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Shapes of epitaxial gold nanocrystals on
SrTiO3 substrates

Peiyu Chen, * Krishnan Murugappan and Martin R. Castell *

Morphological control of gold nanocrystals is important as their catalytic and optical properties are

highly shape dependent. In this paper we report the shapes of gold nanocrystals which deviate from the

equilibrium Wulff shape due to the influence of the SrTiO3 single crystal substrates. The gold crystals are

characterized by scanning tunneling microscopy (STM) and scanning electron microscopy (SEM). The

nanocrystals have an equilibrium shape of a truncated octahedron with {111} and {001} facets. On all

three substrate surfaces, i.e., SrTiO3(001)-(2 ! 1), SrTiO3(001)-c(4 ! 2), and SrTiO3(111)-(4 ! 4) + (6 ! 6),

the height-to-width ratio of the gold crystals is not a constant as would be expected for equilibrium

crystals, but instead it increases with crystal height. We propose that as the crystals increase in size, their

aspect ratio heightens to relax the interfacial strain. The ratio between the {111} and {001} surface areas

of our gold crystals is found to differ on the three substrates, which we speculate is due to the selective

adsorption of surfactants on the {111} and {001} gold facets resulting from the different substrate

surfaces. Reentrant facets of gold crystals that should be present according to their Wulff shape are not

observed because these concave sites typically grow out due to kinetic considerations. This study

demonstrates the significant effect of the crystal facet termination and surface reconstruction of an

oxide substrate on the shape of supported gold nanocrystals.

1. Introduction
In contrast to the inertness of bulk gold, nanosized gold has
been a focus of research since the 1980s because of its excep-
tional catalytic activity.1 A well-known example is that gold
nanoparticles below 5 nm are a highly efficient catalyst for CO
oxidation at room temperature.1–4 Their catalytic activity is due
to the high fraction of edge/corner atoms, which are the most
catalytically active sites.5 Different facets of metal nanoparticles
also exhibit distinct catalytic properties because of their different
atomic arrangements and energies.6,7 For example, high-index
facets such as {730} and {210} of Pt nanocrystals were found to
exhibit enhanced catalytic activity (by up to 400%) for the electro-
oxidation of formic acid and ethanol, which are alternatives for
direct fuel cells.6 Hence the catalytic activity of gold nanoparticles
is a shape-dependent property. In addition, nanogold exhibits
interesting optical behavior and it has been extensively studied
for its application in surface plasmon resonance (SPR) sensors.8–11

Again, the optical properties of gold nanostructures are highly
dependent on morphological factors such as size and
shape.11–16 For example, gold nanocubes, tetrahedra, icosa-
hedra, decahedra, octahedra, and nanospheres all display
different SPRs because they possess different proportions of

sharp edges.11,12,14 Another example is that among the cubic,
cuboctahedral, and octahedral nanocrystals of Ag, the octa-
hedral nanocrystals display the highest Raman scattering
enhancement factor and the best sensitivity for trace amounts
of arsenic in contaminated water.17 Therefore, shape control of
gold nanoparticles is a critical area of research that can lead to
the rational design of their catalytic and optical properties.18

According to the Winterbottom construction,19 also known
as the Wulff–Kaishew theorem,20 the substrate plays an impor-
tant role in determining the aspect ratio of a crystal via the
interfacial energy (gi) and the substrate surface energy (gs). The
energy g* is defined as g* = gi " gs,

21 i.e., it is the net energy
change at the interface when the crystal is attached to the
substrate. Higher values of g* result in taller crystals (i.e., a
higher height-to-width ratio).22,23 In many studies the experi-
mental aspect ratio of nanocrystals were used to calculate g*
and the energies associated with it, e.g., gi, gs, and the adhesion
energy gadh.21,24–28 However, it has been demonstrated by some
theoretical studies that the crystal aspect ratio is not a constant
with volume if substrate-induced epitaxial strain is present.29–32

Gold nanoparticles used in catalysis are usually prepared on
oxide substrates, which can serve as a template for nanocrystal
epitaxy.33 More importantly, the atomic structure, chemistry,
and surface energy of the substrate surface are all determining
factors of the nanocrystal morphology.21–24,34–36 The substrates
used in our work are strontium titanate (SrTiO3) single crystals
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epi-polished on the (001) and (111) surfaces. SrTiO3 is able to
accommodate a large variety of surface reconstructions with
different compositions and surface chemistry. In our study,
three surfaces were prepared: SrTiO3(001)-(2! 1),37,38 SrTiO3(001)-
c(4 ! 2),37,39,40 and SrTiO3(111)-(4 ! 4) + (6 ! 6).41,42 These
surfaces are found to modify the gold crystal shapes through
interfacial strain, by promoting the growth of {111} and {001}
crystal facets differently, and by encouraging reentrant facets to
grow out. These findings are a key step towards the controlled
synthesis of nanocrystal shapes, which is important for optimi-
zing their properties for the development of catalytic materials,
biological sensors, and photonic devices.43

2. Experimental methods
The substrates for gold nanocluster growth are SrTiO3 single
crystals doped with Nb at 0.5% by weight, supplied by PI-KEM,
U.K. SrTiO3(001)-(2 ! 1) was prepared by annealing in UHV at
900–950 1C for 1 h.37 SrTiO3(001)-c(4 ! 2) was produced by Ar+-
ion sputtering at 500 eV for 10 min, followed by annealing
at 1100–1150 1C for 30 min in UHV.37,40 SrTiO3(111)-(4 ! 4) +
(6 ! 6) was generated by Ar+-ion sputtering at 500 eV for 6 min
and subsequent UHV annealing at 1090 1C for 1.5 h.41 Gold was
deposited onto SrTiO3 substrates (held at 300–400 1C, unless
otherwise stated) in UHV using a Createc Knudsen cell
heated at 1350 1C. The deposition typically occurred at a rate
of B0.025 monolayers min"1.

The reconstructed SrTiO3 substrates and gold islands were
imaged by scanning tunneling microscopy (STM) (JEOL
JSTM 4500s model, base pressure 10"8 Pa). STM images were
processed by Smart Align,44,45 Gwyddion, and WSxM.46 The gold
crystals were also imaged by a Zeiss Merlin scanning electron
microscope (SEM) at accelerating voltages of 2–3 kV.

3. Results and discussion
3.1 Crystal epitaxy

Fig. 1 shows STM images of gold islands on the three different
SrTiO3 substrates: (a and b) SrTiO3(001)-(2 ! 1), (c and f)
SrTiO3(001)-c(4 ! 2), and (d and e) SrTiO3(111)-(4 ! 4) +
(6 ! 6). On all three substrates, the gold nanocrystals have a
(111) base and a (111) top facet of the truncated triangular
shape. On SrTiO3(001)-(2 ! 1), the crystal heights are labeled
below each crystal (Fig. 1a and b), where it can be seen that in
addition to the gold nanocrystals, a few irregularly shaped, flat
gold islands are also present. A few examples are indicated by
gray arrows. These islands are gold monolayers, which have
previously been reported on SrTiO3(001)-(2 ! 1).28 We confirm
that they are not seen on any other surface of SrTiO3, and will
not be discussed further here. On SrTiO3(001)-c(4 ! 2) and
SrTiO3(111)-(4 ! 4) + (6 ! 6), multiply twinned particles (MTPs)
are observed in addition to nanocrystals, the coexistence of
which is shown in Fig. 1e, where all nanocrystals are indicated
by white arrows. The MTPs are supported icosahedra, which are

Fig. 1 3D STM images of gold islands on (a and b) SrTiO3(001)-(2 ! 1) (a: Vs = 1.0 V, It = 0.05 nA; b: Vs = 1.5 V, It = 0.10 nA), (c and f) SrTiO3(001)-c(4 ! 2)
(both Vs = 4.0 V, It = 0.05 nA), and (d and e) SrTiO3(111)-(4! 4) + (6! 6) (d: Vs = 3.8 V, It = 0.03 nA; e: Vs = 4.0 V, It = 0.10 nA). In (a and b), gold monolayers
are indicated by gray arrows and the crystal heights are labeled below each crystal. In (e), gold MTPs coexist with crystals. All crystals are indicated by
white arrows. Three close-up images of MTPs are shown in (f), with point (P), face (F), and edge (E) orientations. A free-standing MTP is also sketched.
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polyhedra with 20 faces in their free-standing form (sketched in
Fig. 1f). The MTPs in Fig. 1e adopt various orientations of
icosahedra, and the three main ones are shown in the close-up
images in Fig. 1f, termed as point (P), face (F), and edge (E)
orientations in previous reports.28,47 These MTPs only have
{111} facets, the lowest-energy termination. Therefore they are a
particle form with a reduced surface energy at the cost of strain
and twinning energies, usually observed at smaller sizes than
their single-crystal counterparts.48 MTPs are the nucleation
shape of gold islands on substrate surfaces other than
SrTiO3(001)-(2 ! 1), where the substrate does not satisfy the
condition to stabilize monolayers.

For the purpose of epitaxy and strain analysis, it is helpful to
clarify the crystallography of gold on SrTiO3. Fig. 2a shows a
cubic unit cell of gold with a face-centered-cubic (fcc) structure,
with a lattice constant of 4.078 Å. The closest Au–Au periodicity
is therefore 4.078/O2 = 2.884 Å. In the STM images of gold
crystals in Fig. 1, their truncated triangular top facets indicate
that gold forms the crystal shape modeled in Fig. 2b and c,
which has (111) top and base facets and {111} and {001} side

facets. It can be seen from Fig. 2c that the six edges of the
crystal all align with the h1%10i-type directions of gold. A single
Au(111) layer is 6-fold symmetric, while a 3D fcc packed
structure reduces it to 3-fold. Therefore, the three longer and
the three shorter crystal edges in Fig. 2c are not equivalent to
one another. Bulk SrTiO3 possesses a cubic lattice above 105 K
(a = 3.905 Å),49 and its unit cell is shown in Fig. 2d. The Sr2+ ion
sits in a site that is 12-fold-coordinated by O2" ions, and the
Ti4+ ions are octahedrally coordinated with respect to the
O2" ions.

From STM images like Fig. 1a–c, the gold crystal orienta-
tions on SrTiO3(001) are measured according to the diagram at
the top of Fig. 2e. The following histograms present the results
on SrTiO3(001)-(2! 1) (upper) and -c(4! 2) (lower). In both, two
peaks are identified at 01 and 301, relative to the substrate
[100] direction. They are two crystallographically equivalent
orientations because of the 4-fold symmetry of SrTiO3(001).
Therefore, the preferred epitaxial orientation of gold crystals on
SrTiO3(001) is such that their three longer h1%10i edges align
with the h100i directions on SrTiO3(001). This results in four

Fig. 2 Crystal structures of gold on SrTiO3. (a) Fcc unit cell of gold outlined in orange, with a lattice constant of 4.078 Å. The Au–Au bonds are in gray
with a bond length of 2.884 Å. (b and c) Space-filling atomic models of a gold crystal with a (111) top facet (tilted and top views). In the top view, the six
crystal edges align with the h1%10i-type directions of gold. (d) Unit cell of SrTiO3. (e) Orientation histograms of gold crystals on SrTiO3(001)-(2 ! 1) (upper)
and -c(4 ! 2) (lower), measured according to the diagram above. (f) Four preferred orientations of gold crystals on SrTiO3(001). d = four Au unit lengths
(bond lengths) = three SrTiO3[100] unit lengths. The substrate lattice directions are labeled. For clarity, only one layer of gold atoms is shown.
(g) Orientation histogram of gold crystals on SrTiO3(111)-(4 ! 4) + (6 ! 6), measured according to the diagram above. (h) Two preferred orientations of
gold crystals on SrTiO3(111). The substrate lattice directions are labeled. For clarity, only one layer of gold atoms and two layers of atoms in SrTiO3(111) are
shown.
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epitaxially equivalent footprints of gold crystals on SrTiO3(001)
shown in Fig. 2f, two of which correspond to the 01 peak
and the other to the 301 peak. The interfacial crystallo-
graphic relationship can be described as (111)Au8(001)SrTiO3

,
[1%10]Au8[100]SrTiO3

. A distance d is labeled by blue arrows in
Fig. 2f, which describes the coincidence epitaxy: four unit cells
(bond lengths) of gold match three unit cells along SrTiO3[100]:
d = 4 ! 2.884 Å = 11.536 Å E 3 ! 3.905 Å = 11.715 Å, with a 1.5%
tensile misfit strain in gold.

On SrTiO3(111)-(4 ! 4) + (6 ! 6), the gold crystals tend to
align their longer h1%10i edges with the three-fold symmetric
h1%10i directions on SrTiO3 (Fig. 1d). This is statistically illu-
strated by the histogram in Fig. 2g. The two peaks at 01 and 601
correspond to the two crystal orientations drawn in Fig. 2h. The
coincidence epitaxy results from the similar lattice constants of
gold and SrTiO3: 4.078 Å E 3.905 Å, with a 4.4% compressive
misfit strain in gold. In addition to the lattice commensuration,
Au(111) and SrTiO3(111) are also symmetry coincident. This
means that the epitaxial match between them is more powerful
(two-dimensional) because there is epitaxy in both the [10%1] and
the [1%10] directions on SrTiO3(111). Conversely, the match
between Au(111) and SrTiO3(001) is one-dimensional because
there is only epitaxy along one of the h100i directions on
SrTiO3(001). The stronger epitaxial match can be visually seen
from the better atomic overlap in Fig. 2h than in Fig. 2f.

The epitaxial relationship on SrTiO3(111) can be described
as (111)Au8(111)SrTiO3

, [1%10]Au8[1%10]SrTiO3. Note that in Fig. 2h,
although only one layer of gold atoms is included for clarity,
multilayer gold crystals are 3-fold symmetric as explained
earlier. Since the SrTiO3(111) substrate is 3-fold symmetric as
well, the orientations of the two gold crystals in Fig. 2h,
differing by 601, are not equivalent. Their inequivalence can
also be seen from an SEM image of gold crystals on SrTiO3(111)-
(4 ! 4) + (6 ! 6) (later in Fig. 5f), in which the crystals have only

one exclusive orientation. The large crystals were post-annealed
at 600 1C for 5 h, and they are more likely to have reached a
thermodynamically optimized state than the smaller crystals
observed in STM without post-deposition thermal treatments.

When the gold crystals are high enough, their Wulff shape
suggests that they should form reentrant facets (Fig. 3a).
However, in our study these reentrant facets grow out and the
{001} facets extend all the way down to the substrate, as shown
in Fig. 3b. The reason for the formation of this ‘‘growth shape’’
will be explained later (Section 3.4). Prior to presenting our
experimental results, it is useful to define three dimensions
that characterize the crystal growth shape (Fig. 3b): l is the
width across the top (111) facet measured from the middle of
one {001} side facet to the middle of the opposite {111} side
facet; s is the width of a {001} facet; h is the crystal height. From
the STM images in Fig. 1, it can be seen that the gold crystals on
various substrates differ slightly in their shapes, e.g., some are
more pointed (smaller s) and some are closer to hexagons
(larger s).

3.2 Height-to-width ratio (h/l)

For a crystal supported on a lattice-mismatched substrate, its
total energy has three contributions: the formation energy
(negative), the surface/interface energies (positive), and the
strain energy due to the lattice mismatch (positive).29,30,50

In the absence of any interfacial misfit strain, e.g., on a
lattice-matched or amorphous substrate, the thermodynami-
cally optimized shape of a gold crystal is predicted by mini-
mizing its surface/interface energies. This is described by the
Winterbottom construction, in which a free crystal with the
Wulff shape is truncated by the substrate.19,20 The height-to-
width ratio (h/l) should then be a constant on a given substrate.

The h/l ratio of gold crystals on the three SrTiO3 substrates is
calculated from measurements and plotted against the crystal

Fig. 3 (a) Wulff and (b) growth shapes of gold crystals on a substrate: top view (left) and tilted view (right). The three important crystal dimensions, l, s,
and h are labeled in (b). In (a), once the crystal height exceeds

ffiffiffiffiffiffiffiffi
2=3

p
s, the Wulff shape has reentrant facets.
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height h (Fig. 4a). The gold crystals chosen to be measured were
all grown on a substrate held at 300 1C or above to best ensure
that the crystals were kinetically capable of reaching their
equilibrium shapes. Nevertheless, the data in Fig. 4a represent
crystals that are both growing and shrinking due to the Ostwald
ripening phenomenon. We find that on all three substrates
there is a positive relationship between h/l and h and a red
linear regression line is fitted in each case to guide the eye.
On SrTiO3(111)-(4 ! 4) + (6 ! 6), when h 4 4 nm the h/l ratio
starts to level out and these data points were left out when the
linear trendline was fitted. The fact that a higher crystal has a
higher h/l ratio cannot be explained by kinetic arguments,
because kinetics would favor the opposite: the higher a crystal,
the more difficult for additional atoms to climb up the side
facets, which in turn means a lower h/l ratio.

The non-constant h/l ratio is explained by the lattice misfit at
the Au–SrTiO3 interface, which is 1.5% tensile in gold on
SrTiO3(001) and 4.4% compressive in gold on SrTiO3(111).
Since our gold crystals were grown at substrate temperatures
of 300–400 1C (and occasionally post-annealed at 500–600 1C –
see Fig. 5b–f), an additional interfacial strain develops due to
the different thermal expansion coefficients of gold (1.42 !
10"5 K"1)51 and SrTiO3 (3.23 ! 10"5 K"1).52 However, given our
treatment temperatures, the magnitude of this thermally
induced strain is up to B1% only. Misfit strains of such
magnitude (a few percent in total) have been observed to be
accommodated with full coherency between Au and TiO2,35 and
this is also likely to be the case in our Au-on-SrTiO3 system,
certainly for small crystals.

The h/l ratio of gold crystals increases with the crystal height
(Fig. 4a) because crystal heightening can help to release the
interfacial strain,29–32 as shown by the schematic drawings in
Fig. 4b. The gold crystals (yellow) are strained by the lattice-
mismatched substrate (dark blue), where the interfacial atoms
are displaced from their ideal lattice positions. The strain field
(gray) decays as it moves away from the interface. The black

lines represent the lattice planes, which become vertical if the
epitaxial strain is fully relieved. The average strain field within
the gold crystal is reduced by crystal heightening, e.g., the
top facet of the highest crystal in Fig. 4b is close to being
strain-free.

The gradients of the fitted trendlines in Fig. 4a indicate the
rates at which the h/l ratios increase with h. This rate is the
smallest on SrTiO3(001)-(2 ! 1) (0.095 # 0.003), followed by
SrTiO3(001)-c(4 ! 2) (0.172 # 0.005), and the greatest on
SrTiO3(111)-(4 ! 4) + (6 ! 6) (0.253 # 0.011). There is a
correlation between these rates and four factors: (1) the
Au–SrTiO3 interfacial energy, (2) the degree of epitaxial lattice
mismatch, (3) whether the epitaxial match is along only one or
both crystal directions on the substrate surface, and (4) the
relative stiffness of the substrate compared to that of the
crystal.31,32 The fourth factor can be assumed to very similar
for all three substrates as the bulk material is the same.

The SrTiO3(111)-(4 ! 4) + (6 ! 6) substrate displays the
highest gradient of h/l for two reasons. Firstly, it has a higher
misfit strain with gold (4.4%) than the other two substrates
(1.5%). Secondly, the epitaxial match on SrTiO3(111) is more
powerful (2D) than that on SrTiO3(001) (1D) (Fig. 2f and h). The
gradients on SrTiO3(001)-(2 ! 1) and -c(4 ! 2) also differ
because the surface energy (gs) of (2 ! 1) is higher than that
of c(4 ! 2) by 0.4–0.6 J m"2.24,53 The higher gs encourages a
higher degree of wetting, i.e., a lower value of h/l at a given
height h, and hence a lower gradient of h/l.

In Fig. 4a, the ‘‘anomalous’’ points when h 4 4 nm on
SrTiO3(111)-(4 ! 4) + (6 ! 6) can be explained by interfacial
dislocations: at a critical thickness of B4 nm, the accumulated
strain energy eventually induces plastic relaxation at the
Au–SrTiO3 interface.29,31,32 This is illustrated by the sketch in
Fig. 4c, in which the coherent (dislocation-free) island partially
relieves the misfit strain by introducing a misfit dislocation at
the interface, drawn in red. The dislocation is introduced at the
cost of additional strain energy around the dislocation core,

Fig. 4 Height-to-width (h/l) ratio of gold crystals and schematic sketches. (a) h/l plotted against crystal height on SrTiO3(001)-(2! 1), SrTiO3(001)-c(4! 2),
and SrTiO3(111)-(4 ! 4) + (6 ! 6). A linear regression line (red) is fitted to each dataset. (b and c) Schematic drawings of gold crystals (yellow) and the
substrate (dark blue). The vertical black lines represent lattice planes. (b) Heightening of the gold crystal, which helps to relieve the strain resulting from the
interfacial lattice misfit. The strain field strength is indicated by the shade of gray. (c) A strained crystal reducing its strain by losing full coherency and forming
a misfit dislocation (red) at the interface.
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which is shown schematically by the darker area around the
dislocation in Fig. 4c. On SrTiO3(001)-(2 ! 1) and -c(4 ! 2), the
linear trend of h/l remains up to the highest gold crystals we
observed, suggesting that the critical thickness for dislocation
introduction has not been reached on SrTiO3(001) at up to
h = 12 nm. The earlier introduction of dislocations on the
SrTiO3(111)-(4 ! 4) + (6 ! 6) substrate is due to two factors
mentioned earlier: (i) the greater misfit strain (4.4% versus
1.5%) and (ii) the stronger epitaxy (2D versus 1D).

For comparison, in our previous study,28 the h/l ratio of gold
crystals on SrTiO3(001)-(2 ! 1) was reported to be a constant
with crystal volume: 0.42 # 0.05. Measurements were made of
22 crystals in total and the largest one was just over 1000 nm3

in volume. Here, in Fig. 4a we present 154 data points on
SrTiO3(001)-(2 ! 1) and the crystals span a greater size range:
about half of them are over 1000 nm3 in volume and the
largest one is 4030 # 94 nm3. The gold crystals measured in
the previous paper correspond to a smaller range of data
(h B1.7–3.4 nm) with h/l = 0.42 # 0.05,28 and the constant h/l
ratio reported may simply due to the limited range. Nevertheless,
within the same height range (1.7–3.4 nm), our average value of
h/l is 0.14 # 0.08, which is noticeably smaller than 0.42. This
difference can be attributed to our different growth parameters: in
the previous paper, 0.8 monolayer of gold was deposited onto
the substrate heated to 400 1C;28 in this paper, 0.25–0.50
monolayer of gold (66% at 0.25 monolayer) was deposited onto
the substrate kept at 300–400 1C. The main difference is the
larger deposition amount of gold in the previous study,
which resulted in a visibly higher density of the gold crystals.28

A higher density of crystals means that a greater proportion of
the evaporated gold lands directly on the top facets of the
growing crystals, hence resulting in a greater h/l ratio. The
difference in the h/l ratios of the two datasets serves to illustrate
how sensitive this ratio is to the parameters under which the
experiments are performed. This point is discussed in detail in
the review by Marks and Peng,43 who point out that each
nanocrystal in a distribution is either growing or shrinking,
and may even be changing form, e.g., from an fcc crystal to an
MTP. This is a result of Ostwald ripening, during which larger
particles grow at the expense of smaller ones. This phenomenon
occurs continuously, though only at a noticeable rate at elevated
temperatures. Therefore, the gold crystals observed and mea-
sured only represent a snapshot of their evolution towards
absolute thermodynamic equilibrium. This means that thermo-
dynamic models are only ever an approximation to experi-
mentally derived data.

Accordingly, the gold crystals should ideally be treated at
high temperatures (e.g., close to their melting point) to promote
the mobility of gold atoms, to allow the gold crystals to evolve
towards their thermodynamically equilibrium shape as much
as possible. This is the reason why we held the substrates at
above 300 1C during gold crystal growth. However, the substrate
temperature was usually kept below 400 1C because higher
growth temperatures resulted in crystals that were too high to
be scanned by the STM tip, e.g., when h 4 B10 nm. Never-
theless, we annealed a few samples at 500–600 1C for SEM

studies (see Fig. 5b–f), which indeed enhanced the kinetics
towards equilibrium. For example, as mentioned in Section 3.1,
the gold crystals on SrTiO3(111)-(4 ! 4) + (6 ! 6) grown at
300–400 1C mainly adopt two orientations (Fig. 1d and 2g, h),
which are known to be inequivalent because of the 3-fold
symmetry of both gold and SrTiO3(111). After the gold crystals
were post-annealed at 600 1C, only one exclusive orientation
was observed (Fig. 5f), which must be the thermodynamically
favored epitaxial orientation.

It is widely reported in the literature that for a crystal grown
on a lattice-mismatched substrate, the interfacial strain
opposes wetting and leads to a higher h/l ratio, though most
of the past studies are computational.29–32 Therefore, when we
minimize the total energy of a gold crystal to thermodynami-
cally optimize its shape, we need to include its strain energy in
addition to its surface/interface energies. The strain energy is a
complex function of the crystal and substrate stiffness, the
lattice misfit between them, the crystal volume, and the crystal
shape.29,32 A few reports also mention that the h/l ratio
increases with increasing lattice misfit, increasing strain-free
h/l ratio, and increasing substrate/crystal stiffness ratio.31,32

These are consistent with our observations for the three h/l
ratio gradients on the three SrTiO3 substrates.

Additionally, the strain should propagate from the interface
into both the crystal and the underlying substrate,29,31,32 but for
simplicity Fig. 4b and c only show the strain field (gray) in the gold
crystals. Gold has a relatively low Young’s modulus of E(Au) =
79 GPa,54 compared with Eh100i(SrTiO3) = 225–265 GPa.55,56 Hence
we expect that the interfacial misfit strain would be largely taken up
in the gold crystals. This is also due to the small size of gold crystals
that allows them to relax more easily parallel to the substrate
surface plane.

It has also been reported that as the interfacial strain energy
accumulates in an epitaxially substrate-supported crystal,
interfacial dislocations will be introduced at a critical thick-
ness.29,31,32 In our Au-on-SrTiO3 system, dislocations are more likely
to be generated in gold than in SrTiO3 (as drawn in Fig. 4c). This is
because the dislocation energy per unit length is pGb2, where G is
the shear modulus and b is the Burgers vector. These values are both
smaller in gold: G(Au) = 27 GPa,54 Gh100i(SrTiO3) = 121 GPa,56 b(Au) =
2.884 Å, and b(SrTiO3) = 3.905 Å.

When a dislocation is introduced, it partially releases the
interfacial strain and abruptly modifies the equilibrium shape,
resulting in a reduced h/l ratio. Thermodynamically the growing
crystal will have an oscillating or sawtooth h/l ratio as successive
dislocations are introduced.31,32,57 This behavior has been calculated
for the Ge-on-Si(001) system.57 In our Au-on-SrTiO3(111) system, the
period of oscillation in the gold crystal basal plane width is
calculated to be 5.49 nm (= the strain-free dislocation separation),
which corresponds to an oscillation period in the crystal height of
5.18 nm. In Fig. 4a, on SrTiO3(111)-(4! 4) + (6! 6) the nucleation of
the first dislocations occurs at h E 4 nm, upon which the h/l ratio
drops. Thereafter, the h/l ratio should rise until h E 4 + 5.18E 9 nm,
when it should suddenly drop again. Our data are not of a sufficient
quality to clearly show this oscillation. However, there are three
misfit dislocations introduced per 5.18 nm period, along the three
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h1%10i directions in the gold (111) plane. Unless they are all intro-
duced at the same time, the dramatic drop in the h/l ratio will not be
easily observed. On the SrTiO3(001) substrates, the oscillation period
in the crystal base width is calculated to be 18.74 nm, corresponding
to a period of 17.67 nm in the crystal height. These values fall outside
our data range in Fig. 4a.

Finally, we comment that although the h/l ratio is not a
constant due to the interfacial strain, in some studies, e.g., of Pt
and Pd nanocrystals,58,59 the ‘‘interfacial energy’’ was still calcu-
lated from the nanocrystal geometry based on the Winterbottom
construction. As the crystal aspect ratio was also observed to
heighten, the ‘‘interfacial energy’’ appears to increase with
increasing crystal height, which was explained by the interfacial
strain and strain relief by dislocations.58 However, we do not
think that in our case this is a helpful analysis method because
the interfacial energy is an area-dependent term that increases in
magnitude as misfit dislocations are introduced, whereas the
strain is a volume-dependent term that decreases when strain-
relieving misfit dislocations are introduced.

3.3 A111/A001 or s/l ratio

In addition to the h/l ratio, the other geometric ratio that
together defines the gold crystal shape is the ratio between s

and l (Fig. 3b). The s/l ratio is a direct measure of the ratio
between the {111} and {001} surface areas (A111/A001). This
depends on the surface energies of gold, g111 and g001,60 as
well as the growth velocities along h111i and h001i directions of
the crystal.61 Thermodynamically the s/l ratio is a constant
irrespective of the supporting substrate, and it is related to

the surface energies via
g111
g001
¼ 1ffiffiffi

3
p þ s

2l
. However, the growth

velocities of the crystallographic facets are differently influ-
enced by the local environment, which, when outside UHV, can
involve hydrocarbons in air, CO gas, and other adsorbates.62

In Fig. 5a, the s/l ratio on the three SrTiO3 substrates is
plotted against crystal height h. Again, only those crystals
grown at 4300 1C were measured, which are reasonably close
to their equilibrium shapes. Apart from the flat crystals on
SrTiO3(001)-(2 ! 1) for which h o 4 nm, the s/l ratio is a
constant, with values of 0.15 # 0.07 on SrTiO3(001)-(2 ! 1),
0.28 # 0.06 on SrTiO3(001)-c(4 ! 2), and 0.46 # 0.09 on
SrTiO3(111)-(4 ! 4) + (6 ! 6). Since the gold crystals were grown
and characterized in UHV, their different s/l ratios on different
substrates are unexpected.

Among all three substrates, SrTiO3(111)-(4 ! 4) + (6 ! 6)
gives rise to the largest s/l ratio. In the STM images in Fig. 1d,

Fig. 5 s/l ratio of gold crystals and SEM images. (a) s/l ratio measured from STM images plotted against crystal height on SrTiO3(001)-(2 ! 1),
SrTiO3(001)-c(4 ! 2), and SrTiO3(111)-(4 ! 4) + (6 ! 6). (b–d) SEM images of gold crystals on SrTiO3(001)-(2 ! 1): (b) top view, (c) tilted view (401), and
(d) high-magnification images of the three typical crystal shapes: (d.i) triangles, (d.ii) pyramids, and (d.iii) huts. (e) Top view and (f) tilted view (401) of gold
crystals on SrTiO3(111)-(4 ! 4) + (6 ! 6).
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the gold crystal top facets are close to regular hexagons.
Consistently, Fig. 5e and f show two SEM images (top and
tilted views) of gold crystals on SrTiO3(111)-(4 ! 4) + (6 ! 6), in
which the large crystals were obtained following a post anneal
at 600 1C for 5 h. Their s/l ratio is measured to be 0.55 # 0.02,
within the range of values obtained from STM images,
0.46 # 0.09.

On the other hand, the relatively high gold crystals
(h 4 4 nm) on SrTiO3(001)-(2 ! 1) have very small {001} facets
that are barely visible. The crystal top facets look like triangles
without truncation, e.g., the highest (brightest) four crystals in
Fig. 1b. This is also confirmed by the triangular crystals in
Fig. 5b–d, which are SEM images of some large crystals on
SrTiO3(001)-(2 ! 1) prepared by a post anneal at 500 1C for 1 h.
On SrTiO3(001)-(2 ! 1), three crystal shapes are observed:
‘‘triangles’’, ‘‘pyramids’’, and ‘‘huts’’, as shown in the three
high-magnification images in Fig. 5d.i–iii, in this order. They
are all produced by different orientations of the Wulff shape of
gold, and their crystallographic interfaces with the substrates
are (111), (001), and (110), respectively.24 In Fig. 5b–d, the
triangles and pyramids do not show any visible {001} facets
and the huts are trying to grow infinitely long to minimize the
proportion of {001} facets. These are in good agreement with
the s/l plot for SrTiO3(001)-(2 ! 1) (Fig. 5a), in which the
equilibrium s/l ratio = 0.15 # 0.07 at large crystal heights.

As an aside, thermodynamically the three crystal shapes
(triangles, pyramids, and huts) are not expected to coexist on
the same substrate. Previously we explained that the lowest
energy morphology depends on g* = gi " gs.

24 For example, the
stable structure of fcc Pd crystals was reported to be the hut
shape on SrTiO3(001)-(2 ! 1) and the pyramid shape on
SrTiO3(001)-c(4 ! 2).24 In our system, the truncated triangular
crystals are identified as the thermodynamically favored shape
on all three substrates. It is the only shape observed for small
crystals under STM (Fig. 1) and the most frequently observed
shape for large crystals under SEM (Fig. 5b–f). The pyramids
and huts may nucleate randomly and become stuck in these
metastable orientations due to kinetics.43

Interestingly, the flat crystals (h o 4 nm) on SrTiO3(001)-(2!
1) have a decreasing s/l ratio with increasing crystal height,

from 1" ffiffiffi
3
p (E0.58) to the equilibrium value of 0.15 (Fig. 5a). s/l

equals 1" ffiffiffi
3
p when the crystal top facet is a regular hexagon.

We believe that the varying s/l ratio of the flat crystals can be
attributed to the dewetting phenomenon of gold monolayers,
which only exist on SrTiO3(001)-(2 ! 1). We notice that when
the monolayers are annealed at 300–400 1C, they tend
to develop into regular hexagons, possibly in preparation for
their conversion into crystals. The gold atoms may become
close-packed as a hexagonal monolayer, where its six sides are
crystallographically equivalent, because the edges have not yet
differentiated themselves into {111} and {001} side facets.
During the dewetting, three alternating sides of the hexagon
develop into {111} side facets and the other three into {001}.
In this process, its top facet turns from a regular hexagon into a
truncated triangle. In Fig. 1a.ii and b.ii, the crystal heights are

labeled below each crystal and we can see that the higher a
crystal is, the more ‘‘pointed’’ its top facet is, i.e., smaller {001}
side facets. In Fig. 1a the flattest crystal (h = 1.72 nm) even has
a curved edge, which may be a residual feature from an
irregularly shaped monolayer.

It is also interesting that the flattest crystals observed on
SrTiO3(001)-(2 ! 1) consist of a minimum of five atomic layers,
whereas on SrTiO3(001)-c(4 ! 2) and SrTiO3(111)-(4 ! 4) +
(6 ! 6), 2–4-layer crystals have been found. Accordingly, the
data points for SrTiO3(001)-(2 ! 1) in Fig. 4a and 5a only start
from h B 1.2 nm. We speculate that the monolayers are the
nucleation shape of small gold islands on SrTiO3(001)-(2 ! 1),
which represent a local minimum in energy. Under diffusion-
limited conditions, there is a growth barrier to 3D crystals. This
activation barrier appears to require the assembly of five atomic
layers at a minimum.

Now we explain the possible origin of the different s/l ratios
of gold crystals on the three SrTiO3 substrates. In our study, the
gold crystals were prepared in a UHV environment nearly free of
gaseous adsorbates, so their different s/l ratios have to be
attributed to their interaction with the substrates. Previously,
when gold crystals were studied in UHV, e.g., on CeO2(001) and
SrTiO3(001)-(2 ! 1) substrates,23,28 they grew into the truncated
triangular shape as well. However, in these studies the s/l
ratio of the crystals was not specifically analyzed. We have
not reached a firm conclusion of the mechanism by which
the substrates influence the s/l ratio, but we discuss a few
possibilities below.

Firstly, the three SrTiO3 substrates certainly interact with the
gold crystals differently at the interface. For example, the
interfacial strain is calculated to be 1.5% on SrTiO3(001) and
4.4% on SrTiO3(111). However, we propose that the interfacial
interaction itself is not the direct cause of the different s/l
ratios. Taking the SrTiO3(001)-(2 ! 1) substrate as an example:
any interfacial effect may possibly cause the {001} side facets of
a truncated triangular gold crystal to shrink, but the interface
should not affect the (001) top facet of a pyramidal crystal.
However, the latter is also seen to be minimized (Fig. 5b–d).

The second possibility is the encapsulation of gold crystals
by an oxide layer from the substrate, known as the strong
metal–support interaction (SMSI).63–65 Encapsulation by an
oxide layer is driven by the reduction in the metal facet
energies. One would expect the {111} and {001} gold facets to
undergo different degrees of energy reduction. Hence, this
would influence the s/l ratio. However, metal particles encap-
sulated by TiOx layers usually exhibit superstructures or moiré
patterns under STM observation,63,65,66 which are not seen on
our gold crystals. For example, when fcc Pd crystals with a (111)
base are grown on nanostructured SrTiO3(001), they exhibit two
clear moiré patterns: the ‘‘wagon wheel’’ and the ‘‘hexagonal
superstructure’’.63 When (111)-based Pd crystals are supported on
TiO2(110) substrates, two superstructures named ‘‘pinwheels’’
and ‘‘zigzags’’ are observed.65,66 We have not found publications
on TiOx-encapsulated gold crystals, but superstructures formed by
TiOx ultrathin films on an Au(111) surface have been reported:
‘‘honeycomb’’, ‘‘pinwheel’’, and triangular islands.67 In our

Paper PCCP

View Article Online



4424 | Phys. Chem. Chem. Phys., 2020, 22, 4416--4428 This journal is©the Owner Societies 2020

system, the absence of any overlayer structures on the gold crystal
top facets means that there is no evidence for TiOx encapsulation.

A third possibility is the presence of surfactants originating
from the SrTiO3 substrates. The SrTiO3(001)-(2 ! 1) surface is
hydroxylated, i.e., it is terminated with –OH groups.38 The
oxygen is part of TiO5 or TiO6 groups, but the hydrogen can
desorb from the substrate so that the gold crystals grown on
this surface may become hydrogen-terminated. The hydrogen
may preferentially bind to the {111} facets compared with the
{001} facets, inhibiting the growth along h111i directions.
Another way to depict this scenario is that the hydrogen
surfactant reduces the facet energy of {111} to a greater extent
than that of {001}, promoting the growth of {111} facets.
Nevertheless, it is not obvious to us what surfactants might
arise from the other two substrates, SrTiO3(001)-c(4 ! 2) and
SrTiO3(111)-(4 ! 4) + (6 ! 6). According to previous studies,
these two surfaces are both based on Ti-centered polyhedral
building blocks (TiO4, TiO5, and TiO6) in the top few layers and
are not terminated with any easily dissociable species.39,42

Previous reports on gold crystal shapes are mostly from crystals
grown in solution, e.g., using the polyol synthetic method.11–15

During solvent-based growth, the ratio between the {111} and
{001} surface areas (A111/A001) is heavily influenced by the selective
adsorption of surfactants on certain crystallographic
planes.12–16,68 This gives rise to crystal shapes that range from
octahedra (purely {111}-terminated) to cubes (purely {001}-
terminated).12–15,69 For example, it was discovered that higher
concentrations of poly(vinyl pyrrolidone) (PVP) and poly(diallyl-
dimethylammonium) chloride (PDDA) encourage the formation
of a higher proportion of {111} facets.12–14 On the other hand,
{001} facets of gold crystals were reported to be stabilized by silver
ions and cetyltrimethylammonium bromide (CTAB).12,15,16,68

3.4 Wulff and growth shapes

The SEM images of gold crystals in Fig. 5c, d and f were taken
with the samples tilted at 401 and there is no evidence of any
reentrant facets. According to the geometry of the Wulff crystal
(Fig. 3a), reentrant facets should appear if the crystal height is

greater than
ffiffiffiffiffiffi
2=3

q
l: We know from STM images that 75% of our

crystals grown at 4300 1C satisfy the condition that h4
ffiffiffiffiffiffi
2=3

q
l;

85% of our crystals grown at 4350 1C satisfy this condition.
Provided that the gold crystals in Fig. 5b–f were treated at
500 1C and above, most of the hexagonal or triangular crystals
would show reentrant facets if they followed the Wulff shape.
However, when kinetics play a key part, an enhancement factor
is added to the growth velocity of the reentrant facets.61 An
analogy is that in heterogeneous nucleation, the nucleation
energy is lower on a notched surface than on a smooth surface.
The bottom of a reentrant facet acts as such a notch and the
atoms attaching to such a site form additional bonds with the
substrate. Therefore, for an equilibrium crystal with the shape
in Fig. 3a, the attachment energy of additional gold atoms to
the reentrant {111} facets would be lower than that to the top
(111) facet. Moreover, most gold atoms arrive at a crystal

sideways from the substrate surface due to Ostwald ripening
rather than from the top during the gold evaporation. Hence
reentrant facets typically grow out.

Now we discuss the geometries and energies of the Wulff

and growth shapes. When g001=g111 &
ffiffiffi
3
p

, the Wulff shape of a

gold crystal does not have {001} facets and is an octahedron
(Fig. 6a). The first row of drawings in Fig. 6a shows how the Wulff
shape (yellow) can be cut to produce the three substrate-supported
crystal shapes: ‘‘triangle’’, ‘‘pyramid’’, and ‘‘hut’’ (orange). The
triangular and pyramidal crystals both have reentrant facets.
When these reentrant facets grow out, their corresponding growth
shapes result, as illustrated in the second row in Fig. 6a. Note that
the hut shape has four {111} end facets, two on each end, and they
are perpendicular to the substrate. Therefore, the hut does not
have reentrant facets (with a contact angle of 4901 with the
substrate), and hence its growth shape is the same as its Wulff

shape. When 1o g001=g111 o
ffiffiffi
3
p

, {001} and {111} facets of the gold

crystals coexist and the Wulff shape is a truncated octahedron
(Fig. 6b). Fig. 6b shows a similar table of sketches to Fig. 6a. When
{001} facets are present, the ‘‘triangular’’ crystal has a truncated
triangular top facet, and is therefore called a ‘‘hexagon’’ for
simplicity.

As mentioned in Section 3.2, the total energy of a substrate-
supported crystal consists of the formation energy, the surface/
interface energies, and the strain energy.29,30,50 For a crystal
with a given volume, its Wulff and growth shapes have the same
formation energy. Their surface/interface energies and strain
energies will differ, though we do not have sufficient informa-
tion to accurately calculate their strain energies. However, we
can estimate the surface/interface energies of the three crystal
shapes: the Wulff and growth shapes of triangles/hexagons, the
Wulff and growth shapes of pyramids, and the Wulff shape of
huts. The total surface/interface energy of a nanocrystal can be
parameterized as E = ashapeV2/3,24,50 where V is the crystal
volume and ashape is discussed below for the two cases where
there either are, or are not {001} facets present.

Without the {001} facets, i.e., when g001=g111 &
ffiffiffi
3
p

, the follow-
ing relationships can be derived:

atriangle Wulff ¼ 3
7
6 ' 2"

2
3 8g111

3 þ 9g111
2g( " g(3

# $1
3

atriangle growth ¼
3

2

ffiffiffi
3
p

19g111
3 þ 27g111

2g( þ 9g111g
(2 þ g(3

# $h i1
3

apyramid Wulff ¼ 3
2
3 6

ffiffiffi
3
p

g111
3 þ 18g111

2g( " 6
ffiffiffi
3
p

g111g
(2 þ 2g(3

% &1
3

apyramid growth ¼ 18
1
3

ffiffiffi
3
p

g111 þ g(
% &

ahut Wulff ¼ 3
2
3 ' 2"

1
6

ffiffiffi
6
p

g111 " g(
% &1

3 ffiffiffi
6
p

g111 þ 2g(
% &2

3

The ashape formulae can also be derived for crystals when

{001} facets are present, i.e., when 1o g001=g111 o
ffiffiffi
3
p

. We only

focus on the (111)-based crystals, which are the experimentally
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observed equilibrium shape, and they are called ‘‘hexagons’’
with {001} facets present. Now,

ashape is plotted as a function of g* in Fig. 6c using the
theoretical values of g111 = 1.3 J m"2 and g001 = 1.6 J m"2.70 The
corresponding shapes are sketched in the legend. For
the triangular, pyramidal, and hexagonal crystals, their Wulff
shape is always lower in energy than their growth shape. The
growth/Wulff energy discrepancy increases with increasing g*,
as shown in the plot of their a ratios in Fig. 6d. At a practical
value of g* such as "0.5 J m"2, there is a reasonably small
discrepancy between the surface/interface energies of the Wulff
and growth shapes (o3%). This is a condition that helps the
growth shapes to survive.

For the pyramid, its Wulff shape is the same as the growth
shape when the Wulff point of the crystal (or the midpoint of
the Wulff octahedron) is below the substrate surface. Therefore

their a plots in Fig. 6c (two blue lines) only start to diverge when
g* 4 0. For the hexagon, the energies of its Wulff and growth

shapes only start to diverge at g* = "0.5 J m"2 (two gray lines in
Fig. 6c), because for any lower value of g* the Wulff crystal does
not yet have reentrant facets using values of g111 = 1.3 J m"2 and
g001 = 1.6 J m"2.

If we define gm as the surface energy of a gold monolayer per
unit area and gim as the monolayer–substrate interfacial energy,
the condition for wetting is gm + gim " gs o 0 (if the edge energy
of monolayers is ignored). Since g* = gim " gs, the equation
above can be rearranged as g* o "gm. We do not know the
value of gm but in a monolayer, the closest packing possible of
the gold atoms corresponds to an Au(111) structure, with a
surface energy of g111 = 1.3 J m"2. Therefore in Fig. 6c and d,
when g* o "1.3 J m"2 gold wets the substrate and the a plots
of the crystals are only physically meaningful outside this
regime.

Fig. 6 Geometries and energies of the Wulff and growth shapes of gold crystals. (a) Geometries of {111}-terminated gold crystals. The first row shows
the Wulff shapes (yellow) being cut to produce triangular, pyramidal, and hut crystals (orange). Their corresponding growth shapes are drawn below them
in the second row. (b) Wulff and growth shapes of gold crystals with both {111} and {001} facets. With {001} facets present, the triangular crystal has a
truncated triangular top facet and is called a ‘‘hexagon’’ for simplicity. (c) Plots of a versus g* for the Wulff and growth shapes of the triangle, pyramid,
hut, and hexagon. (d) Plots of growth-to-Wulff a ratios for the triangle, pyramid, and hexagon. In (c and d), facet energies of g111 = 1.3 J m"2 and
g001 = 1.6 J m"2 are used for gold;70 gold wets the substrate when g* o "g111 = "1.3 J m"2.

ahexagon Wulff ¼ 3 ' 2"
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The energy calculations presented in Fig. 6c and d are only a
qualitative comparison between the Wulff and growth shapes,
because they do not take into account the effects of the crystal–
substrate interfacial strain (Section 3.2) and the chemical
environments (Section 3.3). Because of the latter, the A111/A001

ratio of experimentally observed gold crystals is affected
by surfactant adsorption on their {111} and {001} facets.
It is therefore not a true reflection of the pristine gold facet
energies (g111 and g001). Hence, our use of g111 = 1.3 J m"2 and
g001 = 1.6 J m"2 is only an approximation.

Additionally, we would like to comment that the growth
shape of the triangular crystal in Fig. 6a has a truncated
tetrahedral shape and is terminated with {111} planes only.
If such a crystal grew into a full tetrahedron, geometrically it
would be the constituent part of MTPs, e.g., decahedra and
icosahedra (though these structures are not ‘‘built up’’ by the
tetrahedra, but rather form by twinning). Gold crystals with the
truncated tetrahedral shape have been previously observed as
free-standing crystals prepared in solution,12,13 but the authors
did not relate them to the Wulff shape. Here, we understand
that this shape is a deviation from the {111}-terminated Wulff
shape, i.e., an octahedron cut by the substrate, upon which the
reentrant facets grow out. It is difficult to explain why in
previous studies the free-standing gold crystals also ended up
with this growth shape,12,13 as there were no substrates to
encourage the growing out of reentrant facets. It is possibly
attributable to their very rapid growth and the small energy
difference between the Wulff and growth shapes. Alternatively,
some of the crystals might have attached to the test tube walls
during growth.

Finally, on some substrate-supported gold nanocrystals,
reentrant facets have been observed previously, e.g., on CeO2

and TiO2 substrates.23,35,71–74 These gold crystals adopt the
same equilibrium shape as that in our work, with an Au(111)
interface with the substrate. They were characterized by scan-
ning transmission electron microscopy (STEM) and typically
have a lateral size of B5 nm, cf. our gold crystals in the SEM
images (Fig. 5b–f), which are 50–300 nm laterally. In some of
the previous studies, a deposition–precipitation method was
used to prepare the gold crystals.23,71,72 A few grams of the
oxide particles (CeO2 and TiO2) were dispersed into an aqueous
solution of HAuCl4. Following centrifugation, washing, and
drying, the samples were calcinated at 300–400 1C in air, which
led to the decomposition of the Au(III) complexes into gold
metal particles. This is in essence a solvent-based growth
method, and the presence of gold reentrant facets is not
surprising.61

However, in some other studies gold was deposited onto
TiO2 substrates using an electron-beam evaporator at a rate of
0.33 Å min"1 in vacuum.35,73,74 The sample was then annealed
at 400–700 1C to promote the formation of equilibrium crystal
shapes. This protocol is similar to ours, where we deposited
gold at an even lower rate (B0.06 Å min"1) and annealed the
crystals at similar temperatures (500–600 1C) before taking the
SEM images (Fig. 5b–f). We believe that the presence of
reentrant facets on their gold crystals is due to their smaller

crystal sizes. When the diameter of a gold particle is smaller
than B20 nm, their melting point drops below that of bulk gold
(1064 1C), and it is calculated to be B700 1C for a 5 nm-
diameter particle.75,76 Therefore, in ref. 35, 73 and 74 the gold
crystals were post-annealed at temperatures close to their
melting point. They may have become molten hemispheres
during the thermal treatment, which, when cooled down, are
expected to reach the thermodynamically optimized shapes,
i.e., the Wulff shapes with reentrant facets present.

4. Conclusions
In conclusion, the gold crystal shapes are strongly influenced
by their interaction with the SrTiO3 substrates: SrTiO3(001)-
(2 ! 1), SrTiO3(001)-c(4 ! 2), and SrTiO3(111)-(4 ! 4) + (6 ! 6).
The crystal shape is not self-similar between different crystal
sizes. The h/l ratio increases with the crystal height h on all
three substrates, because crystal heightening partially releases
the interfacial strain caused by the lattice mismatch. The s/l
ratio, which is a direct measure of A111/A001, is found to differ
on the three substrates. This may be due to the selective
adsorption of surfactants on the {111} and {001} gold facets.
One possible surfactant is chemisorbed hydrogen on the hydro-
xylated SrTiO3(001)-(2 ! 1) surface. The flat crystals on
SrTiO3(001)-(2 ! 1) (h o 4 nm) are an exception, where their

s/l ratio decays from 1" ffiffiffi
3
p towards the equilibrium value of 0.15

with increasing h. This is likely to relate to the dewetting
process from monolayers. Also, the crystal reentrant facets are
not observed because these concave facets typically grow out
due to kinetics. These growth shapes are slightly higher in
energy than their thermodynamic Wulff shape, and the energy
discrepancy is greater at larger values of g*. This study demon-
strates the influence of the detailed nature of oxide substrate
surfaces on the shape of epitaxial gold nanocrystals, which is a
phenomenon critical to the rational tuning of their catalytic
and optical properties. Further research in this area would be
important with respect to realizing their full potential in
catalysis, biological sensing, and photonics.
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