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CONSPECTUS: The last two decades have witnessed the successful development
of noble-metal nanocrystals with well-controlled properties for a variety of
applications in catalysis, plasmonics, electronics, and biomedicine. Most of these
nanocrystals are kinetically controlled products greatly deviated from the
equilibrium state defined by thermodynamics. When subjected to elevated
temperatures, their arrangements of atoms are expected to undergo various
physical transformations, inducing changes to the shape, morphology (hollow vs
solid), spatial distribution of elements (segregated vs alloyed/intermetallic),
internal structure (twinned vs single-crystal), and crystal phase. In order to
optimize the performance of these nanocrystals in various applications, there is a
pressing need to understand and improve their thermal stability.
By integrating in situ heating with transmission electron microscopy or X-ray
diffraction, we have investigated the physical transformations of various types of noble-metal nanocrystals in real time. We have also
explored the atomistic detail responsible for a physical transformation using first-principles calculations, providing insightful guidance
for the development of noble-metal nanocrystals with augmented thermal stability. Specifically, solid nanocrystals were observed to
transform into pseudospherical particles favored by thermodynamics by reducing the surface area while eliminating the facets high in
surface energy. For nanocrystals of relatively large in size, a single-crystal lattice was more favorable than a twinned structure. When
switching to core−shell nanocrystals, the elevation in temperature caused changes to the elemental distribution in addition to shape
transformation. The compositional stability of a core−shell nanocrystal was found to be strongly dependent on the shape and thus
the type of facet expressed on the surface. For hollow nanocrystals such as nanocages and nanoframes, their thermal stabilities were
typically inferior to the solid counterparts, albeit their unique structure and large specific surface area are highly desired in
applications such as catalysis. When a metastable crystal structure was involved, phase transition was also observed at a temperature
close to that responsible for shape or compositional change. We hope the principles, methodologies, and mechanistic insights
presented in this Account will help the readers achieve a good understanding of the physical transformations that are expected to
take place in noble-metal nanocrystals when they are subjected to thermal activation. Such an understanding may eventually lead to
the development of effective methods for retarding or even preventing some of the transformations.
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the nanocrystals was observed, with the deformation of the
cube occurring at a temperature 400 °C lower than the
octahedral shape, whereas the alloying between the Pd core
and Pt shell of an octahedron occurred at a temperature
200 °C lower than that for the cubic counterpart.

• Zhao, M.; Chen, Z.; Lyu, Z.; Hood, Z. D.; Xie, M.; Vara,
M.; Chi, M.; Xia, Y. Ru Octahedral Nanocrystals with a
Face-Centered Cubic Structure, {111} Facets, Thermal
Stability up to 400 °C, and Enhanced Catalytic Activity.
J. Am. Chem. Soc. 2019, 141, 7028−7036.3 This work
examined the thermal stability of Rh@Ru core−shell
octahedra in terms of shape and crystal structure. At a
temperature around 500 °C, the octahedron started to show
truncated corners while the crystal structure transformed
from face-centered cubic (fcc) to hexagonal-close packed
(hcp).

• Zhao, M.; Xu, L.; Vara, M.; Elnabawy, A. O.; Gilroy, K.
D.; Hood, Z. D.; Zhou, S.; Figueroa-Cosme, L.; Chi, M.;
Mavrikakis, M.; Xia, Y. Synthesis of Ru Icosahedral
Nanocages with a Face-Centered-Cubic Structure and
Evaluation of Their Catalytic Properties. ACS Catal.
2018, 8, 6948−6960.4 This work evaluated the thermal
stability of Ru icosahedral nanocages in terms of crystal
structure (fcc vs hcp) and morphology (hollow vs solid). At
a temperature around 350 °C, the crystal structure
transformed from fcc to hcp due to the ultrathin walls, in
addition to the f ragmentation of the nanocage into multiple
solid pieces.

1. INTRODUCTION
Thermodynamics and kinetics both play important roles in
determining the arrangement of atoms in a solid material.
While thermodynamics defines the most stable arrangement
with the lowest total free energy, kinetics controls the path and
time scale in reaching the thermodynamic state. During the
synthesis of a solid material, the arrangement of atoms can be
arrested at local minima, generating metastable or kinetically
controlled products (Figure 1A).5 Remarkably, the kinetically
controlled products can persist over long periods and even find
use in applications. A classic example can be found in diamond,
a metastable allotrope of carbon that is supposed to
spontaneously transform into graphite under ambient con-
ditions (Figure 1B). In reality, however, the transformation
kinetics is so slow that diamond can last “forever” once it has
been synthesized. As a matter of fact, diamond has found use
in a variety of industrial applications, even though it is a
metastable, far-from equilibrium material.6,7 While the
direction of a transformation is set by thermodynamics, it is
kinetics that controls the rate and thereby the duration of time
necessary for completing the transformation. The kinetics is, in
turn, controlled by temperature. According to Arrhenius
equation (k = −A e E RT/a ), the rate constant k is determined
by the ratio between the activation energy (Ea) and the thermal
energy (temperature, T).5 When a kinetically controlled
product is subjected to thermal activation, its transformation
into the equilibrium state will be greatly accelerated. In
addition to direct heating, the temperature can also be elevated
through the application of light irradiation or ultrasonica-
tion.8−10

In the case of noble-metal nanocrystals, the transformation
of atomic arrangement can arise from variations in shape,
morphology, composition, and/or internal structure, as well as

the crystal phase. Figure 2 shows three examples of physical
transformations that noble-metal nanocrystals typically expe-
rience when they are subjected to elevated temperatures,
including shape deformation, change in elemental distribution,
and fragmentation. Other transformations such as changes to
the internal structure and/or crystal phase may also occur. In
some cases, all these five types of transformations can take
place in the same particle, at similar or different temperatures.
It should be pointed out that many catalytic reactions involving
noble-metal nanocrystals are conducted at elevated temper-
atures, with notable examples including the Fischer−Tropsch
process (150−300 °C),11 CO oxidation (25−300 °C),12 water
gas shift reaction (200−450 °C),13 and ammonia synthesis
(400−600 °C).14 As such, it is of critical importance to
understand how the noble-metal nanocrystals will behave upon
heating by uncovering the mechanistic details underlying
various types of physical transformations. Such an under-
standing will aid the rational development of strategies for
enhancing the thermal stability of noble-metal nanocrystals.
Here we offer an account of recent progress in under-

standing the transformations of noble-metal nanocrystals when
they are subjected to thermal activation. We begin with a
discussion on the changes to shape and internal structure of

Figure 1. (A) Schematic illustration showing the formation of
kinetically controlled products being trapped at various local minima
relative to the thermodynamic product located at the global minimum
in terms of total free energy. (B) Schematic illustration showing
graphite as a thermodynamically more favorable material than
diamond under ambient conditions. ΔG represents the change in
Gibbs free energy for the transformation from diamond to graphite.
(A) Reproduced with permission from ref 5. Copyright 2015
American Chemical Society.
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solid monometallic nanocrystals, and then extend the scope to
core−shell and hollow nanocrystals. For the latter two systems,
the transformations are dominated by variation in elemental
distribution and fragmentation, respectively. Depending on the
metals involved, phase transition may also occur. Throughout
our discussion, we pay close attention to the mechanistic detail
of each transformation, as well as the possible strategies for
retarding or preventing the transformation.

2. SOLID MONOMETALLIC NANOCRYSTALS
For solid monometallic nanocrystals, the most commonly
observed transformation is the changes to shape or
morphology as a result of truncation at corners and edges.
Such a transformation will be sped up when the nanocrystals
are subjected to elevated temperatures because of the
acceleration in atom diffusion. In an early study, we
investigated the shape transformation of Pd nanocubes when
heated to 500 °C for 1 h in a high-resolution transmission
electron microscope (TEM).15 Significant truncation occurred
to the corners, as revealed by the enlargement of {111} facets
and shrinkage of {100} facets. Such an observation implied the
migration of atoms from corners to side faces (Figure 3A). For
a face-centered cubic (fcc) metal, the surface free energies of
the low-index facets decrease in the order of γ{110} > γ{100} >
γ{111} in the absence of capping agent.5 As a result, truncating
the corners and thus enlarging the {111} facets are favored by
thermodynamics as it will reduce the total surface free energy
of the particle. In addition to corner truncation, surface
reconstruction was also observed during thermal annealing.
Owing to the involvement of atomic addition in the growth of
nanocubes, several types of surface defects, including adatom
islands, vacancy pits, and steps, tended to form on the side

faces (Figure 3B and C). These defects disappeared during
thermal annealing for the creation of a smooth surface,
suggesting the involvement of surface reconstruction (Figure
3D and E). Because of their lower coordination numbers and
thus higher energies relative to those atoms situated on a
perfect surface, the defects are not favored by thermodynamics,
providing a major driving force for their removal during the
annealing process.
Along with the shape transformation, thermal annealing can

also induce changes to the internal structure of nanocrystals for
the elimination of twin defects.1 To this end, we examined the
thermal stability of twinned nanocrystals with a concave shape,
which have attracted extensive attention in catalysis due to the
presence of a large proportion of low-coordination atoms,
high-index facets, and lattice strain.16 Such nanocrystals are far
from equilibrium in terms of either surface or volume energy
and are susceptible to physical transformations when subjected
to elevated temperatures. We investigated the thermal stability
of Pd concave icosahedra (Figure 4A) in real time through the
use of high-resolution TEM equipped with in situ heating
capability.1 At room temperature, the angle between adjacent
facets was found to vary between 120° and 160°, confirming a
concave surface (Figure 4B). As the temperature was increased
to 200 °C, concavity decreased as revealed by the increase in
angle between adjacent facets. The trend became more obvious
when the temperature reached 400 °C, at which point the

Figure 2. Schematic illustration showing different types of physical
transformations in terms of shape, elemental distribution, or
morphology when noble-metal nanocrystals are subjected to thermal
activation.

Figure 3. (A) Schematic illustration showing the migration of surface
atoms on a Pd nanocube during the annealing process. (B) High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image of an as-prepared, single Pd nanocube. (C)
Magnified image of the selected region (b) in panel (B). (D)
HAADF-STEM image of a Pd nanocube after annealing at 500 °C for
1 h. (E) Magnified image of the selected region (b) in panel (D). An
acceleration voltage of 200 kV was used for STEM imaging.
Reproduced with permission from ref 15. Copyright 2010 Springer
Nature.
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overall shape of the nanocrystal became a regular icosahedron
but with a rounded profile due to the truncation at corners
(Figure 4C). Upon heating, the Pd atoms situated at the tips of
a concave icosahedron quickly gained adequate kinetic energy
to migrate across the surface and settled onto side faces, so the
total surface free energy of the particle would be reduced. Up
to 400 °C, the twin defects remained largely intact because of
the greater barrier to atom diffusion in the bulk than on the
surface.
Elevating the temperature further to 600 °C led to more

dramatic changes. When the atoms in the bulk gained enough
kinetic energy to eliminate the twin defects and alleviate the
strain energy, the icosahedron evolved into a single-crystal
particle favored by thermodynamics (Figure 4D).1 As such,
both the total surface free energy and volume energy are
minimized. Based on theoretical calculations, Pd icosahedra are
only stable at a size smaller than 1.5 nm, corresponding to
around 100 atoms or fewer.17,18 In comparison, decahedral and
single-crystal particles are thermodynamically more favorable
for nanocrystals with sizes of 1.5−6 and >6 nm (i.e., 100−6500
and more than 6500 atoms), respectively. For icosahedra and
decahedra, the excess energy caused by strain increases as the
nanocrystals get larger, contributing to their intrinsic thermal
instability. Similar structural reorganization was also reported
for FePt icosahedra under electron beam flux.19 Upon
irradiation by a high dose of electrons (∼200 A/cm2 at an

acceleration voltage of 300 kV), corner truncation occurred,
followed by their melting and recrystallization into a single-
crystal structure.
To quantitatively analyze the diffusion of atoms across the

surface of a Pd concave icosahedron, density functional theory
(DFT) calculations were conducted and the surface concavity
was represented by a series of steps.1 It was found that the
activation energy barriers for the key steps in the trans-
formation, such as the ejection of atoms out of steps and their
diffusion downward to a subsequent step, could be overcome
at 200 °C, in agreement with the experimental observation.
Given the thermodynamics of all possible stepwise removal
sequences, the topmost layer would be removed first, starting
from the most undercoordinated atoms located at edges,
followed by the removal of the underlying, incomplete layers.
Interestingly, as the number of the eliminated atomic rows
increased, the activation energy for ejecting a step edge atom
decreased as well. In other words, once the deformation
started, a decreasing resistance would be experienced in
transforming to a less concave structure, explaining the swift
reconstruction of the concave icosahedron.

3. SOLID CORE−SHELL NANOCRYSTALS
Core−shell nanocrystals have received ever increasing interest
for applications in catalysis and plasmonics.20−22 Despite the
significant progress in controlling the synthesis of core−shell

Figure 4. (A) Schematic illustration showing the transformations of shape and internal structure for a Pd concave icosahedron when heated to
different temperatures, together with the energy diagram of the nanocrystal at each stage. (B−D) High-resolution TEM images (acceleration
voltage: 200 kV) showing the transformation of an individual Pd nanocrystal from (B) a concave icosahedron (23 °C) to (C) a regular icosahedron
(400 °C), and finally (D) a single-crystal structure (600 °C). The scale bars are 5 nm. Reproduced with permission from ref 1. Copyright 2017
American Chemical Society.
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nanocrystals with different combinations of elements, their
compositional stability at elevated temperatures remains a
major concern because of possible mixing between the atoms
in the core and shell. In the presence of shape transformation,
these two processes may even couple with each other, creating
thermal behaviors different from those of monometallic
nanocrystals.
By integrating high-resolution TEM with DFT calculations,

we systematically investigated the shape-dependent thermal
stability of Pd@Pt4L core−shell nanocrystals.2 The nanocubes
were found to exhibit a reverse trend in terms of shape and
compositional stability relative to their octahedral counter-
parts. Upon heating, the nanocubes started to lose their shape
and smooth surface at 500 °C, while the octahedral sample
could maintain its shape up until 900 °C (Figure 5A and B).

On the other hand, the nanocubes showed superior composi-
tional stability, with the core−shell structure being preserved
until 800 °C, 200 °C higher than the transition point for their
octahedral counterparts. Our DFT calculations suggested that
the shape stability of the core−shell nanocrystals was highly
dependent on the facets expressed on the surface.2 When
moving an atom from the edge to an adjacent facet, the process
was exothermic in the cubic model (ΔE = −0.15 eV) whereas
highly endothermic for the octahedral model (ΔE = 1.64 eV),
and the energy barrier (0.60 vs 1.99 eV) was much lower for
(100) than that for (111). The difference in energetics can be
ascribed to the lower coordination number for the edge atoms
in a cube relative to that in an octahedron (5 vs 7). With fewer
bonds connecting to neighboring atoms, the edge atoms in a
cube have higher mobility, leading to shape deformation at a
lower temperature. Moreover, the greater surface energy of
(100) relative to (111) provides an additional driving force for
the shape transformation of a nanocube.
Other than shape stability, DFT calculations revealed that

the compositional stability of the core−shell nanocrystals was
also dependent on the type of facet exposed on the surface.2 It
was suggested that the intermixing between the Pd atoms in
the core and the Pt atoms in the shell was mediated by the
subsurface vacancies incorporated into the nanocrystals during
seed-mediated growth, which could reduce the energy barrier
to atom diffusion (Figure 5C). Although the energy barriers for
the subsurface vacancy formation were similar (0.46 vs 0.50
eV) for (100) and (111) facets, the process was more
exothermic on (111) relative to (100) (ΔE(100) = −0.14 eV vs
ΔE(111) = −0.88 eV). As such, a higher concentration of
subsurface vacancies would be thermodynamically favored in
octahedral nanocrystals, facilitating the interdiffusion of atoms
and thus the loss of core−shell structure at a lower
temperature relative to the cubic system. Additionally, ex situ
heating experiments confirmed that both the Pd@Pt4L cubes
and octahedra could preserve their shapes and core−shell
structures at a temperature up to 400 °C, demonstrating their
great promise in thermal catalysis.
In addition to the transformations in shape and composition,

the crystal structure of core−shell nanocrystals may undergo
phase transition upon heating. To this end, we analyzed the
thermal stability of Rh@Ru core−shell octahedral nanocrystals
by TEM and X-ray diffraction (XRD), both conducted in situ.3

Due to the templating effect from the fcc-Rh core, the Ru
atoms in the shell were crystallized in an fcc lattice, instead of
the hexagonal-close packed (hcp) phase typical of bulk Ru.
The fcc-Ru phase is expected to exhibit superior catalytic
activities toward an array of reactions when compared with the
hcp counterpart, but the former is a kinetically controlled
product.23,24 Based on DFT calculations, the hcp phase is more
stable than the fcc phase for Ru nanocrystals with a relatively
large size (>6 nm) because of the greater cohesive energy in
hcp lattice.25,26 Upon heating, the Rh@Ru core−shell
nanocrystals could maintain their octahedral shape up to 400
°C and then transform into spheroids at higher temperatures as
a result of rounding at the corners and edges (Figure 5D).
Energy-dispersive X-ray (EDX) mapping of the nanocrystals
annealed at 400 °C confirmed the well-preserved core−shell
structure, with the surface still dominated by Ru while the Rh
core was slightly enlarged owing to atomic interdiffusion. The
in situ XRD data shown in Figure 5E indicate that the fcc
structure of the Ru shell was well preserved up to 400 °C,
followed by phase transition from fcc to hcp at 500 °C. These

Figure 5. (A, B) HAADF-STEM images recorded from the same (A)
Pd@Pt4L cube and (B) Pd@Pt4L octahedron under different heating
conditions (acceleration voltage: 300 kV). The scale bar in (A) is 10
nm and applies to all other images in (A) and (B). (C) Energetics of
subsurface vacancies in surface models of the Pd@Pt4L nanocrystals.
(D) High-resolution TEM images recorded from the same Rh@Ru
octahedron under different heating conditions (acceleration voltage:
300 kV, electron dose rate: ∼ 106 e/nm2·s). The scale bar is 5 nm and
applies to both images in (D). (E) XRD patterns of fcc Rh@Ru
octahedra heated to different temperatures. The characteristic peaks
of fcc- and hcp-Ru are marked by blue and red dashed lines,
respectively. Reproduced with permission from (A−C) ref 2 and (D,
E) ref 3. Copyrights 2017 and 2019 American Chemical Society,
respectively.
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results confirmed that both the shape and fcc structure of the
Rh@Ru octahedral nanocrystals could be maintained up to
400 °C, suggesting their potential use as catalysts toward
reactions conducted at elevated temperatures, including the
Fischer−Tropsch process.

4. HOLLOW NANOCRYSTALS
Hollow nanocrystals made of noble metals, including
nanocages and nanoframes, have received interest for a variety
of applications such as catalysis and biomedicine.27−29

Compared with solid nanocrystals, the highly open structure
associated with hollow nanocrystals can greatly boost their
mass activity toward a catalytic reaction, but will also make
them more vulnerable to fragmentation when thermally
activated, compromising their thermal stability.
We conducted a set of in situ TEM experiments to analyze

the behaviors of Pt nanocages with different shapes when
subjected to direct heating.30 As shown in Figure 6, the pores
in the walls of all the nanocages were gradually enlarged upon
heating, increasing the ridge thickness and transforming the
structure into a nanoframe, followed by fragmentation into
small solid particles. Considering the much greater surface-to-
volume ratio of nanocages relative to their solid counterparts,
the above transformation was able to reduce the total free
energy of the system. When the atoms situated on the side
faces migrated to the edges for the formation of nanoframes,
the specific surface area and thus total surface free energy of
the nanocage could be substantially reduced. With enough
thermal energy provided, the nanoframe finally fragmented
into smaller, solid particles.
Despite their similarity in thermal behavior, the temperature

at which the transformation started to occur was found to be
dependent on the shape of the nanocages, with the stabilities of
Pt nanocages increasing in the order of icosahedron <
octahedron < cube.30 The difference in the thermal stabilities
could be attributed to the location of the holes on different
nanocages and the associated hole curvature, as well as the
strain energy, which could contribute to the hole growth and
edge atom retraction.31 The synthesis of Pt nanocages typically
involves removal of atoms from the core of the corresponding
core−shell nanocrystals through chemical etching in the
presence of Br− or other halide ions. Due to the selective
adsorption of Br− ions to Pt{100}, holes were initiated on the
side faces of a cube while the vertices of an octahedron during
the etching process. The latter would experience accelerated
atom diffusion, as driven by the hole curvature, resulting in the
growth of holes on an octahedral nanocage occurring at a
lower temperature than that on a cubic nanocage.31 Owing to
the inclusion of twin defects and thus additional surface strain,
the stability of icosahedral nanocages was even more greatly
compromised relative to their single-crystal counterparts.
Although all the Pt nanocages could stay intact up to 150
°C, their stability was largely inferior to the Pd@Pt core−shell
nanocrystals,2 suggesting that more efforts should be devoted
to improving the stability of hollow nanocrystals. Based on the
mechanism proposed above, new opportunities will arise if we
can precisely control the locations of the holes created during
an etching process by optimizing the capping agent and/or
etchant.
In addition to the shape and morphology deformation, phase

transition could also occur to hollow nanocrystals when
subjected to elevated temperatures. A notable example can be
found in the Ru nanocages and nanoframes in an fcc

structure.4,32,33 By integrating XRD with in situ heating, we
investigated the thermal stability of fcc-Ru cuboctahedral
nanoframes33 and nanocages in the shape of an octahedron32

or icosahedron.4 Despite the difference in shape and
morphology, all the Ru hollow nanocrystals could preserve
their shape and fcc structure up to 300 °C. Upon heating to
350 °C, as shown in Figure 7A and B, the nanocages were
broken into small fragments along with the loss of shape. In
addition, the hcp-(101) peak appeared in the XRD pattern
(Figure 7C), indicating the occurrence of phase transition.
When the temperature was elevated to 400 °C and higher, the
characteristic peaks of fcc-Ru disappeared while the XRD
pattern was dominated by hcp-Ru, suggesting the complete
transformation of crystal structure from fcc to hcp. Although
the exact mechanism is yet to be resolved, the phase stability of
Ru hollow nanocrystals shows no direct correlation with their
shape or morphology. The same transformation temperature
for all the Ru hollow nanocrystals can probably be attributed to

Figure 6. (A, B) High-resolution TEM images of a Pt cubic nanocage
(A) before and (B) after heating at 400 °C for 60 min, respectively,
showing the transformation from nanocage to nanoframe. (C−F)
HAADF-STEM images of Pt nanocages with a shape of (C, D)
octahedron and (E, F) icosahedron, respectively, before and after
thermal annealing at the marked temperatures, showing the
enlargement in pore size and increase in ridge thickness. The scale
bars in all panels are 5 nm. Acceleration voltages of 300 and 200 kV
were used for the high- resolution TEM and STEM imaging,
respectively. Modified with permission from ref 30. Copyright 2018
Wiley-VCH.
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the same energy barrier that Ru atoms have to overcome for
diffusion and rearrangement. Similar to Pt nanocages, the
shape and phase stability of Ru hollow nanocrystals is inferior
to the solid, core−shell nanocrystals.3 As discussed in section
3, the Rh@Ru octahedral nanocrystals could maintain their
shape and fcc structure up to 400 °C, 100 °C higher than the
transition point of Ru nanocages. The enhanced stability of the
core−shell nanocrystals might arise from their thicker shell
relative to the nanocages (4.5 vs 1.1 nm) as well as the slow
interdiffusion between Rh and Ru atoms. Both factors help
preserve the fcc lattice.
Besides direct heating, nanocrystals capable of converting

light to heat could also undergo shape and morphology
transformations under light irradiation. Nanocages made of
plasmonic metals, such as Au and Ag, have received interest in
biomedical applications for both diagnostics and therapeu-
tics.34−38 However, their structure−stability relationship needs
to be fully explored in order to optimize their performance. To
this end, we examined the photothermal transformation of
Au−Ag nanocages when irradiated by a pulsed laser at 750
nm.8 As shown in Figure 7D and E, after exposure to 300 laser
pulses at a fluence of 20 mJ cm−2, the Au−Ag cubic nanocages
evolved into pseudospherical, solid nanoparticles with a
polycrystalline structure. In addition, their optical property
changed correspondingly as the intensity of the peak at 750 nm
decreased while a new peak appeared at 460 nm (Figure 7F),
in agreement with the simulation based on the discrete dipole
approximation method. The transformation of the Au−Ag

nanocages would be accelerated when increasing the laser
fluence and the number of pulses as these parameters would
increase the energy deposited into the system. The photo-
thermal transformation likely involved lattice heating because
of the absorption of photons and thus electron−phonon
relaxation.39 With enough energy supplied, the atoms were
allowed to diffuse across the surface of the nanocages, giving
rise to the solid, pseudospherical nanoparticles favored by
thermodynamics due to the reduction in total surface free
energy. Another plausible explanation is that the morphological
transformation was driven by the desire to minimize the
electrostatic repulsion between charges in the ionized nano-
particles resulting from the laser irradiation. The photothermal
transformation of Au−Ag nanocages under laser irradiation
could have detrimental impact on biomedical applications
relying on their plasmonic properties, such as photoacoustic
imaging and cancer treatment. On the other hand, due to the
inclusion of structural defects during the morphological
transformation, this process may offer nanoparticles with
enhanced catalytic activity.

5. CONCLUSION AND PERSPECTIVES
Most of the noble-metal nanocrystals reported in the literature
are intrinsically susceptible to physical transformations because
they are kinetically controlled products. The transformation is
mainly driven by the goal to reduce the total free energy of the
system through the reduction in surface area, elimination of
facets or sites high in energy, and increase of disorder in

Figure 7. (A, B) TEM images of Ru icosahedral nanocages (A) before and (B) after heating at 350 °C for 1 h, respectively. The nanocrystals were
heated under Ar atmosphere and then cooled down to room temperature and analyzed by TEM. (C) In situ XRD patterns of the fcc-Ru icosahedral
nanocages heated to different temperatures. The characteristic peaks of fcc- and hcp-Ru are marked by blue and red dashed lines, respectively. (D,
E) TEM images of Au−Ag nanocages (D) before and (E) after irradiation by 300 laser pulses at a fluence of 20 mJ cm−2, respectively. (F) UV−vis
spectra recorded from the Au−Ag nanocages after 300 pulses of laser irradiation at different fluences. Reproduced with permission from (A−C) ref
4 and (D−F) ref 8. Copyrights 2018 American Chemical Society and 2019 Royal Society of Chemistry, respectively.
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elemental distribution. When subjected to high temperatures,
such a transformation will be accelerated. In general, the
nanocrystals are transformed into particles with a solid,
pseudospherical shape, single-crystal structure, and alloy
composition. For hollow nanocrystals such as cages and
frames, they can be fragmented upon thermal activation due to
their large surface area to generate multiple pseudospherical
particles. As for nanocrystal in a metastable crystal phase, they
are supposed to evolve into the conventional bulk structure
more favored by thermodynamics. Table 1 shows a summary
of the transformations of nanocrystals presented in this
Account. Our investigation on the physical transformations
of various types of nanocrystals has demonstrated that their
thermal stability is highly dependent on the size, shape,
morphology, and internal structure. Such dependences need to
be further explored in order to achieve a deeper understanding
of their thermal behaviors. It is worth pointing out that, during
TEM/STEM imaging, the electron beam may also induce
shape and structural transformations in nanocrystals when it is
used at a high dose rate. In our in situ heating experiments, we
typically kept the beam off when heating the nanocrystals and
captured the image as quickly as possible to avoid any long-
time exposure of nanocrystals to the electron beam. As such,
we believe that direct heating is the dominant factor
contributing to the observed transformations. In addition, for
all the studies discussed in this Account article, we also took
high-resolution TEM images of the nanocrystals at room
temperature using the same parameters as those from in situ
heating experiments. No shape transformation was observed
under the same electron dose rate, indicating negligible
influence from the electron beam.
There is an urgent need to greatly improve the thermal

stability of noble-metal nanocrystals because this parameter has
a major impact on their performance in essentially all
applications. Our current understanding of the parameters

that affect the thermal stability of nanocrystals, as discussed
above, offers some insightful guidance. In the case of core−
shell nanocrystals, for example, their stability in terms of shape
and composition can be augmented through shape-controlled
synthesis, with octahedral and cubic shapes preferred for the
preservation of shape and core−shell structure, respectively.
Moreover, it was reported that melting and reconstruction
tended to occur at a lower temperature on the surface of a
nanocrystal than in the bulk.40,41 As such, patching the most
vulnerable sites with a more resistant material offers an
effective strategy to improve the thermal stability of metal
nanocrystals. In one study, we demonstrated that the thermal
stability of Pd−Rh core−frame nanocubes was significantly
enhanced relative to Pd nanocubes of a similar size (Figure
8).42 When heating to 500 °C, the Pd nanocubes underwent
shape deformation after only 3 min while the cubic shape of
the Pd−Rh core−frame nanocubes could be maintained even
after 60 min. By coating the corners and edges with Rh, the
surface premelting of Pd nanocubes was substantially sup-
pressed due to the higher melting point of Rh (1964 °C vs
1555 °C for Pd) and thus higher energy barrier to surface
diffusion, leading to improved thermal stability. As such, the
Pd{100} facets on the Pd@Rh nanocrystals can be used up to
a higher temperature than those on Pd nanocubes. Other
reports also demonstrated that the thermal stability of Ni43 and
Pt nanoparticles44 could be significantly enhanced without
compromising their catalytic activities by encapsulating them
in porous oxide shells.
As our mechanistic understanding of the shape and

structural transformations is deepened, noble-metal nanocryst-
als with improved thermal stability could be eventually
achieved through rational design. The enhanced stability
would play a major role in maintaining their performance in
applications involving harsh environments, such as thermal
catalysis and photothermal therapy. It is hoped that this

Table 1. Summary of the Thermally Driven Transformations of Nanocrystals in Terms of Shape, Structure, Elemental
Distribution, and Crystal Phase, as Discussed in This Account

sample transformation process before transformation after transformation ref

Pd nanocube heating (500 °C) sharp corners, defected surface truncated corners, smooth surface 15
Pd concave
icosahedron

heating (up to 600 °C) concave icosahedral shape,
multiply-twinned structure

icosahedron with a rounded profile and multiply-twinned structure at
400 °C, converted to a single crystal featuring a pseudospherical
shape at 600 °C

1

Pd@Pt4L
nanocube

heating (up to 800 °C) core−shell structure, cubic shape shape deformation starting from 500 °C, interdiffusion and alloying
from 800 °C

2

Pd@Pt4L
octahedron

heating (up to 900 °C) core−shell structure, octahedral
shape

shape deformation starting from 900 °C, interdiffusion and alloying
from 600 °C

2

Rh@Ru
octahedron

heating (up to 800 °C) core−shell structure, octahedral
shape, fcc-Ru phase

shape deformation and crystal structure transformation from fcc to
hcp at temperatures above 400 °C

3

Pt cubic
nanocage

heating (up to 500 °C) cubic cage with small pores on
side faces

transforming to nanoframes with thicker edges at 400 °C, breaking
into smaller particles at 500 °C

30

Pt octahedral
nanocage

heating (up to 500 °C) octahedral cage with pores at
vertices

pore enlargement and edge thickening at 300 °C, collapse into smaller
pieces at 400 °C

30

Pt icosahedral
nanocage

heating (up to 500 °C) icosahedral cage with multiple
twin boundaries and small pores
on surface

pore enlargement and edge thickening at 200 °C, collapse into smaller
pieces at higher temperatures

30

Ru octahedral
nanocage

heating (up to 450 °C) octahedral cage with a porous
shell, fcc-Ru phase

phase transformation from fcc to hcp at 350 °C 32

Ru icosahedral
nanocage

heating (up to 500 °C) icosahedral cage with a porous
shell, fcc-Ru phase

fragmentation and crystal structure transformation from fcc to hcp at
350 °C

4

Ru
cuboctahedral
nanoframe

heating (up to 500 °C) frame with a cuboctahedral shape,
fcc-Ru phase

fragmentation and crystal structure transformation from fcc to hcp at
350 °C

33

Au−Ag
nanocage

irradiation (300 laser pulses
at a fluence up to
30 mJ cm−2)

cubic cage with small pores at
corners and side faces

pseudospherical, solid nanoparticles with a polycrystalline structure 8
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Account will inspire the readers to push noble-metal

nanocrystals one step closer toward practical use in various

applications.
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