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ABSTRACT: Porous platinum nanoparticles provide a route for the development of
catalysts that use less platinum without sacriﬁcing catalytic performance. Here, we examine
porous platinum nanoparticles using a combination of in situ transmission electron
microscopy and calculations based on a ﬁrst-principles-parametrized thermodynamic
model. Our experimental observations show that the initially irregular morphologies of the
as-sythesized porous nanoparticles undergo changes at high temperatures to morphologies
having faceted external surfaces with voids present in the interior of the particles. The
increasing size of stable voids with increasing temperature, as predicted by the theoretical
calculations, shows excellent agreement with the experimental ﬁndings. The results indicate
that hollow-structured nanoparticles with an appropriate void-to-total-volume ratio can be
stable at high temperatures.
SECTION: Physical Processes in Nanomaterials and Nanostructures
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nanostructured particles. Porous nanostructures can be
synthesized using a variety of approaches, including the use
of templates to generate mesoporous13 and dendritic
structures,14,15 colloidal methods to generate hollow structures,16−18 and self-organization and other methods to generate
dispersed porous nanoparticles.19−21 Porous-structured platinum particles not only possess a greater surface area, but more
importantly, they contain additional sites for the reactions.21
These advantages have been evidenced through their higher
catalytic activity over conventional platinum particles.19−21
On the other hand, platinum particles are known to sinter at
high temperatures, which is unfortunate given that most of the
chemical reactions happen at elevated temperatures (typically
between 150 and 500 °C but up to 1000 °C in combustion
conditions). Sintering causes both a reduction in the surface
area and changes to the particle morphologies, and it is a major
factor in the deactivation of nanoparticle catalysts. Hence, while
porous nanostructured particles may provide economic
advantages over solid particles of the same diameter, their
usefulness is assured only if they are thermodynamically stable

latinum and platinum-based bimetallic nanoparticles
continue to ﬁnd application in a plethora of industrial
scenarios. For example, they are used as critical components in
automobile catalytic converters,1 in the petroleum industry for a
number of catalytic re-forming processes,2 and as electrocatalysts for PEM fuel cells.3,4 The activity of such nanoparticle
catalysts is largely dependent on the accessible surface area of
the nanoparticles. In the case of platinum-based nanoparticles,
particles smaller than 10 nm dispersed on support materials,
such as carbon black, silicon oxide, titanium oxide, and
aluminum oxide, are used to achieve high activity. However,
while platinum-based catalysts achieve excellent performance,
platinum is an extremely rare metal (<0.003 ppb in the earth’s
crust) with a correspondingly high price. Hence, reduction of
the amount of platinum used in platinum-based catalysts,
without sacriﬁcing catalytic performance, is a major pursuit in
the development of new catalysts.
Several current strategies exist for reducing the amount of
platinum used. These include the synthesis of subnanometer
platinum clusters,5,6 engineering nanoparticles of speciﬁc
shapes for increased activity,7−9 and the addition of secondary
metals to reduce both the platinum content and the degree of
poisoning.10−12 Another increasingly important strategy is to
increase the surface-area-to-volume ratio by means of porous
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under the temperatures relevant to catalysis. An important step
toward resolving the dilemma is to establish an understanding
of the stability of porous nanoparticles as a function of
temperature.
Here, we present a study of the atomic-scale evolution of
porous platinum nanoparticles at several temperatures up to
600 °C. The porous Pt nanoparticles were synthesized using a
two-step process22 (see the Supporting Information for details).
To study the structural and morphological changes to the
porous nanoparticles at elevated temperatures, we have used
aberration-corrected in situ transmission electron microscopy
(TEM), which allows us to image changes in nanoparticles in a
controlled environment without the inﬂuence of ex situ factors.
The use of an aberration-corrected TEM enables higher spatial
resolution and increased accuracy in the interpretation of
structural changes of the nanoparticles. To explain the
experimental observations, we have carried out thermodynamic
modeling based on ﬁrst-principles calculations using parameters
matching the experimental conditions.
Figure 1 shows representative high-resolution TEM
(HRTEM) images of the as-synthesized porous Pt particles.

Figure 2. Selected temperature sequence of a single particle shown in
Figure 1a, taken in situ in an aberration-corrected TEM at 300 kV: (a)
120, (b) 220, (c) 300, (d) 400, (e) 500, and (f) 580 °C. The surface
facets seen edge-on are labeled in (d), and the voids are marked with
white arrows.

While the external surfaces of the nanoparticles became wellfaceted with increasing temperature, the porous nanoparticles,
unexpectedly, do not sinter to form solid nanoparticles. Instead,
we found that voids exist in the interior of the majority of
nanoparticles at higher temperatures, and we observe changes
in these voids with increasing temperature. For example, in the
case of the nanoparticle considered above, at 300 °C, there are
voids of approximately 1.5 nm in size within the particle
(Figure 2c). Upon increasing the temperature to 400 °C, voids
in close proximity coalesce to form larger voids (Figure 2d).
For temperatures between 400 and 580 °C, these larger voids
remain stable (Figure 2d−f).
Figure 3 provides another example of the temperaturedependent morphology of the porous Pt nanoparticles.
Although in this case the nanoparticle is in contact with
neighboring nanoparticles, we nonetheless observe trends
similar to the previous example of an isolated nanoparticle.

Figure 1. Aberration-corrected HRTEM images of as-synthesized
porous platinum particles. A single-crystalline primary particle is
shown in the inset.

The particles have sizes in the range of 18−19 nm, and are
comprised of single-crystal primary particles 5.5 nm in size.
Primary particles are octahedrally shaped, as shown in the inset
in Figure 1. We have also found a small fraction of the primary
particles that are truncated octahedron shaped. The shapes of
these primary particles are in agreement with our previous
experimental observations23−26 as well as recent theoretical and
experimental reports.27−29
To establish the thermal stability of the porous nanoparticles,
that is, the eﬀect of temperature on the porous nanostructures,
the particles were heated in situ under vacuum in the
aberration-corrected TEM. Figure 2 shows the morphological
evolution of a single nanoparticle from room temperature up to
580 °C over a time frame of 4 h (the room-temperature image
is shown in Figure 1a). At room temperature, the shape of the
particle is quasi-spherical with an irregular external surface, as
expected for a porous nanoparticle. With increasing temperature up to 300 °C, the external surfaces gradually became
smoother, and the {111} and {100} facets begin to deﬁne the
exterior shape (Figure 2a−c). At 400 °C, the particle becomes
well-faceted, forming a shape close to a truncated octahedron
with a very small fraction of {110} surfaces (surface planes were
determined using Fourier transforms of the HRTEM images),
as shown in Figure 2d. For temperatures between 400 and 580
°C, the morphology of the particle remains unchanged (Figure
2d−f).

Figure 3. Selected temperature sequence of a nanoparticle, taken in
situ in an aberration-corrected TEM at 300 kV: (a) room temperature,
(b) 400, (c) 500, and (d) 600 °C. The inset shows the enlarged image
of (b).
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Figure 4. The total free energy, G(T,d,n) in kJ/mol, of diﬀerent void conﬁgurations at various temperatures (indicated). Yellow bars represent the
solid nanoparticle having the same mass (no voids), and the red bars represent conﬁgurations where the interfaces have melted and the voids have
collapsed.

For example, at 400 °C, once again, the irregular surface of the
as-synthesized nanoparticle has become smooth and wellfaceted, and voids approximately 1.5−2 nm in size have formed
within the particle (Figure 3b). Upon increasing the temperature to 600 °C, the particle has sintered with nearby particles,
and the voids have migrated to form larger voids (Figure 3d).
A more detailed analysis reveals that the voids formed at
higher temperatures are faceted. As shown in the inset of Figure
3, an enlarged image of Figure 3b, the shapes of the voids are
truncated octahedra with {111} and {100} surfaces. Similar
trends regarding the shape, size, coalescence, and migration of
voids described here have been observed in aged platinum foils
annealed at temperatures between 250 and 500 °C.30 Although
the void formation mechanisms are diﬀerent for platinum
nanoparticles and aged foils, the agreement in the shapes and
sizes of voids supports the formation of voids in platinum as a
general phenomenon.

The existence and stabilities of voids in the nanoparticles
have general implications for developing an understanding of
the stability of porous nanoparticles, including the hollow- and
mesoporous-structured ones. To this end, we have undertaken
thermodynamic modeling based on parameters obtained from
ﬁrst-principles computer simulations. By using a theoretical
approach, it is possible to predict the optimal void size and
fraction under diﬀerent conditions and to understand the
sintering of the voids as the nanoparticles equilibrate. The
shape-dependent thermodynamic model used here includes
contributions from the particle bulk and surfaces31 (see the
Supporting Information for details). This model has previously
proven successful in predicting the size- and temperaturedependent shapes of gold32 and platinum23,24 nanoparticles,
without necessitating a large number of explicit simulations of
individual structures.33 The inclusion of voids within nanoparticles has been achieved by adding a contribution from the
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the voids sinter so that the entire nanoparticle can adopt the
most stable conﬁguration.
The stabilities of voids within nanoparticles at high
temperatures (>200 °C), predicted by the theoretical
calculations, support our experimental observations. The stable
sizes of the voids, from approximately 1.2 to 2 nm for
temperatures from 200 to 600 °C, are in good agreement with
the experimental measurements. By combining both the
experimental and the theoretical results, we have shown that
porous platinum nanoparticles are relatively stable below ∼200
°C. At higher temperatures, the primary particles sinter, the
irregular external morphology of porous nanoparticles changes
to faceted surfaces, and the particles therefore lose their high
external surface areas. However, the voids are present and
stable in the interior of the particles. We anticipate that such
behavior is general for porous metal particles of diﬀerent
conﬁgurations. That is, sintering happens at high temperatures
so that the porous particles transform into faceted particles, but
voids can be stable within the particles to maintain a
thermodynamically favorable hollow structure. Such behavior
can be used as an indication of the thermal stability of hollowstructured nanoparticles. When engineered with an appropriate
void-to-total volume ratio, the hollow nanoparticles can be
stable beyond 200 °C, so that it is possible to preserve their
porosity at elevated temperatures. Considering the high cost of
platinum, the presence and the stability of the voids in platinum
particles at high temperatures could provide an economic
advantage for the application of platinum-based catalysts.

void/particle interface to the total free energy of the system.
The contribution from the voids is additive, and each void is
characterized by its own (negative) surface-to-volume ratio but
is still enclosed by {111} and {100} “facets”, as observed
experimentally. Void surfaces are referred to as interfaces to
distinguish them from the external surfaces enclosing the
nanoparticle. Just as the free energy (G) of the ﬁnal
nanoparticle is proportional to the surface-to-volume ratio, q,
and the weighted sum of the free surface energies (∑i f iγi)
(where f i is the fractional surface area of facet i and γi is the free
energy of facet i), so too is the free energy associated with the
voids (G′) proportional to the interface-to-volume ratio, q′, and
the weighted sum of the interface energies (∑i f ′iγ′i). In the
simulations, the shape of the nanoparticle and the shapes of the
individual voids have been optimized as a function of
temperature, with the total mass of the system kept constant.
This means that the diameter (D) of the nanoparticle increases
proportionally when we introduce more voids or larger voids
and may be easily calculated using
⎡ 3(M /ρ) + 4/3n π(d /2)3 ⎤1/3
⟨D⟩ = 2⎢
⎥
4π
⎦
⎣

(1)

where ρ is the density of platinum, M is the mass, the average
diameter of the voids is denoted by d, and the number of voids
per nanoparticle is denoted by n. For a total mass equivalent to
the nineteen 5.5 nm octahedral primary nanoparticles, the
stability of the diﬀerent void conﬁgurations, calculated as the
total free energy of the system, is shown in Figure 4. In these
graphs, the yellow bars represent the completely solid
nanoparticle (no voids), and the red bars represent
conﬁgurations where the interfaces have melted and the voids
have collapsed. In other words, the voids are beneath the sizedependent melting temperatures and cannot maintain the
integrity necessary to exist at these conﬁgurations. At low
temperature (Figure 4a), 1.0 nm voids have already collapsed,
and all other void sizes are unstable with respect to a solid
nanoparticle (irrespective of the void fraction).
However, as the temperature increases, we see an increased
stability for certain void conﬁgurations. At T = 200 °C, in
Figure 4b, a particle containing voids between 1.2 and 1.3 nm is
more stable than a solid particle, particularly when the number
of voids is high. This is due to a combination of factors. As
mentioned above, as the number of voids increases, the overall
diameter of the particle increases, and the external surface-tovolume ratio decreases to preserve the volume; therefore, the
contribution from the sum of the external surfaces is reduced.
There is an added contribution from the interfaces, but when
they are very close to the size-dependent melting temperature,
this contribution is insuﬃcient to compensate the change in the
external surface energy. When the voids are larger, this
contribution overcompensates, and the conﬁguration is
thermodynamically unfavorable once more. Only those voids
that have the appropriate size can compensate for the reduction
of the contributions from external surface free energies.
At still higher temperatures, such as those shown in Figure 4c
and d, larger voids become stable due to the same combination
of contributions from the interfaces and the reduction in the
external surface-to-volume ratio. Under these conditions, larger
voids are close to the size-dependent melting temperature, and
smaller voids have collapsed. This means that while there is
always a small range of void sizes that is thermodynamically
stable, the stable sizes increase with increasing temperature, and
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