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ABSTRACT 

Morphology-controlled nanoparticles of high entropy intermetallic compounds are quickly 
becoming high-value targets for catalysis. Their ordered structures with multiple distinct 
crystallographic sites, coupled with the “cocktail effect” that emerges from randomly mixing a large 
number of elements, leads to catalytic active sites capable of achieving advanced catalytic 
functions. Despite this growing interest, little is known about the pathways by which high entropy 
intermetallic nanoparticles form and grow in solution. As a result, controlling their morphology 
remains challenging. Here, we use the high entropy intermetallic compound (Pd,Rh,Ir,Pt)Sn, 
which adopts a NiAs-related crystal structure, as a model system for understanding how 
nanoparticle morphology, composition, and structure evolve during synthesis in solution using a 
slow-injection reaction. By performing a time-point study, we establish the initial formation of 
palladium-rich cube-like Pd-Sn seeds onto which the other metals deposit over time, concomitant 
with continued incorporation of tin. For (Pd,Rh,Ir,Pt)Sn, growth occurs on the corners, resulting in 
a sample having a mixture of flower-like and cube-like morphologies. We then synthesize and 
characterize a library of 14 distinct intermetallic nanoparticle systems that comprise all possible 
binary, ternary, and quaternary constituents of (Pd,Rh,Ir,Pt)Sn. From these studies, we correlated 
compositions, morphologies, and growth pathways with the constituent elements and their 
competitive reactivities, ultimately mapping out a framework that rationalizes the key features of 
the high entropy (Pd,Rh,Ir,Pt)Sn intermetallic nanoparticles based on those of their simpler 
constituents. We then validated these design guidelines by applying them to the synthesis of a 
morphologically pure variant of flower-like (Pd,Rh,Ir,Pt)Sn particles, as well as a series of 
(Pd,Rh,Ir,Pt)Sn particles with tunable morphologies based on control of composition. 
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INTRODUCTION 

Nanoparticles of high-entropy materials, such as alloys, have important physical and catalytic 
properties that arise from the synergistic effects of randomly mixing five or more principal 
elements within a crystalline lattice.1,2 These so-called “cocktail” effects, along with high surface-
to-volume ratios, position nanoparticles of high entropy materials as effective catalysts with 
enhanced activity  and selectivity,3,4 as well as electronic and chemical behavior that is different 
from their compositionally simpler counterparts.5 Intermetallic compounds, which are alloys that 
have an ordered crystal structure containing multiple distinct crystallographic sites, are especially 
interesting catalytic materials. Their ordered crystal structures inherently create isolated active 
sites on the surface of the catalyst, which facilitates enhanced catalytic functions, such as different 
reactivities and suppression of catalyst deactivation through poisoning.6 The formation of solid 
solutions on specific crystallographic sites can also lead to improved catalytic activity due to the 
resulting changes in the electronic properties of the metals.7,8 Nanoparticles of high entropy 
intermetallic compounds are therefore expected to combine the attributes of synergistic active 
sites and electronic structures that arise from both the ordered crystal structures and the mixing 
of a large number of metals. High entropy intermetallic nanoparticle catalysts are starting to 
emerge, although only a few have been reported. For example, high entropy intermetallic 
PtRhFeNiCu nanoparticles9 exhibited excellent catalytic performance and resistance to CO 
poisoning for ethanol oxidation and (PtCoCu)(GeGaSn) nanoparticles10 have similarly been 
demonstrated as active and stable catalysts for propane dehydrogenation.  

Synthesis is an important prerequisite to harnessing the catalytic properties of high entropy 
intermetallic nanoparticles for fundamental studies and applications, but capabilities remain 
limited. High entropy intermetallic nanoparticles are often synthesized using high temperatures 
and rapid quenching. For example, (FeCoNi)86–(Al7Ti7) high entropy intermetallic 
nanocomposites11 were synthesized using arc melting, supported (NiFeCu)–(GaGe)12 and 
(PtCoCu)(GeGaSn)10 nanoparticles were synthesized by calcination of metal-impregnated high 
surface area silica, and (Pt0.8Pd0.1Au0.1)(Fe0.6Co0.1Ni0.1Cu0.1Sn0.1) high entropy intermetallic 
nanoparticles13 were synthesized with Joule heating and rapid cooling. Solution-based methods 
that produce colloidal high entropy nanoparticles are only recently starting to emerge for alloy 
systems,14–26 and much still remains to be discovered about how they form and grow. Colloidal 
synthesis methods are even more rare for intermetallic compounds. These methods, which have 
been demonstrated for PtRhBiSnSb27 and PtBiPbNiCo,28 generally consist of preloading metal 
precursor salts into a vial containing common particle-stabilizing surfactants such as oleylamine 
and octadecene and heating until product formation is complete. Additional surfactants and 
reducing agents such as cetyltrimethyl ammonium bromide (CTAB) and ascorbic acid help to 
direct the shape and size of intermetallic nanoparticles, which have been reported to form 
hexagonal plates, truncated octahedra, and pseudo-spherical particles.29 Given the different 
chemical characteristics of the constituent elements, coupled with the ordered crystal structures 
that depend on composition and other factors, the morphologies of high entropy intermetallic 
nanoparticles are expected to be challenging to control. Identifying and understanding the role of 
reaction conditions, composition, and crystal structure in the formation and growth of high entropy 
intermetallic nanoparticles, as well as their simpler constituent compounds, is an important step 
toward being able to predict and control their morphologies. 

Here, we systematically investigate the formation of a colloidal high-entropy intermetallic 
nanoparticle system, (Pd,Rh,Ir,Pt)Sn, to elucidate and understand how composition influences 
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morphology. We chose (Pd,Rh,Ir,Pt)Sn because it is considered to be a high entropy phase based 
on convention in the field and its constituent binary MSn (M = Pd, Rh, Ir, Pt) intermetallic 
compounds adopt NiAs and NiAs-related crystal structures.28,30-32 Using a slow-injection method, 
we synthesized colloidal nanoparticles of (Pd,Rh,Ir,Pt)Sn along with all possible combinations of 
its constituent binary, ternary, and quaternary intermetallics using identical protocols. Through 
these comprehensive synthetic studies of this library of 14 distinct nanoparticle systems, we were 
able to deduce how composition and the competitive reactivities of the metal reagents influenced 
the morphological characteristics and the growth pathways. We uncovered important 
relationships between key aspects of the simpler intermetallics that translate to their high entropy 
analogues, providing a framework for predicting and controlling the morphological features of 
colloidal high entropy intermetallic nanoparticles. We then validated this pathway by applying it to 
the rational synthesis of a morphologically-pure variant of (Pd,Rh,Ir,Pt)Sn and other metal-rich 
variants of (Pd,Rh,Ir,Pt)Sn where composition defines morphology. This knowledge is useful for 
designing high entropy intermetallic nanoparticles containing targeted compositions and 
morphologies by judiciously choosing the constituent elements, without modifying other reaction 
parameters or incorporating different surface stabilizing species.  

RESULTS AND DISCUSSION 

Synthesis and Characterization of (Pd,Rh,Ir,Pt)Sn 

In the synthesis of metallic nanoparticles, one of the most common methods involves thermal 
decomposition of metal salts using oleylamine as both a reducing agent and a surfactant.33,34 
Throughout the literature, these metal salts can be introduced to the solvent initially before heating 
or injected, slowly or rapidly, into the already-heated solvent. We chose to start from this existing 
approach, tailoring our protocols to allow for the synthesis of single-phase and compositionally 
complex intermetallic and high entropy intermetallic nanoparticles. We converged on a slow 
injection rate of 0.25 mL/min, which favors mixing of the constituent metals in the intermetallic 
nanoparticles rather than forming phase-segregated nanoparticles of the individual metals. 

We chose (Pd,Rh,Ir,Pt)Sn as our model system to investigate how composition influences 
morphology. Colloidal nanoparticles of PdRhIrPtSn were previously found to form a disordered 
alloy when an equimolar ratio of all five metals, i.e., 1:1:1:1:1 Pd:Rh:Ir:Pt:Sn, was used in a similar 
synthetic protocol 14. Here, to favor the formation of the MSn intermetallic compound, we used a 
1:1 ratio of the total transition metals to tin, i.e., 0.25:0.25:0.25:0.25:1 Pd:Rh:Ir:Pt:Sn. Figure 1 
shows characterization data for the (Pd,Rh,Ir,Pt)Sn nanoparticles formed from a slow injection of 
4 mL of metal reagent solution (containing the aforementioned ratios of metal salts) at 0.25 
mL/min into heated oleylamine and octadecene at 315 °C, followed by cooling ambiently to 230 
°C, then quenching in a room-temperature water bath. Figure 1a shows a HAADF-STEM image 
of the (Pd,Rh,Ir,Pt)Sn nanoparticle product, which contains two distinct subpopulations. Enlarged 
HAADF-STEM images of the regions indicated by the dashed boxes are also shown. One 
subpopulation (yellow box) consists of particles with a flower-like morphology that have average 
diameters of approx. 50–70 nm. These nanoflowers appear to have sheet-like protrusions that 
emanate from a central core. This morphology is frequently observed for colloidal nanoparticles 
of layered materials, such as transition metal chalcogenides35 and layered oxides36 and 
hydroxides,37 but is much less common for the metals, alloys, and intermetallics that are related 
to (Pd,Rh,Ir,Pt)Sn. The other subpopulation (cyan box) contains smaller particles having average 
diameters of 20–30 nm. The morphologies of these particles appear to be derivatives of cubes 
and elongated cubes, with additional growth at the corners. 
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Figure 1. (a) HAADF-STEM image of an as-synthesized sample of (Pd,Rh,Ir,Pt)Sn nanoparticles. Enlarged 
regions of the two subpopulations, larger flower-like particles and smaller cube-like particles, are shown in 
the yellow and cyan dashed boxes, respectively. HAADF-STEM images and corresponding overlaid STEM-
EDS element maps for Pd, Pt, Rh, Ir, and Sn are shown for single particles of the (b) flower-like and (d) 
cube-like (Pd,Rh,Ir,Pt)Sn nanoparticles. The corresponding STEM-EDS line scans are shown in (c) and 
(e), respectively. The yellow arrow highlights the regions included in the line scans and the corresponding 
intensity profiles for Sn (black), Pd (red), Ir (blue), Pt (cyan), and Rh (green) are shown. 

HAADF-STEM images and corresponding STEM-EDS element maps and line scans of Pd, Rh, 
Ir, Pt, and Sn for representative particles from each subpopulation are shown in Figures 1b-e. 
The data in Figures 1b and 1d confirm that all five elements are colocalized and uniformly 
distributed throughout both the larger flower-like particles and the smaller cube-like particles. The 
average composition of both subpopulations of particles, as determined by analysis of the STEM-
EDS data, is Pd0.38Rh0.26Ir0.21Pt0.28Sn (normalized to Sn). This composition corresponds to an 
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overall stoichiometry of M1.13Sn, which is slightly metal-rich, but close to the 1:1 M:Sn ratio of 
reagents that is loaded in the reaction flask. (Additional characterization data, including larger-
area images, ensemble EDS spectra, and SAED patterns for each subpopulation, are included in 
Figure S1 of the Supporting Information.) The accompanying STEM-EDS line scans in Figure 1c 
and 1e provide additional insights into how the elements are distributed throughout each 
subpopulation of particles. The line scan for the flower-like particles (Figure 1c) shows that the 
elements fully colocalize across the protrusions and valleys, with no evidence of segregation. In 
contrast, the line scan for the cube-like particles (Figure 1e) shows spikes of Pd that are anti-
correlated with the other elements, providing evidence of Pd-rich regions with all elements 
colocalized elsewhere. 

 
Figure 2. (a) Experimental XRD data (black) for the as-synthesized (Pd,Ir,Rh,Pt)Sn nanoparticles, along 
with simulated XRD patterns for (Pd,Ir,Rh,Pt)Sn in the NiAs, Ni2In, and Co2Si structure types. (Details are 
included in the Supporting Information.) (b) Enlarged regions, including both the experimental and simulated 
patterns. (c) The crystal structures of PtSn (NiAs structure), Rh3Sn2 (Ni2In structure with half-filled Rh sites), 
and Pd2Sn (Co2Si structure), as described in the text.  

The powder XRD pattern for the (Pd,Rh,Ir,Pt)Sn nanoparticles is presented in Figure 2a, along 
with expanded regions in Figure 2b to highlight the weak-intensity reflections. However, before 
analyzing the powder XRD data, it is helpful to consider the NiAs and NiAs-related phases that 



 6 

exist in the constituent binary intermetallic systems, i.e., Pd-Sn, Rh-Sn, Ir-Sn, and Pt-Sn. Figure 
2c shows the crystal structure of NiAs, which is adopted by PtSn and IrSn. The NiAs structure 
consists of a hexagonally close packed (hcp) array of Sn atoms with all octahedral holes occupied 
by the transition metal. Figure 2c also shows the crystal structure of Ni2In, which is a metal-rich 
variant of NiAs. Ni2In, which is adopted by binary Rh-Sn and Pd-Sn intermetallics, consists of the 
NiAs crystal structure with the addition of a transition metal in the bipyramidal interstitial sites. 
These sites can be filled between occupancies of 0 and 1. For the binary Rh-Sn and Pd-Sn 
intermetallics, the occupancy of this interstitial site is 0.5, which results in a stoichiometry of 
M1.5Sn, or M3Sn2; the corresponding intermetallics are therefore Rh3Sn2 and Pd3Sn2. Co2Si, which 
can also be adopted by Pd-Sn, is also shown in Figure 2c.38 Relative to NiAs and Ni2In, the crystal 
structure of Co2Si is different and it has an orthorhombic (rather than hexagonal) unit cell. These 
structural similarities and differences are important to understand, given the elements that are 
incorporated into the (Pd,Rh,Ir,Pt)Sn high entropy intermetallic and how their XRD patterns are 
related. 

Along with the experimental XRD pattern for the high entropy intermetallic nanoparticles in Figure 
2a, simulated XRD patterns for (Pd,Rh,Ir,Pt)Sn in the NiAs, Ni2In, and Co2Si structures are shown 
for comparison. (The simulated patterns assume equal occupancy of all metal sites with 25% 
each of Pd, Rh, Ir, and Pt.) Subtle, but important, differences in the XRD patterns and the number 
and relative intensities of the peaks can be observed. Due to the similarities between NiAs and 
Ni2In, including their similarly sized hexagonal unit cells, most of the characteristic reflections are 
identical between the two structures, including the two highest-intensity reflections. However, due 
to the partial filling of the bipyramidal interstitial sites, certain reflections disappear and the relative 
intensities of many of the reflections change. The largest difference is the much lower intensities 
of the two lowest-angle peaks relative to the highest-intensity peaks in Ni2In whereas in NiAs, the 
two lowest-angle peaks are quite intense relative to the highest-intensity reflections. Due to the 
larger orthorhombic unit cell of the Pd2Sn structure relative to NiAs and Ni2In, there are more 
reflections, many of which are located around the two highest-intensity reflections. All three crystal 
structures are distinguishable by careful analysis of the powder XRD data. 

Given these considerations, the experimental XRD pattern appears to match best with a simulated 
pattern based on a hexagonal Ni2In crystal structure having lattice parameters of a = 4.26 Å and 
c = 5.51 Å. We ruled out NiAs because the intensities of the lowest-angle reflections relative to 
the highest-intensity reflections, as well as the low relative intensities of the peaks between 49 
and 57 º2q, differ from what is predicted based on the NiAs structure. Given the hkl values for the 
peaks that have different relative intensities, preferred orientation is unlikely to be responsible. By 
EDS, we also observe a metal-rich composition, and by XRD, we observe lattice parameters that 
are larger than the range expected for NiAs-type compounds; both the composition and expanded 
unit cell (due to additional filled interstitial sites) are therefore more consistent with Ni2In than with 
NiAs. Accordingly, we classify the high entropy intermetallic as having an overall formula of 
(Pd,Rh,Ir,Pt)3Sn2 corresponding to a partially filled Ni2In structure, although for simplicity, we will 
keep referring to it as (Pd,Rh,Ir,Pt)Sn. 

Time Point Study of (Pd,Rh,Ir,Pt)Sn Formation  

To understand how the (Pd,Rh,Ir,Pt)Sn nanoparticles formed, we carried out a time point study 
by rapidly quenching reactions prior to completion and analyzing them to determine the 
compositional, structural, and morphological evolution of the particles throughout the reaction, 
especially given the observation of Pd-rich cores in the smaller cube-like subpopulation of 
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particles in Figure 1. It is known in the literature that colloidal intermetallic nanoparticles often 
form by first generating seed particles in situ, followed by diffusion of reactive metal species into 
the seeds.39-41 As an example, PtSn nanoparticles made using a similar colloidal method with 
oleylamine as the capping ligand and reducing agent did not form through simultaneous co-
reduction of platinum and tin salts, but rather by the initial formation of platinum seeds due to its 
more noble character, followed by reduction and diffusion of tin into the platinum seeds.42,43 

Recall that the reaction to form (Pd,Rh,Ir,Pt)Sn involves slowly injecting 4 mL of a precursor 
solution having a 0.25:0.25:0.25:0.25:1 molar ratio of Pd:Rh:Ir:Pt:Sn into oleylamine and 
octadecene at 315 °C. We were able to obtain a sample at an early time point of 30 seconds after 
the start of the injection by rapid quenching. HAADF-STEM and STEM-EDS data for a 
representative particle from among those that were most frequently observed in the 30-second 
sample are shown in Figure 3a; additional data are shown in Figure S2. These images indicate a 
cube-like morphology with growth at the corners, similar to the morphology of the smaller 
subpopulation observed in Figure 1. As confirmed by the STEM-EDS element maps, the 
corresponding EDS line scan, and the histogram showing the average composition for a larger 
ensemble of particles, all five elements are present with an overall composition of 
Pd0.29Rh0.21Ir0.05Pt0.14Sn0.31. However, the amounts of Pd and Sn are significantly larger than those 
of Rh and Pt, and only a small amount of Ir is present. The STEM-EDS element maps and line 
scan in Figure 3a both suggest that the center of these cube-like particles contains mostly Pd and 
the growths at the corners consist of mostly Ir, Rh, Pt, and Sn, which are colocalized in those 
regions. Figure 3a also includes a plot showing the radial profile of the corresponding SAED 
pattern, which was taken on a wider region of the sample. (SAED was used instead of XRD 
because the amount of sample isolated from the earliest time points was insufficient for bulk 
analysis; the radial profile of the SAED pattern is closely related to an XRD pattern and can be 
used for similar purposes. The x-axis was converted to 2-theta for direct comparison with the XRD 
data, as described in the Experimental Section.) The SAED pattern and corresponding radial 
profile match a face centered cubic (fcc) structure. Taken together, the observations in Figure 3a 
suggest that at the earliest stages of the reaction, the particles that form first are nominally cube-
shaped with predominantly Pd at the core and deposition of Rh, Ir, Pt, and Sn at the corners are 
the majority product. Some particles that are observed in the 30-second time point sample (Figure 
S2) have more tin throughout, suggesting that the reaction progresses quickly to incorporate 
increasing amounts of Sn. 

By two minutes (Figure 3b), the morphology and composition continue to evolve through 
continued growth on the Pd-rich seeds and further incorporation of all elements. The HAADF-
STEM image in Figure 3b, as well as the images in Figure S3, show additional growth of the 
protrusions on the corners of the particles. The corresponding STEM-EDS element maps and line 
scan show that the Pd-rich core remains, although more Sn is incorporating into it. The corner 
growths contain all five elements, which suggests that the high entropy (Pd,Rh,Ir,Pt)Sn phase 
deposits directly on the Pd-rich core. The average composition of the sample isolated at two 
minutes, based on EDS analysis, is Pd0.19Rh0.15Ir0.11Pt0.17Sn0.38, which represents an increase in 
the amounts of Ir, Pt, and Sn relative to the 30-second sample and is consistent with the continued 
reduction and diffusion of tin into the nanoparticles throughout the duration of the slow injection 
process. Analysis of the SAED data confirms the persistence of the fcc alloy phase observed in 
Figure 3a, along with the emergence of a NiAs intermetallic phase. The observed behavior in this 
sample, relative to the prior one, is consistent with previous studies on the conversion of fcc metal 
seed nanoparticles, such as Pt, into a NiAs-type PtSn intermetallic upon Sn diffusion and 
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incorporation. Here, continued growth of the (Pd,Rh,Ir,Pt)Sn intermetallic occurs concomitantly 
with further diffusion of Sn into the nanoparticles, including into the core region.   

 
Figure 3. Characterization data for samples isolated after (a) 30 seconds, (b) 2 minutes, (c) 8 minutes, and 
(d) 16 minutes during the synthesis of (Pt,Rh,Ir,Pt)Sn nanoparticles. For each sample, the data shown 
includes a representative HAADF-STEM image with corresponding overlaid STEM-EDS element maps for 
Pd, Rh, Ir, Pt, and Sn, as well as an overlay of all elements; a line scan across the particle, as indicated by 
the yellow arrow; a histogram (based on analysis of the ensemble EDS data in Figures S2–S5 in the 
Supporting Information) showing the average percentages of each element; and diffraction data. 
Experimental powder XRD data is shown in (c) and (d). The amount of sample isolated in the 30-second 
and 2-minute time points was insufficient for XRD, so in (a) and (b) the corresponding SAED pattern is 
shown, along with a radial profile translated to a form that is comparable to the XRD data, as described in 
the Experimental Section. Simulated XRD patterns for the majority and minority phases are shown in red 
and blue, respectively. 
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The HAADF-STEM image in Figure 3c indicates that the morphology at 8 minutes is similar to 
that at 2 minutes, with more pronounced growth of protrusions outward from the core and the 
onset of the flower-like morphology that was observed in Figure 1a; additional images are shown 
in Figure S4. The corresponding STEM-EDS element maps and line scan show significant co-
localization of Pd and Sn in similar ratios, with smaller amounts of Rh, Ir, and Pt that are also co-
localized. The composition, based on EDS analysis, was Pd0.17Rh0.17Ir0.12Pt0.14Sn0.40, which is 
largely unchanged from the previous time point. While composition is not changing significantly 
from 2 to 8 minutes, the amount of time spent at 315 °C facilitates diffusion and crystallization of 
the NiAs-related phase. The experimental powder XRD pattern confirms that there is still a 
significant population of fcc particles along with an increase in the relative amount of the NiAs-
related intermetallic phase. However, the broadness of the NiAs-related peaks indicates that the 
grain sizes remain small, which is consistent with the hypothesis that the NiAs-related 
(Pd,Rh,Ir,Pt)Sn intermetallic is seeded by the Pd-rich surface. 

By 16 minutes, the data in Figures 3d and S5 indicate that the reaction has reached completion, 
based on comparison to the data in Figure 1. The HAADF-STEM image shows the fully-formed 
nanoflower morphology of the (Pd,Rh,Ir,Pt)Sn particles, which appear by XRD as a single Ni2In 
phase. The STEM-EDS element maps show homogeneous distribution of all five elements, and 
the corresponding line scan confirms the co-localization. There is no longer evidence for 
significant amounts of isolated Pd by XRD or STEM-EDS, indicating that Sn has diffused into the 
core of the particle and largely transformed the Pd seeds, along with the entire particle, to 
(Pd,Rh,Ir,Pt)Sn. (There is slightly higher Pd signal in the center of the nanoflowers, suggesting 
that a small amount of the Pd-rich core may remain, but its colocalization with Rh, Ir, Pt, and Sn 
suggest that it does not comprise a significant amount of the overall particle.) The flower-like 
particle has a composition of Pd0.16Rh0.16Ir0.11Pt0.12Sn0.46, or Pd0.35Rh0.35Ir0.24Pt0.26Sn normalized to 
Sn, which corresponds to an overall M:Sn stoichiometry of M1.2Sn that is close to the stoichiometry 
in Figure 1. 

Together, the data in Figure 3 suggest that the (Pd,Rh,Ir,Pt)Sn intermetallic nanoparticles begin 
as fcc Pd-rich Pd-Sn cube-like seeds with some Rh and Pt, and a smaller amount of Ir, 
incorporated toward the corners. Over time, Rh, Ir, Pt, and Sn continue to incorporate, 
predominantly through growth of a NiAs/Ni2In-related phase at the corners, with all elements 
appearing to deposit together. Eventually, Sn incorporates and diffuses throughout the particles, 
including the Pd-rich core, resulting in an overall uniform composition of (Pd,Rh,Ir,Pt)Sn in a 
nanoflower morphology. This proposed pathway is consistent with both the TEM and XRD data, 
which show the morphological evolution expected as well as a gradual decrease in the fcc 
component and an increase in the NiAs/Ni2In components, eventually converging on Ni2In as 
more metals are incorporated. The HRTEM images in Figure S6 are also consistent with this 
proposed pathway. Based on analysis of the lattice fringes, the nanoflowers in Figure S6 appear 
polycrystalline with the protrusions consisting of individual crystallites growing outward from the 
core, which resembles the seed particles isolated at the earliest time point (Figure 3a). The cubes 
are similarly polycrystalline (Figure S6), with the deposits on the corners being crystallographically 
distinct from the Pd-rich core. 

Binary M-Sn Intermetallic Nanoparticles  

Given the morphological and compositional evolution observed in Figure 3, along with the 
compositional complexity of the (Pd,Rh,Ir,Pt)Sn system and the range of compositions and crystal 
structures that the constituent binary intermetallics could adopt based on their phase diagrams, 
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we decided next to study constituent binary, ternary, and quaternary M-Sn intermetallics made 
using the same synthetic protocol as the high entropy system. We wanted to identify the 
compositions, crystal structures, and morphologies of these constituent intermetallics toward the 
goal of understanding how these features evolved and to eventually map out correlations that 
help to rationalize the observed morphologies of the high entropy intermetallic nanoparticles. We 
therefore synthesized and characterized the constituent binary intermetallic compounds in the Pd-
Sn, Rh-Sn, Ir-Sn, and Pt-Sn systems. These experiments were carried out using the same 
synthetic protocol where 2 mL of the transition metal precursor solutions and 2 mL of the tin 
precursor solutions were mixed, degassed, and slowly injected into a flask containing oleylamine 
and octadecene at 315 °C. Figure 4 shows HAADF-STEM images and experimental powder XRD 
patterns for each of the products.  

 
Figure 4. Characterization data for binary intermetallics: (a) Pt–Sn, (b) Rh–Sn, (c) Ir–Sn, and (d) Pd–Sn. 
For each sample, a HAADF-STEM image and corresponding overlaid STEM-EDS element maps for the 
constituent elements are shown, along with experimental (black) and simulated (red) XRD patterns. 

For Pt-Sn, the XRD pattern in Figure 4a confirms the formation of NiAs-type PtSn. The HAADF-
STEM image shows that the particles are polydisperse with an irregular morphology and the XRD 
peaks are somewhat sharp, which is consistent with the large grain sizes observed by TEM. The 
composition determined by STEM-EDS analysis was Pt0.45Sn0.55, which is close to the expected 
1:1 Pt:Sn ratio (Figure S7). The HAADF-STEM image and powder XRD data for Rh-Sn in Figure 
4b show the formation of Ni2In-type Rh3Sn2 nanoparticles with EDS analysis indicating a metal-
rich composition of Rh0.55Sn0.45 (Figure S8). Interestingly, the morphology of the Rh3Sn2 
nanoparticles is reminiscent of that of the high entropy (Pd,Rh,Ir,Pt)Sn nanoparticles with spiky 
protrusions. The powder XRD pattern indicates that the peak near 41.8 º2q is narrower than the 
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peak to its left, as was also the case for the (Pd,Rh,Ir,Pt)Sn particles in Figure 2a. This observation 
indicates that the particles are thicker along the (21#0) plane, which is parallel to the z-axis of Ni2In 
and bisects the Sn and bipyramidal metal sites, and therefore consistent with the sheet-like nature 
of the protrusions on the flower-like particles.  

Figure 4c shows that Ir-Sn forms as a face-centered cubic alloy with a composition of Ir0.54Sn0.46 
(Figure S9). The IrSn nanoparticles consist of agglomerates of small 5–10 nm crystallites, which 
are reminiscent of the morphology observed in the growing high entropy (Pd,Rh,Ir,Pt)Sn 
intermetallic at the 8-minute time point observed in Figure 3c. Pd-Sn (Figure 4d) forms as Co2Si-
type Pd2Sn. EDS analysis indicates a composition of Pd0.64Sn0.36 (Figure S10), which matches 
well with that of Pd2Sn but is significantly different than the Pd:Sn stoichiometry that was injected. 
The Pd2Sn nanoparticles consist of a polydisperse mixture of elongated cubes with faceted tips, 
along with much larger hexagonal particles having hollow centers. The apparent holes in the 
centers of the larger hexagonal particles are consistent with Kirkendall voids that are known to 
form in Sn-based intermetallic systems due to an imbalance in diffusion rates of outgoing vs 
incoming species.44 We hypothesize here that Pd forms first, then Sn diffuses in to form the Pd2Sn 
product, based on the knowledge that palladium salts reduce relatively rapidly in oleylamine but 
tin salts cannot be reduced by oleylamine unless accompanied by another metal that helps to 
autocatalyze its reduction.14  

The observations in Figure 4 correlate well with key aspects of the time-point studies in Figure 3 
and help us begin to understand the evolution of composition, structure, and morphology during 
the formation of the (Pd,Rh,Ir,Pt)Sn high entropy intermetallic nanoparticles. The seeds that form 
initially during the time study in Figure 3a contain mostly Pd and Sn and their morphology consists 
of elongated cubes that are reminiscent of the smaller subpopulation of Pd2Sn particles in Figure 
4d, which also consist of elongated cubes. As more Rh, Ir, and Pt are incorporated in the time 
point study, the key morphological characteristics of the binary intermetallic particles begin 
appearing in the growing (Pd,Rh,Ir,Pt)Sn particles: Rh3Sn2 forms spiky protrusions, IrSn forms 
more dendritic nanostructures, and PtSn is polydisperse with evidence of underlying facets. 
Morphological aspects of the (Pd,Rh,Ir,Pt)Sn particles, and how they evolve over time, can 
therefore be correlated with their constituent binary intermetallics. 

Ternary M1-M2-Sn Intermetallic Nanoparticles  

Using the same protocol, we next synthesized and characterized all six possible ternary 
intermetallic compositions (Rh-Pt-Sn, Ir-Pt-Sn, Pd-Pt-Sn, Rh-Pd-Sn, Ir-Pd-Sn, Ir-Rh-Sn) to 
understand how the addition of a second transition metal influences the crystallographic and 
morphological outcome (Figure 5a-f). We began by investigating Rh-Pd-Sn for two reasons. First, 
in the earliest stages of (Pd,Rh,Ir,Pt)Sn high entropy intermetallic nanoparticle formation, the 
primary elements were Pd and Sn with some Rh (Figure 3a). Second, Rh-Sn and Pd-Sn both 
have a stable Ni2In phase but formed different binary intermetallics (Ni2In-type Rh3Sn2 and Co2Si-
type Pd2Sn) (Figure 4). Figure 5a shows the HAADF-STEM image, overlaid STEM-EDS element 
maps, and experimental powder XRD pattern for the Rh-Pd-Sn product isolated from a reaction 
with nominal 0.5:0.5:1 ratios of Rh:Pd:Sn. The morphology, which appears as octahedra, 
elongated octahedra, and other hexagonally and multi-faceted particles having an average 
diameter of approx. 15 nm, is distinctly different from its constituent binary intermetallics as well 
as the (Pd,Rh,Ir,Pt)Sn high entropy intermetallic. All the elements are colocalized and uniformly 
distributed throughout the particles. Analysis of the EDS data (Figure S11) indicates a 
composition of Rh0.26Pd0.30Sn0.44, which corresponds to Rh0.59Pd0.68Sn (normalized to Sn) with an 
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overall metal-rich M1.27Sn stoichiometry that is expected for partially-filled Ni2In. The XRD pattern 
is consistent with Ni2In-type (Rh,Pd)Sn and the lattice constants of a = 4.34 Å and c = 5.59 Å are 
close to those predicted by Vegard’s law (a = 4.36 Å, c = 5.61 Å) based on the experimentally 
determined composition. A peak in the XRD pattern at 38.4 °2θ corresponds to a minor Pd2Sn 
phase, which is consistent with the slower reduction of rhodium salts compared to palladium salts 
and allows the early formation of the binary Pd-Sn intermetallic that competes with the formation 
of the ternary Rh-Pd-Sn phase.  

For the Ir-Pd-Sn system, shown in Figures 5b and S12, the overall morphology is similar to Rh-
Pd-Sn with largely octahedral-shaped and multi-faceted particles, along with additional deposits 
that decorate the surface. The powder XRD pattern is consistent with a Ni2In-type phase (a = 4.31 
Å, c = 5.57 Å), as was the case for Rh-Pd-Sn, with a slight decrease in both lattice constants 
relative to Rh-Pd-Sn. Additionally, the peak at 39.7 °2θ matches that of fcc IrSn, which is the 
phase observed in Figure 4c for the binary Ir-Sn nanoparticles. The HAADF-STEM element map 
in Figure 5b shows that the deposits on the surface contain Sn and are rich in Ir but deficient in 
Pd, and also that the larger particles to which the deposits are attached contain primarily Pd and 
Sn. Analyzing one of the deposits (Figure 5g) revealed a composition of Ir0.43Pd0.21Sn0.36, 
confirming that the deposits are mostly IrSn. Similarly, analyzing the center of the larger particles 
(Figure 5g) revealed a composition of Ir0.17Pd0.43Sn0.39, which is heavily Pd-rich. It is therefore 
likely that the deposits observed by HAADF-STEM correspond to the fcc IrSn phase observed by 
XRD; at this point the IrSn deposits have not yet combined, through diffusion and crystallization, 
with the Pd-Sn seeds, and remain as separate phases. The relative ratios of Pd and Ir to Sn are 
much greater here than in the five-element system, which correlates with the relative rates of 
reduction of the corresponding metal salts. Lower solubility of Ir in Pd may also play a role, but 
overall, these results are consistent with previous reports indicating a preference of Ir to form as 
small crystallites using similar reaction conditions.45 Consistent with this hypothesis, we observe 
visually that Ir metal and Ir-Sn intermetallics take longer to form than Pd and Pd-Sn. We therefore 
rationalize the composition and morphology of the Ir-Pd-Sn system as resulting from the rapid 
formation of Pd-rich Pd-Sn seeds followed by the deposition of IrSn.  

At this point in our study, our hypothesis is that Pd-rich seeds form first and then the additional 
metal incorporates through diffusion and/or deposition. We therefore next considered the Pt-Pd-
Sn system (Figure 5c), based on the visual observation that both Pd and Pt reagents appear to 
reduce instantaneously upon injection of the metal reagents into the heated solvent while those 
of Ir and Rh do not. The morphology of Pt-Pd-Sn is similar to that of both binary intermetallics, 
PtSn and Pd2Sn, with large and polydisperse particles that are multi-faceted. XRD data indicates 
a NiAs phase with a = 4.08 Å and c = 5.48 Å, which is consistent with the composition of 
Pd0.26Pt0.21Sn0.53 (Pd0.49Pt0.40Sn normalized to Sn) determined by EDS analysis (Figure S13). 
Weaker-intensity peaks in the XRD pattern correspond to the most intense reflections expected 
for fcc Pt and Pd, which is attributed to the rapid reduction rates of the platinum and palladium 
salts under these conditions (Figure S14), and therefore competition with formation of the M-Sn 
intermetallics. Rh-Pt-Sn (Figure 6d) is similar to Pt-Pd-Sn, with a polydisperse and multi-faceted 
morphology and lattice parameters (a = 4.03 A, c = 5.53 Å) and composition (Rh0.23Pt0.24Sn0.53, or 
Rh0.43Pt0.45Sn normalized to Sn) that are consistent with NiAs (Figure S15). The powder XRD data 
also indicate the presence of minor amounts of the fcc phases Pt3Sn and Rh. 
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Figure 5. Characterization data for the ternary intermetallics: (a) Rh–Pd–Sn (Ni2In), (b) Ir–Pd–Sn (Ni2In), 
(c) Pt–Pd–Sn (NiAs), (d) Rh–Pt–Sn (NiAs), (e) Ir–Pt–Sn (NiAs), and (f) Ir–Rh–Sn (Ni2In). For each sample, 
a HAADF-STEM image and corresponding overlaid STEM-EDS element maps for the constituent elements 
are shown, as well as an overlay of all elements. Experimental (black) and simulated (red) XRD patterns 
are also shown. Enlarged regions of the STEM-EDS element maps for Ir and Pd from the Ir–Pd–Sn sample 
in (b) are shown in (g), along with EDS spectra collected from the regions indicated by the yellow boxes. 

We now move to the remaining Ir-containing systems, Ir-Pt-Sn (Figure 5e) and Ir-Rh-Sn (Figure 
5f). Both show similar nanoflower morphologies that are polydisperse and spherical with 
protrusions that grow outward from a central core. Additionally, both are reminiscent of the binary 
IrSn intermetallic and the (Pd,Rh,Ir,Pt)Sn high entropy intermetallic, and STEM-EDS element 
maps confirm colocalization of all three elements throughout both types of particles. However, 
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their XRD patterns are distinct. For Ir-Pt-Sn, EDS analysis (Figure S16) indicates a composition 
of Ir0.23Pt0.26Sn0.51 (Ir0.45Pt0.51Sn normalized to Sn), and XRD indicates a NiAs crystal structure with 
a = 4.08 Å and c = 5.50 Å, along with fcc Pt as a minor phase, which correlates with the rapid 
reduction of platinum salts relative to those of iridium, as mentioned earlier. However, given the 
slower reduction of the platinum salt versus the palladium salt, we do not observe the apparent 
multi-step seeded growth, having distinct elements occupying the core and the surface deposits, 
that was observed in the Ir-Pd-Sn system. For Ir-Rh-Sn, the composition by EDS (Figure S17) is 
Ir0.25Rh0.29Sn0.46 (Ir0.54Rh0.63Sn) and XRD indicates a Ni2In crystal structure with a = 4.28 Å and c 
= 5.54 Å, which is consistent with the metal-rich composition. There are no observable minor 
phases in the Ir-Rh-Sn sample, which is consistent with the slower reduction of both Ir and Rh 
salts. For many of the platinum-containing intermetallics, including Pt-Sn and Pd-Pt-Sn, we 
observe irregular and dendritic morphologies, which are commonly seen in Pt nanoparticle 
systems.46 Given the reduction rate of the rhodium salt, which is faster than that of the iridium salt 
(Figure S14), as well as the tendency of iridium to form small nanocrystalline deposits, one would 
predict Rh-Pt-Sn to form with an irregular dendritic morphology, and this indeed is the morphology 
that is observed.   

Comparison and analysis of the HAADF-STEM, STEM-EDS, and XRD data for the six ternary 
intermetallics add to the insights gained from the binary systems and help us to further understand 
how composition, structure, and morphology evolve during formation of the (Pd,Rh,Ir,Pt)Sn high 
entropy intermetallic nanoparticles. Specifically, the ternary systems allow us to competitively 
analyze combinations of different elements to help validate hypotheses about the rates at which 
the various metals reduce and incorporate. For the three ternary systems that contain Pd and Sn, 
the particles are generally small (< 20 nm) and faceted. Those that contain Ir have dendritic 
protrusions with evidence of deposition on the surfaces of compositionally distinct seeds. This 
observation suggests that the metals that reduce the fastest, Pd and Pt, form seeds with Sn, and 
then Ir incorporates through deposition with other metals. Together, these ternary systems 
provide insights into how the compositions and morphologies evolve, and our observations are 
consistent with those of both the time-point study and the final (Pd,Rh,Ir,Pt)Sn product. 

Quaternary M1–M2–M3–Sn Intermetallic Nanoparticles  

Building on the binary intermetallics in Figure 4 and the ternary intermetallics in Figure 5, we also 
synthesized and characterized the four quaternary systems (Ir-Rh-Pt-Sn, Ir-Rh-Pd-Sn, Ir-Pd-Pt-
Sn, Rh-Pd-Pt-Sn) that are components of the (Pd,Rh,Ir,Pt)Sn high entropy intermetallic (Figure 
6). We began with Rh-Pd-Pt-Sn, as it did not contain Ir, which at this point in the study we 
hypothesize is a key driver of the spiky protrusions. The morphology of the Rh-Pd-Pt-Sn particles, 
shown in Figure 6a, consists of a mixture of highly faceted particles that are reminiscent of binary 
Pd-Sn and Pt-Sn and ternary Rh-Pd-Sn and Pd-Pt-Sn, and all elements are homogeneously 
distributed throughout the particles. These binary and ternary intermetallics spanned the NiAs, 
Ni2In, and Co2Si structure types, but for Rh-Pd-Pt-Sn, we observe a Ni2In phase with a 
composition determined by EDS analysis (Figure S18) of Rh0.17Pd0.21Pt0.16Sn0.46, or 
Rh0.37Pd0.45Pt0.35Sn normalized to Sn. This behavior is expected as Pd-Sn and Rh-Sn are both 
able to adopt the Ni2In-phase. As in the high entropy (Pd,Rh,Ir,Pt)Sn phase, there is more Pd 
than Rh and Pt, which is consistent with the fast reduction kinetics of Pd, the formation of Pd-rich 
seeds, and concomitant reduction and diffusion of Rh, Pt, and Sn.  

Next, we chose Ir-Pd-Pt-Sn to directly compare and contrast with Rh-Pd-Pt-Sn. Interestingly, the 
morphology of Ir-Pd-Pt-Sn is comparable to that of Rh-Pd-Pt-Sn, with a variety of faceted particles 



 15 

(Figure 6b). All elements appear to be co-localized, with some evidence of the surface deposits 
that were previously observed for the Ir-containing systems. The overall composition based on 
EDS analysis (Figure S19) is Ir0.13Pd0.17Pt0.16Sn0.53 (Ir0.25Pd0.32Pt0.30Sn normalized to Sn), and XRD 
confirms a NiAs structure due to the increase of Sn incorporation as well as the large increase in 
the relative intensities of the two lowest-angle reflections compared to the two most intense 
reflections. Analysis of one of the small growths that appears in the HAADF-STEM image as a 
high-contrast region yields a composition of Ir0.31Pd0.12Pt0.15Sn0.42, which is rich in Ir (relative to Pd 
and Pt) and therefore confirms that this is an Ir-rich deposit (Figure S19). Based on these 
observations, we hypothesize that Pd-rich seeds form first in both Ir-Pd-Pt-Sn and Rh-Pd-Pt-Sn 
but the Rh and Pt salts co-reduce and incorporate together while Ir salts will both co-reduce and 
incorporate with the other metals while also depositing. This process slightly alters the 
morphology of the final quaternary intermetallic nanoparticles, making Ir-Pd-Pt-Sn subtly different 
than Rh-Pd-Pt-Sn.  

 
Figure 6. Characterization data for the quaternary intermetallic: (a) Rh–Pd–Pt–Sn (Ni2In), (b) Ir–Pd–Pt–Sn 
(NiAs), (c) Ir–Rh–Pd–Sn (Ni2In), and (d) Ir–Rh–Pt–Sn (NiAs). For each sample, a HAADF-STEM image 
and corresponding overlaid STEM-EDS element maps for the constituent elements are shown, along with 
experimental (black) and simulated (red) XRD patterns. 

We were then interested in the Ir-Rh-Pd-Sn system, as it includes both of the slower-reducing 
metals (Ir, Rh) along with the rapidly-reducing Pd. Figure 6c shows a morphology that is most 
similar to the early time points (Figure 3b, 3c), as well as binary Ir-Sn and ternary Ir-Pd-Sn. All 
elements appear to be colocalized, although some regions have a higher amount of Ir, relative to 
the other transition metals, towards the edges of the particles, which suggests the Ir-rich surface 
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deposits. EDS analysis (Figure S20) indicates an average composition of Ir0.15Rh0.20Pd0.22Sn0.43 
(Ir0.35Rh0.47Pd0.51Sn normalized to Sn), while a region corresponding to a presumed Ir-rich deposit 
has a composition of Ir0.24Rh0.19Pd0.13Sn0.43. These compositions confirm Ir-rich deposits on a Pd-
rich core. XRD indicates that Ir-Rh-Pd-Sn crystallizes as a Ni2In phase, which is consistent with 
the metal-rich composition. 

Finally, Ir-Rh-Pt-Sn contains no Pd, and therefore is incapable of forming a Pd-rich core. 
Interestingly, the morphology is much closer to that of the high entropy (Pd,Rh,Ir,Pt)Sn 
nanoparticles (Figure 6d). The key morphological difference between Ir-Rh-Pd-Sn and Ir-Rh-Pt-
Sn is that instead of Ir-rich deposits in Ir-Rh-Pd-Sn, there are sheet-like protrusions in Ir-Rh-Pt-
Sn that are reminiscent of the sheets that protrude outward from the central core in 
(Pd,Rh,Ir,Pt)Sn. The morphology is also related to that of binary Rh-Sn. For the Pd-containing 
systems, we noted the growth and diffusion of Ir, Pt, and some Rh initiating at the corners of the 
Pd-rich seed. In this case, without Pd, this similar growth is most likely occurring on Pt-rich seeds 
that form rapidly upon injection of the precursor solution, as the other two metal reagents (Ir, Rh) 
reduce comparatively slowly. The composition based on EDS analysis (Figure S21), 
Ir0.14Rh0.19Pt0.15Sn0.52 (Ir0.27Rh0.37Pt0.29Sn normalized to Sn), is Rh-rich, which is consistent with Rh-
rich sheets depositing. STEM-EDS and XRD analyses indicate that Ir-Rh-Pt-Sn forms a NiAs-
type phase due to the increased amount of Sn that is incorporated as well as the differences in 
the relative intensities of the peaks, as discussed for the Ir-Pd-Pt-Sn system above. 

The quaternary systems provide additional insights into the interplay among the constituent 
elements in defining the composition, structure, and morphology of the high entropy 
(Pd,Rh,Ir,Pt)Sn intermetallic nanoparticles. These studies confirm that Ir is necessary for initiating 
seeded growth, which grows the intermetallic nanoparticles outward and also keeps the particle 
sizes small and, as is relevant for catalysis, the surface area high. It also confirms that the relative 
rates of reduction of the constituent metal salts define the composition of the core vs the deposits 
that grow outward from the surface.  

Application of the (Pd,Rh,Ir,Pt)Sn Formation Pathway to Additional Systems 

Given the insights and understanding that emerged from the time-point studies and the studies of 
the constituent binary, ternary, and quaternary systems above, we can target additional systems 
having features that can be predicted in advance and then synthesized rationally. Here, we focus 
on two applications to both validate and apply the proposed formation pathway: a higher-yield 
synthesis of a (Pd,Rh,Ir,Pt)Sn sample having one morphology (rather than the mixed-
subpopulation sample in Figure 1) and (Pd,Rh,Ir,Pt)Sn samples having different morphologies. 

We began by targeting a higher-yield synthesis of the flower-like (Pd,Rh,Ir,Pt)Sn nanoparticles. 
Our knowledge of the formation pathway indicates that a cube-like Pd-rich phase forms first, and 
that subsequent deposition of Ir (along with the other transition metals) leads to the protrusions 
that ultimately define the nanoflower morphology. We also now know that Rh uniquely defines the 
sheet-like nature of the protrusions that were part of the flower-like particles in Figure 1, and as 
validated by the XRD data in Figure 2. Because of these considerations, we approached this 
target by modifying the composition. We made sure that all elements were still present at levels 
of ≥ 5%, to be consistent with conventional definitions of multiprincipal element compounds such 
as high entropy phases, but we decreased the amount of Pd to limit the formation of Pd-rich seeds 
and also decreased the amounts of Ir and Pt to allow Rh-Sn to have a primary effect on 
morphology. We anticipated that this change would ensure that there was not a significant amount 
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of Pd-rich seeds left over once surface deposition of the other metals (with tin) commenced. 
Finally, we increased the relative amount of Rh because it was the Rh-containing systems (RhSn, 
RhIrPtSn) that had the sheet-like protrusions that were characteristic of the flower-like particles in 
Figure 1. Accordingly Figure 7a shows a HAADF-STEM image containing mostly flower-like 
(Pd,Rh,Ir,Pt)Sn nanoparticles, and the accompanying STEM-EDS element maps confirms that all 
five elements are homogeneously distributed throughout. The composition (Figure S22), 
normalized to Sn, is Pd0.23Rh0.58Ir0.13Pt0.17Sn, which is nearly identical to the ratio of metal reagents 
that was injected. The powder XRD data indicates a Ni2In phase, as was observed for RhSn, and 
the narrower width of the peak near 42.3 º2q relative to that at 40.6 º2q is consistent with the XRD 
data in Figure 2, which correlated to the sheet-like protrusions.  

 

Figure 7. Characterization data for Rh-rich, Ir-rich, Pt-rich, and Pd-rich samples of (Pd,Rh,Pt,Ir)Sn 
nanoparticles. (a) HAADF-STEM image and corresponding overlaid STEM-EDS element maps for 
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Pd,Pt,Rh,Ir, and Sn, as well as an overlay of all elements. An enlarged region, as highlighted by the yellow 
box, is also shown. An experimental (black) and simulated (red) XRD pattern is also shown. HAADF-STEM 
images and corresponding experimental (black) and simulated (red) XRD patterns for (b) Ir-rich 
(Pd,Rh,Ir,Pt)Sn, (c) Pt-rich (Pd,Rh,Ir,Pt)Sn, and (d) Ir-rich (Pd,Rh,Ir,Pt)Sn are also shown. 

The data in Figure 7a show how modifying composition modifies morphology, where the 
morphological features can be predicted based on previous observations of the simpler 
constituent intermetallics. In Figure 7b-d, we apply this rationale to other compositions and 
morphologies. Based on the knowledge we have gained through the preceding studies, we would 
predict that Ir-rich (Pd,Rh,Ir,Pt)Sn would have a flower-like morphology with discrete protrusions 
that grow outward from a central core, rather than the sheet-like protrusions of the Rh-rich sample. 
Indeed, Figure 7b confirms that Pd0.20Rh0.20Ir0.44Pt0.16Sn particles have a morphology matching 
closely with the morphologies of IrSn, IrPdSn, and RhIrPdSn. Similarly, we would predict Pt-rich 
(Pd,Rh,Ir,Pt)Sn to consist of faceted particles without significant flower-like character, and that is 
the morphology observed for Pd0.16Rh0.16Ir0.11Pt0.38Sn in Figure 7c. Finally, we would predict Pd-
rich (Pd,Rh,Ir,Pt)Sn to appear very similar to the Pt-rich analogue, and Figure 7d , which shows 
faceted Pd0.62Rh0.16Ir0.10Pt0.14Sn particles, validates that prediction. (Additional data for the 
nanoparticles in Figure 7 are shown in Figure S23–S25.) 

CONCLUSIONS 

In conclusion, we used nanoparticles of (Pd,Rh,Ir,Pt)Sn as a model high entropy intermetallic 
system to understand the interrelationships among composition, structure, and morphology, 
which all are important to control for their emerging applications in catalysis. Through time-
dependent studies, we established how key features of the (Pd,Rh,Ir,Pt)Sn nanoparticles evolved 
during their synthesis. We further synthesized and characterized nanoparticles of the 14 
constituent binary, ternary, and quaternary intermetallics of (Pd,Rh,Ir,Pt)Sn. These studies 
provided glimpses of the competitive reactivities of the different metal reagents under a constant 
set of reaction conditions, which allows us to correlate the evolution of composition and 
morphology with the constituent elements. These insights allowed us to rationally design 
syntheses to achieve higher-yield syntheses of morphologically pure (Pd,Rh,Ir,Pt)Sn 
nanoparticles and tune morphology by tuning composition. The key take-away lessons are that 
the behavior of simpler constituent intermetallics predicts the behavior of the more complex high 
entropy intermetallic and that the relative reduction rates of the metal salt reagents defines the 
order in which they incorporate, which in turn defines how their composition and morphology 
evolve. These design principles simplify the rational synthesis of high entropy intermetallic 
compounds by providing tuning knobs to control composition and morphology, which is a 
prerequisite for using them in application that require such features, including catalysis.  

EXPERIMENTAL SECTION 

Chemicals 

Palladium(II) acetylacetonate [Pd(acac)2, 99%], rhodium(III) acetylacetonate [Rh(acac)3, 97%], 
tin(II) chloride [SnCl2, 98%], and antimony(III) chloride [SbCl3, 99%] were purchased from Sigma-
Aldrich. Platinum(II) acetylacetonate [Pt(acac)2, ≥48.0% Pt] and iridium(IV) chloride [IrCl4, ≥56.5% 
Ir] were purchased from Alfa Aesar. Octadecene [ODE, 90%, technical grade] and technical grade 
oleylamine [tg-OLAM, 70%] were purchased from Sigma-Aldrich. Toluene and acetone were of 
analytical grade. All the above chemicals were used as received without further purification. 
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Synthesis of intermetallic nanoparticles 

In a 50-mL, 3-neck round bottom flask with a reflux condenser, thermocouple, gas flow adapter, 
and a rubber septum, 10 mL of ODE and 6 mL of tg-OLAM were combined and heated to 110 °C 
under vacuum for 1 hour. The vessel was then cycled between Ar and vacuum three times, placed 
under Ar and slowly heated to 315 °C. Meanwhile, precursor solutions of Pd(acac)2, Rh(acac)2, 
IrCl4, Pt(acac)2, and SnCl2 were prepared by dissolving 32.19, 41.98, 35.20, 42.27, and 19.42 mg 
of each respective metal salt in 10 mL of tg-OLAM. Heating and sonication were used to ensure 
the complete dissolution of each precursor salt. For each individual intermetallic nanoparticle 
synthesis, 2 mL of the SnCl2 solution, and 2 mL of the appropriate transition metal reagent solution 
(see below) would be combined in a septum capped vial. The amounts of each element depended 
on the desired composition. For example, (Pd,Rh,Ir,Pt)Sn would require 500 µL of each individual 
transition metal solution [Pd(acac)2, Rh(acac)2, IrCl4, Pt(acac)2] and 2 mL of the SnCl2 solution, 
whereas PtSn would require 2 mL of the Pt(acac)2 solution and 2 mL of the SnCl2 solution. This 
combined solution, having a total volume of 4 mL, was then placed under vacuum for 15 minutes. 
The vial was then cycled between Ar and vacuum and placed under Ar. The 4-mL precursor 
solution mixture was then injected slowly over 16 min at a rate of 0.25 mL/min into the solvent 
flask at the reaction temperature. (The 0.25 mL/min injection rate was chosen to be slower than 
in the synthesis of PdRhIrPtSn high entropy alloy nanoparticles14 in order to better favor 
intermetallic formation by modulating the fast reduction of the palladium and platinum salts; rapid 
injection did not result in the formation of isolatable nanoparticles.) At the end of the reaction, the 
reaction flask was allowed to cool from 315 °C to 230 °C followed by a room-temperature water 
bath quench. The product was finally isolated by washing the particles with a 1:4 mixture of 
toluene and acetone followed by centrifugation and resuspension in toluene. The washing step 
was carried out twice and the final product was resuspended in toluene. 

Characterization 

A FEI Talos F2000X S/TEM operating at an accelerating voltage of 200 kV was used to collect 
high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images 
and STEM energy dispersive X-ray spectroscopy (STEM-EDS) element maps. Velox 3.6.0 
software was used to interpret the STEM-EDS element map data. The EDS lines mapped were 
Pd Lα, Rh Lα, Ir Lα, Pt Lα, Sn Lα, and Sb Lα. EDS quantification was done using Pd Lα, Rh Lα, 
Ir Lα, Pt Lα, Sn Lα, and Sb Lα. A Malvern PANalytical Empyrean III using Cu Kα radiation was 
used to collect powder X-ray diffraction (XRD) data. All crystal structures shown were generated 
using CrystalMaker and all simulated diffraction patterns were generated using CrystalDiffract.30-
32,38 Both are distributed by CrystalMaker Software Ltd., Oxford, England 
(www.crystalmaker.com). Information about lattice parameters and crystal structure types are 
shown in Table S1. The SAED patterns were analyzed and converted to a radial profile using the 
ImageJ software. Using the d-spacings obtained from the SAED pattern, which is given in units 
of 1/nm, we converted the d-spacings to angstroms. We then used Braggs law to obtain values 
for θ, which we plotted against the intensity from the SAED patterns. 
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