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Gold-based bimetallic nanostructures exhibit unique optical and catalytic properties that are strongly dependent
on their composition and nanoscale geometry. Here we show the nano-structural transformation of mesoporous-
silica-coated Au-M (Ag, Pd, Pt) core-shell nanoplatelets (NPLs) with a triangular shape to alloyed platelets at

/Cx;)lf-Sheu temperatures at least 300 °C below the lowest melting point of the metals while still retaining the out-of-
Jami,s equilibrium triangular shape and intact mesoporous shell. Before the alloying started the rough core-shell

morphology of the Au-Pd and Au-Pt NPL systems were first observed to relax into a much smoother core-
shell morphology. The alloying temperature was found to be related to the melting points and atom fractions
of the shell metals; the higher the melting point and atomic fraction of the shell metal, the higher the temperature
required for alloying. The highest alloying temperature was found for the Au-Pt system (650 °C), which is still
hundreds of degrees below the bulk melting points. Surprisingly, a phase separation of Au and Pt, and of Au and
Pd, was observed at 1100 °C while both systems still had an anisotropic plate-like shape, which resulted in Janus-
like morphologies where the pure Pt and pure Pd ended up on the tips of the NPLs as revealed via in-situ heating
in the scanning transmission electron microscope (STEM). The Janus-type morphologies obtained at elevated
temperatures for the NPLs composed of combinations of Au-Pt and Au-Pd, and the smooth core-shell mor-
phologies before alloying, are very interesting for investigating how differences in the bi-metallic morphology
affect plasmonic, catalytic and other properties.

1. Introduction BMNPs depend on their size, composition, and structure [5,20,21].

Furthermore, manipulating the spatial distribution of a second metal on

Bi-metallic nanoparticles (BMNPs) have attracted great interest due
to their promising applications in various fields, including catalysis
[1-5] energy conversion [6-8], biological medicine [5,9,10], and
sensing [11-13]. The combination of two different metals can improve
their performance, realize bifunctional applications, and even leads to
the development of new fields of research. For instance, by combining
plasmonic metals such as Au or Ag with catalytic metals such as Pd or Pt,
newly photocatalytic nanoparticles have been made for plasmonic
enhanced photocatalytic reactions, including hydrogen evolution [14],
oxidation [15], and reduction reactions [2,16]. In particular nano-
particles (NPs) based on Au nanoplatelets (Au NPLs) are increasingly
drawing attention from the scientific community, because of their spe-
cial morphology enabling highly tunable optical properties [17-19].
The localized surface plasmon resonances (LSPRs) of Au NPLs based
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Au NPLs allows adjusting the atomic and electronic structures of the
nanocrystals, and thus, allows fine-tuning of the plasmonic and catalytic
properties of these BMNPs for instance for enhanced photocatalysis and
Raman scattering [5,22-24].

In the past few decades, a wide variety of BMINP structures, like core-
shell, alloyed, Janus, yolk-shell and other complex morphologies have
been successfully prepared via a great diversity of synthesis routes and
techniques [5,25-27]. Among these NPs, the core-shell NPs are the most
commonly prepared type, while alloyed and Janus NPs with
well-defined shape usually display more unique properties, but are not
easy to acquire by direct synthesis. Thermal treatment is one of the most
popular ways for restructuring the morphology of metal-based micro-
structures and nanostructures [28]. In the case of colloidal nano-
particles, a necessary step is the removal of the ligands or surfactants
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covering the surface of the NPs before these can be used for catalysis [8,
29]. Another approach is to use a mesoporous coating onto the metal
NPs [30]. Such silica layers are not only useful in reducing the large van
der Waals forces, but also can be used to stabilize out-of-equilibrium NP
shapes such as rods against deformation back into an equilibrium shape
[31-33]. Recently, in-situ heating transmission electron microscopy
(TEM) has emerged as a powerful technique for investigating the dy-
namic processes associated with morphological evolutions, structural
transitions, and phase behavior at nano and atomic length scales caused
by heating [34-39]. In particular, the imaging provides real-space
probing of processes that are often out-of-equilibrium and provide
therefore important insights into both thermodynamic driving forces
and kinetic factors affecting shape changes at the nanoscale. Previous
work has shown the importance of performing such experiments not
only in-situ in an electron microscope, but also ex-situ e.g. in an oven as
even an almost invisible deposited layer of carbon on noble metal NPs
can strongly affect how they respond to heating [33]. In both in-situ and
ex-situ conditions, the formation of fully alloyed Au-M (Ag, Pd, and Pt)
nanorods (NRs), Au-Ag nanospheres, and NPLs, Au-Pd and Au-Pt
nanospheres has been achieved experimentally by heating their corre-
sponding Au-M (Ag, Pd, and Pt) core-shell particles to the proper tem-
peratures [32,40-44]. Moreover, simulation studies have been
performed to gain understanding of the melting, alloying, and phase
behavior of (bi-)metallic nanoparticles [40,45-48]. Phase segregation of
Au-M (Pd, Pt) nanoparticles was predicted in the small size regime (up to
~20 nm) for spheres and truncated octahedrons [49-52]. We mention
here that the vast parameter space was recently also explored compu-
tationally by Eom et al. [53], wherein the authors compared the ener-
getics of various core-shell, mixed, and Janus-like bimetallic
nanosystems. However, the experimental realization of alloying and
phase segregations of Au-M (Ag, Pd, Pt) having well-defined platelet
shapes has not been mostly explored yet as far as we know, with the
exception of the work described in Ref. [40] in which the alloying of
Au-Ag nanotriangles (NTs) was investigated and compared with Au-Ag
nanorods experimentally and by molecular dynamics computer
simulations.

In this work, we systematically investigated the alloying and phase
segregation of Au NT core and Ag, Pd, Pt shell bimetallic NPLs with a
triangular shape under the confinement by a ~20 nm mSiO5 outer shell,
via a combination of in-situ TEM heating and ex-situ oven heating. By
heating the Au-M (Ag, Pd, Pt) core-shell NPLs to a proper temperature,
Au-Ag, Au-Pd, and Au-Pt bimetallic alloyed NPLs with a well-defined
far out-of-equilibrium triangular shape were obtained. The alloying
processes were monitored by in-situ STEM imaging at each heating
temperature and corroborated by ex-situ oven heating experiments. The
alloyed NTs were further heated to a final temperature of 1100 °C to
investigate the phase behavior. The Ag—Au NPLs become more rounded
in shaped, but remained alloyed and remained strongly anisotropic
plate-like shaped even at these high temperatures. Unexpectedly, phase-
separation was found to take place both for Au-Pd and Au-Pt systems at
1100 °C, while again the shape remained plate-like resulting in Janus-
like Au-Pd and Au-Pt NTs. The well-retained triangular shape even at
such high temperatures, is due to the confining effect of the mSiO5 outer
shell and allows for the creation of new morphologies of both alloyed
and Janus-type particles next to the original core-shell particles that will
be important model systems for investigating the role of morphology on
anisotropic bimetallic nanoparticles.

2. Materials and methods
2.1. Materials

Used chemicals were: Hydrogen tetrachloroaurate (III) hydrate
(HAuCly, 99.9%, Sigma), Sodium borohydride (NaBH4, 96%, Sigma),

Silver nitrate (AgNOs, >99.9%, Sigma), Sodium tetrachchloropalladium
(II) (NagPdCly, 99.95%, Sigma), Potassium tetrachchloroplainate (II)
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(KoPtCly, 99.95%, Sigma), r-ascorbic acid (AA, 99.98%, Sigma), Sali-
cylic acid (SA, 99.9%, Sigma), Sodium hydroxide (NaOH, 98%, Sigma),
Tetraethyl orthosilicate (TEOS, Si(OCyHs)s, 99.0%, Sigma-Aldrich),
Methanol (MeOH, 99%, Sigma), and Cetyltrimethyl-ammonium chlo-
ride (CTAC, >99%, Sigma), and CTAC solution (25 wt% in water, Sigma-
Aldrich). All chemicals were used as received without further purifica-
tion. Also, de-ionized water with a resistivity of 18.2 MQecm at 25 °C
was used in the experiments.

2.2. Synthesis and purification of Au NTs

The Au NTs were synthesized by a modification of a previously re-
ported synthesis [54]. (1) Au seeds@CTAC: 25 pL of 50 mM HAuCly
were mixed with 4.70 mL of 0.10 M CTAC solution in a 20 mL glass vial.
Next, 300 pL of freshly prepared 10 mM NaBH4 was injected into the
above mixture while strongly stirring for 2 min. After that, it was kept at
room temperature for at least 2 h. After 2 h, the Au seeds solution was
diluted 10 times by mixing 0.50 mL of Au seeds and 4.50 mL of 0.10 M
CTAC. (2) 1.60 mL of 0.10 M CTAC, 40 pL of 50 mM HAuCly, and 30 pL
of 10 mM KI were added into 8.00 mL of de-ionized water in a 20 mL
glass vial one by one. This solution was marked as solution-A. (3) 60 mL
of deionized water was added into a 250 mL round-bottom flask. 60 mL
of 0.10 M CTAGC, 1.5 mL of 50 mM HAuCly, and 900 pL of 10 mM KI were
injected into the deionized water. This solution was marked as
solution-B. (4) 40 pL and 1.20 mL of 0.10 M AA solution were injected
into solution-A and solution-B, respectively, while stirring. After both
the solution-A and solution-B turned colorless in 30 s, 100 pL of diluted
Au seeds was injected into solution-A. Stirring continued for about 1
min. All solution-A was added into solution-B while stirring. After the
two solutions were well mixed, it was left undisturbed for about 2 h,
which allowed growth of the Au nanocrystals. (5) Purification: After
allowing growth for about 2 h, 34 mL of solution-B and 4.50 mL of 25 wt
% CTAC were mixed in a 50 mL centrifuge tube, and then left undis-
turbed for 12 h. The suspension was removed carefully, and the sedi-
ment was suspended in 35.0 mL of 0.010 M CATC and served as a stock
solution for further use.

2.3. Synthesis of Au NT-M (Ag Pd, & Pt) core-shell nanoparticles

The Au NT-Ag core-shell nanoparticles (NPs) were synthesized by
modifying our previous reported protocol [55]. In brief: a volume of 7.7
mL of Au NTs stock solution (A spg = 657 nm, maximum extinction =
2.1) was mixed with 2.1 mL of deionized water in a 20 mL glass vial. 150
pL of 0.010 M AgNOs and 100 pL of 0.10 M AA were added into the
above Au NTs solution under stirring. The solution was stirred at room
temperature (RT) for 12 h.

The Au NT-Pd core-shell NPs were prepared using a previous re-
ported method [55] with modification. In brief, a volume of 7.7 mL of
Au NTs stock solution (A spr = 657 nm, maximum extinction = 2.1) was
mixed with 2.1 mL of deionized water in a 20 mL glass vial. 150 pL of
0.10 M NayPdCly and 100 pL of 0.010 M AA were added into the above
Au NTs solution under stirring. The solution was stirred at RT for 12 h.

The Au NT-Pt core-shell NPs were prepared via modifying a previous
reported protocol [55]. In brief: a volume of 7.7 mL of Au NTs stock
solution (Apspr = 657 nm, maximum extinction = 2.1) was mixed with
2.1 mL of deionized water in a 20 mL glass vial. 150 pL of 0.010 M
KoPtCly and 100 pL of 0.10 M AA were added into the above Au NTs
solution under stirring. The solution was stirred at 60 °C for 12 h.

2.4. Synthesis of Au NT-M-mSiO core-shell-shell nanoparticles

The Au NT-M-mSiOs core-shell-shell (CSS) nanoparticles (NPs) were
synthesized using a modified protocol from previously report [56]. In
brief: a volume of 10 mL of as-prepared Au NT-M solution was centri-
fuged at 10000 rcf (relative centrifugal force) for 10 min (Rotina 380R
Hettich centrifuge). After centrifuging, the supernatant was removed,
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and the sediment was suspended in 10 mL of deionized water and
transferred into a 20 mL glass vial. 100 pL of 0.10 M CATC and 100 pL of
0.10 M NaOH were added into the above Au NT-M solution. Finally, 100
pL of 20 vol% TEOS in methanol was injected into the above solution in
one shot under stirring. After 15 min, again, another 100 pL of 20 vol%
TEOS in methanol was injected into the above solution in one shot under
stirring. The solution was stirred for 45-48 h. The Au-M-mSiO,
core-shell-shell NPs were collected by centrifuged 10 mL of the above
solution at 10000 rcf for 10 min (Rotina 380R Hettich centrifuge) when
the reaction was done. The as-synthesized NPs were washed by 2.0 mL of
de-ionized water and 2.0 mL of ethanol, respectively, and finally sus-
pended in 2.0 mL of ethanol.

2.5. Heating experiments

In-situ heating: In-situ heating (S)TEM experiments were performed
using a heating holder (DENS-H-SH30-FS01) made by DENS Solutions.
Heating chips (Wildfire S3 Nano-Chip GT, P.T.H.SS.1, Wnr: DS2313-W2)
with electron beam transparent SiNy windows were provided by the
same company. (1) The heating chips were pretreated using an Ar/O5
(20 vol% of Oy) plasma treatment for 20 s at RT. (2) 8.0 pL of the as-
prepared Au NT-M-mSiOy NPs were dropped on a heating chip and
dried in ambient air at RT. (3) The heating chip with the sample was
mounted on a heating holder (DENS-H-SH30-FS01). (4) The heating
holder was inserted into the Electron Microscope used, which was a FEI
Talos F200X. (5) Normally, the heating procedure started from 20 °C to
an aimed final temperature with steps in temperature of 50 °C or 100 °C,
at least 5 min waiting at each temperature before acquiring (S)TEM
images, the heating protocols are shown in the main text. The heating
curve for each sample is presented in their corresponding figure.

Recording (S)TEM images and videos: The experiments were per-
formed on a FEI Talos F200X, operating at 200 kV. The STEM images
were acquired by using a camera length of 98 mm to reduce diffraction
electron effects and high angle annular dark field detector with the TEM
Image Analysis (TIA) software. The videos were recorded by TIA soft-
ware (Version 5.0) using the preview mode and a recording speed of 1
fps. The final videos shown in Supporting Information were processed by
ImageJ software (Version 1.51j8) and are displayed 15 times faster than
real-time.

2.6. Characterization

Ultraviolet-Visible (UV-Vis) spectroscopy was performed with a
Lambda 750 UV-Vis spectrograph (PerkinElmer). Transmission electron
microscopy (TEM) images and scanning transmission electron micro-
scopy high angle annular dark-field (STEM-HAADF) images were ac-
quired with a FEI Talos F200X, operated at 200 kV and equipped with a
ChemiSTEM EDX detector that was used for the EDS maps displayed in
all the relevant Figures.

3. Results and discussion

3.1. Morphology, structure, and optical property of as synthesized Au NT-
M-mSiOz

The Au NTs were synthesized according to a previous report with
modifications [54]. In Fig. S1, scanning transmission electron micro-
scopy (STEM) images show the triangular platelet-like shape of the Au
NTs where the edge length is about 67 nm and the thickness is about 22
nm. The vast majority of the NTs was found in the same orientation after
dropcasting, lying with their large (111) facet on the support membrane.
All NTs are known to have a central (111) twin plane as a result of the
synthesis, which can not be observed in this orientation. The thickness
across the NTs was quite uniform as is apparent from the contrast in the
STEM images (Fig. S1c), and in general free of stacking faults. The main
localized surface plasmon resonance (LSPR) band of the Au NTs was at
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657 nm (Fig. Sle). Using as-synthesized Au NTs as seeds, three other
metals, Ag, Pd, and Pt, were grown onto the Au NTs creating bimetallic
core-shell nanoplatelets. The core-shell NPLs and the mSiO5 coating
were prepared by slightly modified protocols as our previous reports
[55,56].

In Fig. 1 a-c the TEM images show the morphologies of the Au-Ag-
mSiO,, Au-Pd-mSiO,, and Au-Pt-mSiO, core-shell-shell NPs, wherein
the well-defined triangular shape is apparent for each type of bimetallic
core-shell particle. The Ag shells grew into a smooth shell onto the single
crystalline fcc Au NTs, while the Pd and Pt shells developed a rougher
spikey structure. In the scanning transmission electron microscopy —
high angle annular dark field (STEM-HAADF) images of Fig. 1 d-f, the
dominant type of contrast is Z (atomic number) contrast whereby
heavier elements appear brighter than lighter elements. Fig. 1d clearly
shows the brighter Au cores at the center, and the Ag shells are visible as
a grey layer outside the triangular Au cores, as

the atomic number of Au is higher than that of Ag. Similarly, the Pd
shells appear darker than the Au cores in the STEM images (Fig. 1e). The
STEM-X-ray energy-dispersive spectrometry (STEM-EDS) maps show the
Au NT-M (Ag, Pd, Pt) core-shell structures (Fig. 1d-f). It should be
pointed out that the atomic elements of the mSiO5 shells are not visible
in the HAADF-STEM images, because a camera length of 98 mm was
used for imaging, which reduced the effects of electron diffraction from
the nanocrystals and allowed a better Z contrast [57,58]. Because of this
setting the signals from Si and O were not detectable. The Si and O el-
ements are also not shown in all EDS maps in this work. In the
elementary composition that was quantified from the EDS spectra, the
atomic fraction of Au was about 70 at.%, 70 at.%, and 85 at.% in the
Au-Ag, Au-Pd, and Au-Pt, NPTs respectively. Moreover, the plasmonic
properties of the Au NT-M NPs were investigated by measuring the
extinction spectra of the as-synthesized BMNPs with a UV-Vis spec-
trometer. As shown in Fig. S2, the main localized surface plasmon
resonance (LSPR) band of both the Au NT-Ag (A spr = 570 nm) and Au
NT-Pd NPs (A spr = 650 nm) showed a blue-shift compared to the LSPR
of the Au NTs (A spr = 657 nm), while the main LSPR peak of the Au
NT-Pt was at ~665 nm.

3.2. From core-shell to alloyed Au-M NPLs

To obtain fully alloyed bimetallic NPLs, we performed in-situ heating
experiments on the silica-coated Au NT-M (Ag, Pd, Pt) core-shell NPLs.
The experimental details are presented in the Supporting Information.
The heating chips used had SiN, windows thin enough that they were
almost electron transparent and are visible as the bright areas in the
TEM image shown in Fig. S3 and were used for all in-situ heating ex-
periments. The heating curve and the corresponding STEM image at
each temperature to which the Au-Ag NPLs were heated, are shown in
Fig. S4 a and b, in which we found that the clear boundary of the Au core
and Ag shell became more diffuse at 350 °C, and the two different grey
values in one particle disappeared after heating for about 10 min at
400 °C, which means that at this temperature, the core-shell NPLs turned
into alloyed particles while maintaining their triangular shape (Fig. 2a).
STEM-EDS elemental maps were recorded of the particles at the same
position on the grid after heating, and cooling down to 20 °C, to further
confirm the formation of alloyed Au-Ag NPLs (Fig. S4c). In addition, no
differences were found for particles inside the electron beam illuminated
areas prior to and during the heating process (Figs. S5 and S6a) and
particles outside these areas, which indicates that effects of the electron
beam on the alloying process was negligible [32]. The alloying tem-
perature of the Au-Ag NPLs (T~400 °C) was slightly lower than previ-
ous reports on similar Au-Ag NTs (T~450 °C) [40] and Au-Ag NRs
(T~450 °C) [40,59], which could be caused by a difference in the
composition used for the experiments and/or the shape factor (in the
case of a comparison with NRs). For the plate-like NPs, the interdiffusion
between two different atoms mainly occurs in (111) facets, while that of
NRs is (100). The influence of composition on the alloying temperature



X. Xie et al.

Materials Today Nano 25 (2024) 100462

Fig. 1. Morphology and structure of Au NT-M (Ag, Pd, Pt)-mSiO, nanoparticles after synthesis. TEM image of a) Au NT-Ag-mSiOs, b) Au NT-Pd-mSiO,, ¢) Au NT-Pt-
mSiO,. STEM-EDS elemental maps of d) Au NT-Ag-mSiOs, e) Au NT-Pd-mSiO,, and f) Au NT-Pt-mSiO,. The scale bar indicates 50 nm in a)-c), 40 nm in d), and 70 nm

in e) and f).

of Au NRs has been well demonstrated by van der Hoeven et al. [60],
which showed that a higher Ag content required a higher alloying
temperature in the case of Au-Ag NRs.

Alloyed Au-Pd NPLs, having 70 at.% Au and 30 at.% Pd, were syn-
thesized using the same strategy, but required a higher alloying tem-
perature, as expected. The temperature-time curve of the in-situ heating
is shown in Fig. S7a, and the relevant morphological evolutions of the
Au-Pd NPLs from core-shell to alloyed configurations were recorded by
STEM imaging (Fig. S7b and Fig. S8 a-g). The more rough, spikey Pd
shells were found to change into smooth Pd layers covering the Au NT
cores at 500 °C (Fig. 2b). The ability to achieve smooth core-shell
morphologies may be important for a more homogeneous optimized
catalytic performance as some of us recently showed for Au-Pd NR
systems in the catalysis of hydrogenation reactions [61]. Next, the

particles transformed into fully alloyed Au-Pd NPLs, with a preserved
well-defined triangular shape, at 600 °C. Furthermore, the STEM-EDS
maps both of particles lying on the monitored window and lying on a
window not previously illuminated by the electron beam, confirmed the
formation of Au-Pd NPLs (Fig. S7c and Fig. S9a) with still a triangular
shape. The atomic ratio of Au and Pd was found to be the same before
and after heating (Fig. S9b) from quantitative analysis of the EDS spectra
from the chemical maps.

Au-Pt core-shell NPLs with 87 at.% Au and 13 at.% Pt content were
used for the experiments, and fully alloyed Au-Pt particles were ach-
ieved at 650 °C (Fig. 2c, Fig. S10). The evolution was similar to that of
the Au-Pd system; first, the rough, spikey Pt shell became smooth as the
temperature was raised to 500 °C, following by the interdiffusion be-
tween the Au core and the Pt shell yielding a diffuse interface, while
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20 °C (after heatin

650°C

20°C (after heating

Fig. 2. Alloying of Au NT-M (Ag, Pd, Pt) NPLs. STEM images of (a) Au NT-Ag NPLs, (b) Au NT-Pd NPLs, and (c) Au NT-Pd NPLs, acquired at the different tem-
peratures, and STEM-EDS elemental maps of alloyed Au-M (Ag, Pd, Pt) NTs acquired at 20 °C after heating.

complete alloying was observed after keeping the temperature at 650 °C
for ~10 min, both in the time-evolution monitored windows (Fig. S11)
and in not previously inspected windows (Fig. S12a). Quantification of
EDS spectra showed that also here, the composition of the Au-Pt NPLs
with triangular shape was almost the same as that of their core-shell
predecessors (Fig. S12b). We also found that the alloying temperature
of the Au-Pt core-shell NPLs was related to the content of the Pt
component. As shown in Fig. S13, the Au-Pt NPLs were heated by using
the same procedure for Au-Pd to 600 °C (Fig. S13a). For particles with a
higher density of rough, spikey Pt crystals on the Au NT surface, marked
as P1, P2, and P3 in Fig. S13 b and ¢, only partial alloying was found
while other particles had already transformed to fully alloyed NPLs. The
same trend was found for these particles on a different, not previously
inspected SiNx windows (Figs. S14 and S15). Notably, the mesopores in
mSiO; shell were remaining after heating at 600 °C (Fig. S16), which
was in a good agreement with previous reports [62,63].

The alloying process of metals in nanomaterials strongly depends on
the particle size, morphology, the chemical components, the tempera-
ture, and the heating time [40,60,64]. The above difference in alloying
temperatures of Au-M core-shell NPLs for different shell metals is sum-
marized in Scheme 1 and is mainly caused by their melting points which
are listed in Table S1 (Appendix B). The bulk melting point of these four
metals from low to high is in the order of Ag (962 °C), Au (1064 °C), Pd
(1555 °C), and Pt (1769 °C) [5]. This explains why the alloying tem-
perature of the Au-Ag system is lower than that of Au-Pd system, as both
of them contain 70 at.% of Au and 30 at.% of Ag or Pd, that and the
alloying temperature of Au-Pt NPLs, although they have 87 at.% Au and
13 at.% Pt content, is still higher than that of the other two bimetallic

a A
\ 400 °C
Au@Ag core-shell Alloyed AuAg

b
%} -

Au@Pd core-shell

| o

Au@Pt core-shell

A Y
— > r—
400 °C 600 °C

Smooth Au@Pd core-shell Alloyed AuPd

Y 8 A
500 °C 650 °C

Smooth Au@Pt core-shell

c

Alloyed AuPt

Scheme 1. Schematically illustration of the alloying process of Au-M (Ag, Pd,
Pt) NPLs (Note: mSiO, shell is not showed in the scheme).

particles. On the other hand, the bond dissociation energy of the same
metal (M-M) also plays a role. The bond dissociation energy of Pt (Ep¢.pt)
is 307 kJ/mol which is much higher than that of the other three metals
(Table S1) [5]. Since in the oven the heating rate was slower and the
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heating times were longer in comparison to the in-situ heating experi-
ments, the alloyed Au-M were obtained at a lower temperature than in
the ex-situ oven experiments. However, the alloying temperatures were
still several hundreds of degrees below these bulk melting temperatures,
which allowed the mesoporous silica shell to keep the
out-of-equilibrium highly anisotropic particles shape to be retained
while the particles nevertheless got fully alloyed with a drastic change in
plasmonic and chemical properties.

3.3. From core-shell to alloyed and to Janus structure

To gain more insight into the high temperature-dependent phase

b

a
1000 1
O so00f ]
g
=
§ 600f 1
(]
£
£ 400t
'—
200}
0 J L
0 20 40
Time (min)
Cc 20 °C (Start)

20 °C (End)
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behavior of the Au-M NPLs systems and their morphological stability, a
set of in-situ heating experiments with fewer steps but reaching 1100 °C
in 50 min, were conducted as well. In Fig. S17a, the temperature profile
is shown that was applied to the mSiOy coated Au-Ag core-shell NPLs
with 70 at.% of Au and 30 at.% of Ag. The corresponding STEM images
and STEM-EDS maps show the formation of alloyed Au-Ag nano-
particles (Fig. S17 b, c). Most of the particles lost the well-defined
triangular shape and became rounded, still having a strongly aniso-
tropic shape though, while even some sharp triangular shapes were still
present at temperatures as high as 900 °C. This deformation followed the
same diffusion mechanism that we demonstrated in the case of Au NTs in
our previous report [65]. In brief, it is driven by the minimization of the

Fig. 3. Phase separation of Au-Pd NPLs. a) The temperature profile, b) STEM images of Au-Pd NPLs acquired at the different temperatures, and ¢) STEM-EDS

elemental maps of alloyed Au-Pd NTs.
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surface energy of the nanoparticles and the particles deformed by atomic
diffusion that started from the corners and edges where the atoms have
lower coordination numbers than at other positions and the curvature of
the crystal shape is highest.

To further elucidate how high temperatures influenced the phase
behavior and the morphology of the Au-Pd and Au-Pt NPs, similar
heating experiments were applied to these NPLs as well. As shown in
Fig. 3a and b, the STEM images acquired at each temperature step show
that the Au-Pd core-shell NPLs changed into alloyed particles as the
temperature was increased to 800 °C, while phase separation became
apparent in the alloyed Au-Pd NPLs at 1100 °C. After keeping the
sample at this temperature for 10 min and subsequent cooling down to
20 °C, the triangular shape of most of the particles had deformed into a
trapezoidal shape, although for the Pt particles some sharp tipped tri-
angles were still as well. The Pd in all the particles was found to have
accumulated on the corners of the NPLs (Fig. 3b). The dynamic process

Materials Today Nano 25 (2024) 100462

of the phase separation was monitored by a STEM video recorded at
1100 °C and is added as supporting Movie S1. Due to the Z contrast, the
Au and Pd atoms are easy to distinguish in the movie, wherein Au atoms
diffused from the corners to the center of the particle and Pd atoms
moved to the corners in a few minutes. Similar phase separation also
took place in particles not previously exposed to the electron beam
(Fig. S18 a, b). After the entire heating process, the SiO; shells still
remained, covering all particles (Fig. S18 c, d) although almost certainly
without the mesopores [63,66].

Fig. 4a shows the heating procedure applied to the Au-Pt core-shell
NPLs. The STEM images acquired at each temperature reveal that
similarly as with the Au-Pd particles, the structure of the NPLs changed
from core-shell to alloyed, and finally turned into Janus-like structures
(Fig. 4c), however with more triangular particles still being present even
after the phase separation. Differently from the evolution in the Au-Pd
system, the triangular shapes in most of the Au-Pt NPLs were well

a - - — b
- Au-Pt Core-Shell (Before Heating)
1000 1 0,8 B NN Au-Pt Janus (Monitored Window)
Au-Pt Janus (New Window)
5 |3
P 800 206
£ £
E 600 1 'g' -
2 ° :
€ 400 18
. <o,2
200 1
0 ‘ ' ' . A Pt
0 20 40 60 .
Time (min) Elements
C 20 °C (Start) 100 °C 500 °C 900 °C 1100 °C

HAADF

Fig. 4. Phase separation observed in Au-Pt NPLs. a) Temperature profile b) Elemental Au and Pt content in the NPLs before and after heating, ¢c) STEM images of
Au-Pt NPLs acquired at the different temperatures, and d) STEM-EDS elemental maps of Au—Pt Janus NPLs.
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maintained, and in the Janus-like particles the Pt atoms were found to be
mostly concentrated at one corner of the triangle (Fig. 4d). A movie
recorded at 900 °C (Supporting Movie S2) demonstrates that Au and Pt
content alloyed. As the temperature was raised to 1100 °C, two different
grey values can be identified in one particle in the STEM recordings
(Supporting Movie S3), which indicates the phase separation into Au
and Pt. After about ~12 min of thermal treatment at 1100 °C, most of
the Pt atoms moved to one corner and the remaining trapezoidal part of
the triangle consisted of Au. Janus Au-Pt NPLs were also found formed
different SiNx windows that had not been previously illuminated by the
electron beam (Fig. S19).

For understanding of above alloying and phase separation behavior
in bimetallic Au-M NPLs (summarized and showed in Scheme 2), the
role of thermodynamics is important next to kinetic factors because the
shape of all the particles even at the highest temperatures is far out of
equilibrium, almost certainly kept in this state due to the silica layer. It
may be that the much higher retentions of shape of the NTs in this study
at temperatures as high as 1100 °C are caused by the fact that the
mesopores at some points were annealed out causing the silica layer to
most likely become denser and stronger, even although the higher
temperatures are also close to the melting point of silica. That the mixing
entropy at elevated temperatures could overcome the much larger dis-
similarities between the Au and Pd and Pt atoms as compared to the Ag
and Au atoms which are much more similar in size and interaction
strength can be understood. It is less easy to understand that the free
energy at even higher temperatures would result in the phase separation
observed. It needs to remain for future work to better understand this
behavior and see in how far this is also influenced by the silica layer.

For the Au-Ag system, our experiments show that the alloying is
preferred and that phase segregation did not take place as at the elevated
temperatures as observed for the Au-Pd and Au-Pt NPLs. This is in good
agreement with previously calculated Au-Ag phase diagrams of nano-
spheres [67], in which the stable alloyed Au-Ag area is large, and a
Janus structure does not exist [42]. As already mentioned, the average
surface energies of Au and Ag (shown in Appendix B Table S1), the
interface energy per unit area between Au and Ag (c = — 0.1497/ m?)
[67] is quite small, thus the difference in interface energy between
core-shell and Janus in Au-Ag NPLs is also small. In this case, as the
average surface energy of Au (1.50 J/m?) is larger than that of Ag (1.24
J/m?) [68], the free energy of the Au-Ag Janus structure is less favor-
able than that of a core-shell structure, and therefore, the alloyed NPLs
do not phase separate as at higher temperatures the mixing entropy only
becomes more important. Second, the high miscibility of Au and Ag is
high, as both have the same fcc crystal structure with a negligible dif-
ference of lattice parameters and atomic radius (Table S1) [5]. In
addition, the formation enthalpy of the chemical bond between Au and
Ag (Eauag) is negative (The bond dissociation energies of Au-Au,

400 °C
Au@Ag core-shell
A
650 °C
Au@Pt (Pd) core-shell

Alloyed AuAg

Alloyed AuPt (Pd)
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Au-Ag, and Ag-Ag are shown in Table S1) [5]. The bulk phase diagram
of Au and Ag predicts a continuous Au-Ag solid solution over the entire
compositional range. Due to these reasons, alloying will spontaneously
take place in Au-Ag NPLs when sufficient heating is applied.

The morphological evolution of the Au-Pd and Au-Pt NPLs systems
were found to be similar, and we will take the Au-Pt system as repre-
sentative for the discussion of both systems. Although Au and Pt share
the same fcc-type crystal structure, their lattice parameters and atomic
radius are quite different (shown in Table S1) [5]. As predicted in the
Au-Pt in phase diagram [52,69] and previous molecular dynamics
simulation studies on spherical Au-Pt nanoparticles with sizes up to
~20 nm, the Au-Pt system is only partly miscible and the thermody-
namic stability of Au-Pt bimetallic structures is Pt (core)-Au (shell) >
Janus > alloy > Au (core)-Pt (shell) [48,51]. There are several reasons
for this order. First, the surface energy of Au (1.50 J/m?) is much lower
than that of Pt (2.49 J, /mz) [70]. Hence, a Pt (core)-Au (shell) structure is
more stable than the inverse structure and a Janus structure. Second, the
strain energy caused by the lattice mismatch of Au and Pt make an
alloyed particles less stable than the Pt (core)-Au (shell) and Janus
structures [48,51]. Apparently, for the composition studied in this work
the configurational entropy of alloying is at some temperature enough to
favor the formation of an alloyed structure.

Another interesting finding is the shape stability of the mSiO5 coated
Au-Pt system, which is much higher than that of pure Au and Au-Ag,
and Au-Pd NPLs. First, all Au-M NPLs were stabilized by the mSiO5
coating, which helps in retaining the morphology of the nanoparticles as
has been well illustrated in many studies of nanoparticles of various
shapes, e.g. Au nanorods (NRs) [31,33], Au-M NRs [32], Au NTs [65],
Au-Ag NTs [40], and Pt nanoparticles [63]. Furthermore, it is well
known that the melting point of nanoparticles strongly depend on their
size [71]; with the growth of additional metals (Ag, Pd, Pt) onto the Au
NTs, the volume of the particles as a whole becomes larger, which results
in Au NT-M (Ag, Pd, Pt) NPLs being more stable than pure Au NTs. The
shape of the Au-Pt NPLs discussed above were found to be more stable
than in the case of the Au-Ag and Au-Pd systems, although the atomic
fraction of Pt was only ~13 at.%, while the atomic fractions of Ag and Pd
were ~30 at.%, which means that more Ag and Pd were grown onto the
same Au NTs. This is plausibly explained by the considerably higher
melting point of Pt in comparison to that of the other three metals
(Table S1) [5]. Previous investigation has shown the same trend in the
alloying of Au-M (Ag, Pd, Pt) NRs, [59]. Considering that the shape
stability of nanoparticles is crucial for the optical and catalytic proper-
ties, this is of major importance to the applicability to catalytic reactions
taking place at high temperatures.

Alloyed AuAg

1100 °C

Janus Au-Pt (Pd)

Scheme 2. Schematically illustration of the alloying and phase segregating process of Au-M (Ag, Pd, Pt) NPLs (Note: mSiO; shell is not showed in the scheme).
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4. Conclusion

In summary, fully alloyed Au-M (Ag, Pd, and Pt) NPLs with well-
defined triangular plate-like shapes were prepared successfully by
heating the mSiO, coated, initially core-shell NPLs to a temperature
which was at least 300 °C below the melting temperatures of the metals
involved. The alloying temperatures of the core-shell NPLs were much
lower than those in bulk metals due to nanoscale size effects, and mainly
depend on the melting point and mole fraction of the shell metals when
keeping the core metal. Moreover, the rough, spikey Pd and Pt shells as
grown at room temperature could be turned into smooth shells covering
the Au NT cores when the particles were heated to 500 °C, which is
similar to the Au-Ag morphology and allows for a better controlled
morphology comparison for these bi-metallic systems. Interestingly,
phase separation was found to take place for the Au-Pd and Au-Pt
systems at 1100 °C, leading to the formation of Au-Pt Janus NPLs. The
dynamic process as monitored by in-situ STEM imaging show that the
overall evolution took place starting with a core-shell morphology
changing to an alloyed configuration and subsequently changing to
Janus-like particles. Furthermore, the thermal stability of the bimetallic
Au-M core-shell NPLs was found to be significantly enhanced in com-
parison to the monometallic Au NTs, due to the coating with the second
metal, as the volume increases after overgrowth which results in a
higher melting temperature and a more stable shape. These findings and
insights are of importance to further investigations of well-defined
bimetallic and multimetallic nano-systems with well-defined different
morphologies ranging from core-shell to fully alloyed and Janus-type all
an anisotropic triangular shape will allow for optimization of plasmonic
and chemical properties of these particles for applications in catalysis,
sensing, biomedicine, and energy conversion.
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