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ABSTRACT

Trimetallic nanoparticles present different properties than their mono- and bi-metallic
counterparts, opening a wide range of possibilities for diverse potential applications with the
notion to study possible morphology, atomic ordering, reduce precious metal consumption and
many others. In this paper, we are presenting a comprehensive experimental study on AuCu/Pt
trimetallic nanoparticles with an average diameter 15 + 1.0 nm, synthesized in one-pot synthesis
method and characterized by Cs-corrected scanning transmission electron microscopy technique
that allowed us to probe the structure at the atomic level resolution. A new way to control the
nanoparticle morphology by the presence of third metal (Pt) is also discussed by the overgrowth
of Pt on as prepared AuCu core by Frank-van der Merwe (FM) layer-by-layer and Stranski—
Krastanov (SK) island-on-wetting-layer growth modes. With the application of this research, we
are now a step closer to produce optimum catalysts in which the active phase forms only surface
monolayers. In addition, the nanoalloy presents high index facet surfaces with {211} and {321}

families, that are highly open-structure surfaces and are interesting for the catalytic applications.

Keywords: AuCu/Pt core-shell; Trimetallic nanoparticles; High index facets; Multiply twinned
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1. Introduction

Nanoparticles may have properties that may not conform to the material as it exists in bulk form.
These nanocrystals can be more reactive catalysts than their larger versions and with precise
control of the size and geometry of these particles; reactivity could be tuned to a specific rate.
The fundamental research on nanoparticle morphology to determine the way nanoparticle size
and geometry is essential to controlling the variables and increasing the accuracy and

consistency of the rate of reactivity.

In recent years, numerous research efforts have been devoted to the optimization of the existing
monometallic and bimetallic (particularly precious metal Au, Pt, Pd, Re, etc. based) nanoparticle
catalysts and to design new catalysts with less or no usage of expensive materials. In addition to
nanoparticle morphology control, recent research has been focused on fabrication of trimetallic
nanoparticles (TNPs) and multimetallic nanoparticles (MNPs) catalysts due to their tunable
properties implemented in diverse potential applications. The addition of a third metal into the
nanoparticle catalyst is expected to produce a combination of effects such as modification of the
electronic structure, change in the d-band center, reduction of the lattice distance and
enhancement of the overall electronic charge shift, increasing the catalytic activity and
selectivity of TNPs in comparison to monometallic and bimetallic counterparts. > Of course, the
nominal consumption of Pt metal reduces the overall cost of the catalyst. However, these catalyst
nanoparticles exhibited the enhanced catalytic activity and poisoning resistance. It is well-
documented that the engineering of the shape, size, composition, and crystallographic structure
of the catalyst nanoparticles allowing for the tuning of superior catalytic activity. *“*°
Particularly, the outstanding properties of Pt-based catalysts show their enhanced electrocatalytic
performance towards various industrial reactions. ****” They are also used for polymer electrolyte
membrane fuel cells (PEMFCs), *%* direct methanol fuel cells (DMFCs),?* ? and hydrogen

storage. 2%

To date, there have been few reports in the literature of TNPs, including Au@Pd@Pt, AuPtRh,
AuAgPd, Au/Pt/Ag, AgPd-Pt. *" ®2 For instance, Wang and Yamauchi 2> % have established
the successful synthesis of Au@Pd@Pt TNPs composed of an Au core, a Pd inner layer and a
nanoporous Pt outer shell by using a one-step aqueous-phase reaction, that exhibit significantly

enhanced catalytic performance compared to Au@Pt core-shell bimetallic nanoparticles in the
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methanol oxidation reactions (MOR) and demonstrating its promising potential as an effective
catalysts. In addition, the Au@Pd@Pt TNPs revealed high activity of electro-oxidation of formic
acid and exhibits a synergistic effect between the three different nanostructure components
(sphere, shell, and islands), albeit the amount of Pt and Pd used is extremely small.® Yang and
coworkers® demonstrated the extraordinary electrocatalytic activity of the AuCu@Pt trimetallic
nanoparticles for oxygen reduction reaction (ORR) is attributed to the compressive strain effect
exerted by the AuCu alloy core on the Pt shell due to the smaller lattice parameter of the AuCu
core. The AuCu alloy core effectively reduced the Pt loading in the AuCu@Pt trimetallic core-

shell nanostructures. More recently, Sun et al.*

reported Au/CuPt TNPs a promising catalyst for
both ORR and MOR and size of the particles are approximately 8.0 nm. However; they did not
carry out a detailed structural analysis. Moreover, no experimental works have been carried out
to study the crystallographic structure, shape and composition of AuCu/Pt trimetallic system.
Therefore, several researchers have been exploring different research techniques for ways to
reduce the usage of Pt-like precious metals as catalysts and increasing the mass specific activity
(MSA) of precious metal nanoparticles. One way to increase MSA is through the synthesis of
nanoparticles with relatively smaller sizes. Nonetheless, in the case of larger particles, a possible
way to increase MSA is through the synthesis of nanoparticles with high index facet (HIF)
surfaces * and the subsequent decoration of the particles with precious metals (Pt) on their
surfaces.?” For that reason, several effective methods to create alloys with a second or third metal
or a core-shell structure have been investigated. These core-shell structures are also the
appropriate way to modify the electrocatalytic properties of Pt in order to reduce Pt usage which

makes this research particularly applicable to extend the use of Pt as a cost effective catalysts. **
33

In this paper, we report on the monodispersed AuCu/Pt penta-twinned core-shell nanoparticles
synthesized by depositing a Pt monolayer on AuCu core nanoparticles. The morphological
characterization of these TNPs has been done using extensive transmission electron microscopy
(TEM), high-resolution TEM (HRTEM) and aberration-corrected scanning transmission electron
microscopy (Cs-corrected STEM) in combination with high angle annular dark field (HAADF),
bright field (BF) and energy dispersive X-ray spectroscopy (EDS) detectors, where the EDS line
scan allowed us to study the atomic positions of Au, Cu, and Pt. Intensity profiles of the

nanoparticles suggest that these particles present kinks and adatoms on the outer layers. Our data
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also establishes that the HIF (or planes) in the surface of the penta-twinned trimetallic

nanostructures.
2. Experiments
2.1. Chemicals and Materials

Chemicals used in the experimental processes were. Gold (IlIl) chloride trihydrate
(HAUCI4.3H,0, > 99.9+ %), copper (I) acetate (CuCO,CHs, 97%), chloroplatinic acid hydrate
(H2PtCls.xH,0), and oleylamine (technical grade, 70%) were used as solvent, reducing agent and
stabilizer. Solvents including ethanol (98%) and hexane (99%) were used for cleaning purposes
and the particles were dispersed with toluene (99%). Only chemicals of analytical grade were

used, without any further purification process.
2.1. Synthesis of Au, AuCu and AuCu/Pt Nanoparticles

First, a simple one-pot synthesis method was employed to fabricate Au nanoparticles. A solution
of 0.023 M of HAuCI,; x3H,0 in 10 mL oleylamine was heated at 110 °C under N, atmosphere
and the mixture was stirred for two hours. Then Au nanoparticles were formed. In the second
step, these Au nanoparticles were used as seeds for the formation of the AuCu bimetallic
nanoparticles. Subsequently, the solution of 0.19 M of copper acetate (CuCO,CHj3) in 2.5 mL
oleylamine was added dropwise to the mixture. The temperature was then raised to 280 °C and
held for an hour in N, atmosphere with rapid magnetic stirring. In the final step, the synthesis of
core-shell AuCu/Pt trimetallic nanoparticles, after the hour passed, the temperature lowered to
240°C then 0.029 M of H,PtClg xH20 in 2.5ml oleylamine was added dropwise to the mixture
and held for an hour under a N, ambient with magnetic stirring. Then AuCu/Pt trimetallic
nanoparticles were formed. The resulting colloidal solutions were then cooled to room
temperature, precipitated by using ethanol and hexane 70/30 and centrifuging three times at 5000
rpm for 10 minutes, which removed the free ligands. The precipitate was re-dispersed in toluene.
The resulting particles were drop-casted onto 3 mm nickel grids for their subsequent

characterization.
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2.3. Electron Microscopy Characterization

The morphology of the nanoparticles was characterized by transmission electron microscope
(TEM) and high resolution transmission electron microscopy operated at 200 kV with a 0.19 nm
point resolution. The scanning transmission electron microscopy (STEM) images were recorded
in a probe Cs-corrected Microscope operated at 200 kV. High angle annular dark field (HAADF)
STEM images were obtained with a convergence angle of 26 mrad and the collection semi-
angles from 50 to 180 mrad. These variations in semi-angles satisfy the conditions set forth for
the detectors to eliminate contributions from unscattered and low-angle scattered electron beams.
The probe size used was about 0.09 nm with the probe current of 22 pA. In addition, bright field
(BF) STEM images were recorded by using a collection semi-angle of 11 mrad. Electron
dispersive X-ray spectroscopy (EDS) spectra were obtained using a probe size of 0.13 nm with
the probe current 86 pA. The atomistic models of the particles were obtained by using Materials

Studio software.>

3. Results

Monodispersed multiply twinned morphologies of AuCu/Pt trimetallic core-shell nanoparticles
were synthesized in a one-pot synthesis method. First Au nanoparticles were synthesized at 110
°C by using oleylamine as solvent, reducing agent and stabilizer for the formation of
nanoparticles as shown in Figure 1(a). The TEM image of Au nanoparticles has an average size
range 9.0 + 1.0 nm. (see histogram as inset). The TEM (HRTEM) micrographs illustrated the Au
nanoparticles are multiply twinned morphologies (Figure 1(b)).Then, a copper acetate
(CuCO,CHy3) solution was immediately added to Au colloidal solution which was kept at 280 °C
for 1 hour under the N, ambient and resulted AuCu alloyed multiply twinned structure
nanocrystals as shown in TEM micrographs of Figure 1(c). The average size of the AuCu
nanoparticles is 13.0 £ 1.0 nm. (see inset histogram Figure 1(c)). Figure 1(e) corresponds to the
HRTEM image of multiple twinned particles at five-fold and oriented along {112} zone axis.
Next, in order to prepare the AuCu/Pt trimetallic core-shell structure nanoparticles, Pt precursors
were added to the AuCu colloidal solution, which was kept at 240 °C for another 1 hour under
the N, atmosphere with magnetic stirring. The successive reduction of Pt resulted in the
deposition of the Pt atoms on the surface of the AuCu alloy nanoparticles and formed AuCu/Pt

TNPs. Figure 2(a) is a composed image made of low magnification TEM bright-field
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representative micrographs, showing these morphologies (also see Supporting Information (SI)
Figure S1). The inset histogram from Figure 2(a) shows an average size (15.0 £ 1.0 nm)

distribution of AuCu/Pt TNPs.

Figure 1. (a) TEM image of the Au nanoparticles and inset histogram represents the size
distribution of the particles (mean size range 9.0 + 1.0 nm.), (b) HRTEM images of the multiply
twinned structure Au nanoparticles, (c) Representative TEM image of AuCu nanoparticles,
histogram shows an average size range (13.0 £ 1.0 nm.), (d) and (e) shows the HRTEM images

of multiple twinned particles at the five-fold and oriented along {112} zone axis.
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Figure 2. (a) TEM image of AuCu/Pt trimetallic core-shell nanoparticles and the particle size
ranging from 15.0 £ 1.0 nm. (b) and (c) HRTEM images of the multiple twinned structure

nanoparticles which is oriented along the {001}zone axis.

Figure 3(a) shows the HAADF-STEM image of AuCu/Pt trimetallic multiple twinned
nanoparticles. The distributions of the Au, Cu and Pt in the nanoparticles were studied by the
energy dispersive X-ray spectroscopy (EDS) techniques using the HAADF-STEM mode. The
EDX techniques were applied to investigate the elemental mapping and cross-sectional
compositional line profile of the nanostructures, which are two accepted characterizations
showing the core-shell structures and elemental distributions of nanoparticles.® ** Here we
observed the AuCu/Pt trimetallic multiple twinned particles are core-shell structure. The false
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colors red, green, and blue correspond to Au, Cu and Pt respectively. The Pt signal was readily
observed and distributed in the surface of the AuCu alloyed nanostructures (Figure 3(e) and Sl
Figure S2); however, the Au and Cu signals were concentrated in the cores and formed AuCu
alloyed nanostructures as shown in Figure 3(b-d). These converging color maps showed that the
Pt atoms are overgrown on the surface of AuCu nano-alloys as shown in the overlay of the
nanoparticles (Figure 3(f)). However, it must be noted that the Pt was deposited on the AuCu
surface, instead of it appears to be conglomerated (see Figure 3(e)). Figure 3(g) shows a line-
scan EDX spectrum of Au, Cu and Pt, recorded through the center of an individual nanoparticle
(marked by a red line inset Figure 3(g)). The Pt signal was clearly traced across the entire
particle (~12 nm), whereas the Au and Cu signals were obtained only across the core region (~9
nm). Therefore, the intensity profile shows the maximum intensity of the signals changing

between the respective regions.
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Figure 3. (a) HAADF-STEM image of AuCu/Pt multiple twinned nanoparticles, (b-f) EDX
elemental maps of nanoparticles — Au, Cu, AuCu alloy, Pt, and Overlay respectively, (g) Au, Cu

and Pt elemental profiles along the red line across the particles (inset of g).
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The atomic structures and component distributions of the AuCu/Pt trimetallic nanoparticles were
observed using an aberration-corrected STEM equipped with HAADF detector. Figure 4 shows
atomically resolved HAADF-STEM images for the AuCu/Pt penta-twin shaped nanoparticles.
The brightness reflects the HAADF intensity signal depends not just on the amount of material
but also on the elements present in the atomic column parallel to the electron beam,*” this
technique is a very suitable choice for the analysis of the composition of the nanoparticles. The
AuCu core is readily distinguishable in a multiple twinned shape as the Pt shell structure is that
of a penta-twinned where it is possible to count the atomic layers of Pt. We measured all five
facets of the Pt shell, L; through Ls, to be 7, 8, 8, 8 and 7 Pt layers respectively. Moreover, the
twinning angles between (111) planes varied from 70.8° to 72.4° as presented in Figure 4, where
the higher discrepancy (x1.6°) in region R2 and R3 is observed. The deviation of those values
with the average angle 70.53° between {111} twin planes (for symmetrical monometallic
decahedral nanocrystal) provides distortion and makes the particles strained. Figure 4(b) shows
close-ups of the red square indicated by Figure 4(a) revealing that the composition of the
individual columns can be corroborated by change in the intensity signal. In interface region, the
diffusion of few layers of Cu on the Pt shell can be directly observed in the aberration corrected
STEM micrograph. The intensity profile (SI Figure S3(d) marked by dot red arrow ‘X’) noted
that the dramatic difference in the intensity due to the differences in atomic number. The average
distance between Au-Au peaks is 0.236 nm, Pt-Cu peaks is 0.219 nm, and Pt-Pt peaks is 0.264
nm, these values are consistent with the Au {111}, CuPt {111} and Pt {110} planes respectively.
The corresponding fast Fourier transforms (FFT) (Figure 4(c)) shows the main reflections
conforming the particle oriented along [011] zone axis. In addition the core region of Figure 4(b)
also exhibits the lattice spacing of 0.221 nm that agrees well with the inter lattice spacing of
{111} lattice plane of AuCu alloy crystals. In addition, the shell region reveals that the lattice
spacing of 0.224 nm and 0.202 nm, which are assigned with the inter lattice spacing of {111}
and {200} planes of Pt crystals respectively. Furthermore, the intensity profile analysis of the top
layer in SI Figure S3(b) marked by a red arrow ‘Y’ reveals the disparity of intensities between
atomic columns indicating that there are incomplete atomic columns; therefore, they have to

present kinks and adatoms in the outer layers (SI Figure S3(c)).
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Figure 4. (a) Atomic resolution HAADF-STEM image of a penta-twinned AuCu/Pt core-shell
nanoparticle. Each tetrahedron (R1, R2, R3, R4, and R5) is identified by white arrow and the
angles measured between the {111} twinning plane are 72.1°, 72.4°, 70.8°, 71.7°, and 71.2° as
indicated. (b) Close-up of the image as indicated by the square showing the crystalline planes
and different contrasts of Pt, Cu and Au lattices are readily observed, (c) Corresponding fast

Fourier transform (FFT) shows the [011] zone axis.

The close-up look from atomically resolved HAADF-STEM micrograph (Figure 5) shows that
the surface of nanostructure is not flat and is composed of atoms with kinks, terraces and steps.
The non-flat surfaces with the presence of high kinks and atomic step density, increases the
reactivity of the nanostructure that will be suitable for both selective and reactive catalysis. Such

surfaces are also called high index facets surfaces (HIFS). These kinks, adatoms and high-index
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3 \which further increases the

facets are catalytically more active than low index surfaces,
premise of the potential use of these nanoparticles as catalysts. In some cases, there are only
adatoms in the surface as represented by an arrow in Sl Figure S3(b), while in most of the cases
the surface presents HIFS as presented in the Figure 5(a). The average value of the miller indices
for HIFS can be estimated by measuring the angle between the known plane (either (111) or
(100)) and the high index surface. The average angles measured along different surfaces with
respect to (111) plane corresponds to 20 degrees and with respect to (100) plane, corresponds to
34 degree, revealing the miller index family to be made from {211}. Another angles observed
was 21.95 degree along (111) plane and 36 degree along (100) plane. The average value of this
angle corresponds to HIFS with {321} family. From the nomenclature of the surface, {211}
surface is made of {111} terraces and {100} step surface with 3 atoms in the row. The atomistic

model for both {211} and {321} HIFS are presented in the Figure 5(b) and 5(c) respectively.

Figure 5. (a) Shows HAADF image of 16 nm penta-twinned nanoparticles on a [011] zone axis
with high index exposed facets, (b and ¢) Atomistic model for high-index facets {211} and
{321} with steps and terraces.
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4. Discussion

The multiply twinned particles (MTPs) consist of five (for decahedral) or twenty (for
icosahedral) tetrahedral subunits, which are bounded together by (111) twinned planes. All facets
of the decahedral or icosahedral particle are {111} planes, having the lowest surface free energy
for a face centered cubic (fcc) metal. In terms of energy minimization, it is favorable to form
decahedral or icosahedral MTPs thermodynamically in comparison with single crystal particles
when the surface free energy of {111} is low.* In our experiment we observed Au seeds and
AuCu alloyed nanoparticles that are multiple twinned structures as shown in high resolution
TEM micrograph Figure 1. Moreover, when the Pt precursor was added as a third metal, forming
AuCu/Pt ternary penta-twinned structure, the structure exhibits both the diffuse interphase and
epitaxial growth of the Pt shell on the AuCu alloy core. Among various parameters that affects
the interdiffusion and epitaxial growth of core-shell nanostructures, the lattice mismatch between
the core and shell metals has been shown to play a crucial role. Fan et al.** reported the
systematic investigation of the epitaxial growth of various novel metals, and concluded that the
epitaxial growth of core-shell nanostructures is favored by small lattice mismatch (must be less

than about 5 %), as well as electronegativity, atomic radius, bond dissociation energy.

Here, we observed the epitaxial growth of Pt shell on top of the AuCu core because the lattice
mismatch (1.3%) between Pt (0.3923 nm) and AuCu (0.3872 nm) below 5% is favorable for the
epitaxial growth not only on the flat {111} facets but also on the sharp corners of multiple
twinned particles where defects and distortion of tetrahedral units are accumulated.** Besides the
lattice mismatch, many other factors and the synergetic effects determine the growth mode. One
could simply give the explanation in terms of the low surface free energy. Nonetheless, this is
vague especially for the growth over nanocrystals in solution with complex components
consisting of second or third metal ions, anions, and reducing and capping agents, which may
alter the growth modes. According to the theory of nucleation and growth of heterogeneous
structure of multimetallic nanoparticles, the growth mode is mainly determined by the lattice
mismatch and interactions between the overlayer and substrate. Generally, there are three types
of growth modes when a substance is deposited on a substrate in gas phase or vacuum, namely
the Frank—van der Merwe (FM), Volmer—Weber (VW), and Stranski—Krastanov (SK) modes.
These have been used to explain the formation of various nanostructures of alloy, and core-shell

nanoparticles.** ** The three metals (Au, Cu, Pt) all share the fcc crystal structure; and the Pt
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shell could grow epitaxially on the AuCu core because of the latter’s smaller bulk lattice. Figure
4(a) shows the HAADF-STEM image of the FM and SK growth mode of the AuCu/Pt core-shell
nanoparticles, where the condition of the FM growth mode depended on the smooth surface of as
prepared AuCu MTPs, such as (111) facets. The directions of the overgrowth of atomic Pt
monolayers on top of AuCu (111) facets were formed in layer-by-layer and island-on-wetting-
layer, consequently, the small clusters and nanoclusters will gradually deposit on the surfaces of
as-prepared cores in the epitaxial growth modes. Due to the presence of islands, the incomplete
surface layers were formed and formation of high index facets as shown in Figure 5(a), where we
observed {211} and {321} HIFS. High-index facets are highly open-structure surfaces, which
have high density of atomic steps and kinks.** These low coordinated atoms can easily interact
with other molecules and preform as the active catalysts. Therefore, the catalytic activity of high-
index facets is generally superior to that of low-index facets, which consist of densely packed
atoms, for example {111} and {100}.3>*°

5. Conclusions

In summary, we successfully synthesized AuCu/Pt core-shell penta-twinned structure TNPs,
consisting of a Pt monolayer shell and bimetallic AuCu core by one-pot colloidal synthesis
method. The TEM micrographs elucidated the final morphologies of the Au and AuCu alloy
seeds are multiply twinned structures and the final morphology of trimetallic structure resulted in
penta-twinned shapes. Atomic resolution Cs-corrected STEM in combination with high
resolution spectral and chemical analysis has been allowed us to see the Pt layers are overgrowth
on the as prepared AuCu core by FM layer-by-layer and SK island-on-wetting-layer growth
modes, the atomic structure of AuCu/Pt trimetallic nanoparticles and the chemical composition
of different elements were found from the EDS analysis. The obtained nanostructure carries
significant importance due to the highly reactive geometry obtained and observed by the atomic
resolution microscopy. The presence of significant amount of copper in the structure was shown
to make the nanostructures more cost effective and at the same time the presence of Pt atoms
decorated surfaces with high index surfaces {321} and {211} makes them catalytically more
active. In this paper we demonstrated the new way to control the nanoparticles morphologies by
the presence of third metal (Pt). We believe that this work is a step closer to produce optimum

catalysts in which the active phase forms only surface monolayers.
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