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E
lastic strain is commonly present
in nanostructured surfaces1,2 and
on supported catalysts.3 In addition,

strain has been found to change chemical
and electronic properties in a broad range
of material systems. For example, charge
carrier mobility is significantly increased
due to lattice strain in epitaxial silicon.4,5

Onmetal surfaces, the energetics of adsorp-
tion and dissociation of molecular adsor-
bates can also be greatly altered through
surface strain.6�9 Despite its prevalence, the
role of strain in altering chemisorption is a
major unanswered question in heteroreac-
tion systems. An important issue in catalytic
studies of strain is the degree towhich strain
in a substrate will affect chemisorption of
molecular species on that surface. This pa-
per reports the role of strain in surface
reactivity for single-crystal TiO2, an impor-
tant two-component semiconducting oxide
crystal, which is of intense interest due to
its promising applications including photo-
catalysis,10 gas sensors,11 solar cells,12,13 and
others.14 Strain is known to play a key role in
several of these applications: for example,
in hydrogenated black TiO2,

15,16 strain ap-
pears during its high-pressure processing
and the resulting disordered outer layer
is believed to be responsible for midgap
states in the crystal, which enhances optical

adsorption of visible and infrared light. The
role of strain in many of these cases remains
an open question. One limitation to addres-
sing this question is the experimental diffi-
culty in generating significant strain fields
and distinguishing the effect of this strain
from chemistry due to other changes in
surface properties.
Our approach to generate controllable

strain fields is based on recent experiments
in our laboratory, which have shown that
bombarding a single-crystal TiO2 (110) sam-
ple with low-energy (1 kV) argon ions at
an elavated temperature will produce an
array of nanoscale areas of subsurface
argon clusters.17 In particular, our studies
have found that resulting intersitial argon
atoms migrate and accumulate in a subsur-
face region 6�20 monolayers below the
surface, forming highly pressurized nano-
clusters. As a consequence, the thin surface
layer above these clusters protrudes or
bulges outward to form a blister-like nano-
feature, thus generating a large-value local
strain field, which is ideal for the surface
reactivity experiments examined here. Note
that although studies about noble gas bub-
bles in metal oxides are relatively scarce,
nanobubbles of high pressure noble gases
are well known in metal systems based
on studies of plasma wall interactions.18
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ABSTRACT The application of elastic lattice strain is a promising approach for tuning material

properties, but the attainment of a systematic approach for introducing a high level of strain in

materials so as to study its effects has been a major challenge. Here we create an array of intense

locally varying strain fields on a TiO2 (110) surface by introducing highly pressurized argon nanoclusters

at 6�20 monolayers under the surface. By combining scanning tunneling microscopy imaging and the

continuum mechanics model, we show that strain causes the surface bridge-bonded oxygen vacancies

(BBOv), which are typically present on this surface, to be absent from the strained area and generates

defect-free regions. In addition, we find that the adsorption energy of hydrogen binding to oxygen

(BBO) is significantly altered by local lattice strain. In particular, the adsorption energy of hydrogen on

BBO rows is reduced by∼35 meV when the local crystal lattice is compressed by∼1.3%. Our results provide direct evidence of the influence of strain on

atomic-scale surface chemical properties, and such effects may help guide future research in catalysis materials design.
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In addition, subsurface argon nanoclusters introduced
by bombardment of low-energy argon ions have also
been observed in metal systems, including Al, Cu, and
Ru,7,19,20 where argon nanoclusters were found with
similar size and depth to those observed in our
experiments.

RESULTS AND DISCUSSION

Locally Varying Strain Field. Prior to examining issues of
surface reactivity, the surface of a single-crystal rutile
TiO2 sample was prepared through bombardment
with 1 kV argon ions at 900 K for 10 min. Figure 1a
shows an image of such a TiO2 (110) surface after
argon-ion bombardment. Due to the subsurface argon
clusters, locally deformed TiO2 regions, i.e., surface
protrustions, appear as bright ellipses in our scanning
tunneling microscopy (STM) image. As the image in
Figure 1a shows, most of the protrusions are enlon-
gated along the [001] direction due to the anisotropy in
the stress tensor along different crystal orientations.21

One important feature to note is that most of the
protrusions retain their flat-surface-layer crystal struc-
ture despite the excessive stress that is obviously
present; one clear example is shown in Figure 1b. How-
ever, in Figure 1a there are surfaces of protrusions that
have undergone a more significant local surface
reconstruction (or more precisely the removal of 2 or
3 atomic rows). We attribute this reconstructed surface
structure to the excess stress present on protrusions,
which exceeds the elastic limit.

Measurements within the STM images showed that
the lateral dimensions of the protrusions range from
8 to 20 nm and the height can reach up to 1 nm. Note
that the height of the protrusionswas foundnot to vary
with a change in scanning bias voltage. Therefore, the

possbiliby that these protrusions are due to local
electronic effects can be excluded. Figure 1b shows a
higher-resolution image of the surface, which includes
one example of a protrusion. A side view of the STM
image, along with a schematic drawing of the corre-
sponding subsurface argon cluster, which is deter-
mined from a continuum mechanics model (see more
details in ref 17), is shown in Figure 1d.

In the examination of our images, such as Figure 1b,
we observed that there were subtle but important
nonuniformities in the distribution of oxygen vacan-
cies (bridge-bonded oxygen vacancies, BBOv; schema-
tically shown in Figure 1c) across the crystal surface. As
shown in Figure 1b, oxygen vacancies appear as bright
protrusions on the dark BBO atomic rows on a flat
surface area; for clarity, several of these BBOvs are
marked with yellow arrows. Also note that oxygen
vacancies and OH groups were clearly distinguishable
from each other in our STM images, such that OH
groups appear round and bright, while oxygen vacan-
cies are bridge-like and paler. Thus, the bridge-like
features in Figure 1b can be confidently attributed
to oxygen vacancies. The surface preparation of the
sample used for this figure resulted in the formation of
∼12% oxygen vacancies on typical planar areas of the
surface. In contrast, oxygen vacancies are completely
absent on the surface of the protruding area. In fact, we
have performed close examinations on more than 20
protrusions, in which BBOvs were clearly identified and
all protrusions were found to be free of BBOvs

Typically these BBO vacancies are formed on a virgin
TiO2 (110) surface by annealing to high temperature in a
vacuum. Thedensity of these oxygen vacancies depends
on both the annealing temperature and annealing time.
For transition-metal oxides, such oxygen vacancies are
known to be important point defects, which are intrinsi-
cally coupled with magnetic,22 electronic,23 and trans-
port properties of materials. In the case of TiO2, these
sites have been reported to cause water dissociation,10

alcohol dehydration, etc.14 Obtaining experimental ac-
cess to vary the concentration of oxygen vacancies as
well as their spatial distribution can provide a major
“tool” for the design of catalytic materials. To our knowl-
edge, very limited theoretical and experimental studies
have been reported on how strain affects oxygen-
vacancy formation and migration. Among the existing
studies, it has been shown that by applying in-plane
tensile/compressive strain, it is possible to alter the
energetics for creating oxygen vacancies and to lower
substantially the oxygen-vacancy migration barrier.24,25

Although our results do not conclusively show whether
the absence of oxygen vacancies on the strained area is a
thermal-equilibrium state or a kinetic-limited resulting
state, we do show clearly that the oxygen-vacancy
distribution can be tuned by stress/strain. This approach
may provide a path to controlled decoration of a TiO2

surface through oxygen-vacancy patterning.

Figure 1. Surfaceprotrusions after argonbombardment. (a)
TiO2 (110) surface after argon-ion bombardment. (b) One
typical example of a protrusion. Bridge-bonded oxygen
vacancies (BBOvs) are marked by yellow arrows on flat
areas. These vacancies are not present at the top of the
protrusion. (c) Ball model of rutile (110) surface with a BBO
vacancy, marked by a black arrow. (d) Side view of image b,
along with a sketch of the depth and diameter of the
corresponding subsurface argon clusters, simulated by
the continuum mechanics model.

A
RTIC

LE



LI ET AL . VOL. 9 ’ NO. 1 ’ 82–87 ’ 2015

www.acsnano.org

84

Experiments Using Water-Vapor Dosing. To further study
the effect of strain on surface adsorption, we con-
ducted a water-vapor-exposure experiment. H2O ab-
sorption on our BBOv patterned surface provides a
particularly clear example of how strain may influence
chemisorption on the TiO2 surface. In our experiments,
∼10 L of H2O vapor was dosed on the surface at room
temperature. Many earlier studies have shown that
H2O molecules adsorb dissociatively on BBOv sites,
with the oxygen atom filling the BBOv and with one
H�Obondbroken such that a hydrogen atom attaches
to an adjacent BBO.26,27 This process forms a pair of
two adjacent bridging OH groups, which are free to
migrate on the surface.28 After exposing our TiO2 sur-
face to water vapor, our STM images show that the
BBOvs are then fully refilled by water molecules. Thus,
after exposure, the final surface is covered by hydrogen
atoms bonded to a BBO rows of TiO2 (110). Filling of
BBOvs also has the other important result of limiting any
uneven distribution of charges associated with BBOvs,
which in turn can influence the diffusion of OH groups.

Figure 2a shows an STM image obtained from a
planar area of the surface after water exposure. In the
image, the OH groups derived from the H2O dissocia-
tion appear as bright dots on the BBO rows. The
resulting surface OH groups are evenly distributed
across the surface. This even distribution is attributed
to H�H repulsion such as seen in surface diffusion

measurements.28 Thus, this uniform distribution is a
consequence of the fact that these hydrogen atoms
exhibit simple Coulomb repulsion rather than the
complex structure-related interparticle interactions
that dominate other cases of adsorption process.29,30

We can examine the mobility of OH groups derived
from H2O dissociation by comparing consecutive STM
images as seen in Figure 2. During the time that these
two images were taken,most hydrogen atoms diffused
away from their original positions. Their high mobility
ensures that the observed OH distributions reached a
thermal equilibrium state, which is critical for thermal-
statistic analysis performed later on.

Figure 3 shows an image of a protrusion after the
surface has been dosed with water vapor. Notice that
after exposure, the top of the protrusion was covered
with OH groups, despite the fact that the protrusion
was free of BBOvs before water exposure. This obser-
vation further confirms that hydrogen atoms are
mobile at room temperature, since our observations
suggest that they migrate to the top of the protrusions
after being produced on the flat terraces. Quantitative
examination (see below) of the STM images reveals
that H concentration on the protrusion is lower than
that on flat terraces. Furthermore, H concentration on
the protrusion has a nonuniform distribution.

In order to quantitatively analyze the data, plots of
the OH concentration across the protrusion along the
[1�10] direction were made, as shown in Figure 4. In
this plot, a window of surface sample width of 6 nm
was selected for study to minimize the local concen-
tration fluctuation. Six consecutive images of the same
area were averaged to get the final OH concentration
distribution. The time interval between images was
∼5 min. As just discussed, the positions of OH groups
change from image to image, and the final distribution
is thus an equilibrium distribution, which directly
reflects local variations in adsorption energy,9 as well
as temporal fluctuations due to the stochastic nature of
the diffusion process.

In addition to a plot of the local OH concentration,
Figure 4 also shows the calculated radial strain along
the [1�10] direction and across the center of the
protrusion, calculated from the continuum mechanics

Figure 2. Diffusion of surfaceOHgroups. STM images of the
same area: (a) t=0 s; (b) t=150 s to illustrate the distribution
and diffusion of hydrogen. (c) Line profiles of the same BBO
rows. The bright feature marked with a circle is a solid
impurity, which was immobile and was used as a reference
point. During the time of examination, most hydrogen
atoms diffused away from their original absorption sites,
indicating high mobility at room temperature.

Figure 3. A protrusion covered with surface OH groups
after water exposure. Left: Schematics of H2O dissociative
adsorption at BBOv on planar areas and diffusion to the top
of the protrusion afterward. Right: Atomic-resolution STM
image of a protrusion after water exposure. Hydrogen
covers both the flat areas and the surface of the protrusion.
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model. The positive value of strain shows that the crystal
lattice expands at the center of theprotrusion. In themost
highly strained area, the local lattice expansion reaches
∼3%. At the edge of the protrusion, the crystal lattice is
compressed (negative strain) to nearly 1.3%; this com-
pression is a result of concave bending of surface layers.
Both the radial strain and the OH concentration exhibit a
“W”-shaped behavior for each of these quantities versus
radial coordinate. This similarity in behavior shows the
close correlation between strain and OH binding energy.

On going from a flat terrace to the edge of a
protrusion, the surface lattice is gradually compressed
and the OH concentration decreases and reaches a
minimum (∼13% vs ∼25% on flat terraces) where the
surface lattice is maximally compressed. For mobile
adsorbates on a nonuniformly strained area, the ex-
pected occupation probability of different sites is given
by p = p0e

�(ΔEa/kT), where p0 denotes the occupation
probability of a reference site and ΔEa the adsorption
energy difference compared to the reference site.9

Since the high mobility of hydrogen atoms assures
that different adsorbing areas are in thermal equilibri-
um with each other, the occupation probability is
directly related to the local concentration or coverage;
thus θ = θ0e

�(ΔEa/kT), where θ0 is hydrogen coverage at
flat terraces, which is chosen here to be the reference
site. To obtain a quantitative estimation of the strain
effects on adsorption energy, the most compressed
region was chosen to provide a comparison with a flat
terrace region. Substituting the different hydrogen
coverage givesΔEa = 17meV for the overall adsorption
energy difference at these two regions.

The overall adsorption energy difference (ΔEa) origi-
nates from two sources: the change in theH�H repulsion
energy (ΔEr) due todifferent coverage, and the change in
the surface binding energy resulting from local strain
(ΔEs), which can be summarized as the following:
ΔEs = ΔEa � ΔEr. To obtain the strain-related energy dif-
ference (ΔEs), themeasurement ofΔEr is discussedbelow.

Analysis of H�H Repulsion. Since H�H interaction also
affects the final distribution of H, we also performed
analysis on H�H repulsion; this analysis allowed us to
extract the effects solely due to substrate strain. After
exposure to water, the surface coverage of H is ∼25%,
as each water molecule produces two OH groups upon
adsorption at BBOv sites (∼12%). In this process, partial
charge is transferred from a H atom to a BBO row. The
positively charged H then experiences repulsion from
its H neighbors, which decreases monotonically as the
H�H separation distance increases, an effect explored
in other studies.28 The upper panel of Figure 5 shows
the H�H separation as a function of surface lattice
constant, which is acquired through statistical analysis
of STM images on planar areas of TiO2 (110). It is worth
noting that the probability shown here is not an
absolute adsorption probability, pn, but rather a con-
ditional adsorbing probability, Pn = pn

Q
m=1
n�1(1 � pm),

which is to say it is the probability of hydrogen
adsorbing at the nth neighbor when no hydrogen is
found at previous neighbors; thus,

P1 ¼ p1

P2 ¼ p2 � (1 � p1)

P3 ¼ p3 � (1 � p1)� (1 � p2) ¼ p3 � (1 � P1 � P2)
l

Pn ¼ pn � (1 � p1)� 3 3 3 � (1 � pn � 1)

¼ pn � (1 � ∑
n � 1

m¼ 1
Pm)

To get the absolute adsorbing probability pn, eq 1 is
used.

Figure 4. Plot of hydrogen distribution at the top of pro-
trusion along with the local radial strain on the surface of
the protrusion calculated from the continuum mechanics
model. A positive strain indicates an area with lattice
expansion, and a negative strain indicates an area with
lattice compression. Hydrogen distribution follows the
overall “W”-shape trend that the strain exhibits.

Figure 5. H�H repulsion analysis. Upper panel: H�H
separation distribution as a function of TiO2 (110) surface
lattice constant. Lower panel: Normalized H�H adsorp-
tion probability and corresponding Coulomb interaction
fitting.
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pn ¼ Pn=(1 � ∑
n � 1

m¼ 0
Pm) (1)

The resulting absolute adsorption probabilities
are shown in the lower panel of Figure 5, which are
normalized by the highest value. The adsorption prob-
ability distribution can easily be understood as that
due to the repulsion between OH groups; the further
two OH's are separated, the higher the adsorption
probability. We fitted the adsorption probability with
a simple charge�charge Coulomb interaction. The
H�H displacement probability is directly related to
the repulsion energy through eq 2:

pn � e�Ern =kT (2)

where Ern = (Q2/4πεrn
2) is the repulsion energy when

two hydrogen are separated by n lattice constants,Q is
the fractional charge residing on hydrogen, k is Boltz-
mann's constant, rn is the distance between hydrogens
at the nth neighbor, and T is temperature, which is
room temperature in our case. The fractional charge,Q,
is the only parameter used in the fitting. The inter-row
interaction is considered negligible for influencing the
H�H in-row displacement distribution, since the repul-
sions experienced from two sides of the row are
canceled.

The fractional charge on the H atom, which was
determined from the fitting, is 0.17e. Therefore, for
∼13% (25%) of hydrogen coverage, the average H�H
separation distance is ∼8 (4) lattice constant, and the
repulsion energy difference for these two configura-
tions is found to be ΔEr = �18 meV. The surface
binding energy difference, which can be attributed
exclusively to strain, can then be estimated as ΔEs =
ΔEa � ΔEr = 35 meV. Note that in calculating H�H
repulsion the same local charge for H atoms was
assumed for flat and for strained areas, because this
strain-induced deviation of the local charge can be
only a small fraction of the total local charge on H
atoms, just as the strain-induced deviation of the O�H
bond strength (ΔE = 35 meV) is a small fraction of the
bond strength itself (∼3.86 eV).31 Therefore, the charge

difference of H atoms at flat areas and strained areas
(∼35meV/3.86 eV < 1%) can be safely neglected in our
study.

Thus, when the crystal lattice is compressed
by 1.3%, the binding energy of OH is reduced by
35 meV. This energy difference between strained and
unstrained surfaces is comparable to the thermal en-
ergy at room temperature (∼25 meV), and thus it is
expected to affect adsorption, diffusion, and distribu-
tion significantly.

Note that on going from the compressed region to
the most expanded region (the top of the protrusion),
the OH concentration is again found to increase. As the
top and the edge of the protrusion show different
polarity of strain, a “reversed” chemical effect is ex-
pected at the top of the protrusion; thus the OH
concentration is expected to be higher on the top than
that on the flat terraces. However, this behavior is not
observed in the experiment. One possible explanation
is that the layers of TiO2 above the argon clusters are
isolated from the rest of the bulk by the presence of
argon atoms. The confinement of electrons in this layer
may impose a secondary effect onHdistribution across
the protrusion. More theoretical and experimental
studies are required to understand this effect in detail.

CONCLUSIONS

To summarize, we have introduced a method to
form a locally varying strain field on rutile TiO2 (110)
surfaces through pressurized subsurface argon nano-
clusters. With this surface, we have demonstrated a
strongly strain-altered surface chemistry. In particular,
STM imaging shows that oxygen vacancies, which are
typically present on this surface, are fully absent from
the strained regions of the surface. Also, we observed
that the binding energy of adsorbates is controlled
by the local strain. Specifically, using statistical analysis
of STM images, we show that the adsorption energy
of hydrogen on BBO rows is reduced by ∼35 meV
when the local crystal lattice is compressed by ∼1.3%.
Our experimental findings provide insight into the role
of strain in driving surface reactions.

METHODS
All experiments were conducted in a customized UHV cham-

ber, with a base pressure of 4� 10�11 Torr, which was equipped
with an Omicron VT-STM, a combined LEED/Auger system, and
an Ar-ion sputtering gun. A single-crystal 5 � 5 � 1 mm, rutile
TiO2 (110) sample was mounted on a commercial Omicron
sample holder. The sample was attached to the Mo surface of a
custom-built heating plate with Ta wires; silver powder was
used as a contact layer to enhance heat conduction from the
heating plate to the sample. A K-type thermocouple was
attached to the edge of the sample to monitor the sample
temperature. To generate stressed surface protrusions, the
sample was bombarded with 1 keV argon ions at an elevated
temperature (900 K) for 10 min. The ion gun produced argon-
ion currents of ∼5 μA at the sample surface. Experiments with

precise water exposure were administered through an aperture-
based gas system, in which the gas line, before a 5 μm aperture,
was filled with water vapor in the mTorr pressure range for a
desired amount of time. The other side of the aperture was
opened to a 4mmdiameter tube leading toward the sample; the
latter faced the UHV-side opening of this tube with a ∼5 mm
distance.Weused a continuummechanicsmodel to simulate the
surface deformation and strain distribution. More details can be
found in our previous publication.17
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