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ABSTRACT

Several previous studies demonstrated that defect-free faceted nanocrystals of
face-centered cubic metals (such as Au, Ni, and Pd) exhibit extraordinarily high
mechanical strength approaching the theoretical strength of the respective
metals. In the present work, we have studied the compressive strength of Pt
nanoparticles fabricated by the solid-state dewetting method optimized for
producing nanoparticles with a variety of shapes and sizes. The particles exhibit
a well-pronounced size effect on strength, with the smallest particles achieving
the highest compressive strength of 9.5 GPa corresponding to the lower limit of
the theoretical strength of Pt. However, the average strength of the Pt particles
normalized by the respective shear modulus is significantly lower than that of
Au and Ni nanoparticles fabricated by a similar dewetting method. We have
also established a correlation between the particles strength and shape described
by the ratio of the particle top facet and projected diameters. Smaller values of
this ratio correlate with higher compressive strength. Based on the experimental
data obtained, we formulate a power law describing the combined effect of the
particle size and shape on its strength. Our results are in qualitative agreement
with previous computational studies demonstrating that the theoretical strength
of Pt normalized by its shear modulus is significantly lower than that of other
face-centered cubic metals.
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GRAPHICAL ABSTRACT

Pt Nanocrystals— compression test
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Introduction

Nanoparticles of noble metals find a wide range of
applications in sensing [1, 2], theranostics [3], opto-
electronics [4], catalysis [5], and in micro-electrome-
chanical systems (MEMS) [6]. A large variety of
currently available processing methods enable the
fabrication of metal nanoparticles of different shapes
and sizes [7, 8]. A better understanding of the size
and shape effects on the properties of nanoparticles
would enable their more efficient use and open new
application areas.

Mechanical properties of metal nanoparticles have
recently received much attention due to their rele-
vance to applications in tribology (e.g., additives to
lubricants), polishing and finishing (e.g., abrasive
additives in chemical mechanical polishing applica-
tions) [9], and most notably, energy storage and
conversion [10, 11]. Also, strain engineering of metal
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nanoparticles is an emerging new method of
improving their catalytic performance [12, 13]. Metal
nanoparticles also represent convenient objects for
testing the fundamental aspects of materials behavior
at ultra-high stresses since they easily fit in the con-
fined environment of the diamond anvil cell [14] and
can be easily produced in a defect-free state enabling
elastic deformation up to several percent [15].
Mechanical properties of noble metal nanoparticles
are especially interesting since the disturbing effect of
the native oxide film on the nanoparticle behavior can
be avoided [16]. Furthermore, the maximum tensile
stress that the nanoparticle can sustain before the
onset of plastic yielding determines the energy bar-
rier for the Kirkendall hollowing of the core-shell
nanoparticles [17].

The deformation mechanisms of metal nanoparti-
cles are remarkably different from those in the bulk
material. In bulk metals, the onset of plastic defor-
mation is associated with the motion of pre-existing



dislocations on energetically favored slip planes and/
or the activation of available dislocation sources [18].
In a pristine nanoparticle, no such dislocations exist,
making the nucleation of new dislocations the critical
step of plastic deformation [19, 20]. Two classical
models describe the upper limit of the pristine par-
ticle strength. The Polanyi and Frenkel model esti-
mates the upper limit of the material’s shear strength
as G/2m, whereas the more elaborate approach by
Mackenzie [21] estimates the ultimate shear strength
by G/30, where G is the shear modulus in the active
slip system. Both models predict the shear strength to
be orders of magnitude higher than the experimen-
tally measured strength of bulk materials. Also, since
the models mentioned above consider a homoge-
neous sliding of two crystal halves past each other,
the calculated strength does not depend on the
specimen’s size. Bridging the gap between the theo-
retical and experimental strength motivated the
active research on mechanics of pristine nanomate-
rials for more than three decades.

The focus of nanomechanical studies of sub-mi-
crometer-sized metal samples was primarily on the
absolute value of the strength and its size effect. Early
studies on microwhiskers [22] and later on focused
ion beam (FIB)-milled pillars [20, 23, 24] demon-
strated strength values a factor of 3-50 higher than
the strength of the respective bulk material, with a
pronounced size effect (“smaller is stronger”). More
recently, several studies have demonstrated that the
theoretical strength limit can be achieved in pristine
metal samples of sub-micrometer dimensions, such
as Mo pillars [25], Pd nanowhiskers [26], NizAl and
Ag nanocubes [27, 28], and Fe, Au, and Ni nanopar-
ticles [29-31], with the former five reporting a weak
or non-existent size effect. It was also found that the
equilibrated nanoparticles fabricated by solid-state
dewetting are stronger than pristine nanopillars of
similar size made of the same material. Mordehai
et al. [32] linked the size dependence of the strength
of faceted nanoparticles with stress concentration
within the particle. In contrast, other authors link the
size effect with a higher probability of finding dislo-
cations and their sources in larger samples, especially
in the case of FIB-milled nanopillars [30, 33]. We
reiterate that the mechanisms controlling the strength
are different in defect-free nanoparticles than in
nanopillars or nanowhiskers.

The effect of elastic strain on the catalytic activity of
Pt nanoparticles is the subject of intensive ongoing

studies [34, 35]. For example, it was shown that a
compressive strain of about 5% induced by a sub-
strate causes a 90% increase in the catalytic activity of
Pt nanoparticles in the oxygen reduction reaction
[34]. Therefore, determining the maximum stress that
Pt nanoparticles can sustain without plastic defor-
mation is of high interest. To the best of our knowl-
edge, no systematic studies of the mechanical
properties of Pt nanoparticles were reported in the
literature. To fill this gap of knowledge, we perform
here nanomechanical compression testing of Pt
nanoparticles and analyze the effect of the particle
size and shape on the yield strength. We also com-
pare the absolute and relative strengths of the faceted
Pt, Au, and Ni nanoparticles fabricated by similar
solid-state dewetting methods.

Materials and methods

We fabricated Pt nanoparticles using a solid-state
dewetting method similar to the previously reported
fabrication process for Au and Ni nanoparticles
[30-32]. We used two different processes to achieve a
wide distribution of nanoparticle sizes. Thin Pt films
of 10 and 30 nm in thickness were deposited using
e-beam evaporation on c-plane-oriented polished
(0001) sapphire substrates. The 30-nm-thick film was
annealed at the temperature of 1100 °C for 24 h,
while the 10-nm-thick film was annealed at 1000 °C
for 1 h. Annealing of the 30-nm-thick film resulted in
large, relatively symmetrical particles with a wide
spread of sizes, while the annealing of the 10-nm-
thick film resulted in smaller, asymmetrical, faceted
particles with sharp edges. An example of the parti-
cles formed as a result of solid-state dewetting of the
30-nm-thick film is shown in Fig. 1. We deformed 75
particles, 48 of them from the 30-nm-thick film fea-
turing an average projected diameter and height of
455 and 240 nm, respectively. The remaining 27
particles were from the 10-nm-thick film, with an
average projected diameter and height of 286 and
120 nm, respectively.

We conducted uniaxial compression tests using a
Hystrion PI85 Picolndenter fitted with a flat diamond
square punch of 1 x 1 pm? in size, in displacement
control mode with a displacement rate of 1 nm/s.
The projected and top facet areas of the particles were
determined from micrographs acquired using a Carl
Zeiss Ultra Plus high-resolution scanning electron
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Figure 1 Example of as-fabricated Pt nanoparticles. a Large area
SEM micrograph of the particles obtained by solid-state dewetting
of the 30-nm-thick Pt film at 1100 °C for 24 h. b Zoom-in on one

microscope (SEM). In case of doubt, the pixels at the
edge of the SEM image of the upper facet were
always assigned to this facet in order to avoid an
underestimation of its area, which would have led to
an overestimation of the particle strength. The parti-
cle height was measured using a XE 70 (Park Sys-
tems) atomic force microscope (AFM). Particle facet
identification was conducted by calculating normal
vectors from high-resolution AFM images. The
prevalence of a specific direction among the normal
vectors indicated the presence of the corresponding
facet orientation. We measured the angles between
the identified facets to determine their orientation
with respect to each other (details of the method are
presented in Supplementary Material). The only prior
knowledge about the facet identity we had was the
(111) orientation of the top facet parallel to the sub-
strate. The diamond punch was kept nearly perpen-
dicular to the sample surface to ensure homogenous
compression. We estimate the maximum misalign-
ment between the punch axis and the substrate nor-
mal at 2°. This misalignment minimizes the influence
of punch angle on the strength measurements
because an average particle with an average elastic
displacement at the strain burst would have estab-
lished a full contact between its upper facet and the
punch. We translated the experimentally measured
load and displacement values to the engineering
stress and strain by normalizing them by the top facet
area and the particle height, respectively, measured
before the compression test. The engineering stress
represents an average compressive stress on the top
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of the particles, with projected and top facet areas highlighted. The
corresponding diameters were calculated as the square roots of the
respective projected/top facet areas.

facet, whereas the local stress distribution is inho-
mogeneous, with stress concentration at the facet
edges and corners [32]. The engineering strain
determined in this way overestimates the particle’s
true compressive strain because the substrate defor-
mation and machine compliance are not taken into
account.

Results

Particle compression tests revealed two types of
mechanical behavior. Some particles exhibited a
catastrophic “strain burst” behavior, in which the
particle flattened upon yielding, resulting in a sud-
den jump of the punch displacement (Fig. 2a). This
effect is characteristic of defect-free particles, in
which the dislocation nucleation occurs once a critical
value of the compressive stress is reached. The strain
burst is caused by an avalanche of new dislocations
triggered by a nucleation event. The rest of the par-
ticles exhibited a “staircase yielding” characterized by
small displacement bursts followed by load drops
without any dramatic decrease of the particle height.
The multiple load drops followed by elasto-plastic
loading periods result in a significant decrease of the
average slope of the load—displacement curve [36].
This behavior is typical for particles with pre-existing
dislocations and dislocation sources. Upon reaching a
critical stress, plastic deformation is triggered by the
activation of dislocation sources and/or depinning of
existing dislocations, causing a displacement burst
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Figure 2 The results of microcompression tests of selected Pt
nanoparticles. a Load—displacement curves for particles with the
upper facet diameters, D, ranging from 150 to 620 nm, showing
that larger particles yield at a higher load. b Engineering stress—
strain curves of the same particles, demonstrating that the smaller
particles yield at a higher stress. The representative particles were
randomly selected from the two dewetted samples of 30- and
10-nm-thick Pt films.

followed by the annihilation of dislocations at the
particle surface [19, 37, 38]. In what follows, only the
particles which failed by a large strain burst will be
considered, as only such particles serve our goal of
analyzing the nucleation-controlled compressive
strength of the nanoparticles. Examples of load—dis-
placement and engineering stress—strain curves for 15
selected particles of different diameters are shown in
Fig. 2. The large scatter of slopes in the initial, elastic
region of the stress—strain curves in Fig. 2b results
from variations in the particle shapes. Due to the
large elastic strain at yielding, reaching on average
10%, the shape variations translate into slope varia-
tions in the elastic regions of the strain—stress curves.
The average stress at strain burst is 4.0 & 2.1GPa,
while for the strongest particles it reaches 9.5 GPa.

Figure 3 Particles of the three typical shapes. a Sharp-edged
particle, featuring a small top facet area compared with projected
area, with 6 pronounced side facets. b Symmetrical particle,
featuring a small top facet area compared with the projected area,
with more than 6 side facets. ¢ Pancake-shaped particle, featuring
a large top facet area compared to the projected area, with rounded
top facet edges and more than 6 side facets.

Considering the significant variations in the parti-
cle shape in the as-fabricated samples, we categorized
them into three types, as shown in Fig. 3. Sharp-
edged particles (Fig. 3a) feature a large top facet and
strongly tilted side facets, similar to the Ni
nanoparticles studied by Sharma et al. [31]. Some of
these sharp-edged particles exhibit quadruple rather
than triple vertices of facets, forming a four- or five-
sided top facet instead of the expected six-sided one.
Particles of this type were only found in the samples
produced from the 10-nm-thick Pt film annealed at
1000 °C for 1 h. The particles from another group
exhibited nearly equiaxed shapes (in the projected
view), with a small top six-sided facet and more than
six side facets (Fig. 3b). Such particles were found
mostly in the sample produced by the annealing of
the 30-nm-thick Pt film at 1100 °C for 24 h. Lastly, the
‘pancake’-shaped particles have a high aspect ratio

3s00  (b)

0 (110 3 (131)

Figure 4 Polar histograms of particle normal directions relative to
the [111] normal direction constructed from AFM images.
Distance from the center corresponds to 6 between 0 and 90°,
radial position corresponds to p between —180° and 180°. a Polar
histogram of the sharp-edged particles featuring peaks indicating
the prevalence of {100} and {221} type facets; b polar histogram
of symmetrical particles featuring peaks indicating the prevalence
of {110} and {311} type facets.
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(Fig. 30), featuring a relatively low height and a large
top facet (of a circular or irregular shape) with
rounded edges and without noticeable vertices.
Pancake-shaped particles were found in both sam-
ples. The nanomechanical testing was performed on
22 pancake, 23 sharp-edged, and 30 symmetrical
particles. In Fig. 4, we present a polar histogram of
the particle facet orientations produced from AFM
data with the aid of a custom code [39], to substan-
tiate our claim that the sharp-edged and symmetrical
particles are geometrically different. The facet iden-
tification of the chosen sharp-edged particle reveals
(100), (101), (001), (122), (010), and (221) facet planes
(Fig. 4a). The observed higher order {122} and {011}
facet planes are different from the facets commonly
observed in similar sharp-edged particles of FCC
metals exhibiting equilibrium crystal shapes [31].
Some sharp-edged particles exhibit only {001} and
{111} facets (Fig. S3 in Supplementary Material),
suggesting that their shape can deviate from the
equilibrium crystal shape of Pt. In comparison, the
symmetrical particles exhibit a larger number of
smaller facets (Fig. 3b). The polar histogram for the
symmetrical particles (Fig. 4b) reveals that the facets
sharing an edge with the top facet are (113), (011),
(131), (110), (311), and (101). The higher inclination
angle and the smaller facet size make it difficult to
identify the steeper facet planes (seen in the polar
histogram as smeared arc-shape spots).

Figure 5 shows the particle strength as a function
of the projected diameter D,,,; (square root of the

100.0
E X pancakes
2
o +sharp edged
@
v 10.0 + A A symmetric
= . - N - -
a — £ XXX'FﬁéAEﬁ Am\\\
g& r X+ i AEgA e
K ~3
£l F +A D)gg %% £
I} A4 A
o 1.0 ¢ A A
S
B
S
0.1 1 L 1 1 1
100 300 1000

Projected diameter (nm)

Figure 5 The particle strength as a function of the projected

diameter D,,,;, presented as a double-log plot. Different symbols

projs
distinguish the data points for the three particle types. The particle

strength ¢ follows the power law ¢ = AD;,’;].. The top envelope is
marked to highlight the change in slope of maximum strength

around Dp,,; = 400 nm.
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projected area), with the data for the three particle
types (sharp-edged, symmetrical and pancake-like)
represented by different symbols. Although the
shapes of the three particle types differ significantly,
the respective strengths completely overlap. Conse-
quently, in what follows, we will analyze the data of
all three particle types together. The particle strength
follows the power-law behavior ¢ = AD, 7., where A
and n (n~ 0.96 being the size exponent) are con-
stants. Figure 5 also shows a change in the slope of
the upper envelope of strength at the diameter of
about 400 nm.

Part of the large scatter of the particle strength in
Fig. 5 can be explained by the stochastic nature of the
dislocation nucleation process responsible for the
onset of yield [26, 40]. Other possible reasons are the
inevitable variation in compression parameters
between the individual particles and between the two
samples, such as a slight misalignment between the
top facet and the punch, and the punch surface con-
tamination in the in situ environment of SEM. Yet
another important factor is a “hidden” correlation
between the particle strength and shape. To reveal
this correlation, we introduce the shape parameter

Dy .
Q = 5%, where Dy, and D, are top facet diameter
proj

and the effective diameter of the projected particle
area, respectively (Fig. 1). Values of Q close to zero
correspond to a spherical or conical shape, while
Q values close to 1 are reached by particles of pris-
matic shape. The plot of Q against D,,,; (Fig. 6) shows
a large spread of the data points, confirming signifi-
cant variations of particle shapes for the same size.
Most Q values are distributed between 0.5 and 0.8,
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Figure 6 Correlation between the shape parameter Q and the
projected diameter of the particles, D,,,;. Note the large scatter of
the particle shapes for the same D,,;.
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with the pancake-shaped particles exhibiting higher
Q and D,,,; values.

We propose to express the combined size and
shape effect on the particle strength in the form of the
power law

O-:BD;?ronj (1)

where B, i, and j are constants. The least-square fit of
the data for 75 particles yields i = —0.74 £ 0.10 for the
size exponent and j= —1.66+0.25 for the shape
exponent (Fig. 7). Strong correlation is observed
between the measured strength and the predictions
of Eq. (1), with the Pearson correlation factor of 0.812
(Fig. 7a). Another graphical presentation of the
power law (1) is obtained by plotting the shape-cor-
rected strength, ("/Qj as a function of particle size

(Fig. 7b). Compared with the strength-size depen-
dence disregarding the shape effect (Fig.5), the
shape-corrected particle strength exhibits an
increasing scatter at high values of D, while
retaining the change in the slope at 400 nm.

Discussion

The shape variations of the particles fabricated in this
study were greater than for the previously studied
Au and Ni particles [31, 32]. We attribute this shape
variability to the metal evaporation during the high-
temperature solid-state dewetting annealing of Pt in
air. Indeed, already Edison noted that annealing of Pt
wires in air results in significant metal loss [41]. This
is related to the formation of unstable Pt oxide, which
evaporates during annealing. The shape of the Pt
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Figure 7 Shape and size dependencies of the particle strength
predicted by the power law g = BD;,,Dij. a Correlation between
the experimentally measured strength and predictions of Eq. (1).
The Pearson correlation factor P is indicated. b Size dependence of

particles formed at late stages of dewetting results
from an interplay between the capillary effects and
the kinetics of evaporation. The evaporation rate
sensitively depends on the local airflow in the fur-
nace and the size and shape of the metal islands
evolving into particles. Variations in these factors
result in a wide dispersion of the final particle shapes.
Pt particles annealed in ultra-high vacuum exhibited
highly rounded shapes with only {111} and {001}
facets present [42], whereas in this study the well-
defined {011}, {122}, and {113} facets were also
observed (Fig. 4). On the other hand, Au and Ni
particles produced by solid-state dewetting exhibited
mostly self-similar shapes of the same type [31, 32].
This is because the evaporation did not play any
significant role during the dewetting annealing of Ni,
and only a minor role during the dewetting of Au
[43]. Under these circumstances, the metal islands
evolved toward the same shape corresponding to the
minimum surface energy for the constant particle
volume (equilibrium crystal shape).

In the present study, we only analyzed the particles
that yielded in a catastrophic manner with a large
displacement burst during compression tests (Fig. 2).
This mechanical behavior is typical for defect-free
nanostructures. Therefore, our results can be com-
pared with the mechanical behavior of other defect-
free metal samples. A natural reference point for the
measured compressive strength is the theoretical
strength of the respective metals. We assume that the
particles yielded by the nucleation of full rather than
partial dislocations in the (111)< 110 > slip system
due to the high stacking fault energy of Pt [44]. The
shear modulus of Pt in the (111) plane is 54.8 GPa
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strength scaled by the shape parameter. A change of trend in the
top envelope (marked in yellow) of the strength is noted at

Dproj = 400 nm.
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[45-47], and the critical resolved shear stress (CRSS),
1, of the strongest particle tested here is 2.1 GPa. This
value translates to the maximum normalized strength
of G/21, which is within the G/2n-G/30 limits of the
theoretical shear strength. This value is comparable
to the maximum shear strength of NizAl nanocubes
(G/17 [28]) and Mo pillars (G/26 [25]). Note that the
fabrication methods of the NizAl nanocubes and Mo
pillars were different from the one employed in the
present study, which makes a direct comparison of
the results somewhat problematic. Indeed, Sharma
et al. [48] have pointed out that the strength is
affected by the surface topography and the defect
concentration in the near-surface layer of the sample,
which in turn depends on the fabrication method.
Therefore, the most direct comparison of our results
is with previous compression tests of faceted single-
crystalline Au and Ni nanoparticles obtained by the
solid-state dewetting technique similar to the one
employed in this work. Comparison of the uniaxial
strengths of the [111]-oriented Pt, Au, and Ni
nanoparticles as a function of their size is shown in
Fig. 8a. In Fig. 8b, we compare the normalized CRSS
values, also showing the range of the theoretical
shear strength according to Polanyi and Frenkel. The
smallest particles of all three metals are within the
theoretical strength limits, but the Pt nanoparticles
are weaker than the Au and Ni particles. They only
reach the lower limit of the theoretical strength, while
the Ni and Au particles also reach the upper limit
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Figure 8 Comparison of the size dependencies of the critical
resolved shear strength of Pt (present work), Au [31], and Ni [32]
nanoparticles obtained by solid-state dewetting. a Critical resolved
shear strength as a function of the top facet diameter,
demonstrating that Ni particles are significantly stronger than

their Au and Pt counterparts exhibiting similar strength.
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(Fig. 8b). This significant difference calls for an
explanation.

Density-functional theory (DFT) calculations of the
theoretical strength of different FCC metals predict
that the t/G ratio of Ni is twice as high as that of Pt
[49]. While this prediction is in qualitative agreement
with our results, quantitatively the t/G values for Ni
are nearly a factor of three higher than our experi-
mental values for Pt (Fig. 8b). Sharma et al. [31]
suggested that the exceptional strength of Ni
nanoparticles may be associated with the presence of
a thin native oxide layer covering the particles and
impeding the surface nucleation of dislocations. This
hypothesis seems to contradict the fact that the Au
nanoparticles exhibit the relative strength compara-
ble to that of Ni nanoparticles of similar normalized
size (Fig. 8b), while Au oxide is not stable at ambient
conditions. We will resolve this contradiction further
into the discussion.

Another interesting aspect of the relative strength
difference of Pt versus Ni and Au particles is the high
stacking fault energy in Pt. However, the high
stacking fault energy is expected to make Pt stronger
than Au and Ni, which contradicts the experimental
observations. Indeed, plastic deformation in the latter
two starts with the nucleation of a leading Shockley
partial dislocation, as observed in molecular dynamic
(MD) simulations [32] of compression of defect-free
nanoparticles of low stacking fault energy metals. In
Pt, on the other hand, with its relatively high stacking
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b Comparison of the normalized shear strength of Pt, Au, and
Ni nanoparticles. The shaded region represents the range of
theoretical strength values (from G/30 to G/2m) according to
Polanyi and Frenkel. Both Au and Ni nanoparticles approach the
upper limit of theoretical strength, while Pt nanoparticles only
reach the lower limit.



fault energy, the onset of plasticity is expected to be
associated with the nucleation of a full dislocation.
The nucleation barrier of this process is expected to
be higher than the nucleation barrier for a Shockley
partial, resulting in higher strength. This is because
the height of the nucleation barrier scales with atomic
displacements in the state of the highest energy
(transition state), and those scale with the magnitude
of the dislocation Burgers vector. Since the Burgers
vector of a Shockley partial is smaller than for a full
dislocation, a lower nucleation barrier is expected in
the former case. Thus, the difference in stacking fault
energies cannot explain the difference in strength
between the Pt nanoparticles and their Au and Ni
counterparts.

We believe that the particle shape plays a leading
role in the observed strength anomaly of Pt (com-
pared with Au and Ni). This is suggested by the large
scatter of the data points on the strength-size plot in
Fig. 5. In the present work, the particle shapes were
characterized using two different approaches: either
according to qualitative shape features (grouping into
three different types of sharp-edged, symmetrical,
and pancake-shaped particles) or according to the
quantitative shape factor Q. Of the two approaches,
only the shape factor seems to correlate with particle
strength. The overlap of the datasets representing the
three groups of particles in Fig. 5 indicates that the
types of the side facets and the sharpness of the edges
are not the decisive factors in strength. This is despite
the emphasis put on edge curvature by previous
studies [31, 32, 48, 50] which presented a positive
correlation between edge bluntness and strength. The
difference stems from the larger overall shape varia-
tion considered in this work, and the focus of previ-
ous studies on atomic scale edge sharpness. In this
respect, it is worth noting that the edges of the sharp-
edged particles studied in the present work are far
from being sharp at the atomistic scale, as demon-
strated in Fig. S3 in Supplementary Material. On the
other hand, we find a strong inverse correlation
between the particle strength and the shape factor
Q appearing in the power law (1) (see also Fig. 7).
Particles with smaller Q values clearly exhibit a
higher strength. Since the parameter Q convolutes the
wide variety of shape characteristics into a single
scalar value, the correlation with strength is not
perfect. Nevertheless, the power law (1) allows us to
decouple the size and shape effects on the particle
strength, at least qualitatively.

In previous studies of mechanical properties of
faceted metal nanoparticles, the top facet and pro-
jected diameters, Dy, and D,,;, were used inter-
changeably to describe the size dependence of
strength. This could also be done in the present study
since D,,,; and Dy, correlate (Fig. S4 in Supplemen-
tary Material). If the correlation was perfect, then
Q would be constant, and the size effect could be
represented by either D,,,; or D;.,. This was the case
in the previous studies [30-32, 48] where the particle
shape was close to the self-similar equilibrium Wulff
shape. In this case, the power law (1) reproduces the
size dependence of strength with the exponent i =
—0.74. This value is close to the exponents obtained in
the earlier reports [30-32, 48]. In the present work, the
average value of Q is higher than in the previous
studies of equilibrated nanoparticles. This difference
can explain the lower strength of the Pt nanoparticles
compared with the Au and Ni nanoparticles. Indeed,
atomistic simulations [31, 32, 48] suggest that the
dislocation nucleation occurs preferentially near the
corners and edges of the top facet. Increasing the top
facet size (Dy,p) increases the total number of poten-
tial nucleation points and thus the probability of a
nucleation event. Since, for the same projected size
(Dproj), particles with larger Q values have a larger
top facet, they are likely to fail at a lower compressive
stress than particles with smaller Q values. This
explains the relative weakness of the Pt particles
studied here and the negative sign of the shape
exponent j in the power law (1).

Now consider what happens when the size of the
top facet Dy, is fixed, while the projected area
diameter D,,, is varied. According to Eq. (1),
increasing D,,, at constant D,,, increases particle
strength (because |i| <|j|). The nucleation sites argu-
ment cannot explain this increase because the num-
ber of nucleation sites is the same for fixed Dy,.
However, increasing D, at fixed Dy, means, in
most cases, increasing dihedral angle between the top
and the side facets. Higher dihedral angle means
lower stress concentration at the edges, which means
that higher average stress on the top facet is needed
to achieve the same level of the local stress at the
edge. Thus, for two particles with equal D, the one
with higher value of D,,,; (and, hence, lower value of
Q) will likely fail at higher compressive stress. We
would like to emphasize that this conclusion is
somewhat counterintuitive. Indeed, increasing D,
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at fixed Dy, increases the average particle size, and
according to previously accepted size effect on
strength, this should decrease the particle strength.
Yet according to our correlation (1), the strength
actually increases.

The analysis based on the parameter Q is consistent
with the fact that the normalized strength of NizAl
nanocubes [28] and Mo pillars [25] is closer to that of
the “weak” Pt particles than to the “strong” Ni and
Au particles. The cubes and pillars are characterized
by Q = 1, placing them at the low end of the strength
spectrum. On the other hand, the Au particles stud-
ied by Mordehai et al. [32] exhibited especially
rounded shapes (Q<<1) and thus lay close to the high
end of the strength spectrum. The highly faceted Ni
particles are closer to the Pt nanoparticles in shape
but, as mentioned above, feature a native oxide layer
increasing the energy barrier for dislocation nucle-
ation. This solves the apparent contradiction dis-
cussed above: while both Au and Ni nanoparticles
feature similar normalized strength, it is mainly
attributed to small Q values for Au nanoparticles,
while the presence of native oxide plays a leading
role in their Ni counterparts. Also, the analysis based
on the shape parameter Q is consistent with the
results of previous studies of Sharma et al. [48] and
Kilymis et al. [51] who reported that Wulff-shape
nanoparticles of Mo and Si, respectively, are signifi-
cantly weaker than their spherical counterparts of a
similar size. Indeed, the spherical particle can be
formally described by a Q factor close to zero, which
according to our strength correlation (1) should result
in especially high strength (note that the shape
exponent j is negative).

Another interesting observation of this work is the
change in the slope of the highest strength envelope
seen in Fig. 5 and Fig. 7b. For particles smaller than
D,,; = 400 nm, the slope decreases, hinting at a
possible plateau at even smaller sizes. The phe-
nomenon of strength saturation at small sizes was
previously reported for Au nanoparticles [30], Mo
pillars [25], and Fe nanoparticles [29]. This saturation
resolves the paradox that the extrapolation to small
sizes exceeds the material’s theoretical strength,
contrary to the results of atomistic simulations. The
strength plateau was previously associated with the
theoretical strength of the respective defects-free
material [29]. However, the normalized maximum
strength of the Au particles is a factor of three higher
than that of Mo pillars and Pt particles. This
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contradiction can be resolved by taking into account
the shape dependence of strength. The strength of the
Au particles reaches a higher plateau because their
shape characterized by small Q values corresponds to
a higher strength for the same size. In light of the
present work, the plateau strength should be con-
sidered as the highest strength achievable in objects
of the given shape, and not necessarily the highest
strength of the given material.

Finally, the plateau strength of Pt nanoparticles of
7-9 GPa observed in the present work means that Pt
nanoparticles of much smaller sizes relevant to
catalysis (2-10 nm) also exhibit similar strength,
provided the dislocation deformation mechanisms
operate at such small sizes. This opens a wide win-
dow of opportunities for the strain engineering of
their catalytic performance.

Conclusions

The following conclusions can be drawn from the
present study:

1. We have fabricated Pt nanoparticles by solid-state
dewetting of thin Pt films of two different
thicknesses (10 and 30 nm) deposited on a sap-
phire substrate. The [111]-oriented particles exhi-
bit a large variety of shapes, which we attribute to
a competition between the surface energy driving
the particle shape toward equilibrium, and the
material loss by evaporation during dewetting
annealing.

2. Deformation behavior of the Pt nanoparticles in

compression has been tested in situ inside SEM
with the aid of a nanoindentation instrument
equipped with a flat diamond punch. Many
particles deform elastically up to a large strain
of several percent, followed by a single large
displacement burst. The rest of the particles
deform by a series of small displacement bursts
starting at the early stages of the tests.

3. For the particles exhibiting a large displacement

burst, the strength follows the “smaller is
stronger” trend reported earlier for the faceted
Au, Ni, and Mo nanoparticles.

4. We have grouped the particles into three classes

according to their general appearance and the
number and type of the side facets. No correla-
tion was found between these classes and the



particle strength, indicating that the crystallo-
graphic identity of side facets does not have any
significant effect on the strength.

5. We have introduced a shape parameter Q charac-
terizing the top facet's size relative to the
projected particle size. For the same particle size,
the particles with a larger top facet (larger Q) tend
to be stronger.

6. The experimental results follow a power law
describing the particle strength as a function of its
size and shape (Eq. (1)). The size and shape
exponents of the strength are generally different.

7. The decrease in the particle strength with an
increase in the relative size of the top facet (larger
Q) can be explained by the concomitant increase
in the total number of dislocation nucleation sites
on the top facet. This explanation is consistent
with the previous findings indicating that the
strength of the pristine NizAl nanocubes and Mo
pillars, normalized by the shear modulus, is
lower than the strength of faceted nanoparticles,
featuring lower Q values.

8. The normalized strength of the Pt particles is a
factor of three lower than that of Au and Ni
nanoparticles fabricated by the same method.
This is consistent with the predictions of DFT
calculations of the normalized theoretical shear
strength of Pt. We also suggest that part of this
effect can be attributed to systematic differences
of the particle shapes.

The results of this work clearly indicate that the
shape of nanoscale metal specimens can strongly
affect their strength. The shape should be considered
on par with the specimen size as an important factor
in nanoscale plasticity.
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