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The shape of Au nanoparticles (NPs) plays a crucial role for applications in, amongst others, catalysis, elec-
tronic devices, biomedicine, and sensing. Typically, the deformation of the morphology of Au NPs is the
most significant cause of loss of functionality. Here, we systematically investigate the thermal stability of
Au nanotriangles (NTs) coated with (mesoporous) silica shells with different morphologies (core—shell
(CS): Au NT@mSiO,/yolk—shell (YS): Au NT@mSiO,) and compare these to ‘bare’ nanoparticles (Au NTs),
by a combination of in situ and/or ex situ TEM techniques and spectroscopy methods. Au NTs with a
mesoporous silica (mSiO,) coating were found to show much higher thermal stability than those without
a mSiO, coating, as the mSiO; shell restricts the (self-)diffusion of surface atoms. For the Au NT@mSiO,
CS and YS NPs, a thicker mSiO, shell provides better protection than uncoated Au NTs. Surprisingly, the
Au NT@mSiO, YS NPs were found to be as stable as Au NT@mSiO, CS NPs with a core-shell morphology.
We hypothesize that the only explanation for this unexpected finding was the thicker and higher density
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Introduction

Au nanoplatelets (Au NPLs) have increasingly attracted interest
because of their promising application in various fields, such
as sensing,* biology,* and catalysis.”” The shape stability of
Au NPLs plays a significant role in their functionality,® in par-
ticular for those applications based on their plasmonic pro-
perties, for example, for optothermal effects, plasmonic
enhanced photocatalysis and sensing which rely on the strong
electromagnetic field enhancements that result specifically at
the sharp tips of these particles. Being one of the non-equili-
brium morphologies, plate-like nanoparticles with pointed
tips like triangles easily lose their shape which subsequently
leads to a significant loss of functionality. Therefore, under-
standing the deformation mechanism and developing a solu-
tion providing enhanced shape stability are of major impor-
tance for the use of these systems in many fields.
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Recent developments associated with the in situ heating
TEM technique in which thin electron transparent windows
are used and heating cells can be combined with microfluidic
techniques enable real time observations of various dynamic
processes of materials under different atmospheric
conditions.”™® By using in situ heating TEM, van der Hoeven
et al."* investigated alloying and atomic diffusion in bimetallic
Au@M (Ag, Pd, Pt) nanorods in a vacuum and obtained fully
alloyed bimetallic nanorods. Also, Prof. Bals’ group demon-
strated several cases of shape evolution and atom diffusion in
Au-based (bi)metallic nanoparticles by combining tomography
and in situ heating TEM."” ™ X. Pan et al'® studied the
dynamics and surface composition of face-dependent oxi-
dation of Pt;Co nanoparticles via the in situ gas cell TEM tech-
nique and revealed that Co segregation and oxidation occur on
{111} surfaces other than {100} surfaces.

To date, most of the reports on the thermal stability and/or
reshaping of Au nanoparticles (NPs) have focused on spheri-
cal,"® cubic,? rod-like shapes,*’>* and their core-shell coating
structures.'”?> Among the previous works, the size-dependent
melting points of Au nanospheres (NSs) and Au NS@mSiO,
were revealed by P. Buffat et al®® and D. Meisel and co-
workers,”’ respectively. Furthermore, the thermal stability of
nanoplates with large sizes, up to 50 um, was studied by Kan
et al.® and they found that heating to 600 °C induces the frag-
mentation of Au NPLs into small pieces. Recently, R. Wang
and D. Kurouski reported three possible routes for the thermal
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reshaping of Au microplates 15-20 pm long and 30 nm or
60 nm thick, wherein they found that walled Au NPLs, concave
Au NPLs, and invariable Au NPLs could be obtained at 300 °C
and almost all of the particles transformed into walled Au
NPLs at 500 °C.”® Additionally, H. Cho et al revealed the
atomic dynamics of Au NRs and Au NPLs under a 1 mbar
oxygen atmosphere via environmental TEM, which showed
that Au NRs tended to become ellipsoids while triangular Au
NPLs transformed into a {111} facet-enclosed hexagonal
shape.”® Moreover, a recent paper indicates that with a rigid
surface coating of silica, Au@Ag NRs and Au@Ag NTs showed
enhanced thermal stability, which even enabled the determi-
nation of the diffusion constants in single bimetallic nano-
particles as a function of shape.'” The mentioned thermal
stability studies on surface-coated Au NPs mainly focused on
core-shell geometries. Recent investigations on hetero-catalytic
reactions indicated that the presence of metal catalysts in a
yolk-shell coating structure could significantly enhance their
catalytic performance.*>**® However, not much is known about
the thermal stability of yolk-shell structures although the
different geometry likely alters the thermal stability and
reshaping mechanism.

In this work, we systematically investigated the thermal
stability of Au NTs with different forms of coatings and
coating-geometries, namely Au NT-CTAC, Au NT@mSiO, core-
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shell (CS) NPs and Au NT@mSiO, yolk-shell (YS) NPs. In situ
transmission electron microscopy (TEM) heating techniques
were used for monitoring the deformation process within a
temperature range of 20 °C-1100 °C, while ex situ oven heating
combined with scanning transmission electron microscopy
(STEM) and ultraviolet-visible (UV-VIS) spectroscopy was also
used for the analysis of the thermal stability from 20 °C to
600 °C. We found that the Au NTs started to deform at around
200 °C and the deformation occurred at the corners and edges
where the atoms’ coordination number is lower than at other
positions in the particles. The Au NT shape stability was found
to be significantly enhanced by a mesoporous silica (mSiO,)
shell coating, and a thicker shell provided better stability, as was
already observed before for rod-shaped Au nanoparticles as
well.*? Interestingly, both the Au NT@mSiO, YS NPs and the Au
NT@mSiO, CS NPs displayed a similarly high thermal stability
despite the fact that in the case of the YS morphology the Au
NTs were only partially covered by a thicker silica shell. We
speculate how this counterintuitive finding can be explained.

Results and discussion

The Au NTs were synthesized by modification of a previously
reported protocol." The as-prepared single crystalline Au NTs
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Fig. 1 Characterization of Au NTs, Au NT@mSiO, core shell and yolk shell NPs. (a) STEM image of Au NT, (b) TEM image of Au NT@mSiO, CS NPs
with 10 nm SiO; shell, (c) TEM image of Au NT@msSiO, CS NPs with 20 nm SiO, shell, (d) TEM image of Au NT@mSiO, yolk—shell (YS) NPs with
20 nm SiO; shell, (e) TEM image of Au NT@mSiO, yolk—shell (YS) NPs with 30 nm SiO; shell and (f) UV-VIS spectra of the NPs presented above.
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had a well-defined triangular shape, with an average edge-
length of 66 nm and a thickness of 22 nm (Fig. 1a). Fig. S1f
shows views at different angles and high-resolution TEM
(HRTEM) images of Au NTs, revealing that the face centered
cubic (FCC) Au NTs are lamellar twinned particles, and each
Au NT is enclosed by six {100} facets at their sides and two
{111} facets on the top and bottom. The Au NT@mSiO, CS and
YS NPs were prepared according to the methods presented in a
recent report by us.>” As shown in Fig. 1b and c, the coating of
the Au NTs with a mSiO, shell of thicknesses of 10 nm and
20 nm was successful. Fig. 1d and e show the clear yolk-shell
structure of Au NT@mSiO, YS NPs, where the shell thickness
was about 20 nm and 30 nm in panel d and e, respectively.
The average pore size of these mSiO, shells was found to be
about 0.7 nm and 0.6 nm for core-shell and yolk-shell par-
ticles, respectively (Fig. S21). Moreover, there is no evidence of
mSiO, covering the free surfaces of the Au NTs in the yolk-
shell particles, from HRTEM images of Au NT@mSiO, YS NPs
displayed in Fig. S3.7 Our liquid-cell TEM experiments indi-
cated that the Au NT cores were stuck after synthesis with one
of their sides onto the porous outer shell mSiO, shells (Movie
S1, ESIT). The localized surface plasmon resonance (LSPR)
bands of the Au NT@mSiO, CS and YS NPs showed a slight
red shift compared to the Au NTs (Fig. 1f) because the refrac-
tive index of the mSiO, shell is higher than that of H,O slightly
shifting the plasmon resonance frequency.>®

First, we investigated the thermal stability of the Au NTs
without a silica coating using in situ heating STEM. The experi-
mental details can be found in the Experimental section. One
point should be noted that we used a camera length of 98 mm
for all STEM imaging to reduce diffraction contrast and mSiO,
shells of Au NT@mSiO, particles were invisible under this con-
dition (Fig. S47). Fig. S5t shows the heating procedure corres-
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Fig. 2 In situ heating study of Au NTs. STEM images acquired at
different temperatures and their corresponding color maps indicate the
shape evolution of Au NT with increasing the heating temperature. The
scale bar present 50 nm, and the color bar shows the brightness
contrast.
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ponding to the images presented in Fig. 2 and Fig. S6, which
allows us to trace the heating process of the in situ heating
TEM experiments, since the switching to different windows,
adjusting imaging focus, recording movies and sometimes the
vibrations during the experiments are all taken times. Fig. 2
shows the high angle annular dark field - scanning trans-
mission electron microscopy (HAADF-STEM) images of
different Au NTs on different SiN, windows acquired at each
set temperature. It is important to mention that we are aware
of the effects that can influence the thermal stability of nano-
particles when they are investigated by electron microscopy
that are easily missed. For instance, it was recently investigated
and shown by some of us how organic molecules like ligands
can be transformed by an electron beam into a thin, hard-to-
observe carbon layer with a thickness around ~1 nm that
strongly enhances the thermal stability, easily for several hun-
dreds of degrees, of Au nanoparticles.”® Thus our measure-
ments in the present paper were always compared with ex situ
measurements and under conditions under which such effects
were minimized. The corners and edges of the Au NTs became
rounded at around 200 °C, and the top and bottom crystal
planes, consisting of {111} facets, became uneven upon
increasing the temperature (which became apparent from the
changing contrast of the STEM images), and the particles
finally transformed into more spherical shapes. For the
images discussed, all the Au NTs were not exposed to the elec-
tron beam during the heating before imaging, which mini-
mizes the influence of the electron beam.*® In contrast, those
particles that had been exposed to the electron beam before
heating became stable to changes in shape for 800 degrees,
and the way of deformation was altered (Fig. S67). The reason
for this is that the CTAC surfactant molecules, covering the Au
NT surfaces, turned into a thin carbon layer once exposed to
the electron beam. These carbon layers can dramatically
enhance the thermal stability of Au NPs during in situ heating
TEM experiments, which was recently investigated in detail.*®
To further reveal the factors affecting the deformation of
the Au NTs and to check for artefacts caused by the imaging
and/or the atmospheric and substrate conditions, the particles
were heated in thermal tests with ex situ heating of the same
batch of Au NTs at different temperatures of 200 °C, 300 °C,
and 400 °C, under both air and N, atmospheres, for one hour.
The Au NTs were dropcast onto TEM grids that were covered by
a SiO,-film and then heated in an oven (more details of the
experiments are provided in the ESIt). The results were similar
to the results of the in situ TEM heating, and the deformation
occurred from the corners and edges of the Au NTs (Fig. 2) at
similar temperatures. Nearly all the Au NTs turned into
sphere-like NPs after heating at 400 °C for one hour in air, and
when heating following a similar temperature-increase
program to 400 °C under N, (Fig. S7t), which also means that
differences caused by the air and N, environments were negli-
gible in this case. The shape of Au NTs after cooling in the
oven heating experiments might be different from their shape
at the heating temperature. The exact shape transformations
during cooling remain unknown in these experiments.
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Nevertheless, we expect them to be small due to the short
cooling time compared to the 1 h heating time. The important
point is that the whole process leads to a more thermo-
dynamically stable shape which was similar in all cases based
on observations from the in situ and ex situ heating experi-
ments. To exclude effects of the substrate, Au NTs on in situ
heating chips (SiN, substrate) and TEM grids (SiO, substrate)
were heated in an oven at 400 °C for one hour in air as well. As
shown in Fig. S8,f all Au NTs became more sphere-like par-
ticles on both substrates, which means the substrates did not
influence the experiments in this work either.

To further gain insights into how incomplete surface coat-
ings influence the thermally induced deformation of the Au
NTs, we performed an in situ heating TEM experiment on Au
NT@mSiO, CS NPs coated with an ~10 nm mesoporous
mSiO, shell. Such mesoporous shells can stabilize Au nano-
particles, while still providing access to the Au surface which
can be important for applications like sensing and catalysis.
The temperature-time function of the heating process is
shown in Fig. S9.1 The temperature was increased to 1100 °C
in 120 min, and a typical morphology evolution process of Au
NT®@mSiO, CS NPs is shown in Fig. S10 and S11.f The edges
and corners of the Au NTs became rounded as the temperature
increased; however, for those without exposure to an electron
beam before, the triangular shape remained until 650 °C and
for those exposed to an electron beam from the beginning of
the experiment, the triangular shape remained until 1000 °C.
This is slightly higher than was observed for mesoporous
silica-coated rod-shaped Au NPs.***° At 1050 °C, the STEM
image and its intensity profiles across the particle indicate
that the center of the Au NT had become thicker than the edge
and no longer retained its plate-like shape (Fig. S127). As the
temperature was increased to 1100 °C, which is higher than
the melting point of bulk gold (1064 °C),”” the mSiO, shell
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was broken and the Au NTs vaporized (ESI Movie S2t). Based
on the above findings, the mSiO, shell significantly enhanced
the shape stability of Au NTs, which is in agreement with pre-
vious reports on other mSiO, coated nanoparticles, however,
even to temperatures higher than of several other anisotropic
shapes.?*® We speculate that the stronger effectiveness of the
mesoporous silica layer to prevent shape changes to the NTs in
this study is due to both the fact that at some elevated temp-
erature ~750 °C*® (the exact temperature depends on many
details such as the thickness of the silica layer and synthesis
conditions) the pores inside the silica will be closed and the
Au NP becomes covered by a closed silica layer. That such a
complete silica layer is more effective in hindering the
diffusion of Au atoms over the surfaces of the particles is not
surprising also given our earlier findings on the role of thin
carbon layers that also can prevent shape changes up to very
high temperatures close to the melting point of bulk Au.*®
Apparently, the morphology of the Au NTs with their flat faces
hinders Au diffusion by a complete silica coating that is
necessary to change the NP shape more effectively than for
example that of Au NRs.>

In order to investigate the effects of the thickness and struc-
ture of the mSiO, shell, more ex situ heating experiments were
carried out on Au NT@mSiO, CS NPs with a shell thickness of
~10 nm (marked as Au NT@mSiO, CS-10) and ~20 nm
(marked as Au NT@mSiO, CS-20). First, we heated the Au
NT@mSiO,-10 and Au NT@mSiO,-20 samples in the oven in
air at 400 °C for one hour and for three hours. It is well known
that the localized surface plasmon resonance (LSPR) of Au
NPLs is a strong function of the particle shape.”* Blue-shifts
happen to their LSPR bands as their sharp tips become
rounded. Thus, the LSPR bands of these samples were
measured before and after heating. As shown in Fig. S13,} the
LSPR bands of Au NT@mSiO,-10 shifted more strongly than
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Fig. 3 The changes of localized surface plasmon resonance (LSPR) of Au NT@mSiO, CS and YS NPs before and after heating at different tempera-
tures in an oven in air. (@) LSPR band positions and (b) LSPR band shifts of the heated Au NT@mSiO, CS and YS NPs.
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those of Au NT@mSiO,-20. As the heating time increased, the
LSPR bands shifted more. The corresponding STEM image of
each heating point is shown in Fig. S14,1 which together with
the LSPR band shifts clearly indicates that the Au NT@mSiO,-
20 system was more stable than the Au NT@mSiO,-10 system.
To further reveal the effects caused by differences in the
mSiO, coatings and effects of the shell morphology, Au
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NT@mSiO, CS-10, Au NT@mSiO, CS-20, and Au NT@mSiO,
YS NPs with a shell thickness of ~20 nm (marked as Au
NT@mSiO, YS-20) and ~30 nm (marked as Au NT@mSiO,
YS-30) were heated at different temperatures for one hour in
an oven in air. The LSPR bands are shown in Fig. S151 and the
positions and shifts of the bands are summarized in Fig. 3. In
comparison with their original LSPR band, slight blue shifts of

Fig. 4 Shape evolution of Au NT@mSiO, CS and YS NPs before and after heating at different temperatures in an oven in air. (a) STEM images of Au
NT@msSiO, CS-10 nm; (b) STEM images of Au NT@mSiO, CS-20 nm; (c) STEM images of Au NT@mSiO, YS-20 nm; (d) STEM images of Au
NT@mSiO, YS-30 nm. The scale bar indicates 50 nm in a, b and ¢, 100 nm in d.

This journal is © The Royal Society of Chemistry 2024
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the plasmon peak of all three types of mSiO, coated Au NTs
were found after heating at 200 °C and 300 °C, while a dra-
matic blue shift of the LSPR bands occurred when the experi-
mental temperatures were increased to 400 °C and higher,
which clearly indicates deformation of the Au NTs. Our FDTD
simulations of the LSPR bands of Au NTs and deformed Au
NTs confirm that the deformation of the Au NTs leads to
similar blue shifts of LSPR bands (Fig. S16f). Moreover, the
STEM images of all four types of NPs after heating at 200 °C,
400 °C, and 600 °C provided direct evidence of the defor-
mation of the Au NTs (Fig. 4). The TEM images of the NPs
after heating at 600 °C indicate that the structural stability of
the mSiO, shells is still well retained after heating (Fig. S177).
For the YS as well as the CS shells, it appears that the porosity
of the SiO, decreased (Fig. S17t), which likely enhances the
thermal stability. From the edge length distributions of heated
Au NTs in Fig. 5, the order of average edge length of Au cores
of these four types of coating is Au NT@mSiO, YS-30
(~46.4 nm) > Au NT@mSiO, CS-20 (~45.0 nm) > Au
NT@mSiO, YS-20 (~44.5 nm) > Au NT@mSiO, CS-10
(~43.5 nm). There is no doubt that a thicker mSiO, shell pro-
vided better protection for the Au NT cores because of the
stronger mechanical properties of thicker shells. But, surpris-
ingly, the Au NT@mSiO, YS NPs were somehow as stable as
the core-shell NPs.

To understand the unexpected results on the high shape
stability of the YS Au NT@mSiO, in comparison with the other
Au NTs systems, we will briefly go over both the role of the
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30 40 50 60 70

Edge Length (nm)

Fig. 5 Size distribution of Au NT@mSiO, CS and YS NPs after heating at
600 °C in an oven in air. (a) Au NT@mSiO, YS-30; (b) Au NT@mSiO,
YS-20 nm; (c) Au NT@mSiO, CS-20 nm; (d) Au NT@mSiO, CS-10 nm.
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thermodynamic driving forces driving the out-of-equilibrium
shapes of the NPs back to a more spherical shape and the
kinetic factors influencing the speed of this process in the fol-
lowing: first, the volume and surface area of a triangular versus
spherical shape can be calculated via simply considering their
geometrical shape as the particles’ size here is large enough to
ignore the real atomic structure on the physical surface
areas.”> As shown in Table S2,f the surface area to volume
ratio reduces from 0.18 nm”> nm™> for the Au NTs given the
average experimental values to 0.15 nm> nm ™ for a spherical
shape of the same volume, and the specific surface area of the
particle decreases from 9.3 m* g7 to 7.8 m> g~' when the
shape changes from a triangle to a sphere. Furthermore, the
total Gibbs free energy of the Au NPs can be approximated
using the following expression:*°

Gtotal _ AfGO _‘_%(1 — 6) |:q Zﬁ71:| (1)

where A¢G° is the standard formation free energy of bulk Au
which is indicated by the 0 superscript here, p is the density of
Au, M is the molar mass, e denotes a volume dilation caused
by surface stress and assumed it is the same for both Au par-
ticles here, and ¢ is the surface-to-volume ratio. The surface
free energy of each crystal surface i is expressed as y; and
assigned weight with a corresponding factor f;. It should be
pointed out that the energetic contributions from the edges
and corners have been ignored here as the size of the Au NPs
is much larger than 3 nm.?® A comparison of the total Gibbs
free energy of the Au NTs and Au NSs was made by using the
surface energies shown in Table S17 and the surface to volume
ratio we calculated above, and it follows that G*' (Au NT)/
G (Au NS) = 1.28. This calculation provides the driving force
for the deformed Au NTs transforming into a more sphere-like
shape and how much free energy is gained by this
transformation.

In accordance with the above theoretical considerations,
the deformation of Au NTs starts from the edges and corners
where the coordination numbers are lower than at other posi-
tions because the lower activation energy of these sites makes
them more mobile, which is also in accordance with a compu-
ter simulation study.”® Moreover, the coated Au NTs are much
more stable than bare Au NTs due in part to a reduction of
surface diffusion of the surface Au atoms caused by the
coating layers®® (mSiO, or carbon layers, which apparently also
bring the diffusion to a halt) in combination with a reduction
in the surface free-energy of the Au particles by the silica
layers. Both the lowering of the activation energy for diffusion
and the slowed down atomic surface diffusion in combination
with a reduction in the thermodynamic driving force, are in
agreement with the previous investigation of Au NRs.?! It is
likely that the stronger stabilizing effect of the increased shell
thickness is due to the fact that it will cost more energy to
deform thicker shells to accommodate the changing Au NP
shape inside the shells. We already mentioned that we think
that the fact that the mesoporous silica becomes non-porous
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combined with the flat shape of the NTs might explain the
extra stability that the mesoporous silica layers provide to this
particle shape as compared to for example Au NRs. However,
the above reasoning does not explain the comparable stability
of NTs with a yolk-shell structure as compared to the core-
shell systems. Based also on the results explained in ref. 40
where extraordinary stability against deformations at high
temperature even towards the bulk melting point of Au could
be induced by just a thin ~nm thick layer of carbon, we can
only conclude that we think that a thicker and higher density
SiO, shell in the YS-30 systems covered one plane face and
partial of edges of Au NTs preventing the diffusion of the Au
atoms up to high temperatures.

Conclusions

In summary, we investigated the thermal stability of the Au
NTs without and with different mSiO, confining and ligand
shells. Due to the atoms’ position-related energy barriers for
diffusion, the Au NTs start to deform from the corners and
edges where the atoms’ coordination number is lower than at
other positions, and the temperature for which deformations
became noticeable on an hour time scale is at around 200 °C
for the NPs in the present study when the particles were
without an external confining shell. Upon increasing the
heating temperature, the Au NTs were found to become more
sphere-like particles via surface diffusion of Au atoms to
reduce the surface energy of the overall particle. The LSPR
band of Au NTs showed blue shifts when the particles
deformed by shortening of the edge length and increasing of
the thickness, finally shifting to around 570 nm which corres-
ponds to the LSPR peak position for Au nanospheres.
Surprisingly, we also found that Au NT@mSiO, YS NPs with a
yolk-shell morphology which at first observation appeared
with not all sides of the Au NP covered by a (porous) silica
layer were as stable as Au NT@mSiO, CS NPs with a core-shell
morphology where most of the Au surface was clearly covered.
We hypothesize that the Au NTs inside these yolk-shell
systems are also covered on the Au NP sides facing away from
the more easily visible silica layer forming the outside of the
YS morphology. Less surprising is that the thermal stability of
Au NT@mSiO, CS NPs was enhanced when the thickness of a
mSiO, shell that was completely covering the Au NTs was
increased from ~10 to 20 nm. Our findings here may inspire
the use of metal@mSiO, yolk-shell particles as a stable
surface enhanced Raman (SERS) sensor for high-temperature
reactions. Future work using these YS systems also for catalysis
may show an enhancement in both activity and stability due to
the nanoconfinement effect.

Experimental section

Experimental details are given in the ESL

This journal is © The Royal Society of Chemistry 2024
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