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Encapsulated Pd Nanocrystals Supported by Nanoline-Structured SrTig{001)
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Palladium nanocrystals were grown on a nanostructured $(d0®@) surface and annealed in ultrahigh vacuum

at 620 °C. This leads to the so-called strong metslipport interaction (SMSI) state, characterized by
encapsulation of the metal clusters with an oxide layer. Scanning tunneling microscopy (STM) of the oxide
adlayer on the Pd(111) cluster surface reveals two superstructures with different lattice parameters and
crystallographic rotations. Interpretation of the STM images is most readily achieved via noncommensurate
TiOy surface layers which result in two distinct Moipatterns.

|. Introduction

Metallic nanocrystals on oxide supports display properties
that are of interest for both basic and applied research especially
in the fields of heterogeneous catalysis and gas sehsigny
interaction between the metallic particles and the support which
affects the activity of the system is therefore of fundamental
importance. One example is the strong megalpport interac-
tion (SMSIY where a change in catalytic activity is generally
associated with the metal particles being covered by a thin oxide
layer. The current understanding is that the metal particle chemi-
cally reacts with the support allowing elements from the support
to migrate onto the particle and form a suboxide on its surface.

One of the most popular systems for SMSI studies are catal-
ysts composed of noble metals on titania supports. Ti ions mi-
grate onto the noble metal surfd@nd form a thin TiQ layer
which in turn significantly influences the catalytic activity*!
Atomic resolution scanning tunneling microscopy (STM) studies
of Pt1213and Pd4 on TiO, supports have revealed the complex
atomic arrangement of the TiGuboxide layer that covers the
metals. The oxide layer and the noble metal tend to not have a
commensurate interface.

In this paper, we report on STM studies of Pd nanocrystals
on SrTiG(001) supports and show that encapsulation takes Figure 1. (a) STM image of nanoline-structured Sr§{001), 157x
place. SrTiQ is a cubic perovskite crystal which displays a 154 nni. (b) Triple-row nanolines order into a (9 2) surface recon-
multitude of reconstructions on its (001) surface depending on Struction (|_14X 10 n(;n?). (©) dSliffééi \/1Vl7th trziiarile(-g)vagam"nesytd?uble-

; row nanolines, and nanodots n . nanocystals on
T na e e Wit oo arG(00) 30 ST ()4 sresenauoncf oyl
7. L 2 on double-row and triple-row nanoline¥s(= +0.8 V, I; = 0.3 nA).
(UHV) conditions causes epitaxial anatase X@1) island
growth on the SrTi@surface!® Ti ions therefore appear to be  Sample heating in the UHV chamber was achieved by passing
sufficiently mobile in reduced SrTicrystals to be able to  a current through the sample which allowed anneal temperatures
migrate onto Pd nanocrystals and encapsulate them with a TiO of up to 1400°C to be reached. Temperature measurement was
layer. We show that there are two distinct types of decoration performed through a viewport with an optical pyrometer. SgTiO
layers that appear on the top of the Pd nanocrystals, both ofsamples were annealed in UHV at temperatures between 600
which can be attributed to Mdirpatterns. and 800°C typically for 30 min to remove contamination. The
Il. Experimental Method surface was then sputtered with argon ions and s_ubsequently
) ) - ] o annealed in UHV at 875C for 10 h. Pd was deposited from

Nb-doped (0.5% weight) SrTiXingle crystals with epipolish- a1 e-peam evaporator (Oxford Applied Research EGN4) using
ed (001) surfaces were supplied by PI-KEM, Surrey, U.K. The g9 9504 pure Pd rods supplied by Goodfellow UK. The SETiO
high level of Nb doping resulted in a room temperature resist- g pstrate temperature during Pd deposition was at626ol-

ivity of 1073 Qm which increased with increasing sample |5\ing Pd deposition, the samples were annealed for 1h at 620
temperature. The samples were introduced into the ultrahighec

vacuum (UHV) chamber of a scanning tunneling microscope

(JEOL JSTM4500S) operating at a pressure of'0mbar. 1. Results

Etched tungsten tips were used to obtain constant currentimages A. Palladium Nanocrystal Growth on Nanoline-Structured
at room temperature with a bias voltage applied to the sample.SrTiO3(001). Figure 1a shows the SrT¥®01) surface after a
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] Figure 3. Encapsulated Pd nanocystals on SE{@D1) with a structure
- B termination: (a) STM image 19 18 nn¥; (b) STM image 26x 15
n; (c) cross section taken along the arrow in parva= +0.8 V, I;
= 0.3 nA).
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Figure 2. Encapsulated Pd nanocystals on S{@D1) with a wagon
wheel (structure A) termination. Image sizes: (a)X24 nn¥, (b) 13

x 10 nn?, and (c) 21x 22 nnt. (d) Profiles taken along the arrow in
parts a (top curve) and b (bottom curv®) & +0.8 V, I = 0.3 nA).

sputtering cycle and annealing in UHV for 10 h at 81&a The
surface is fully covered by nanoline domains. The nanostructures
covering the surface are composed of domains of double-row
nanolines and nanodots (Figure 1c), as previously reported in
ref 16, but in addition, this sample also has domains of triple-
row nanolines (Figure 1b). The corrugation along the central Figure 4. Encapsulated Pd nanocystal on Srfi@1) with a mixed
row of the triple line and along the external rows is 4.0 and 8.0 Structure A and B termination. The structure A and B domains are
A, respectively, corresponding to single and double factors of Ndicated by arrows (2k 22 nn?) (Vs = +0.8 V, I = 0.3 nA).

the unit cell of SrTiQ, respectively. The closest packing of
triple-row nanolines gives rise to domains with a 9 2)
reconstruction of the SrTiQsurface (Figure 1b). In contrast,
the double-row domains give rise to (6 2) ordering (Figure
1c and ref 16). Palladium was deposited on nanoline-structure

C. Palladium Nanocrystal Surfaces: The Hexagonal
Superstructure. A second superstructure, which we will call
structure B, was observed on the top of other clusters, as shown

din Figure 3. This superstructure is nearly perfectly hexagonal

SITiO(001) at a substrate temperature of 620 with a with a 10.5+ 0.2 A lattice parameter. Every third line of spots

subsequent anneal at 620 for 1h. Figure 1d,e shows that this appears b”ght cgmpared to the others (Figure 3a,b). )
treatment gives rise to truncated triangle Pd clusters. The shape AS shown in Figure 4, superstructures A and B can coexist
of the nanocrystal is characteristic of a (111) plane top facet, On the same cluster with no step edges separating them. Careful
with three large (111) side facets and three small (001) side investigation of Flgurel4 shows }hat structures A and B are not
facets. The interface is a (111) plane, described in formal terms aligned but that there is an6° orientation difference between
as (11134(001)srrio, [110]pd|[100]sTios giving rise to coin- the two types of superlattices. On average, structure B appears
cidence epitaxy. For a typical deposition and anneal cycle, the ~0-3 A higher than structure A.
average cluster height is 1.4 nm and the width is 15 nm. Our
study of how the surface reconstruction and substrate temper-
ature affect the Pd nanocrystal shape is reported in ref 17. Figure 2b shows that the Pd clusters are covered by an adlayer
B. Palladium Nanocrystal Surfaces: The Wagon Wheel with hexagonal symmetry and a 3.20 A atomic periodicity. This
Superstructure. Figure 2 shows STM images of the (111) top  does not match the Pd(111) periodicity (2.75 A) or any of the
surface of some of the Pd clusters. A superstructure, which we SrTiO3(111) reconstructions. Bennett et*alhave shown that
will call structure A, consisting of bright spots connected by a Pd film grown on TiQ at high temperatures is covered by a
lines is visible (Figure 2ac). This superstructure has been TiOy layer with a 3.3 A periodicity. This layer periodicity is
previously termed the “wagon wheel” structure. The unit cell very close to the 3.20 A periodicity observed on the Pd
of the superstructure is nearly hexagonal with a 18.6.6 A nanocrystals grown on our SrTiQubstrates. Moreover, it has
lattice parameter (top graph in Figure 2d). The bright spots are recently been shown that under annealing conditions anatase
not always perfectly hexagonally distributed on large cluster TiO, islands can spontaneously grow on this nanostructured
surfaces, revealing imperfect ordering of the superstructure surface'® indicating that Ti and O adatoms are highly mobile
(Figure 2c). In Figure 2b, an atomically resolved STM image on the SrTiQ(001) surface at elevated temperatures. Therefore,
is shown of the top surface of the nanocrystal. Besides theit is very likely that a TiQ layer encapsulates the Pd nanoc-
wagon wheel structure, an additional periodicity of 32.1 rystals on SrTiQin a similar way to the encapsulation of Pd
A can be observed (bottom graph in Figure 2d). The atoms areon TiO,. This could be verified through further experiments on
aligned along the line connecting the bright spots of the wagon the encapsulated Pd nanocrystals using X-ray photoelectron
wheel structure. spectroscopy, low energy ion scattering, and scanning tunneling

IV. Discussion
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spectroscopy which would allow us to better determine the ‘Qf:aﬂ' "ii\“h;:‘::gﬁ;f ro
physical and chemical properties of the encapsulation layer. @:q\ '?,3.:.,: b
In the Pd on TiQ experimentd? the adlayer was assigned ::‘%ﬁ%’-’::'ﬁim -
to be composed of a hexagonal O layer (the O adatoms have :%,:;’0:6%:,32;; -
the same periodicity and orientation as the underlying Pd layer) E%- Q"%Hh’“":‘df >t
sandwiched between the Pd and the outermost Ti layer. This ::ﬁﬁ%.::gf&igi;
arrangement of atoms is reminiscent of the TiO(111) surface ;’%s,?;‘;::%‘sog
which has an atomic periodicity of 3.0 A. !&-:zznﬁiﬁ-}q::q::
We will now discuss how the superposition of two layers ;e é‘%ﬁ:é‘i‘a'
having different periodicities can affect STM image contrast. :-:g,zﬁo:;ﬁg.%
The superposition of two lattices will result in the formation of E% eoe i;ﬁ-,:::ﬁ;: .,
a Moirepattern. An algebraic approach can be used to calculate :.ﬁ‘s%‘.gogﬁ’c’ﬂ'
the points of coincidence for these two lattices. The aim is to 6% Bﬁ};‘.ﬁ;;ﬁﬁ LSRR . . TaSilel

f'nd a structurgl m,OdeI for the O 9” the Pq(lll) lattice and the Figure 5. Model for the wagon wheel structure (A): (a) A layer of O

Ti adlayer which is consistent with the distances, the angles, js placed on the Pd 3-fold hollow sites (either all fcc or all hep sites)
and the translational symmetry seen in the STM images. The with exactly the same lattice spacing (2.75 A). On top of the O layer,
condition of coincidence of the two superposed lattices is a Ti layer is added with a lattice spacing of 3.21 A. The red spheres

governed by the following equatidi:

S 5° (h)z(cosa —sin@) ax (m) )
0 @S k sind cosd ||, @a n

2 2

are O atoms, and the blue spheres are Ti atoms. (b) As an aid to STM
image interpretation, model a was blurred and a unit cell of 19.25 A
was added.

have the same orientatiof = 0°) which results in a Moire
pattern that has a 19.25 A periodicity.
The superposition of the Ti and O sublattices will give rise

wheres anda denote the interatomic distances in the substrate to topographic variations. This is because a singly coordinated

layer and adsorbate layer, respectivélys the angle between
the substrate and the adlayerk, andm, n are integer multiples
of the O ) and the Ti &) interatomic spacing which lead to

Ti atom located directly above an O atom will stand proud
further from the surface than a 3-fold coordinated Ti atom
located in a hollow site. A 2-fold coordinated Ti atom will be

the coincidence between the lattices. Equation 1 can be solved.aied at an intermediate height. We selected a way of

for the variablesa and 0:

) tr( J3(km— hn) r)
A M+ hn+ km+ 2k

[P+ hk+K
a=s —
m + mn+ n

@)

representing the calculated Moipattern (Figure 5) to show
the height variation: bright regions are high, and dark regions
are low as in STM images. We can therefore interpret the STM
images in Figure 2 in the following manner: the bright spots
are singly coordinated Ti atoms, the lines connecting the bright
spots are 2-fold coordinated Ti atoms, and the dark centers of
the triangles are 3-fold coordinated Ti atoms. Of course, this
simple geometric procedure is not a true STM image simulation,

From eq 1, we can also determine the coincidence periodicity since electronic effects are neglected.

r (Moiré periodicity) and anglep of the Moire pattern with
respect to the substrate.

Vh+ K2+ 32

3)
¢= arctar(zﬁkk)

Ir =

NI w»

The Moirepattern with a 10.5 A periodicity, as observed in
structure B, cannot be accurately reproduced with32 A
periodicity adlayer superimposed on a 2.75 A periodicity
substrate. However, the STM image in Figure 3a shows that
every third row of spots appears brighter than the other two
rows. We therefore explored Moigatterns with 3x 10.5 A
periodicities, that is, 31.5 A. We selected the indihes 11, k
=1, m= 3, andn = 8, which lead to a misfit orientation @fs

Possible solutions for eq 1 were obtained by iteration for various = 19.602 and a Ti adlayer periodicity ofig = 3.22 A. The

h, k, m, n multipliers with s fixed at 2.75 A. For each set of

Moiré periodicity and angle are calculated tote= 31.715 A

these multipliers, the values for the interatomic adlayer distanceand¢s = 4.3

a, the coincidence periodicity, the Moire angle ¢, and the
adlayer angle were calculated. By variation of all integer

Figure 6 shows a schematic representation of a hexagonal
adlayer of 3.22 A periodicity representing Ti atoms (blue balls)

multipliers from 0 to 40, only those sets which are compatible superimposed on an hexagonal layer of 2.75 A periodicity

with the experimental values @f (~3.20 A), r, and¢ were
considered for further analysis.

representing O atoms (red balls). This represents a FO
adlayer that covers the Pd nanocrystals. The same image blurring

Structure A (the wagon wheel structure) has a measuredtreatment as that applied in Figure 5b is shown in Figure 6b. It

periodicity of 19.8+ 0.6 A and is not rotated with respect to
the Pd orientation. A Moirgattern with these features can be
reproduced with the indicds=7,k=0,m=6,n=0, sy =
2.75 A, 0, = 0°, andaa = 3.21 A. The calculated periodicity
of the Moirepattern using the parameters abovess= 19.25

can now be readily seen that, although the true periodicity of
the Moirepattern is 31.715 A, the periodicity that appears most
dominant in the pattern is 10.57 A. Both unit cells are shown
in Figure 6b. As explained previously, the brighter the regions
in the pattern, the lower the coordination of the Ti ions. This

A which is close to the measured value 19.8 A. Figure 5 shows model is in very good agreement with the STM images of the
this Moire pattern schematically. A hexagonal adlayer of 3.21 superstucture shown in Figure 3.

A periodicity representing Ti atoms (blue balls) is superimposed

The STM image in Figure 4 shows that Mois&ructures A

on a hexagonal layer of 2.75 A periodicity representing O atoms and B can coexist on the same Pd island. The stoichiometries

(red balls). This forms a TiQsslayer. The Ti and O sublattices

of structures A and B are TiQesand TiQ 37 respectively. Given
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Figure 6. Model for structure B: (a) A layer of O is placed on the Pd
3-fold hollow sites (either all fcc or all hcp sites) with exactly the same
lattice spacing (2.75 A). On top of the O layer, a Ti layer is added

with a lattice spacing of 3.22 A and rotated at T9i6 the O lattice.

The red spheres are O atoms, and the blue spheres are Ti atoms. (b)

J. Phys. Chem. B, Vol. 109, No. 25, 20062319

with respect to the Pd lattice, two Moipatterns can be created
that match the images observed by STM. These experiments
show that Pd(111) islands on nanostructured Sg{dQL) give

rise to different Moifepatterns than have been seen on Pd(111)
islands and thin films on Tig110)-(1 x 2) substrate$}
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