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D
iffusion and agglomeration of metal
adatoms on oxide surfaces plays an
important role in the creation of

nanoparticles and, more generally, in the
formation of metal/oxide interfaces. The
dispersion of transition metals and their
agglomeration into clusters on metal oxide
supports is of particular interest for the
formation of catalytically active metal nano-
clusters. Single-atom catalysts,1�3 as well as
cluster-size-dependent chemical function-
ality, have been documented.4 Notably for
gold, numerous studies demonstrate a dra-
matic effect of cluster size on catalytic
activity.5�11 Similarly, Pd clusters display
numerous size-dependent chemical prop-
erties.12�17 In addition to catalysis, the ag-
glomeration of metal atoms into clusters
also affects the formation of ultrathin metal

coatings onmetal oxides. In order to synthe-
size and maintain small clusters, adatom
mobility and sintering must be suppressed.
For planar model catalysts used in funda-
mental surface science studies, transition
metals are commonly vapor-deposited on
oxide supports. However, vapor deposition
of transitionmetals at room temperature on
oxide supports usually results in nanometer-
sized clusters with several hundred atoms,
which precludes investigation of very
small nanoclusters. In addition, to address
the technologically important issue of
oxide wetting with metal layers, hydrox-
ylation of oxides has been suggested as a
means for increasing metal binding.18�20

Thus, the formation of very small metal
clusters, as well as metal coatings, may be
controlled by hydroxyls on oxide surfaces.
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ABSTRACT Understanding agglomeration of late transition

metal atoms, such as Pd, on metal oxide supports, such as TiO2, is

critical for designing heterogeneous catalysts as well as for control-

ling metal/oxide interfaces in general. One approach for reducing

particle sintering is to modify the metal oxide surface with hydroxyls

that decrease adatom mobility. We study by scanning tunneling

microscopy experiments, density functional theory (DFT) calcula-

tions, and Monte Carlo (MC) computer simulations the atomistic

processes of Pd sintering on a hydroxyl-modified TiO2(011)-2 � 1

surface. The formation of small 1�3 atom clusters that are stable at room temperature is achieved on the hydroxylated surface, while much larger clusters

are formed under the same conditions on a hydroxyl-free surface. DFT shows that this is a consequence of stronger binding of Pd atoms adjacent to

hydroxyls and increased surface diffusion barriers for Pd atoms on the hydroxylated surface. DFT, kinetic MC, and ReaxFF-based NVT-MC simulations show

that Pd clusters larger than single Pd monomers can adsorb the hydrogen from the oxide surface and form Pd hydrides. This depletes the surface hydroxyl

coverage, thus allowing Pd to more freely diffuse and agglomerate at room temperature. Experimentally, this causes a bimodal cluster size distribution

with 1�3 atom clusters prevalent at low Pd coverage, while significantly larger clusters become dominant at higher Pd concentrations. This study

demonstrates that hydroxylated oxide surfaces can significantly reduce Pd cluster sizes, thus enabling the preparation of surfaces populated with metal

clusters composed of single to few atoms.
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Unfortunately, the fundamental processes governing
metal�hydroxyl interactions on oxide surfaces are not
well-understood. Here we combine scanning tunnel-
ing microscopy with computer simulations to investi-
gate the interplay between hydroxyls and transition
metal atoms, thus yielding atomic level insight into
the effect of oxide hydroxylation on metal cluster
formation.
Numerous scanning tunneling microscopy (STM)

studies of vapor-deposited metals on planar oxide
model systems have contributed to the understanding
of metal diffusion and agglomeration.21�23 The major-
ity of these studies focused on pristinemetal oxide sur-
faces, while some investigated the role of impurities,24

particularly hydroxyls, on metal cluster formation.
Matthey et al. investigated the bonding of Au on
TiO2(110) for variously prepared surfaces.

25 For hydrox-
ylated surfaces, an apparent decreased adhesion of Au
was found resulting in the formation of large Au
clusters compared to vacuum-prepared TiO2(110) sur-
faces, which contain O vacancies. Conversely, hydroxyls
on Fe3O4 surfaces induced stronger Pd binding and
reduced sintering.26 Previous DFT studies for Ag
on hydroxylated alumina27,28 also suggest that the
interaction strength between the hydroxyl and the
transition metal adatoms is important for determining
the sintering behavior of transition metals.
Here we use STM experiments in conjunction with

DFT calculations, kinetic Monte Carlo (kMC) simula-
tions, and ReaxFF-based Monte Carlo simulations to
investigate Pd adatombehavior onpristine andhydrox-
ylated TiO2(011)-2� 1 surfaces. At lowPd coverage, the
hydroxyl groups effectively suppress surface diffusion,
leading to small Pd clusters that are stable at room
temperature. This is contrasted by the formation of
large Pd clusters on the pristine surface. Furthermore,
simulations show that Pd clusters as small as two atoms
can remove hydrogen from the TiO2(011)-2� 1 surface
and adsorb it on the Pd clusters. This process is made
possible by the known weak binding of hydrogen to
the TiO2(011)- 2 � 1 surface.29 An obvious conse-
quence of removing the hydroxyls from the TiO2

surface is that this process causes the hydrogen-
induced increase in the diffusion barrier for Pd ad-
atoms to disappear. This then facilitates sintering of Pd
to a level similar to that of an initially hydroxyl-free
surface. Thus, at a Pd coverage that is high enough
to remove all the hydroxyls from the TiO2 surface, the
sintering and agglomeration of Pd are expected to be
undistinguishable or at least very similar to that on an
initially hydroxyl-free surface. Generally, our atomistic
studies demonstrate that hydroxyls on oxide surfaces
can strongly affect the diffusion and sintering of
metals. However, on this particular TiO2 surface, two
Pd atoms are sufficient to remove one hydroxyl from
the TiO2 surface and consequently remove the addi-
tional Pd diffusion barrier the hydroxyls introduce.
Thus, only single Pd atoms, and possibly dimers and
trimers, are prevented from sintering. A 2 atomPd clus-
ter can only adsorb one hydrogen, and thus additional
hydroxyls at the surface can still prevent diffusion of Pd
atoms from such a Pd2H cluster. This explains the
presence of 2 and 3 atom clusters in STM images on
a hydroxylated surface at low coverage (Figure 1b).
Importantly, the agreement between the experiment
and simulation validates our theoretical description,
providing rationale for screening methods that could
identify metal oxide systems that may yield high
concentrations of small clusters that are resistant to
sintering at room temperature.

RESULTS

Scanning Tunneling Microscopy Investigation of Pd Cluster
Formation. Pd atomswere vapor-deposited on the 2� 1
reconstructed rutile TiO2(011) surface30�33 held at
room temperature. For low doses of Pd, the adsorption
structure on a clean TiO2(011)-2 � 1 surface is com-
pared to that of a hydroxylated surface in Figure 1.
In Figure 1a, a hydroxylated surface prior to Pd deposi-
tion is shown. The hydroxyls appear in the STM images
as bright protrusions situated slightly off-center of the
characteristic zigzag rows of the TiO2(011)-2 � 1. The
adsorption of the hydroxyls on this surface is discussed
in more detail in ref 29. Figure 1b shows the surface

Figure 1. STM characterization of TiO2(011)-2 � 1 surfaces. (a) Partially hydroxylated TiO2 surface, with the bright spots
indicating individual hydroxyl groups (40 nm� 40 nm, Vbias = 1.3 V, It = 0.4 nA). (b) Hydroxylated TiO2 surface after deposition
of small amount of Pd (50 nm� 50 nm, Vbias = 1.3 V, It = 0.5 nA). (c) Deposition of the same amount of Pd as in (b) on an almost
hydroxyl-free surface (50 nm� 50 nm, Vbias = 1.3 V, It = 0.5 nA). The Pd cluster sizes are small, typically only 1�3 atoms, in (b)
compared to much larger clusters in (c).
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after the deposition of a small amount of Pd on a
surface exhibiting hydroxyls, while Figure 1c shows the
same amount of Pd deposited on a nearly hydroxyl-
free surface. Clearly, a higher density of clusters is
observed in Figure 1b than in Figure 1c, and conse-
quently, the clusters in (b) are smaller than in (c). All the
Pd-associated features in Figure 1b have similar appar-
ent heights (2.1�3 Å). Only three different lateral sizes
are observed. These different sizes are assigned to
clusters with one, two, or three Pd atoms. Particularly,
the smallest clusters, which may be associated with
single Pd atoms, are situated close to the zigzag row in
STM. Also seen in Figure 1b, an antiphase domain
boundary of the 2� 1 reconstruction is visible running
from the top to the bottomof the STM image. While we
show below that such defects are preferential “anchor
sites” for larger Pd clusters, for the low Pd density
shown in Figure 1b, no statistically significant in-
creased Pd cluster formation along such defects is
observed.

On the hydroxyl-free surface, the cluster height
and lateral dimensions are significantly larger. For an
identical Pd amount as for the hydroxylated surface
shown in Figure 1b, the cluster heights are mainly in
the range of 3.6�6.5 Å, indicating that the clusters are
much larger in size and have a 3D cluster shape that
may be as much as three atoms tall. Furthermore, the
smaller density of clusters, for nominally the same
amount of Pd, also indicates the larger size of the clus-
ters. The differences in size and density of Pd clusters
for the hydroxyl-free surface compared to the partially

hydroxylated surface suggests that Pd atoms have very
different mobility on these two surfaces. An obvious
assessment is that, on the hydroxylated surface, Pd
atoms cannot diffuse over long distances and conse-
quently do not sinter into larger clusters.

Staying with an initially hydroxylated surface, we
investigated the cluster evolution as a function of the
amount of deposited Pd. A Pd evaporation source with
constant Pd flux is used, so that the amount of Pd
is proportional to the deposition time. Thus, we con-
sider the deposition time a measure of the amount
of Pd deposited. As noted above, for Pd deposition
time of less than 1 min, we observe only clusters
of ∼1�3 atoms in size. For Pd deposition times of
1�3 min, we observe a bimodal cluster size distribu-
tion. In addition to the small clusters, clusters larger
and taller are observed with a height of 3�6 Å. These
larger clusters are comparable to the clusters observed
at low Pd coverage on the hydroxyl-free surface.

Figure 2 shows the cluster densities for the “small”
and “large” clusters as a function of Pd deposition time.
For very low deposition times, only small clusters are
present. With increasing Pd deposition time, initially,
the density of both small and large clusters increases.
After 2 min of deposition, the density of small clusters
decreases while the density of large clusters remains
nearly constant. This suggests that the small clus-
ters have been incorporated into the larger clusters.
With increasing Pd deposition, the clusters continue
to grow, though no new large clusters are nucleated
once a critical density has been reached. In addition,

Figure 2. Evolution of cluster density as a function of deposition time on an initially hydroxylated TiO2(011)-2� 1 surface.We
distinguish between small clusters with an estimated 1�3 Pd atoms and larger clusters, whose height suggests at least 2�3
atom layer height. The density of small clusters is shown as red diamonds and the cluster density for the larger clusters as
black circles. Representative STM images of the surface structure for different Pd deposition times are shown. All STM images
are 100 nm � 100 nm in size. For low deposition times, see Figure 1b.
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hydroxyls between the clusters disappear with increas-
ing Pd deposition. At the point of maximum cluster
density (i.e., after ∼3 min deposition time), almost
no hydroxyls remain at the surface. The absence of
hydroxyls can be seen in the higher resolution image
shown for 6 min deposition time in Figure 3a. Further-
more, the decoration of step edges and antiphase
domain boundaries with larger Pd clusters is seen in
Figure 3b after 20 min of deposition time. Step edges
that are parallel to the [011] direction, that is, parallel
to the row structure of the surface reconstruction,
show less decoration than step edges that intersect
the surface row structure. This indicates that Pd atoms
preferentially diffuse along the rows and are anchored
at step edges that intersect this diffusion direction.
Preferential diffusion along the rows of the reconstruc-
tion is consistent with a lower diffusion barrier in this
direction, in agreement with computed diffusion bar-
riers discussed below. While a preferred diffusion
direction is a kinetic effect, the decoration of step
edges and antiphase boundaries may indicate that
binding at these defects is also enhanced, as has been
observed for metal clusters on many other oxide
supports.34�36

These experimental results suggest the following
mechanisms. At low Pd coverage, hydroxyls prevent
diffusion of Pd atoms, resulting in small Pd clusters
consisting of only 1�3 Pd atoms. Furthermore, the
disappearance of hydroxyls from the oxide surface
for Pd deposition times longer than ∼3 min suggests
that larger Pd clusters take up hydrogen, which sub-
sequently makes Pd adatoms more mobile and facil-
itates the formation of larger clusters. This uptake
of hydrogen by Pd clusters is confirmed below in

computer simulations. The alternative explanation that
the deposition of Pd atoms causes thermal desorption
of hydrogen from the TiO2 surface is unlikely because
of the previously reported thermal behavior of hydro-
gen on this surface.29 To substantiate the influence of
hydroxyls on Pd adsorption, we performed a series of
computational analyses, which are discussed in the
following sections.

Simulation of Pd Diffusion Barriers. Both DFT and
classical computational techniques are employed to
assess the various aspects of Pd diffusion, cluster
formation, and hydrogen uptake on the clean and
hydroxylated TiO2(011)-2 � 1 surface. To determine
the effect of adsorbed hydrogen on Pd mobility, DFT
calculations are used to derive the potential energy
surface for varying Pd diffusion paths over the clean
and hydroxylated surfaces. The barriers and adsorption
energies derived with DFT calculations are then em-
ployed in kinetic Monte Carlo simulations to assess
cluster formation rates. Finally, a Ti/O/Pd/H ReaxFF
potential is employed in Monte Carlo simulations to
assess hydrogen transfer between the TiO2 surface and
Pd clusters of varying size.

DFT calculations were completed on two models
of the TiO2(011)-2 � 1 surface, consisting of a clean
surface (shown in Figure 4) and a hydroxylated surface.
The clean surface contains characteristic zigzag rows
separated by a trough region containing alternating
hollow sites. The unit cell contains two top oxygen
atoms in the zigzag row (labeled O1 and O2, where
O4 is the periodic image of O1), two trough oxygen
atoms (labeled O7 and O8, where O9 is the periodic
image of O7), and two bridging oxygen atoms located
onopposites sides of the zigzag row (labeledO3andO5,

Figure 3. Pd clusters on a TiO2(011)-2� 1 after long (6min) Pddeposition. The surface in (a)was hydroxyl-modifiedprior to Pd
deposition (50 nm� 50 nm, Vbias = 1.3 V, It = 0.5 nA). No hydroxyls remain at the surface, suggesting that the Pd clusters have
absorbed the surface hydrogen. The same asymmetry of all the clusters are due to a “tip artifact” thatmodifies the imaging of
the taller clusters but does not affect the imaging of the hydroxyls, that is, the absence of hydroxyls. The STM image in (b)
shows a 170 nm� 170 nm area (Vbias = 1.3 V, It = 0.4 nA). The decoration of antiphase domain boundaries of the 2� 1 surface
reconstruction by Pd clusters can be observed (white arrows). Also step edges are decoratedwith Pd; however, steps that are
oriented parallel to the row structure of the surface reconstruction are not decorated (blue ovals), indicating preferential Pd
diffusion in the direction of the Pd rows.
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whereO6 is theperiodic image ofO5). The hydroxylated
surface model is obtained by adsorbing a single H atom
in the unit cell above top oxygen O1, which is the pre-
viously determinedpreferredhydrogenadsorption site.29

On the clean surface, a single Pd atom adsorbsmost
strongly in the hollow site of the trough between

oxygen atoms O6 and O8, with an exothermic adsorp-
tion energy of �50.7 kcal mol�1 relative to the clean
surface and a single gas-phase Pd atom. Similarly on
the hydroxylated surface, the Pd atom binds most
strongly in the hollow site between oxygen atoms
O2 and O6, with an exothermic adsorption energy
of�55.3 kcal mol�1. Net diffusion in the [011] direction
parallel to the zigzag row consists of Pd migration
between adjacent hollow sites within the same trough,
and net diffusion in the [100] direction perpendicular
to the zigzag row consists of Pd migration between
adjacent hollow site separated by the row structure.
The overall diffusion barrier for each direction can be
assessed by determining theminimumenergy path for
Pd migration between adjacent sites in the trough
(represented by green arrows in Figure 4) or between
adjacent sites separated by the zigzag row structure
(represented by purple arrows).

Theminimum energy paths for Pdmigration on the
clean TiO2 surface are shown in Figure 5. As seen in the
figure, we identified energy minima within the hollow
site between oxygen atoms O2�O8 (Figure 5b) and
between oxygen atoms O2�O6 (Figure 5c) that are
6.3 and 4.7 kcal mol�1 higher in energy than the
preferred hollow site (Figure 5a), respectively. Figure 5d
depicts a metastable adsorption site between oxygen
atoms O8�O5, from which the Pd atom may migrate
into the adjacent hollow site within the trough by
traversing the bridging oxygen O8, or may migrate
over the row by traversing top oxygen atoms O1�O2.
The overall activation barriers for these two processes
are 21.2 and 24.0 kcal mol�1, respectively, where the
transition state structures identified for these two
paths are depicted in the insets of the figure. Using a
simple Arrhenius relationship, we approximate that

Figure 4. (a) Side and (b) top views of the TiO2(011)-2 � 1
surface. Surface atoms are representedby spheres, andbulk
atoms are represented by lines. The dashed lines indicate
the unit cell used in all calculations. Purple arrows indicate
the Pd diffusion path parallel to the [100] direction traversing
the top oxygens of the zigzag row. The green arrows indicate
the Pd diffusion path traversing trough oxygens between
adjacent hollow sites parallel to the [0�11] direction.

Figure 5. Diffusion barrier over the clean TiO2 surface for Pdmigration between hollow sites traversing top oxygens (purple)
and traversing trough oxygens (green). Energy-minimized structures are shown to the right, and transition state structures
are shown in the insets above. Symmetrically equivalent positions in adjacent hollow sites are marked with a star.
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diffusion in the [011] direction parallel to the zigzag
row is ∼1.1 � 102 times faster than diffusion in the
[100] direction at 300 K, in agreement with the experi-
mental observations described above.

Figure 6 depicts the calculated minimum energy
paths for Pd migration on the hydroxylated TiO2 sur-
face. In addition to the preferred adsorption site in the
surface hollow between O2 and O6 (Figure 6a), we
identified an energy-minimized site in the surface hollow
between O2 and O8 (Figure 6b) that is 4.9 kcal mol�1

higher in energy than the preferred site. Again,
from this site, the Pd atom can migrate to an adjacent
hollow site within the trough by traversing trough
oxygen O8 or can diffuse into the adjacent trough by
traversing top oxygen O2. The transition state struc-
tures for each of these paths are shown in the insets of
the figure, yielding overall diffusion barriers of 24.1 and
28.9 kcal mol�1 for diffusion in the [011] direction and
[100] direction, respectively. Similar to the clean sur-
face, diffusion in the [011] direction is preferred and
occurs∼3.1� 103 times faster at 300 K than diffusion in
the [100] direction perpendicular to the zigzag row.
Compared to the clean surface, the diffusion barrier in
the [011] direction yields a diffusion rate ∼1.3 � 102

times slower than the rate over the analogous path on
the clean surface. Likewise, the barrier in the [100]
direction yields a diffusion rate ∼3.7 � 103 times
slower than the analogous rate on the clean surface.
These results corroborate the above experimental
observations by demonstrating that hydroxyl groups
on the TiO2 surface hinder Pd diffusion rates, thus
preventing the agglomeration of Pd atoms into large
clusters.

Unlike the clean surface, adjacent hollow sites on
the hydroxylated surface are not necessarily equiva-
lent, as the additional hydrogen atom can be adsorbed
on either top oxygen O1 or O2, which breaks the sym-
metry of the unit cell. This is illustrated in the figure,
where the most stable site in the adjacent hollow
(Figure 6c) yields an adsorption energy 14.1 kcal mol�1

higher than the preferred site. The equivalent of the
optimal adsorption site can beobtainedby transferring
the adsorbed hydrogen from O1 to O2, which is
depicted by the blue dashed line in the figure. The
barrier for hydrogen transfer is 17.0 kcal mol�1 relative
to the structure shown in Figure 6c, which is similar to
the barrier of 17.3 kcal mol�1 reported for the analo-
gous hydrogen transfer in the absence of adsorbed
Pd.29 The barrier for the reverse hydrogen transfer
process is 31.2 kcal mol�1, indicating that adsorbed
Pd atoms hinder H diffusion across the TiO2 surface.
Ultimately, this does not affect the overall diffusion
barrier for a complete Pd migration step, as the barrier
for Pd migration from the adsorption site shown in
Figure 6c to the next adjacent hollow site is simply the
reverse of the a-to-c barrier shown in the figure, which is
lower than the H transfer barrier shown in blue. Hence,
the apparent diffusion barriers for Pdmigration consist of
the paths shown in green and purple in Figure 6.

Kinetic Monte Carlo Simulation of Pd Sintering. We
employed kMC simulations to further assess the impact
of hydroxyl groups on Pd cluster formation. These
simulations utilize a simple sintering model,37 in which
Pd clusters are considered immobile and cluster
growth occurs through the exchange of single Pd
atoms between clusters. A similar kMC model was

Figure 6. Diffusion barrier over the hydroxylated TiO2-(OH) surface for Pd migration between hollow sites traversing top
oxygens (purple) and traversing trough oxygens (green). The blue line represents the barrier for a hydrogen transfer from
oxygen “O4” to oxygen “O2”. Energy-minimized structures are shown to the right, and transition state structures are shown in
the insets. Symmetrically equivalent sites are marked with a star.
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applied by Zhang and Alexandrova38 tomodel Pd clus-
ter growth on defective TiO2(110) surfaces, demon-
strating the feasibility of this approach formodeling Pd
mobility on titania. To represent the TiO2(011)-(2 � 1)
surface, we constructed a two-dimensional lattice,
shown in the inset of Figure 7a, where every lattice
position represents a Pd adsorption site in the pre-
ferred hollow position. During the simulation, single Pd
atoms are exchanged between hollow sites, and the
occupancy at each lattice position represents the
cluster size at that adsorption site. The corresponding
rate for each move is calculated from harmonic transi-
tion state theory, which is described in the Methods
section along with further details of the kMC method.

To simulate the sintering behavior observed experi-
mentally in Figure 1, we performed each kMC simula-
tion with a 100 � 100 lattice populated with 175 Pd
atoms placed in random lattice positions. This lattice
size and Pd adsorption density yields a 55 nm� 46 nm
surface with a 0.0175 ML coverage of Pd, which is
comparable to the experimental STM images shown in
Figure 1. Each kMC simulation was conducted at 450 K
for 3 s, which was sufficient to induce sintering on the
clean surface. The results, shown in Figure 7, demon-
strate that the elevated barriers on the hydroxylated
surface effectively prevent cluster growth, as the ma-
jority of Pd atoms remain asmonomers. Conversely, Pd
atoms aggregate into larger Pd clusters on the clean

Figure 7. (a) Final cluster size distribution after kineticMonte Carlo simulations of Pd sintering on the clean and hydroxylated
TiO2 surfaces for 3 s at 450 K. The inset depicts the grid employedduring the simulation,where green arrows representmoves
between adjacent hollow sites within the trough and purple arrows represent moves between hollow sites separated by a
zigzag row. (b,c) Final cluster distribution projected onto the corresponding 55 nm � 46 nm (b) clean and (c) hydroxylated
surfaces. Sphere size and color represents cluster size range: 1�3 atoms (small, green), 4�9 atoms (medium-small, orange),
10�14 atoms (medium-large, blue), and >14 atoms (large, purple).
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surface, where only a few Pd atoms remain as mono-
mers. The final cluster distributions, shown in Figure 7b,
c, closely resemble the STM results shown in Figure 1,
demonstrating the feasibility of the kMC sintering
model. Nevertheless, these results are limited in that
they assume that all adsorption sites are equivalent,
and that the formation of clusters does not affect
adsorption energies or barriers in adjacent sites.
Furthermore, this model assumes that only Pd mono-
mers are mobile, whereas it is possible that slightly
larger Pd clusters (dimers and trimers) are also mobile.
We assume that diffusion hindrance observed for Pd
monomers will similarly apply to slightly larger clusters,
and the qualitative conclusions are not affected. De-
spite these limitations, this simplified kMC model
further illustrates the kinetic effect of surface hydroxyl
groups on cluster formation identified in the DFT
energetics in the previous section, demonstrating
agreement with our experimental observations.

ReaxFF Simulation of Pd Hydride Formation. Clus-
ters of Pd hydride may form on the TiO2 surface, which
was suggested in the experimental observation that
the coverage of hydroxyl groups significantly de-
creased with the formation of larger Pd clusters. To
investigate the thermodynamic preference for hydro-
gen to exchange between adsorption sites on the TiO2

surface and the supported Pd clusters, we conducted
MC simulations utilizing ReaxFF interaction parameters
for Pd/Ti/O/H. These simulations featured MC steps
where H atoms are randomly displaced in a unit cell
consisting of a Pd cluster supported on a TiO2 surface.

The initial system, shown in Figure 8a, consisted of a
4� 8 supercell built from the 2� 1 unit cells employed in
theDFT calculations. The supercell contains 16H atoms
distributed randomly in the preferred atop sites, yield-
ing a hydrogen coverage of 0.2 ML. Simulations were
repeated with varying cluster sizes, where each Pdn
cluster model was structurally optimized by choosing
the lowest energy structure after using stochastic MC
steps to sample multiple random configurations of the
isolated cluster at 300 K. The optimized cluster model
was then adsorbed on the TiO2 surface in a hollow site
and was then further optimized using a conjugant
gradient relaxation of forces.

Using the cluster/surface model, MC steps consist-
ing of a random H atom displacement were executed
until the total system energy converged. The prob-
ability of accepting the resulting geometry after a MC
trial step was determined by the usual Metropolis
criteria and is further described in theMethods section.
The results, summarized in Figure 8, demonstrate that
H atoms generally prefer adsorption sites on the Pd
cluster. This is demonstrated in Figure 8b, where nearly
all of the H atoms initially present on the TiO2 surface
have migrated to the Pd20 cluster. Similar results were
obtained for smaller clusters, shown in Figure 8d,
where the final H/Pd ratio in the cluster remains near
∼0.6 in all cluster sizes, which is the ratio typically
observed in the Pd hydride phase.39�42 In simulations
with smaller clusters, excess H atoms remained on the
TiO2 surface after the Pd cluster became saturated with
hydrogen. Additional DFT calculationswere completed

Figure 8. (a) Initial and (b) final structure of a NVT-MC simulation of PdH formation initiated from a clean Pd20 cluster
adsorbed on the TiO2 surface. (c) Convergence of the total system energy as hydrogen is adsorbed by the Pd cluster. (d) Final
H/Pd ratios from converged simulations initiated with Pdn cluster sizes ranging from n = 20 to n = 3.
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to assess H uptake by Pd monomers and dimers. As
shown in Figure 9, hydrogen adsorption on the Pd
dimer is 16.3 kcal mol�1more favorable than H adsorp-
tion on the oxide surface, and the migration barrier
for a H atom to move from the oxide to the dimer is
25.6 kcal mol�1. This indicates that it is thermo-
dynamically favorable for the Pd dimer to adsorb a
hydrogen from an adjacent hydroxyl, but that the
kinetics of this process will be slow at room tempera-
ture. It is reasonable to assume that this barrier will be
significantly lower for migration to larger clusters since
larger clusters have a greater quantity of favorable ad-
sorption sites leading to less constrainedmigration paths.
H adsorption on the Pd monomer was 6.67 kcal mol�1

less favorable than adsorption on the oxide, indicating
that it is thermodynamically unfavorable for a single Pd
atom to remove a surface hydroxyl group.

These results corroborate the experimental findings
reported above, in which H atoms from hydroxyl
groups are absorbed by Pd clusters. The simulations
suggest that there is a maximum H/Pd ratio in the
clusters similar to that of the Pd hydride phase (∼0.6),
and that additional hydrogen will remain on the sur-
face after this limit is reached in the Pd clusters. Hence,
at low Pd deposition times, many hydroxyl groups
remain on the surface, inhibiting the formation of large
Pd clusters. After a critical Pd deposition time, enough
Pd clusters are on the surface to remove all hydroxyl
groups, thus reducing Pd diffusion barriers leading to
the formation of larger clusters.

DISCUSSION

The effect of hydroxyl groups on the sintering
behavior of Pd clusters adsorbed on a planar rutile

TiO2(011)-2 � 1 surface has been investigated with
combined experimental and computational tech-
niques. TiO2 is an important photocatalyst. However, in
photocatalytic applications, typically a mixture of ana-
tase and rutile polymorphs is used with the anatase
polymorph being more photocatalytically active as a
consequence of their bulk properties.43 Pure rutile
TiO2, on the other hand, may be used as traditional
oxide support in heterogeneous catalysts. In addition
to these important applications of TiO2, the main
motivation in using rutile single-crystal samples in this
study is its use as a prototypical surface science model
system for transition metal oxides.44 Although the gas-
phase environment of the samples during our experi-
ments is very different than most applied conditions, it
enables detailed sample characterization not other-
wise possible. These controlled conditions are needed
to correlate experimental findings with computational
methods. Such model systems uniquely allow a de-
tailed atomistic understanding of complex surface
phenomena and provide important test scenarios for
verifying computational methods.
Both experimental observation and theoretical pre-

diction indicate that adsorbed hydroxyl groups anchor
Pd adatoms, therefore increasing the Pd diffusion
barrier and decreasing cluster sintering. Consequently,
on the hydroxylated surface, only small (1�3 atoms) Pd
clusters form at low Pd concentrations, contrary to
hydroxyl-free surfaces where larger 3D clusters form at
similar Pd concentrations. DFT and ReaxFF results
indicate that hydroxyl groups can be transferred from
the oxide surface to Pd clusters as small as two atoms.
The removal of hydrogen from the substrate enables
Pd to freely diffuse and subsequently agglomerate into

Figure 9. DFT minimum energy path for hydrogen transfer from a surface hydroxyl group to a Pd dimer. (Inset) Initial, final,
and transition state structures.
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larger clusters. MC simulations indicate that the H/Pd
ratio in Pd clusters remains near ∼0.65 for all cluster
sizes. Hence, a significant number of hydroxyl groups
remain on the surface at low Pd deposition times. As
the Pd deposition time increases, fewer hydroxyls
remain on the surface, which in turn allows small Pd
clusters to readily diffuse and agglomerate. This leads
to a bimodal cluster size distribution at intermediate
deposition times, where enough hydroxyl groups have
been adsorbed to allow significant Pd clusters to form,
and the remaining hydroxyl groups hinder Pd diffusion,
allowing small Pd clusters to persist on the surface.
As previous investigations have shown, hydroxyls

may affect the sintering of metal clusters differently
depending on the metal, the metal oxide support
material, and potentially the crystallographic orienta-
tion of the surface. For example, studies of Au adsorbed
on TiO2(110) suggest that adsorption of water on
subsequent formation of hydroxyls facilitated sin-
tering.25 The situation on the TiO2(110) is, however,
somewhat convoluted because adsorption of water in
addition of forming hydroxyls also removes surface O
vacancies, which are known to act as anchoring sites
for metals.45,46 Thus, the different sintering behavior
may be a consequence of fewer O vacancies rather
than hydroxyl formation. This problem is avoided in
our experiments because the TiO2(011)-2� 1 is known
to exhibit fewer O vacancies in vacuum-prepared
surfaces47 and hydroxyls are formed at the surface by
adsorbing atomic hydrogen. Our results for Pd on
TiO2(011)-2 � 1 are similar to results for Pd on Fe3O4

that demonstrated suppressed Pd sintering on the
hydroxylated surface. As our investigation shows, the
mechanism of metal sintering has different contribu-
tions. An enhanced binding of adatoms to surface sites
adjacent to hydroxyl groups and the associated in-
crease in surface diffusion barriers are responsible for
the initial suppression of Pd sintering. This metal�
hydroxyl interaction will be different for different
elements, and in some cases, a lower diffusion barrier
may result. We speculate that this is possibly the case
for Au on the hydroxylated TiO2(110) surface. The
relatively weak adsorption of hydrogen on the TiO2-
(011)-2 � 1 surface and the relatively strong Pd�H

bond in the metal hydride explain why hydrogen can
be readily removed from the oxide surface by the Pd
clusters. The removal of hydroxyls from the surface at
high Pd coverage subsequently increases the Pd ad-
atom mobility. Consequently, the same cluster size
distribution as what was observed on the clean TiO2-
(011)-2 � 1 surface is obtained after the hydroxyl
groups have been removed. Thus, hydroxyls affect
the sintering only at low Pd coverages in the case
studied here. Generally, the tendency of metal clusters
to absorb hydrogen from the oxide surface negating
any “anchoring” effect of small clusters by hydroxyls
will depend on the tendency of the metal to form
hydrides and on the hydrogen�oxide bond strength.
For Pd on the hydroxylated TiO2(011)-2 � 1 surface,
both the weak hydrogen adsorption on the oxide29

and the well-known tendency of Pd to form a hydride
favor the transfer of hydrogen from the oxide to the Pd
cluster. Other systems may not readily remove hy-
droxyl groups, and thus a cluster stabilization may be
observed at higher metal coverages than those re-
ported here. Therefore, a strategy to increase cluster
stabilization may be to find oxide supports with strong
hydroxyl bonds.

CONCLUSION

In conclusion, while the complex interactions ob-
served here do not reveal a universal prediction for the
role hydroxyls play either enhancing or inhibiting
metal sintering, the limited data available suggest that,
for Pd, a strong interaction with surface hydroxyls
increases diffusion barriers, preventing sintering. In
general, the agreement between the simulations and
the experimental data shows that a good prediction of
metal cluster sintering can be obtained by coupled
DFT, kMC, and ReaxFF-MC simulations. This is promis-
ing for future efforts seeking to computationally screen
metal�hydroxyl interactions in different oxide materi-
als. Importantly, in the Pd/TiO2(011)-2 � 1 system,
hydroxylation of the surface enables the formation of
room temperature stable single Pd adatoms, which
without the hydroxyls would sinter into larger 3D
clusters. Thus, hydroxylation is a viable approach for
stabilizing single transition metals on oxide supports.

METHODS

Experimental Methods. The experiments were carried out in a
UHV chamber with a base pressure in the low 10�10 Torr range.
The chamber was equippedwith facilities for substrate cleaning
including an ion gun for ion sputtering of the sample with 1 keV
Arþ ions and a radiative BN sample heater that allowed sample
heating up to 800 �C. For sample characterization, the UHV
chamber was equipped with low energy electron diffraction
(LEED) and an Omicron variable temperature STM operated at
room temperature. The TiO2 samples used in this study were
cleaned by repeated cycles of sputtering and annealing to
650 �C in vacuum. Sample cleanliness was checked by STM

prior to Pd deposition. Pd was evaporated from a home-built Pd
source consisting of a Pd wire wrapped around a tungsten wire
that could be heated by a direct current. We always deposited
Pd with the sample cooled to room temperature. The deposi-
tion rate may be estimated from the STM images to ∼6 � 10�3

atoms/(nm2s), which can be expressed as one equivalent
monolayer in ∼30 min deposition time if we define one
equivalent monolayer as 2 atoms per TiO2(011)-1 � 1 unit cell.

The samples studied here are rutile TiO2(011) single crystals
purchased from MTI corporation. Unlike the more frequently
studied TiO2(110) surfaces, the TiO2(011) surface reconstructs
into a 2 � 1 superstructure. Furthermore, vacuum-prepared
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surfaces do not exhibit the high density of O vacancies like the
(110) surface. Our previous studies showed that hydrogen
adsorbs on the two-fold terminated oxygen atoms weakly to
form terminating surface hydroxyls.29 These hydroxyls ap-
peared as bright protrusions in empty state STM images. In
some samples, hydrogen was naturally present and no addi-
tional preparation was required to obtain a high hydrogen
coverage. Alternatively, atomic hydrogen can be adsorbed at
the surface. This has been achieved by utilizing a hot tungsten
filament in 2 � 10�6 Torr H2 background gas and the sample
facing the filament. In this way, we obtained a maximum
coverage of about 0.2 monolayers of hydrogen. Hydrogen can
also be removed from the surface by exposure to 10�6 Torr O2 at
room temperature. Similar reaction of hydroxyls with O2 has
also been reported for the (110) surface.48

DFT Method. The Vienna ab initio simulation package
(VASP) was implemented for all DFT calculations.49,50 The
projector-augmented wave (PAW) formalization was employed
to treat atomic core regions51 and valence configurations of
4d10 for Pd atoms, 2s22p4 for O atoms, and 3p63d24s2 for Ti
atoms. All calculations were spin-polarized. The Perdew�Wang
(PW91) version of the generalized gradient approximation
(GGA) was used to treat the exchange-correlation functional,
and plane-wave basis sets were truncated at 450 eV.
The TiO2(011)-2 � 1 reconstructed surface was modeled in a
2 � 1 unit cell with three TiO2 trilayers perpendicular to the
surface, where the topmost trilayer consisted of the recon-
structed surface and bottom trilayer was fixed during structural
optimizations. A 15 Å vacuum layer was included, separating
periodic images perpendicular to the surface. The convergence
criterion for structural optimization was 0.05 eV Å�1 for atomic
forces in all directions. The Monkhorst�Pack (MP) method52

was employed to model the first Brillouin zone of all periodic
calculations, where a 3 � 3 � 1 MP k-point spacing was
employed. The gas-phase Pd atom reference for surface binding
energies was modeled in a 45 Å � 45 Å � 45 Å periodic box,
where solely theΓpoint was considered. Transition states for Pd
and H diffusion on the TiO2 surface were identified by the
climbing image nudged elastic band (CI-NEB) procedure im-
plemented in VASP.53

We note that there is a well-known deficiency in the GGA-
PW91 functional for describing localized Ti 3d states that may
become partially occupied when the surface is reduced by
adsorbed H atoms. This issue can bemitigated by the inclusion
of the Hubbard U term, which prevents spurious delocalization
of localized states.54 To assess the impact of this deficiency, we
conducted DFTþU calculations with a U value of 4.2 eV55

applied to the 3d states of all Ti atoms. We found that the
inclusion of U value yields similar Pd adsorption energies and
higher Pd diffusion barriers. However, the relative trends in
diffusion barriers remained the same as those identified when
the U value was excluded. On the clean surface, the lowest
diffusion barrier for Pd migration in the [011] direction was
31.9 kcal mol�1, compared to the barrier of 35.0 kcal mol�1 on
the hydroxylated surface. The difference of 3.1 kcal mol�1

yields a diffusion rate in the preferred direction parallel to the
zigzag row ∼1.9 � 102 times slower on the hydroxylated
surface at 300 K, in qualitative agreement with the results
obtained above without the U term. Tao et al.29 similarly found
that the inclusion of the Hubbard U term did not qualitatively
affect H binding trends or relative diffusion barriers on this
surface.

kMC Method. DFT energetics were used to derive Pd hop-
ping rates during kMC simulations of Pd cluster formation on
the TiO2 surface. Diffusion rates were derived from harmonic
transition state theory, where the activation barrier for each
process was determined by cluster size and whether the move
was within a trough or was over the zigzag row. For moves
involving a Pd atom leaving a cluster, the barrier is increased by
the sintering energy given by

Esinter ¼ E(Pdn�1 þ Pd1) � E(Pdn) (1)

We applied sintering energies derived from the DFT data for
cluster adsorption provided in Supporting Information Table S1,
where the additional sintering energy was 19.2 kcal mol�1 to

remove a Pd atom from a Pd3 cluster and was 15.6 kcal mol�1 to
remove a Pd atom from a Pd4 cluster. As seen in the table, there
is little difference in adsorption energy per Pd atom between a
single Pd monomer and a dimer, so no sintering energy was
included in the barrier when a Pd atom is removed from adimer.
Furthermore, we assumed that the sintering energy was con-
stant for Pd clusters larger than four atoms. This results in six
processes with unique rates: (1) a move within the trough or (2)
a move over the zigzag row; each coupled with (1) a move from
amonomer or dimer, (2) amove from a Pd3 cluster, or (3) amove
from a Pdng4 cluster. Finally, we conducted the simulations at a
temperature of 450 K, which is high enough to induce sintering.
We assume the usual pre-exponential factor of 1013 s�1, which
results in the rate constants provided in Table 1 for each of the
six processes.

During each kMC step, a move is chosen from the follow-
ing well-known kMC criteria derived from detail balance
relationships:56

R ¼ ∑
i

niri (2)

1
R ∑

k

i¼ 0
niri g rand(0, 1) >

1
R ∑

k�1

i¼ 0
niri (3)

where R is the sum of the rates of all possible processes, ri is the
rate of process i, and ni is the number of available processeswith
rate ri; rk is the randomly selected rate, from which one of the
processes with rate rk is executed. The system time is then
updated using the following:

t ¼ tþΔt and Δt ¼ �1
R
log[rand(0, 1)] (4)

where the time step of each move is inversely proportional to
the overall rate total, R.

ReaxFF Potential and MC Method. The ReaxFF potential is a
classical force-fieldmethod that is computationally inexpensive
compared to ab initio total energy calculations, which enables
studies on system models far larger than those typically em-
ployed for QM calculations.57 The combination of both bonding
and nonbonding interactions enables the potential to model
van der Waals, Coulombic, and covalent interactions during
reactive events, thus allowing simulations involving complex
metal/oxide/gas interfaces.58�62 This makes the ReaxFF poten-
tial ideal for modeling hydrogen uptake in large (∼20 atom) Pd

TABLE 1. Rate Constants Determined from Harmonic

Transition State Theory for Possible Move Types during

kMC Simulations on the Clean and Hydroxylated

TiO2(011)-(2 � 1) Surface at 450 K

TiO2-clean

(move type)

cluster size

(# atoms)

barrier

(kcal mol�1)

sintering energy

(kcal mol�1)

rate constant

(s�1)

in trough 1 or 2 21.2 5.1 � 102

in trough 3 21.2 19.2 2.4 � 10�7

in trough g4 21.2 15.6 1.3 � 10�5

over row 1 or 2 24.0 2.2 � 101

over row 3 24.0 19.2 1.1 � 10�8

over row g4 24.0 15.6 5.8 � 19�7

TiO2-(OH)

move type

cluster size

(# atoms)

barrier

(kcal mol�1)

sintering energy

(kcal mol�1)

rate constant

(s�1)

in trough 1 or 2 24.1 1.9 � 101

in trough 3 24.1 19.2 9.3 � 10�9

in trough g4 24.1 15.6 5.2 � 10�7

over row 1 or 2 28.9 9.2 � 10�2

over row 3 28.9 19.2 4.3 � 10�11

over row g4 28.9 15.6 2.4 � 10�9
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clusters supported on an extensive (∼1000 atom) TiO2 surface.
The Ti/O/H,63 Pd/O,64 and Pd/H42 interaction parameters em-
ployed here were developed previously. The Pd/O and Pd/H
parameters have not been altered, whereas the O�H bond
energy term was altered in the Ti/O/H description in order to
properly reproduce H atom binding on the TiO2-2 � 1 surface.
The comparison between ReaxFF adsorption energies and the
DFT training set reported previously by Tao et al.29 is provided in
Table S1 of the Supporting Information. The Ti/O/Pd three-body
interaction terms were optimized against a training set con-
sisting of Pdn (n = 1�4) cluster adsorption energies on the
TiO2(011)-2� 1 surface at varying sites, which is also provided
in Table S2 of the Supporting Information. The complete
Pd/Ti/O/H interaction potential and general parameters
are provided in the Supporting Information in ReaxFF input
format.

The optimized ReaxFF potential was employed in NVT-MC
simulations in which the number of atoms (N), system volume
(V), and system temperature (T) were fixed. Each MC step
randomly displaced a H atom to a new location anywhere in
the unit cell, and the resulting configuration was accepted or
rejected according to the Metropolis probability criterion:56,65

Prob = min[1,exp[�β(E2 � E1)]]. The system was considered
converged if the total system energy did not change by more
than 10 kcal mol�1 over the final 1000 MC trial iterations. As
described previously,64 a CG relaxation step prior to applying
the Metropolis criterion is often necessary to increase the
acceptance rates for “off-lattice” MC moves in which the
displacement of one atom may require a structural relaxation
in the surrounding system. This strategy was employed here to
prevent wasted MC steps in which displaced H atoms are
relocated to high energy positions within the atomic radius of
the surrounding oxygen or metal atoms. The converged struc-
ture at the end of the simulation represents the equilibrated
surface structure at the temperature set by the Metropolis
criterion, which was 300 K for all MC simulations reported here.
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