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ABSTRACT

Palladium (Pd) crystal islands, with 100-200 nm wide (111) top facets, were grown in ultrahigh vacuum (UHV) on an anatase (001) film supported on a SrTiO3(001)
substrate. Annealing the crystals at > 600 °C causes encapsulation by a TiO, monolayer due to the strong metal-support interaction (SMSI). Scanning tunneling
microscopy (STM) reveals that the TiO, monolayer on the Pd(111) facets consists of two periodicities: one is a hexagonal (4 x 4)R1.5° structure, and the other is a
larger-scale periodicity consisting of a two-fold symmetric pattern of dark regions that can be described by a (4\/ 39 x 4\/ 61)R42.4° superstructure. This double-
periodicity structure requires a formation area of at least 100s of nm2. An atomic model is developed that encompasses all features of the moiré superstructure.

1. Introduction

The strong metal-support interaction (SMSI) is a phenomenon of
significant interest in materials systems where a noble metal catalyst is
supported on a reducible oxide support such as oxides of Ti, Ce, and Nb.
One of the popular materials systems is palladium (Pd) nanoparticles
supported on TiO, substrates [1-5]. The SMSI occurs under reducing
conditions and at elevated temperatures when a thin layer of TiOy
suboxide (1 < x < 1.5) migrates from the substrate onto the noble metal
surface [1-10]. This thermodynamically-driven process occurs because
the encapsulating oxide layer has a lower surface energy that the metal
particle [11]. Encapsulation is of special interest in catalysis because it
usually significantly reduces the catalytic activity of the noble metal,
although on rare occasions it can enhance it. For example, encapsulated
Pd nanoparticles demonstrate improved catalytic performance in the
liquid-phase selective hydrogenation of phenylacetylene [4,5,8].

A number of studies have been published concerning the structure
and stoichiometry of the encapsulating TiO, suboxide layer and the
reduced TiO, support. The presence is reported of Ti?* [4,12], Ti" [2,
13-15], or both species [1,11,16] in the encapsulating layers on Pd [1,2,
4,11,12,15], Pt [14,16], and Au [13], by X-ray photoelectron spectros-
copy (XPS) [1,4,11,12], electron paramagnetic resonance (EPR) [2],
electron energy loss spectroscopy (EELS) [13,15], and
density-functional theory (DFT) calculations [14,16]. The cross-section
of the TiO, overlayer has also been directly observed in transmission
electron microscopy (TEM), which is usually one or two monolayers in
thickness [13,15,17,18].

* Correspondence authors.

Surface sensitive techniques such as scanning tunneling microscopy
(STM) and low-energy electron diffraction (LEED) have been used to
reveal the moiré superstructures formed by the TiO, overlayer on (111)
facets of noble metal nanocrystals, e.g., Pd [3,4,19] and Pt [1,6,7]. The
Pt(111)-TiO, structure was also studied by DFT calculations [7].
Encapsulated (001) facets of metal nanocrystals have not been directly
observed but superstructures of TiO, ultrathin films grown on Pd(001)
[20,21] and Pt(001) [22,23] bulk substrates have been reported. The
emerging consensus for TiO, monolayer encapsulation of Pd(111) facets
that have been annealed in ultrahigh vacuum (UHV) is that the Ti atoms
are at the Pd interface and that the O atoms form the outer termination
(Pd-Ti-O order) [2,4,15]. In addition, in many published STM studies of
monolayers, Ti and O atoms show the same atomic periodicity. This
points towards the same Ti and O atomic sublattices, indicating a 1:1
stoichiometric Ti:O ratio and hence a TiO monolayer [1,3,4,6,7,19].

Here, we report a study of Pd islands grown in UHV on an anatase
thin film supported on a SrTiO3(001) substrate. The Pd islands have
(111) top and base facets and have typical widths of 100-200 nm. We
observe that the Pd crystals treated at S 600 °C have smooth top facets
[24] and those treated at % 600 °C show moiré patterns, indicating that
they have been encapsulated by a TiO, layer [3]. Previously, we re-
ported two types of six-fold symmetric moiré patterns between Pd(111)
and TiO,: the wagon wheel superstructure and the hexagonal super-
structure [3]. In our previous paper, we reported on Pd crystals that
were 10-20 nm in width, on which both superstructures were observed,
and they could even coexist on the same crystal. In the work presented
here, we find that small Pd crystals (< 10 nm in width) only exhibit the
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wagon wheel superstructure, medium-sized Pd crystals (10-20 nm in
width) can exhibit both, and large Pd crystals (100-200 nm in width)
only form the hexagonal superstructure.

We believe that the reason why the moiré superstructure depends on
the crystal size is that the lattice parameter of the epitaxial Pd crystals
becomes closer to the relaxed bulk value as the crystals are increased in
thickness. Small and thin crystals cannot relax in the same way as large
islands due to the strong epitaxial interaction at the crystallographic
interface with the substrate. In this paper, we focus on the large Pd
islands, where our STM images reveal more detail of the hexagonal su-
perstructure than previously published. We also present an atomic
model that encompasses all features of this observed moiré pattern,
based on geometrical construction and analytical modeling [3,25-27].

2. Experimental

The supporting SrTiOs3 crystals, which were doped with Nb at 0.5%
by weight and epi-polished on the (001) surfaces, were supplied by PI-
KEM, U.K. On the SrTiO3(001) single crystal, we grew an anatase (1
x 4)-reconstructed TiO2(001) film [28,29]. Pd was then deposited on
the anatase substrate held at 300 °C, from an e-beam evaporator using
99.95% pure Pd rods supplied by Goodfellow, U.K. The Pd islands were
post-annealed in UHV at > 600 °C for SMSI to occur. They were imaged
by STM (JEOL JSTM 4500s model, base pressure 10~° Pa). STM images
were processed by Gwyddion, WSxM [30], FabViewer [31], and Smart
Align [32,33].

3. Results and discussion

Fig. 1(a) shows an STM image of small Pd crystals which were post-
annealed at 600 °C for 1 h. They are typically < 10 nm in width and < 3
nm in height, with a wagon wheel superstructure on top. The anatase
film supporting the crystals is characterized by ridges with a periodicity
of 15.10 + 0.15 10\, corresponding to a (1 x 4)-TiO5(001) reconstruction
[28]. Fig. 1(b) shows a medium-sized encapsulated Pd crystal (width
~10.5 nm and height ~3.6 nm), showing the coexistence of the wagon
wheel and the hexagonal superstructures, labeled as areas “W” and “H”.
The wagon wheel superstructure has a periodicity of 19.36 = 0.63 A and
the hexagonal superstructure has a 11.01 + 0.24 A periodicity, in
agreement with our previous report [3].

When a larger amount of Pd was deposited and post-annealed at 860
°C for 1.5 h, large Pd islands as shown in Fig. 1(c) were formed, which
are typically 100-200 nm in width and > 20 nm in height. A hexagonal
moiré pattern is observed on their top surface, which is due to the
interaction between the Pd(111) lattice and the TiO, overlayer. The
higher annealing temperature of 860 °C for these large islands,
compared with 600 °C for the smaller ones, was required to provide
sufficient kinetic energy for the TiO, layer to diffuse onto the much
thicker crystals (> 20 nm) and form an equilibrium structure. The
hexagonal moiré structure on large Pd islands is magnified in Fig. 1(e),
in which the blue rhomboid unit cell exhibits a periodicity of 11.01 +
0.24 A. We also observe a larger-scale periodicity characterized by the
regularly spaced darker regions. The corresponding unit cell is outlined
by the yellow parallelogram, measured to be (6.88 + 0.14) x (8.60 +
0.07) nm? in size. The fast Fourier transform (FFT) of this image is
shown in Fig. 1(d). The six-fold symmetrical spots (circled in blue)
correspond to the hexagonal moiré structure. Each of these spots has six
satellites that are two-fold symmetrical (circled in yellow), corre-
sponding to the periodicity described by the yellow parallelogram unit
cell in real space.

When the moiré pattern is imaged using a low bias and a high
tunneling current, bright bridges connecting the moiré dots are
revealed, as shown in Fig. 2(a). Fig. 2(b) is an atomically resolved image
of the same area, where the bright spots are believed to be the Ti atoms
in the TiO, encapsulating layer. This is because under our imaging
conditions the Ti atoms have a greater density of states than the O atoms
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Fig. 1. TiO,-encapsulated Pd islands: STM images of (a) small and (b) medium-
sized Pd crystals supported on an anatase film (a: 76.2 x 76.2 nm?, sample bias
= 2.50 V, tunneling current = 0.83 nA; b: 14.5 x 14.5 nm?, sample bias = 1.62
V, tunneling current = 0.25 nA). In (b) the wagon wheel structure is indicated
by area “W” and the hexagonal structure by area “H”. (c) STM image of large Pd
islands (70.4 x 70.4 nm?, sample bias = 1.97 V, tunneling current = 0.24 nA),
(d) FFT and (e) STM image of the hexagonal moiré pattern formed between
TiO, and Pd(111) (30.8 x 30.8 nmz, sample bias = 2.1 V, tunneling current =
0.17 nA). In (e), two types of unit cells are indicated by a blue rhombus and a
yellow parallelogram, corresponding to the FFT spots circled in blue and yellow
in (d).

and hence dominate the STM image [34]. It can be seen that each moiré
dot is comprised of seven Ti atoms, as outlined by the dashed green
circles. The atomic spacing of Ti atoms should therefore be a third of the
moiré periodicity (11.01 + 0.24 A), and it is measured to be 3.66 + 0.08
A, consistent with previous literature [1,3,6]. Fig. 2(c) shows a clearer
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Fig. 2. (a) STM image of the hexagonal moiré pattern
and (b) atomically resolved TiO, layer of the same area
(6.3 x 7.9 nm? a: sample bias = 0.45 V, tunneling
current = 0.52 nA; b: sample bias = 0.66 V, tunneling
current = 0.58 nA). The dashed green circle in (b)
outlines seven Ti atoms comprising a moiré spot in (a).
(c) Magnified STM image showing the Ti atoms (8.5 x
3.8 nm?, sample bias = 0.48 V, tunneling current =
0.58 nA). (d) The atomic model in which a layer of Ti
atoms (periodicity = 3.686 A) is superimposed on a
layer of Pd atoms (periodicity = 2.751 A), with a
rotational angle of 1.5° between them. In all panels, the
(4 x 4) unit cell is outlined by a blue rhombus.
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STM image resolving the Ti atoms. The blue rhombi in all panels
describe the same unit cell.

The recent scientific consensus is that the encapsulating TiO,
monolayer on Pd is O-terminated [2,4,15]. Therefore, to interpret the
moiré pattern observed, we build an atomic model in which a Ti layer is
superimposed on a Pd layer. By using the periodicity of Pd(111) = 2.751
A and adopting the algebraic approach reported previously [3,25], we
calculate that the periodicity in the Ti adlayer is 3.686 A, and that the
rotational angle between Pd(111) and the Ti adlayer is 1.5°. The Ti
periodicity is consistent with our experimental measurement, 3.66 =+
0.08 A. The atomic model in Fig. 2(d) is thus constructed using these
parameters, where a six-fold symmetrical Ti layer (red atoms) is
superimposed on a Pd(111) layer (blue atoms), with a rotational angle of
1.5° between them, as illustrated in the inset.

By inspecting the atomic model, we can term the moiré pattern a (4
x 4)R1.5° superstructure with respect to the Pd(111) surface. In Fig. 2
(c), some Ti atoms are brighter than others because of topography. In
general, three types of topographical positions are found, and an
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example of each is labeled. Type 1 is the brightest, when a Ti atom sits
directly on top of a Pd atom. A type 2 Ti atom sits in a bridging site
between two Pd atoms and its brightness is slightly lower. These Ti
atoms are observed as bright lines connecting the moiré dots in Fig. 2(a).
A type 3 Ti atom sits in a hollow site surrounded by three Pd atoms. It is
topographically the lowest and hence the least bright in STM images.

In addition to the (4 x 4) periodicity, a larger pattern formed by dark
regions is observed in the moiré pattern in Fig. 1(e). The two-fold
symmetry suggests that the Ti atoms in the overlayer are not arranged
in a perfect hexagonal way but rather are slightly compressed in one
direction. Hence, we build the atomic model again in Fig. 3(a) and this
time compress the Ti adlayer in a way depicted in Fig. 3(b), such that the
angle a becomes slightly greater than 60°. We started by constructing
atomic models with a varying from 60° to 70° with increments of 1°, and
we blurred each model to resemble STM images. Only the model with a
= 61° showed periodic dark regions. Thus, we narrowed down the range
to 60° < a < 61° with increments of 0.1°.

Some examples of the blurred atomic models (60.0° < a < 60.5°) and
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Fig. 3. Atomic models to simulate the moiré pattern. (a) A Ti layer (periodicity
= 3.686 ;\) is superimposed on a Pd layer (periodicity = 2.751 10\) with a
rotational angle of 1.5° between them. The Ti layer is compressed in a way
described by the unit cell in (b), with @ > 60°. (c) Atomic models with different
values of a are blurred to aid STM image interpretation. Below each atomic
model is the corresponding FFT.
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their FFTs are shown in Fig. 3(c). Only the image with a = 60.3° shows
an ordered dark-region pattern that reproduces the moiré structure in
Fig. 1(e). The corresponding FFT also agrees with the experimental FFT
in Fig. 1(d), where the main spots are six-fold symmetric (circled in
blue), each surrounded by six satellites with two-fold symmetry (circled
in yellow). The periodicity of the moiré dots is 11.06 A, consistent with
the STM measurement (11.01 4 0.40 [o\), as outlined by the blue rhombi
unit cell in the @ = 60.3° model. The dark-region pattern is characterized
by the yellow parallelogram unit cell, which can be termed a (41/39 x
4\/ 61)R42.4° superstructure with respect to Pd(111). It has a calculated
size of 6.91 x 8.64 nm?, consistent with our experimentally measured
values, (6.88 + 0.14) x (8.60 + 0.07) nm?.

4. Conclusions

In summary, we have grown large Pd islands (100-200 nm in width)
in UHV on an anatase film supported on a SrTiO3(001) substrate. After
being annealed at 860 °C for 1.5 h, the Pd is encapsulated by a TiOy
monolayer originating by diffusion from the substrate. The monolayer
forms a hexagonal (4 x 4)R1.5° superstructure with the Pd(111) top
facet, and the moiré pattern has a periodicity of 11.01 + 0.24 A. The
moiré superstructure also shows periodic larger-scale dark regions with
two-fold symmetry, which can be described by a (4y/39 x 41/61)R42.4°
superstructure, or a parallelogram unit cell of the size (6.88 + 0.14) x
(8.60 = 0.07) nm?. This double periodicity can only be observed on large
Pd islands because of the relaxed nature of the top facet. A structural
model is developed, in which a Ti layer is superimposed on a Pd layer,
rotated by an angle of 1.5° and slightly compressed in one direction to
open an angle of 60.3°, forming the observed hexagonal superstructure.
We speculate that each of the moiré double periodicities might be
associated with the creation of unusual electronic states, which could be
investigated theoretically and experimentally.
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