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ABSTRACT: Platinum nanoparticles grown on SrTiO3 nano-
cuboids via atomic layer deposition exhibit cube-on-cube
epitaxy with the predicted Winterbottom shape, consistent
with literature values of the interfacial and surface free energies.
This thermodyamically stable configuration should survive the
rigors of catalytic conditions to create stable, high surface area,
face-selective catalysts.
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B ecause many industrial processes are dependent on catalysis,
any advance in the design of catalysts can provide significant
benefits to society. Although catalytic supports are often selected
for their high surface area or thermal, chemical, and mechanical
stability, the support can also affect the selectivity and reactivity
of the catalyst.' * Classic catalytic work, for example that of
Sinfelt and co-workers,*”” has shown that changing the support
can dramatically alter the catalytic behavior. Many theories have
been proposed to explain the general role of supports, including
sites at the metal—support interface,® particle size and surface-
structure sensitivities,” ensemble-size sensitivity,10 and strong
metal—support interactions.'”'* The latter includes concepts

such as intermetallic bond formation and charge transfer,">
diffusion of metal species between support and catalyst,"'*"°
17—22 23,24

geometric decoration, and other electronic effects.
These insights have been gained from studies on model systems,
largely single crystals. In the past, the various surface facets on
high surface area supports have made these insights difficult to
exploit, although the use of a support with both high surface area
and controlled orientation may offer the opportunity to bridge
this gap.

One of the more intriguing aspects of support effects is the
potential to stabilize a catalyst with the exposed faces carefully
controlled. Such a catalyst would be able to take advantage of the
differences in selectivity and reactivity of different faces as
demonstrated in studies on oriented single crystals (see, for
example, refs 25—27 and references therein). Catalysts dispersed
on high surface area supports are normally found with a wide
range of sizes, shapes, orientations, and surface structures. There
have been many attempts to bridge this gap by creating high
surface area nanoparticle catalysts with specific exposed surfaces
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but ultimately with little success. Even when a desired (surface)
structure is created by some chemical kinetic path for the initial
catalyst, it is a metastable configuration which will not survive
catalytic conditions and will revert to the thermodynamically
stable structure. This is true particularly if it contains higher
energy more reactive surfaces such as face-center cubic {100}.
Discovering or engineering a thermodynamically stable, high
surface area, nanoparticle catalyst with designed exposed faces
would be a significant step forward in catalytic research. Achiev-
ing precise control over which faces are predominantly exposed
and in what ratios remains an important, ongoing challenge.

While at times separated from the catalytic community, much
fundamental research has been conducted on the shape and
orientation of metal nanoparticles. The shape of free metal
nanoparticles has long been known to be governed by the Wulff
construction®® and that of supported metal nanoparticles the
Winterbottom construction.”” Indeed, even such complicated
aspects as the structure of multiply twinned metal nano-
particless'(k33 are solved problems, and the surface structures
of such metal nanoparticles is well understood.>* While many of
these studies were motivated by the potential of these types of
particles for catalysis,*>* such insights have not been exploited
in the design of catalysts.

Recent synthesis of high surface area oriented SrTiO;
nanocuboids®”** opens up new possibilities. When used as a
catalytic support, strontium titanate is in powder form without
well-defined surface facets exposed. The SrTiO3 nanocuboids
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Figure 1. Low-resolution TEM image of platinum nanoparticles on
strontium titanate nanocuboids.

have primarily the low energy {100} face exposed with a smaller
amount of {110}, for which many details of the surface
structure are available.”®”**

We report here results on the structure of platinum nanopar-
ticles grown on these SrTiO3 nanocuboids and show that the
nanoparticles have a strong cube-on-cube epitaxy with the
predicted Winterbottom shape, consistent with literature values
of the interfacial free energy as well as the surface free energy of
SrTi03{100}, Pt{100}, and Pt{111} surfaces. This is a thermo-
dyamically stable shape which exposes different surfaces of the
nanoparticles than those exposed when supported on polycrys-
talline supports. As such, we can expect this stable configuration
to survive the rigors of catalytic conditions for extended periods
of time. In effect we have engineered specific surfaces of the
nanoparticles by combining thermodynamics with engineering
of the support, and we propose that this concept is general and
can be used to create stable, high surface area, face-selective
catalysts.

Hydrothermally synthesized strontium titanate nanocuboids®”
with platinum nanoparticles deposited onto the surfaces via atomic
layer deposition (ALD)* were used as received. As explained in
more detail below, the resulting platinum nanoparticle shape is the
thermodynamically stable shape, meaning that the method of
deposition should not be a factor in determining particle shape.
The major advantage of ALD would be fine control of the amount
of platinum deposited.*>* In this study only samples with a single
Pt ALD cycle were analyzed as they had the greatest separation of
platinum particles. Electron microscopy analysis was carried out in
a JEOL JEM-2100 operated at 200 kV.

Images showed that platinum particles approximately 1.5—
2.5 nm in diameter were formed (Figure 1); for random
orientations such as this and at low magnifications the platinum
particles appear approximately circular and one cannot obtain
directly interpretable information about their internal or external
structure. High-resolution imaging shows that the particles are
metallic Pt with the lattice fringes of the platinum nanoparticles
aligned with those of the strontium titanate with cube-on-cube
epitaxy. A strong epitaxy is not surprising, as the lattice mismatch

between platinum and strontium titanate is only 0.4% (3.920 A
for platinum and 3.905 A for strontium titanate). The plati-
num was observed to grow only in the (100) direction and not
in the (111) direction, which implies that the SrTiO3 nano-
cuboids were TiO, terminated.*” Such interfaces are known to
have stroné Pt—O bonds between the metal and the oxide
support.47’

While these particles are unconditionally metallic platinum,
for completeness we note there can be dissociative chemisorp-
tion of O, on exposure to air"” forming a PtO monolayer at the
surface, and there are Pt—O bonds at the interface to the
SrTiO5.*7** Hence bulk averaging techniques might interpret
these nanoparticles as PtO. For example, a nanoparticle consist-
ing of 4 unit cells of platinum arranged in a square on the sub-
strate surface would have 38 platinum atoms, 29 at the surface, 13
at the support interface, leaving only 4 (10%) in the interior. Such
a particle would have a length of 1.063 nm and a height of 0.670
nm, with 90% of the platinum bonded to an oxygen atom. This is
consistent with results from Setthapun and co-workers,*® who
reported that after one cycle of Pt ALD on SrTiO; nanocuboids,
the platinum nanoparticles were 5% metallic platinum and 95%
PtO and after two cycles 45% metallic platinum and 55% PtO; as
well as Christensen and co-workers,* who reported that the
amount of oxidation scaled with surface to volume ratio.

The observed shape of the platinum particles matched the
Winterbottom construction,”® a modification of the Wulff
construction”® for particles on a substrate. In the Wulff construc-
tion (the thermodynamically stable shape) the length of a vector
normal to a crystal face which connects that face with the origin is
proportional to the surface free energy per unit area of that crystal
face, as shown in Figure 2a using the literature y/pe(1113/¥ pe{100} Of
0.84 from Vitos et al.>> The Winterbottom construction is similar
to the Wulff construction but includes the interface free energy
between the particle and the substrate and the surface free energy
of the substrate. The interface free energy can be written as

Yint = yPt+ySTO ~VBond

where Yponqis the free energy change per unit area associated with
bonding across the interface, yp, the surface free energy of the
relevant Pt face, and Ysro the surface free energy of the relevant
SrTiO; face. This assumes that the SrTiO; surface is rigid and flat,
which is not necessarily a correct assumption.”* The Waulff shape
will be truncated at a plane, the location of which is determined by
the difference between the interfacial free energy and the substrate
free energy (Figure 2b).”

On comparison of the amount of truncation in the experi-
mental images to the Pt Wulff construction, it can be seen that
slightly more than half of the Wulft shape was exposed above the
substrate surface (Figure 3). Exactly half the particle would
be exposed when the substrate surface energy and the interface
energy are equal, i.e. (Vinterface — Vsubstrate) = 0, while the entire
Waulff construction would be exposed if the interface energy were
greater than or equal to the particle surface energy plus the sub-
strate surface energy, i.e., (Vinterface — Vsubstrate) = Vparticle- Between
50% and 100% of the Wulff construction would be exposed when
the interface energy is between the substrate surface energy and the
substrate surface energy plus the particle surface energy, ie., 0 <
(Vinterface = Vsubstrate) < )/Pmide.zg The experimental data show that
barely more than half of the particle is exposed; hence the interface
energy is slightly greater than the substrate surface energy, con-
sistent with previous literature reports.>”
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Figure 2. (a) Wulff construction®® for platinum using the Y{111}3:Y {100} ratio of 0.84 from Vitos et al.>® (b) Winterbottom construction” for platinum on
a surface, showing relative energies for different possible degrees of truncation. Wullf shape in black, substrate surface in gray, with arrow indicating

magnitude of Y1, — Vsub
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Figure 3. HREM image of platinum nanoparticles on the (100) face of a strontium titanate nanocuboid. The Pt particles can be differentiated from the
SrTiOj3 substrate by both the difference in fringe spacings and the “white line” constrast at the SrTiO; surface in projection due to Fresnel imaging effects
at the defocus used. Near perfect alignment of Pt{100} and SrTiO3{100} lattice fringes indicates a strong epitaxy. Wulff construction shapes for platinum
are overlaid upon the platinum nanoparticles in red, showing that slightly more than half of the Wulff construction shape exists above the substrate
surface.

The unreconstructed TiO, (1 X 1) termination for SrTiO;
{100} has a surface free energy of 0.0582 eV/ A, calculated using
the all-electron Wien2k code®® with an augmented plane wave
plus local orbital (APW+10) basis set and the PBE generalized
gradient approximation (GGA).>* While the exact energy will
vary dependent upon the reconstruction, other {100} titanium
oxide rich terminations have similar energies. The absolute
surface energies for the {111} and {100} surfaces of platinum
calculated by Iddir et al. are 0.096 and 0.115 eV/A?, res-
pectively.>* From the experimental measurement of the platinum
nanoparticle shape, the interface energy between the SrTiO;
nanocuboids and the Pt nanoparticles is slightly greater than the
SrTiO; {100} surface free energy. This is in good agreement with
the GGA calculations by Asthagiri and Sholl, where the work of
separation between Pt and the unreconstructed TiO, (1 x 1)
terminated SrTiO; {100} was calculated to be 0.061—0.066 €V/ A*
for two to five monolayers of Pt,**** and GGA calculations by
Iddir et al., where the work of separation was calculated to be
0.066 eV/A**

On the basis of this evidence, we conclude that the observed
shape of the platinum nanoparticles on the strontium titanate
nanocuboids is the thermodynamically favored structure. Unlike
metastable structures, which cannot survive extended catalytic
use, thermodynamically stable structures such as these will be
stable and maintain their configuration. Indeed, platinum in a
different, metastable geometry will reconfigure to this thermo-
dynamically stable shape.

The shape of the platinum nanoparticles is controlled by the
interfacial free energy and the surface free energy of the support,
changing these changes the ratio of exposed Pt{111} to Pt{100}
which in turn will change face-selective catalytic performance.
This is relatively simple to do, as perovskite nanocuboids of other
compositions (e.g., BaTiO5>®) have also been synthesized, as
have oriented nanoparticles of other materials (e.g,, MgO smoke
nanocubes®”*®). For example, by switching to a support with a
greater lattice mismatch for platinum (a = b = ¢ = 3.920 A) than
SrTiO; (a = b = ¢ = 3.905 A; 0.4% lattice mismatch), such as
BaTiO; (a=b=23.992 A, c = 4.036 A; 2.2% lattice mismatch), the
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interface energy would be expected to increase. This could be
fine-tuned by having mixed ions on the A-site, e.g,, Sr;—,Ba,-
TiO3. By changing the B-site cation, or by changing the material
entirely, larger changes in the interface and substrate surface free
energies will lead to associated changes in the exposed facets and
face-selective catalysis.

As the particle shape is the thermodynamically favorable
structure rather than a kinetic structure, it will be maintained
during catalytic use, provided that the thermodynamics are not
altered by poisoning or coking. (For completeness, the thermo-
dynamical shape of relevance will be that for the specific gas and
temperature conditions of the reaction, as chemisorption
changes the Wulff-shape; see ref 59 and references therein.)
Even if the particle size increases via sintering, the shape and the
ratio of different surface facets will be maintained. Such a method
for controlling a nanoparticle catalyst surface can be applied to
any catalytic system, not just platinum, and manipulated as
discussed above while maintaining thermodynamically stability.
Our analysis of platinum nanoparticles on strontium titanate
nanocuboids has illuminated a method by which stable, high
surface area, oriented catalysts can be created.

Control of the support surface allows one to engineer such
catalysts with precise control over what catalyst surface orienta-
tion is exposed, thus enabling precise modification of selectivity
and yield for structure-sensitive catalytic reactions.
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