown in yellow.
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barrier on LR-TiO2 than on HR-TiO2, or is thermodynamically
unfavourable.

Based on the fact that no carbon residue is found on the
surface by AES and STM after oxidation with CO2, we can
assume that CO2 reacts to CO, providing an oxygen to bind to
Tiint diffusing from the bulk. The full reaction can then be
written as

Tiint3þ þ 2CO2ðgÞ þ 3e� ! TiO2ðsÞ þ 2COðgÞ:
While the exact reaction process is likely to be complex,

with multiple CO2 molecules interacting with an active site, we
can at least estimate the overall reaction enthalpy ΔH of such a
process. The reaction of O2 with Tiint has been investigated by
DFT in previous work, where the authors found an energy gain
of 6.6 eV from forming an on-surface TiO2 ad-species, com-
pared to Tiint in a subsurface layer and O2 in the gas phase.48

The cost of reducing CO2 to CO, CO2(g) → CO(g) + 1
2O2(g), is

well-known (ΔH0 = 2.93 eV).41 Comparing directly, we obtain
an energy gain of ≈0.7 eV for oxidation of Tiint to a TiO2 ad-
species, using two CO2 molecules from the gas phase.

We speculate that the surprising inertness of the LR-TiO2

surface is likely related to the different electronic structure in
comparison to HR-TiO2. Activating adsorbed CO2 typically
requires first transferring an electron to the molecule.49

Initiating the reaction with Tiint thus requires two charge
transfer events to adsorbed molecules in close proximity. This
is in contrast to the reaction with oxygen, which can proceed
in a single step through reaction of Tiint with an O2 molecule.48

Rutile TiO2−x is an n-type semiconductor, with the Fermi level
position (relative to the band structure) determined by the
doping level, which in our samples corresponds simply to the
Tiint concentration. The stoichiometry of the crystal thus deter-
mines not only the number of available charge carriers, but
also their energy relative to adsorbed species. It therefore
seems plausible that on the LR-TiO2 sample, the reaction with
CO2 may be completely inhibited, rather than just proceeding
at a lower rate than with O2.

Reducing conditions

In reducing atmospheres, we observe that both H2 and CO
further reduce HR-TiO2, though the initial reaction with CO
quickly stops. Intuitively, it makes sense that reducing the
surface should form the (1 × 2) phase, which is generally
assigned as Ti2O3 (though the crosslinked precursors may be
less reduced).32,40 However, the atomistic mechanism is less
clear than for oxidation. It seems that new (1 × 2)-like features
form as ad-species on each terrace, nucleating seemingly at
random. This begs the question where the material for these
defects is drawn from.

Bowker and Bennett have investigated the thermal
reduction process of a (1 × 2)-terminated TiO2(110) sample in
UHV, and observed material loss in the form of retraction of
(1 × 2) steps, without interconversion to (1 × 1).47 In that case,
it is easy to conclude that oxygen is lost to the gas phase, and
excess Ti diffuses to the bulk as Tiint. It is reasonable to

assume that oxygen is similarly mainly removed from steps in
the reaction with hydrogen, and indeed, the step edges often
have a frayed appearance [see Fig. 2(f )]. Leftover Ti may then
diffuse laterally to form the reduced surface phases as easily as
moving to the bulk. However, forming Ti2O3 ad-features in this
way clearly also requires oxygen, which must either be
extracted from the step as well, or else from the underlying
terrace.

On other reducible oxide surfaces like Fe3O4(001), accumu-
lation of oxygen vacancies on a terrace typically results in the
appearance of isolated, extended holes in the surface as excess
Fe diffuses to the bulk.50,51 While hard to rule out entirely, we
have not observed this on TiO2. An alternative mechanism may
be that OH groups are formed at step edges, and that these
diffuse on the surface either independently, or in combination
with excess Ti from the same step edge as a Ti(OH)x species.
Such a precursor species could then react to Ti2O3 (or possibly
a hydroxylated form thereof) on the surface. However, as the
formation of ad-species close to steps is observed just as much
as on terraces, nucleation may equally involve some additional
terrace defect.

Post-annealing of HR-TiO2 in UHV leads to ordering of the
reduced ad-features [Fig. S5(a)†] at low temperatures, and
partly recovers a (1 × 1) surface at higher temperatures [Fig. S5
(b and c)†]. This is easily understood as the same process seen
in the “reoxidation” of samples by UHV annealing after sput-
tering, where excess Ti is dissolved into the bulk as Tiint.
However, the concentration of (1 × 2) rows on the surface after
post-annealing is still noticeably higher than before H2

exposure, indicating significant overall reduction of the
sample.

It is interesting to note that no extensive reduction takes
place in CO on either sample. The fact that the reaction stops
after only a few reduced ad-species have been formed suggests
that CO reacts solely with some preexisting defect, thus self-
limiting the process. The observation of continued reduction
of HR-TiO2 with hydrogen, but not with CO, suggests that the
rate-limiting step is the extraction of lattice oxygen, rather than
the adsorption and dissociation of H2. The inert behaviour of
LR-TiO2 to CO exposure may indicate that the required defects
are not available on that sample.

Nanoparticle encapsulation

Concerning Pt nanoparticles, we very clearly see encapsulation
on HR-TiO2 in STM (Fig. 3), TPD and LEIS (Fig. 4). In contrast,
no overlayer was observed in STM on LR-TiO2 (Fig. S8†), and
the substantial difference in CO uptake capacity between the
two samples seen in TPD convinces us that encapsulation in
UHV is inhibited on the near-stoichiometric sample. This is in
good agreement with literature: it has long been known that
reducing TiO2 is a prerequisite for the SMSI effect,13,27 and
lower CO uptake capacity was already reported in the original
work on SMSI by Tauster.13,14 However, exposing the sample to
hydrogen under near-ambient pressure conditions at 600 K
finally results in encapsulation also on LR-TiO2 as indicated by
LEIS [Fig. 4(b)], likely due to surface reduction.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 17825–17837 | 17835

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
sr

pn
a 

20
24

. D
ow

nl
oa

de
d 

on
 1

1.
06

.2
02

6 
17

:3
9:

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01702a


Our findings are in good agreement with previous reports
that encapsulation mainly depends on the doping level of the
support, rather than the availability of excess Ti.20 Based on
the material growth of the bare samples in a NAP oxygen atmo-
sphere, we can conclude that Tiint can easily diffuse to the
surface even at 600 K, including on samples that do not
exhibit an SMSI effect. The different interaction of the samples
with Pt must therefore be thermodynamically preferred, rather
than dictated by kinetic limitations.

Exposing the Pt particles to 0.1 mbar H2 at 600 K did not
result in any significant changes to particle size distributions,
or to the nature of an existing TiOx overlayer. Unexpectedly
however, on HR-TiO2, we observe a significant decrease in
apparent height of the particles. Based on the concomitant
roughening of the support, we speculate that TiO2 material
from underneath the particles diffuses to form new terraces
covering their side facets. This partial burying of the particles
is an interesting effect which would hardly be seen by area-
averaging techniques like XPS or TPD, where side facets of
these relatively flat particles do not contribute strongly.
However, it is likely not particularly significant to catalyst
activity, as the particle overlayer remains the same. As to what
constitutes the driving force for particles becoming embedded
in the surface, two explanations are possible: first, that inter-
action with hydrogen increases the surface energy of side
facets covered with the TiOx suboxide overlayer beyond the
interface energy of side facets embedded in stoichiometric
TiO2; or second, that an embedded configuration is already
thermodynamically favoured when the particles are first over-
grown, but cannot be accomplished due to kinetic limitations.
In the second model, the intense surface roughening and
restructuring by hydrogen also seen on the bare TiO2(110)
surface [Fig. 2(f )] would allow moving the large particles into a
more favourable position. However, taking into account the
slightly recovered mean apparent particle heights after UHV
post-annealing (Fig. S7†), a modified thermodynamic equili-
brium in H2 atmosphere appears more plausible. It is interest-
ing to note that significant material transport within the TiO2

substrate can clearly take place even at 600 K to accommodate
this.

Conclusions

In conclusion, we have found significant differences in surface
reactivity of a near-stoichiometric (lightly reduced, LR-TiO2)
and a highly reduced (HR-TiO2) TiO2(110) sample. Near-
ambient pressure atmospheres of O2, CO2, H2 and CO at 600 K
all induced surface oxidation or reduction on the bare
HR-TiO2 sample, while LR-TiO2 was only mildly oxidized by O2

and appears completely inert to the other three gasses.
Similarly, Pt particles were encapsulated already after UHV sin-
tering on HR-TiO2, while encapsulation on LR-TiO2 was inhib-
ited in UHV, and only occurred when the sample was exposed
to 0.1 mbar of H2 at 600 K. Surprisingly, the already encapsu-
lated particles on HR-TiO2 were further modified in the hydro-

gen environment, where they were embedded deeper into the
TiO2 surface. Control of the sample stoichiometry over many
preparation cycles has proven crucial in investigating these
differences. The recipes we have presented for the preparation
of TiO2(110) samples with reproducible bulk stoichiometry will
enable a much more controlled surface preparation and thus
help prevent discrepancies and controversies in future
experiments.

Author contributions

FK: conceptualization, investigation, data curation, formal ana-
lysis, visualization, writing – original draft; MK: conceptualiz-
ation, investigation, data curation, formal analysis; SK: investi-
gation, formal analysis, visualization; JR: investigation; AJ:
investigation, formal analysis; MF: investigation; GA: investi-
gation; FE: resources, supervision; BAJL: conceptualization,
funding acquisition, resources, supervision, project adminis-
tration; all authors: writing – review & editing.

Data availability

The data supporting this article have been included as part of
the ESI.†

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)
under Germany’s Excellence Strategy EXC 2089/1-390776260
and through the project CRC1441 (project number 426888090,
subproject A02), as well as by the European Research Council
(ERC) under the European Union’s Horizon 2020 research and
innovation program (grant agreement no. 850764). F. K.
acknowledges funding by the Austrian Science Fund (FWF) [J
4811-N]. B. A. J. L. gratefully acknowledges financial support
from the Young Academy of the Bavarian Academy of Sciences
and Humanities.

References

1 U. Diebold, Surf. Sci. Rep., 2003, 48, 53–229.
2 Z. Dohnálek, I. Lyubinetsky and R. Rousseau, Prog. Surf.

Sci., 2010, 85, 161–205.
3 C. L. Pang, R. Lindsay and G. Thornton, Chem. Rev., 2013,

113, 3887–3948.
4 R. Schlögl, Angew. Chem., Int. Ed., 2015, 54, 3465–3520.

Paper Nanoscale

17836 | Nanoscale, 2024, 16, 17825–17837 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
sr

pn
a 

20
24

. D
ow

nl
oa

de
d 

on
 1

1.
06

.2
02

6 
17

:3
9:

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01702a


5 U. Gelius, E. Basilier, S. Svensson, T. Bergmark and
K. Siegbahn, J. Electron Spectrosc. Relat. Phenom., 1973, 2,
405–434.

6 B. J. McIntyre, M. Salmeron and G. A. Somorjai, Rev. Sci.
Instrum., 1993, 64, 687–691.

7 P. B. Rasmussen, B. L. M. Hendriksen, H. Zeijlemaker,
H. G. Ficke and J. W. M. Frenken, Rev. Sci. Instrum., 1998,
69, 3879–3884.

8 E. Laegsgaard, L. Österlund, P. Thostrup, P. B. Rasmussen,
I. Stensgaard and F. Besenbacher, Rev. Sci. Instrum., 2001,
72, 3537–3542.

9 D. F. Ogletree, H. Bluhm, G. Lebedev, C. S. Fadley,
Z. Hussain and M. Salmeron, Rev. Sci. Instrum., 2002, 73,
3872–3877.

10 M. Rößler, P. Geng and J. Wintterlin, Rev. Sci. Instrum.,
2005, 76, 023705.

11 M. Salmeron and R. Schlögl, Surf. Sci. Rep., 2008, 63, 169–199.
12 F. Tao, L. Nguyen and S. Zhang, Rev. Sci. Instrum., 2013, 84,

034101.
13 S. J. Tauster, S. C. Fung and R. L. Garten, J. Am. Chem. Soc.,

1978, 100, 170–175.
14 S. J. Tauster, Acc. Chem. Res., 1987, 20, 389–394.
15 F. Pesty, H.-P. Steinrück and T. E. Madey, Surf. Sci., 1995,

339, 83–95.
16 O. Dulub, W. Hebenstreit and U. Diebold, Phys. Rev. Lett.,

2000, 84, 3646–3649.
17 S. Labich, E. Taglauer and H. Knözinger, Top. Catal., 2000,

14, 153–161.
18 R. A. Bennett, C. L. Pang, N. Perkins, R. D. Smith,

P. Morrall, R. I. Kvon and M. Bowker, J. Phys. Chem. B,
2002, 106, 4688–4696.

19 M. Bowker, P. Stone, P. Morrall, R. Smith, R. Bennett,
N. Perkins, R. Kvon, C. Pang, E. Fourre and M. Hall,
J. Catal., 2005, 234, 172–181.

20 Q. Fu, T. Wagner, S. Olliges and H.-D. Carstanjen, J. Phys.
Chem. B, 2005, 109, 944–951.

21 A. Beck, X. Huang, L. Artiglia, M. Zabilskiy, X. Wang,
P. Rzepka, D. Palagin, M.-G. Willinger and J. A. van
Bokhoven, Nat. Commun., 2020, 11, 3220.

22 A. B. Boffa, H. C. Galloway, P. W. Jacobs, J. J. Benítez,
J. D. Batteas, M. Salmeron, A. T. Bell and G. A. Somorjai,
Surf. Sci., 1995, 326, 80–92.

23 F. Sedona, G. A. Rizzi, S. Agnoli, F. X. Llabrés i Xamena,
A. Papageorgiou, D. Ostermann, M. Sambi, P. Finetti,
K. Schierbaum and G. Granozzi, J. Phys. Chem. B, 2005,
109, 24411–24426.

24 X. Liu, M.-H. Liu, Y.-C. Luo, C.-Y. Mou, S. D. Lin, H. Cheng,
J.-M. Chen, J.-F. Lee and T.-S. Lin, J. Am. Chem. Soc., 2012,
134, 10251–10258.

25 H. Frey, A. Beck, X. Huang, J. A. V. Bokhoven and
M. G. Willinger, Science, 2022, 376, 982–987.

26 P. Petzoldt, M. Eder, S. Mackewicz, M. Blum, T. Kratky,
S. Günther, M. Tschurl, U. Heiz and B. A. J. Lechner,
J. Phys. Chem. C, 2022, 126, 16127–16139.

27 A. Berkó, I. Ulrych and K. C. Prince, J. Phys. Chem. B, 1998,
102, 3379–3386.

28 M. A. Henderson, Surf. Sci., 1999, 419, 174–187.
29 M. Aono and R. R. Hasiguti, Phys. Rev. B: Condens. Matter

Mater. Phys., 1993, 48, 12406–12414.
30 O. Hiroshi, F. Ken-ichi and I. Yasuhiro, Bull. Chem. Soc.

Jpn., 1995, 68, 2447–2458.
31 M. Li, W. Hebenstreit, L. Gross, U. Diebold,

M. A. Henderson, D. R. Jennison, P. A. Schultz and
M. P. Sears, Surf. Sci., 1999, 437, 173–190.

32 M. Li, W. Hebenstreit and U. Diebold, Phys. Rev. B:
Condens. Matter Mater. Phys., 2000, 61, 4926–4933.

33 R. Bennett, S. Poulston, P. Stone and M. Bowker, Phys. Rev.
B: Condens. Matter Mater. Phys., 1999, 59, 10341.

34 S. Bonanni, K. Aït-Mansour, W. Harbich and H. Brune,
J. Am. Chem. Soc., 2012, 134, 3445–3450.

35 F. Rieboldt, L. B. Vilhelmsen, S. Koust, J. V. Lauritsen,
S. Helveg, L. Lammich, F. Besenbacher, B. Hammer and
S. Wendt, J. Chem. Phys., 2014, 141, 214702.

36 R. D. Smith, R. A. Bennett and M. Bowker, Phys. Rev. B:
Condens. Matter Mater. Phys., 2002, 66, 035409.

37 Z. Zhang, J. Lee, J. T. Yates, R. Bechstein, E. Lira,
J. Ø. Hansen, S. Wendt and F. Besenbacher, J. Phys. Chem.
C, 2010, 114, 3059–3062.

38 D. Matthey, J. G. Wang, S. Wendt, J. Matthiesen, R. Schaub,
E. Lægsgaard, B. Hammer and F. Besenbacher, Science,
2007, 315, 1692.

39 M. Reticcioli, M. Setvin, X. Hao, P. Flauger, G. Kresse,
M. Schmid, U. Diebold and C. Franchini, Phys. Rev. X,
2017, 7, 031053.

40 R. A. Bennett, P. Stone, N. J. Price and M. Bowker, Phys.
Rev. Lett., 1999, 82, 3831–3834.

41 M. W. Chase, NIST-JANAF Thermochemical Tables, National
Institute of Standards and Technology, Gaithersburg,
Maryland, 4 edn, 1998.

42 S. Bonanni, K. Aït-Mansour, M. Hugentobler, H. Brune and
W. Harbich, Eur. Phys. J. D, 2011, 63, 241–249.

43 J. Reich, S. Kaiser, U. Heiz, J.-D. Grunwaldt, M. M. Kappes,
F. Esch and B. A. J. Lechner, Top. Catal., 2024, 67, 880–891.

44 T. S. Lundy and W. A. Coghlan, J. Phys. Colloq., 1973, 34,
C9-299–C9-302.

45 D. A. Venkatu and L. E. Poteat, Mater. Sci. Eng., 1970, 5,
258–262.

46 D. K. Lee and H. I. Yoo, Solid State Ionics, 2006, 177, 1–9.
47 M. Bowker and R. A. Bennett, J. Phys.: Condens. Matter,

2009, 21, 474224.
48 S. Wendt, P. T. Sprunger, E. Lira, G. K. H. Madsen, Z. Li,

J. Ø. Hansen, J. Matthiesen, A. Blekinge-Rasmussen,
E. Lægsgaard, B. Hammer and F. Besenbacher, Science,
2008, 320, 1755–1759.

49 Y. Wang, E. Chen and J. Tang, ACS Catal., 2022, 12, 7300–
7316.

50 R. Bliem, J. van der Hoeven, A. Zavodny, O. Gamba,
J. Pavelec, P. E. de Jongh, M. Schmid, U. Diebold and
G. S. Parkinson, Angew. Chem., 2015, 127, 14205–14208.

51 S. Kaiser, F. Maleki, K. Zhang, W. Harbich, U. Heiz,
S. Tosoni, B. A. J. Lechner, G. Pacchioni and F. Esch, ACS
Catal., 2021, 11, 9519–9529.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 17825–17837 | 17837

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
sr

pn
a 

20
24

. D
ow

nl
oa

de
d 

on
 1

1.
06

.2
02

6 
17

:3
9:

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01702a

	Button 1: 


