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ABSTRACT

Pd crystals grown in ultrahigh vacuum (UHV) on nanostructured SrTiO5(001) and anatase TiO,(001) thin film substrates were studied
using scanning tunneling microscopy. The crystals have the equilibrium shape of a truncated octahedron with a {111} top facet, {111}
and {001} side facets, and a {111} interface. A consistent crystal shape is reached only after annealing the samples in UHV at 450 °C or
above. By measuring the top facet dimensions of the equilibrium crystals, we determine the ratio of the surface energies for Pd to be

7111/ Y001 = 0.77 = 0.02.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0022879

Palladium (Pd) nanoparticles are widely used in heterogeneous
catalysis such as in catalytic converters and in formic acid fuel cells.
Their catalytic activity depends on their crystallographic facets that
have different atomic structures. For example, when catalyzing the oxi-
dation of formic acid inside a direct formic acid fuel cell, the {001} fac-
ets of Pd perform better than the {111} facets. Also, the presence of
high-index facets such as {211} and {730} greatly enhances the catalytic
activity."* The equilibrium shape of a metal nanocrystal depends on
its surface energies, which determine the relative stability of various
crystallographic facets. Thus, knowledge of the surface energies of Pd
is required to develop a fundamental understanding of the behavior of
Pd catalysts.

There have been many theoretical calculations of Pd facet ener-
gies using ab initio methods such as local density approximation
(LDA) and generalized gradient approximation (GGA).” "’ The
reported values span a wide range with y,;; ranging from 1.15] m™>
to 1.92] m ™ and 7, ranging from 1.41] m™ > to 2.43] m™ > In the
most recent study, Patra et al. determined 7,;, and y,,, for Pd using
five different density functionals, from the basic LDA to their most
advanced meta-GGA."” They demonstrate that the calculated facet
energy strongly depends on the theoretical approach adopted, and
their values for either y,;; or 7, differ by up to 40% using different
approaches. Absolute values of surface energy are notoriously difficult
to calculate and even harder to measure experimentally. However, the
equilibrium shape of a crystal is determined by the ratios of the facet
energies, so from now on, we will concentrate on these ratios. The cal-
culated ratio of Pd facet energies, 11, /701> falls within the range of

0.82-0.88 in earlier studies.” ' However, in the five groups of calcula-
tions by Patra et al, which we consider to have the most reliable val-
ues, the ratios all cluster within the tight range of 0.76-0.77. This result
is in many ways quite remarkable given the large differences in the
absolute facet energy values.

Experimentally, the surface energy of a solid is difficult to mea-
sure directly, although the surface energy (or surface tension) in the
liquid state has been determined for most elemental metals. Hence, a
few surface-energy values for solid Pd have been estimated from its lig-
uid surface tension: y = 2.00-2.05 J m ™~ %"*"'® For example, Tyson and
Miller converted the liquid surface tension into a solid surface energy
at the melting temperature by multiplying the surface tension by a fac-
tor of 1.18 and then adding a temperature-related factor to derive the
surface energy at 0 K, which gave the result y = 2.00] m~2"" Deriving
7 values using this method does not take crystal anisotropy into
account, although it has been incorrectly tabulated as “y;;;” in many
publications.”'’"'>"” Using a similar approach, Mezey and Giber esti-
mated the solid surface energies for most elemental metals from their
enthalpy of atomization, and they obtained y = 2.04] m ™ for Pd."*
Again, this value is not associated with any particular crystal facet.

If surface energies are to be studied from the crystals of a pure
metal, the crystals cannot be grown by solution-based synthetic
approaches.' * The resulting crystals are covered by surfactants, and
their shapes reflect the surface energies of the surfactant-modified fac-
ets. Thus, an adsorbent-free environment such as ultrahigh vacuum
(UHV) is required for the crystals to achieve their equilibrium shape
as defined by their clean facet energies.
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In this Letter, we report an experimental study of Pd crystals
grown on single crystal strontium titanate (SrTiO3) substrates (nano-
structured or terminated with an anatase film), in which the surface
energy ratio of y,,/yo is determined. Pd crystals have a face-
centered-cubic (fcc) structure, with a truncated octahedral Wulff shape
consisting of {111} and {001} facets, as shown in Fig. 1(a). When Pd
crystals are supported on a substrate, they have distinct shapes result-
ing from different interface crystallographic orientations, depending
on the substrate.'” In our study, the equilibrium Pd crystals have {111}
top and interface facets, which are both truncated triangles [Fig. 1(b)].
We define the top facet shape by two dimensions: / is the distance
from the middle of one {001} side facet to the middle of the opposite
{111} side facet, while s is the width of a {001} side facet. Also, we call
the height of the supported crystal & [Fig. 1(b)].

When h exceeds /2/3 s, the supported equilibrium-shaped crys-
tal will form reentrant facets, as shown in Fig. 1(c). In our study, 74%
of the Pd crystals satisfy the condition that h > 1/2/3s, but there is
no evidence for the presence of reentrant facets. Instead, the Pd crys-
tals form the growth shape shown in Fig. 1(d), where the {001} side
facets extend down to the substrate. This was also the case in our pre-
vious study of gold crystals grown under similar conditions, in which
the formation of growth shapes was explained in terms of kinetic
effects during growth.”

In the (110) cut through the Wulff construction of an fcc crystal,
as illustrated in Fig. 2(a), the perpendicular distance of a crystal facet
from the Wulff point “O” (hy,y) is proportional to its surface energy
(yia).>" For this Wulff shape,

i _ @ (1)
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In Fig. 2(a), the angle oo = 54.74° is the acute angle between {111} and
{001} planes in an fcc crystal and, more precisely, sinoe = \/g and
coso = % It follows that
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FIG. 1. 3D sketches of Pd crystals: (a) free-standing Wulff shape with {111} and
{001} facets indicated, (b) supported Wulff shape with h < /2/3s, (c) supported
Wulff shape with h > /2/3's showing reentrant facets, and (d) supported growth
shape with h > /2/3 s without reentrant facets.
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FIG. 2. (110) cut through the (a) Wulff and (b) Winterbottom constructions of a Pd
crystal.

Substituting Eqs. (2) and (3) into Eq. (1) gives
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Alternatively, Eq. (4) can also be derived analytically by minimizing
the total surface energy (E) for a given volume,

E = yo014001 + 71114111, (5)

where Agg; and Ay are facet areas of the crystal with the geometry in
Fig. 1(a).

Equation (4) also applies to the substrate-supported Wulff crystals
in Figs. 1(b) and 1(c), the heights of which are predicted by the
Winterbottom construction,”” also known as the Wulff-Kaishew
theorem.” This is depicted in Fig. 2(b), where an extra energy term 7
is included at the crystal-substrate interface, defined as 7" = Vinterface

(4)

— Pubstrate (OF 75— 797" According to the Winterbottom
construction,22
=" i —h
== : ©)
Y1 i1

Combining Eq. (6) with Eqs. (1) and (3) results in

. [3n
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Equation (7) applies to Wulff shapes with any height, i.e., whether
h < MS [Fig. 1(b)] or h > \/2/_35 [Fig. 1(0)].

Equation (7) can also be calculated by minimizing the total sur-
face/interface energy (E) of a crystal with a given volume,

E = yoo1Aoor + P11 A + 77 A, 8

where A; is the crystal-substrate interfacial area. The Wulff shapes
drawn in Fig. 1(b) (h < MS) and Fig. 1(c) (h > MS) have dif-
ferent geometries. Their area terms are different and so are the expres-
sions for their total energies (E), but minimizing E for both geometries
leads to Eq. (7). Equations (4) and (7) describe the key relationships
for the Wulff shapes in Figs. 1(b) and 1(c). They relate the crystal
surface/interface energies (,;;, 901> and y*) to the crystal dimensions
(I, s, and h).

Our Pd crystals often adopt the growth shape shown in Fig. 1(d)
where the Winterbottom construction does not apply, but we can still
derive the energy-dimension relationships by minimizing the total
energy E, described in Eq. (8). Because the growth shape in Fig. 1(d)
has the same geometry as the Wulff shape in Fig. 1(b), they share the
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same expression for the total energy E, and minimizing E for this
geometry still results in Egs. (4) and (7), regardless of the magnitude
of h. Therefore, these equations apply to all the supported crystal
shapes in Fig. 1. In this study, we use Eq. (4), which relates the s/ ratio
measured from our Pd crystals to the surface energy ratio of 11, /7¢01-

As an additional comment, when h > /2/3 s, the growth shape
[Fig. 1(d)] is higher in energy than the Wulff shape [Fig. 1(c)]. We
calculated the small energy difference between these shapes in our pre-
vious study on gold crystals.”’ As an example, in our current study, for
a relatively high crystal, when the Wulff point is in the plane of the
substrate (y* = 0), the energy of the growth shape is only around 3%
greater than that for the equilibrium shape with reentrant facets.

In this study, SrTiO; substrates doped with Nb at 0.5% by
weight and epi-polished on (001) facets were supplied by PI-KEM,
UK. On SrTiO;(001), we prepared two surfaces: the (6 x 2)
+ (9 x 2) nanostructured surface” >’ and the anatase TiO,(001) epi-
taxial thin film structure with a (1 x 4) reconstruction.”*”’ Pd was
then deposited from an e-beam evaporator using 99.95% pure Pd
rods supplied by Goodfellow, UK, to form a coverage of 0.5-1.3
monolayers, followed by post annealing in UHV. The Pd crystals
were imaged by scanning tunneling microscopy (STM) (JEOL JSTM
4500s model, base pressure 10”®Pa). STM images were processed
using Gwyddion and WSxM."

Figure 3 shows 3D-rendered STM images of some of the sup-
ported Pd crystals. These crystals only reach a consistent shape after
post annealing at ~450°C or above. For example, the crystals in
Fig. 3(a) were grown and post-annealed at 300 °C for 30 min. Most
crystals have {111} bases, but two crystals with {110} bases are also
seen. They adopt a “hut” shape,'” which is a metastable orientation
that can nucleate randomly and is then not able to convert into the
equilibrium {111} orientation due to kinetic limitations at 300°C.
Even the truncated triangular crystals in Fig. 3(a) vary in shape—some
are more pointed and some are elongated. In contrast, when the
crystals are post-annealed at 450-650 °C, they exhibit a consistent
top-facet shape across a range of widths (I =3-9 nm), as shown by the
examples in Fig. 3(b). Figure 3 presents a mixture of Pd crystals on the
two different substrates. The equilibrium top-facet shape is found to
be independent of the substrate, since the s/ ratio is solely determined
by the 1, /7001 ratio of Pd according to Eq. (4).

We observed that the Pd crystals can become encapsulated by
a TiO, layer migrating from the substrates when heated at
~600°C or above. The encapsulated crystals are distinguishable
from bare crystals, as their STM images display clear moiré pat-
terns on their top facets.”' The encapsulation alters the equilibrium
shape of the Pd crystals, so for the purpose of calculating the
Y111/ V001 ratio in this study, we only present and analyze bare Pd
crystals in Figs. 3 and 4.

Figure 4 shows the plot of the s/l ratio vs [ for Pd crystals. We
only measured the dimensions of crystals that have a flat top facet and
are threefold rotationally symmetric, which is the minimum require-
ment for an equilibrium shape. For the self-similar crystals that
formed at 450 °C or above, their s/ ratios are both found to center
around the same constant on the two different substrates (red triangles
and orange squares), with a value of s/I=0.39 * 0.04. Since these data
points do not show any detectable change with increasing width [, this
implies that these crystals have reached their equilibrium geometry.
On the other hand, the s/I ratio for Pd crystals annealed at 300 °C on
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FIG. 3. Pd crystals of various sizes, where the top facet width / is labeled for all
threefold symmetric {111}-oriented crystals: (a) nucleated, grown, and post-
annealed at 300 °C for 30 min (Vs = 1.7V, |y = 0.27 nA) and (b) nucleated, grown,
and post-annealed at 450-650 °C for 60 min (Vs = 1.7-2.0 V, /; = 0.17-0.30 nA).
In (a), two non-equilibrium “hut’-shaped {110}-oriented crystals are also indicated.
The Pd crystals are supported on anatase substrates in (a) and in the first
(I=3.7nm) and last (/=8.8 nm) panels in (b). Other crystals in (b) are supported
on nanostructured SrTiO3(001) substrates.

anatase decreases with increasing I (green dots), from the equilibrium
value of 0.39 toward ~0.20 as [ approaches ~18 nm.

The change in the relative dimensions of the Pd crystals following
higher temperature annealing can be explained via kinetics. During
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FIG. 4. s/l ratio plotted against / for Pd crystals post-annealed at different tempera-
tures on the anatase thin film and nanostructured SrTiO3(001) substrates.
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the ripening process, the Pd atoms diffuse to a growing crystal via the
substrate and initially attach at the base of the crystals. This means
that at low annealing temperatures (300 °C), the crystals are relatively
flat. Higher annealing temperatures (450-650 °C) are required for the
atoms within the Pd crystal to diffuse sufficiently to achieve the equi-
librium shape. As an indication of the crystal sizes, the average height
for the 300 °C-annealed crystals is 2.05 = 0.30 nm and that for the
450-650 °C-annealed crystals is 2.56 = 0.80 nm.

Using Eq. (4), the equilibrium s/I value of 0.39 = 0.04 can be con-
verted into a yy;, /700 ratio of 0.77 = 0.02. This lies within the range
of 0.76-0.88 of theoretically predicted values reported in the litera-
ture,” " and it agrees particularly well with results of 0.76-0.77 in the
study by Patra et al."”

Although there are many experimental STM studies that reveal
the {111} top facets of Pd crystals,”***** only a few have used the
images to explicitly analyze the 7,;;/7go; ratio.”*”® For example,
Ahmadi et al. obtained a ratio of 7,,,/700; = 0.89 * 0.06.”° However,
this is an unreliable value because it was calculated from the average of
very widespread area ratios of {001} to {111} ranging from 0.15 to 1.12
and, therefore, cannot be considered to represent thermodynamic
equilibrium. In the work of Hansen et al., Pd crystals were grown on
an AL O; thin film substrate in UHV at room temperature and they
report a 7,1 /Yoo; ratio of 0.74 * 0.03.” Their Pd crystals show mor-
phologies in which most have not reached a threefold symmetric shape
due to kinetic limitations. Their measurement of the crystal top facets
is equivalent to an s/ ratio of 0.33 = 0.06. This is lower than our equi-
librium value of 0.39 = 0.04 and is associated with a larger standard
deviation, similar to the behavior of our green dots (300 °C annealing
temperature) in Fig. 4. We believe that the lack of kinetic energy is
the reason why both our 300°C-annealed crystals and the room-
temperature-grown crystals in the study by Hansen et al. result in
non-equilibrium structures.””

In summary, we have grown Pd crystals in UHV on oxide sub-
strates, with truncated triangular {111} top and base facets and {001}
and {111} side facets. The Pd crystals reach their equilibrium shapes
after being annealed at ~450 °C or above, where they have a constant
s/l ratio of 0.39 = 0.04. This is used to calculate a y,;, /79 ratio of
0.77 = 0.02. It is found that Pd crystals annealed at lower temperatures
such as 300 °C have lower values of s/l and a broader spread of values
because kinetic limitations prevent the thermodynamic equilibrium
shape from being achieved. Similar carefully executed experiments
could be used to determine the surface energy ratios of other catalyti-
cally interesting metals in UHV.
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