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ABSTRACT

Phase-separation is commonly observed in multimetallic nanomaterials, yet it is not well
understood how immiscible elements distribute in a thermodynamically stable nanoparticle.
Herein, we studied the phase-separation of Au and Rh in nanoparticles using electron microscopy
and tomography techniques. The nanoparticles were thermally annealed to form
thermodynamically stable structures. HAADF-STEM and EDS characterizations reveal that Au
and Rh segregate into two domains while their miscibility is increased. Using aberration-corrected
HAADF-STEM and atomic electron tomography, we show that the increased solubility of Au in
Rh is achieved by forming Au clusters and single atoms inside the Rh domains and on the Rh
surface. Furthermore, based on the three-dimensional reconstruction of a AuRh nanoparticle, we
can directly visualize the uneven interface that is embedded in the nanoparticle. The results
advance our understanding on the nanoscale thermodynamic behavior of metal mixtures, which is

crucial for the optimization of multimetallic nanostructures for many applications.



MAIN TEXT

Phase-separation is a typical thermodynamic phenomenon that can be found in multimetallic
materials.!> Metals with a highly positive enthalpy of mixing are energetically unfavorable to be
mixed with each other, which usually segregate into different domains.>* Such phenomenon is
particularly ubiquitous in nanoparticles composed of immiscible elements. In addition, the small
size and high surface-area-to-volume ratio of nanoparticles impart them high flexibility in
structural transformation.>”’ Despite various kinetic structures that nanoparticles may have based
on the delicate design of synthetic methods, the application of nanoparticles such as catalysis often
triggers their structural evolution to reach a thermodynamically stable state once sufficient external
energy (e.g., thermal energy, electrochemical bias) is provided to the systems.®!* Consequently,

phase separation is broadly observed in nanoparticles comprising immiscible elements.%!%13-20

Compared with phase separation at the bulk scale, one notable difference at the nanoscale
is the enhanced miscibility between incompatible metals.?! For instance, the miscibility gaps
between incompatible metals such as Pt-Rh, Au-Ir, and Ag-Ni are found to shrink when the particle
size decreases.?>?® The miscibility change is generally ascribed to the increased surface effect on
nanoparticles. Specifically, atoms on the particle surface have fewer neighboring atoms than those
in bulk, which results in a decrease of the interaction energy between the immiscible elements and
hence facilitates their mixing.?>?*6-** The atomic ensemble in multimetallic nanoparticles may also
compress and create strains in order to reduce the high surface energy,’'*? which further
complicate the thermodynamic behavior of metals and affect their separation at the nanoscale.
While phase-separation has been reported in many types of metal nanoparticles, it remains poorly
understood how the immiscible metals distribute in a thermodynamically stable nanoparticle and
how the increased miscibility affects the elemental distribution. Understanding the nanoscale

thermodynamic behavior will be crucial for designing phase-separated nanoparticles that can be

15,33,34 35,36 37,38

used for a variety of fields including catalysis, plasmonics,’”°° magnetics, and biological

imaging.*’

Herein, using Au-Rh nanoparticles as a model system, we investigated the phase separation
behavior of two thermodynamically immiscible elements in nanoparticles of size ranging from 4
to 12 nm, a size regime that is commonly used for nanoparticle catalysts. High-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) and energy dispersive x-ray



spectroscopy (EDS) were combined to show that, thermodynamically, Au and Rh segregate into
two domains in a nanoparticle while their miscibility in the nanoscale regime is increased. Electron
tomography was utilized to reveal the distribution of Au and Rh in a nanoparticle in a three-
dimensional (3D) manner. The results not only reveal the distribution of Au and Rh in the particles,
but also unravel the topographic morphology of an interface that is embedded in a heterostructured

nanoparticle.

According to bulk phase diagram, Au and Rh are immiscible elements, which will form
two phases that are virtually monometallic at temperatures lower than 800 °C (each element phase
contains < 1% of the other element).*’ In this work, thermal treatment was used to obtain
thermodynamic AuRh systems. To assess the efficacy of the thermal treatment, we first prepared
a Au-Rh bulk film sample by drop-casting a mixture of gold(III) chloride and rhodium(III) nitrate
onto a quartz substrate and thermally annealing the quartz substrate under flowing Ar/Hz at
temperatures as high as 500 °C (see supporting information). X-ray diffraction (XRD) pattern of
the annealed sample shows two sets of peaks that can be attributed to face-centered cubic (fcc) Au
and fcc Rh crystal structures, respectively (Fig. S1), confirming the efficacy of the annealing
process in triggering the thermodynamic phase-separation between Au and Rh. Next, we
synthesized AuRh nanoparticles via nanoreactor-mediated synthesis and applied the same thermal
treatment to the nanoparticles. Specifically, polymer micelles were utilized as nanoreactors to
mediate the nanoparticle synthesis (Fig. 1).*! The micelles were made by dissolving polystyrene-
b-poly(2-vinyl pyridine) (PS-6-P2VP) in toluene. Metal precursors were sequentially loaded into
the micelles by coordinating them with the pyridyl group of the polymers. Following precursor
loading, the micelles were spin-coated onto a substrate and successively treated with plasma
etching and thermal annealing to decompose the micelle templates and create single AuRh
nanoparticles within each micelle (Fig. 1B and S2-S5). The size and composition of nanoparticles
were controlled by adjusting the amount and ratio of metal precursors in each micelle reactor,

which determines the available metal ions for forming nanoparticles.

To investigate the thermodynamic state of Au and Rh at the nanoscale, HAADF-STEM,
EDS, and high-resolution transmission electron microscopy (HRTEM) characterizations were
performed on the synthesized nanoparticles. As shown in Figure 1D, HAADF-STEM

characterization suggests the formation of heterostructured AuRh nanoparticles (4-12 nm). The



brightness contrast between the two domains that constitutes the heterodimers is due to the atomic
number contrast between Au and Rh. HRTEM characterization of a AuRh nanoparticle validates
the segregation between Au and Rh (Fig. 1C). Fast Fourier transformation (FFT) of the Au domain
indicates that it is oriented along the [011] zone axis of a fcc Au crystal structure, and FFT of the
Rh domain shows reflections corresponding to Rh (111) planes. While two distinct lattice
structures, corresponding to fcc Au and fcc Rh, respectively, were found in individual AuRh
nanoparticles, no specific lattice orientation was observed between the Au and Rh domains (Fig.
S6). The phase separation between Au and Rh in the nanoparticles was further evidenced by EDS
elemental mapping. As shown in Figure 1D, 2, and S7, AuRh nanoparticles possess a dimeric
heterostructure with one domain mainly composed of Au and the other composed of Rh. In order
to understand how thoroughly Au and Rh are separated in the particles, we calculated the Pearson’s
colocalization coefficient (PCC) of the element maps of Au and Rh (Fig. 2A). The PCC values
have a range between -1 and 1, where 1 is for two perfectly and linearly related images, 0 is for
uncorrelated images, and -1 is for inversely related images.*> Remarkably, the PCC values of Au
and Rh are found between 0.06-0.12, suggesting partial mixing of Au and Rh in the nanoparticle.
Moreover, EDS spectra of the Au and Rh domains in a single nanoparticle (Fig. 2B and 2C) as
well as the EDS line-scan across the two domains (Fig. 2D) also corroborate the presence of one
element in the other element’s domain. To quantify the increased miscibility, we further calculated
the composition of the Au and Rh domains based on the EDS measurement of 25 AuRh
nanoparticles (Fig. S8). Compared with the bulk scenario, the Au content in the Rh domains is
increased to ~15% while the Rh content in the Au domains is increased to ~7% (Fig. 2E). Taken
together, these studies confirm that Au and Rh phase separate in a thermodynamically stable

nanoparticle while their miscibility is clearly increased.

In an attempt to unveil how Au and Rh atoms are organized in a nanoparticle to adopt the
increased miscibility, we used aberration-corrected STEM to characterize the AuRh nanoparticles.
As shown in Figure 3A and S9, the large atomic number difference between Au and Rh atoms
leads to their brightness contrast in the STEM images, making them differentiable at the atomic
scale. In consistence with the EDS results, Au clusters and single atoms are found in the Rh
domains of the AuRh heterodimers (Fig. 3A and S9). Since HAADF-STEM is a two-dimensional
(2D) projection method, it is challenging to identify whether the observed Au species are located

inside the Rh domain or on the Rh surface. In this regard, we leveraged atomic electron



43 a three-dimensional reconstruction method based on the aberration-corrected

tomography,
STEM, to reveal the distribution of Au and Rh in a nanoparticle from a three-dimensional
perspective. A series of STEM images were acquired from a single nanoparticle with varied tilting
angles from approximately -60° to 60° (Fig. S10 and S11). Based on these images, a 3D model

).4 As shown in

was reconstructed using the GENFIRE algorithm (see supporting information
Figure 3B, Video S1, and Video S2, Au clusters can be found both in the Rh domain and on the
surface of the Rh domain. The enrichment of Au atoms on Rh surface is presumably owing to the
minimization of surface energy since Au possesses a lower surface energy than Rh.!2#4 Based
on the 3D reconstructed result, we can also break down the nanoparticle into a set of slices along
the direction perpendicular to the 2D imaging plane (Fig. 3C and Video S3). From the bottom slice
to the top slice (Fig. 3C panel 1-4 and 3D), one can clearly see that in addition to Au single atoms,
Au clusters of size between 1-3 nm are present on the edge of the Rh domain as well as inside the
Rh domain. Through the combination of HAADF-STEM 2D imaging and 3D reconstruction (Fig.
3 and S9), we conclude that the Au solute is located both in the Rh domain and on the Rh surface
in the form of clusters and single atoms. For the distribution of Rh solute in the Au domains,
experimentally it is hard to resolve it based on the HAADF-STEM characterization due to the high
brightness of Au atoms in the STEM images, which generates a bright background when we try to
distinguish the Rh atoms in the Au domains (Fig. S12). Given the higher cohesive energy and
surface energy of Rh atoms than Au, we deduce that the increased solubility of Rh in Au is possibly

realized by forming Rh clusters and single atoms mainly inside the Au domains.

One important structural feature of heterostructured nanoparticles is the solid-state
interface, which has attracted extensive interest due to its significance in modulating the catalytic
and plasmonic properties of nanoparticles.!>!7!833-3¢ When the interfaces are incoherent or
irregular, it is challenging to characterize them with electron microscopy because many of the
interfaces do not have a well-defined lattice structure that can be resolved using 2D imaging
methods. In the case of AuRh nanoparticles, we observed some of the nanoparticles possessing
non-flat interfaces that are embedded in the particles. HAADF-STEM images of these particles
show blurry interfacial regions (Fig. 4A and S9B), in contrast with the distinct transition between
Au and Rh domains in nanoparticles with flat interfaces (Fig. S9A). To resolve the topographic
morphology of the embedded uneven interface, we applied an algorithm on the reconstructed

particle to make the interface visualizable (see supporting information). Specifically, since the



contrast between Au-rich domain and Rh-rich domain are distinctive in the reconstructed structure
(Video S1-S3), the interface can be identified by calculating the gradient of the contrast, where
high numerical value is taken to be a signature of the Au-Rh interface. Based on the calculated
results, Z-slices of the particle were generated with the contour line of the Au domain highlighted
in each slice (Fig. 4 and Video S4). As shown in Figure 4B and 4C, the topographic morphology
of the phase boundary is highly irregular. At a relatively low Z position, the contour line of the
interface protrudes from the Au domain to the Rh domain (Fig. 4B, panel 1). Moving up along the
Z direction, the Z-slices show that the protruding part of the interface gradually retracts, resulting
in a flat interface inside the particle (Fig. 4B, panels 2-5). Further moving up to a relatively high
Z position, the Z-slices show the retraction of another part of the interface, which leads to a
protrusion from the Rh domain to the Au domain (Fig. 4B, panels 6-9). As such, the irregular
interface is resolved and visualized from a 3D perspective. Taken together, the tomographic study
on the AuRh system has provided a comprehensive insight into their thermodynamic distribution

in a nanoparticle.

In summary, we have investigated the phase separation behavior of immiscible elements
in thermodynamically stable nanoparticles using Au and Rh as a model system. Analytical electron
microscopy and atomic electron tomography were combined to reveal the increased miscibility
between Au and Rh at the nanoscale, the distribution of Au and Rh in heterostructured
nanoparticles, and the topographic morphology of phase boundaries that are embedded in the
nanoparticles. Understanding the structure of phase-separated nanoparticles is fundamentally
important because the function of the nanoparticles is often dictated by their surface and interfacial
structures. Given the importance of phase-separated nanoparticles in a variety of fields,'>¥-" this
work not only advances our understanding on the nanoscale thermodynamic behavior of metal
mixtures, but also provides important guidelines for the design of phase-separated nanostructures

that can be useful for catalysis, plasmonics, magnetics, and many other applications.
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Figure 1. Micelle-mediated synthesis of AuRh nanoparticles. (A) Scheme of the micelle-mediated
nanoparticle synthesis. (B) HAADF-STEM images and EDS elemental maps of AuRh
nanoparticles synthesized in micelle reactors. Scale bar: 10 nm. (C) HRTEM image of a AuRh
nanoparticle and FFT of the regions indicated by dashed squares in the HRTEM image. Scale bar:
2 nm. (D) HAADF-STEM images and EDS elemental maps of individual AuRh nanoparticles with

size between 4—12 nm. Scale bars: 2 nm.
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Figure 2. EDS analysis of the Au-Rh phase separation in nanoparticles. (A) HAADF-STEM image
and EDS elemental maps of a representative AuRh nanoparticle. The Pearson’s correlation
coefficient (PCC) of the Au and Rh maps is 0.08, suggesting phase separation between the majority
of Au and Rh atoms. Scale bar: 2 nm. (B,C) EDS spectra of the Au and Rh domains of the
nanoparticle shown in (A). (D) EDS line-scan profile across the Au and Rh domains of the
nanoparticles in (A). The white arrow in (A) shows the trace of the line scan. (E) Atomic
composition of the Au and Rh domains in AuRh nanoparticles that is assessed from 25 particles
with size between 4—12 nm.

15



Au in Rh domain

Intensity

P ki
MWW poet” : .
1.7 Rh domain Au domain o
0 4 8 12

Distance (nm)

Figure 3. Distribution of Au and Rh atoms in Au-Rh nanoparticles. (A) High-resolution HAADF-
STEM images of AuRh nanoparticles. Yellow dashed rectangles and circles highlight the Au
clusters and single atoms in the Rh domains, respectively. Scale bars: 2 nm. (B) Aberration-
corrected STEM image and 3D-reconstructed result of a AuRh nanoparticle. The bright atoms in
the reconstructed image represent Au. The intensity histogram of the associated color map is
modified to suppress the low-intensity pixels, so that Au-rich domain is highlighted. Scale bar: 2
nm. (C) Z-sections of the nanoparticle shown in (B). The Z direction is perpendicular to the image
plane of the nanoparticle. (D) Intensity profiles of the regions indicated by the white dashed
rectangle in the Z-section images in (C).
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Figure 4. Interface analysis of Au-Rh nanoparticles. (A) HAADF-STEM image of the AuRh
nanoparticle used for 3D reconstruction. Scale bar: 2 nm. Yellow dashed square highlights the
uneven interface. (B) Contour lines of the Au domain at different Z height. The Z direction is
perpendicular to the image plane of the nanoparticle in (A). (C) Overlay of the contour lines of the
Au domain at different Z positions. The Z positions of the images in (B) are indicated on the color
bar.
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