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ABSTRACT

The seeded growth of one type of nanoparticle on the surface of another is foundational to
synthesizing many multi-functional nanostructures. High entropy nanoparticles that randomly
incorporate five or more elements offer enhanced properties due to synergistic interactions.
Incorporating high entropy nanoparticles into seeded growth platforms is essential for merging
their unique properties with the functional enhancements that arise from particle-particle
interactions. However, the complex compositions of high entropy materials complicate the seeded
growth process due competing particle growth and chemical reactivity pathways. Here, we design
and synthesize a 36-member nanoparticle library to identify and disentangle these competitive
interactions, ultimately defining chemical characteristics that underpin the seeded growth of high
entropy alloys on high entropy metal sulfide nanoparticles. As a model system, we focus on
(Cu,Zn,Co,In,Ga)S-SnPdPtRhlr, which combines a high entropy metal sulfide semiconductor with
a high entropy alloy catalyst. We study the seeded growth of all possible pairwise combinations
of Sn, Pd, Pt, Rh, Ir, and SnPdPtRhlIr on the metal sulfides CusS, ZnS, Co¢Ss, CulnS,, CuGaS,,
and (Cu,Zn,Co,In,Ga)S, which have comparable morphologies and sizes. Through these studies,
we uncover unexpected chemical reactivities, including cation exchange, redox reactions, and
diffusion. Reaction temperature, threshold reduction potentials, metal/sulfide chemical reactivity,
and the relative strengths of the various bonds that could be formed during particle growth emerge
as the primary factors that underpin seeded growth. Finally, we disentangle these competitive and
synergistic chemical reactivities to generate a reactivity map that provides practical guidelines for
achieving seeded growth in compositionally complex systems.



INTRODUCTION

High entropy alloys, which contain a random mixture of five or more elements in near equimolar
ratios, have emerged as next-generation materials for applications in catalysis,'™ magnetism,>®
energy storage,” and thermoelectrics’®!" because of their unique properties that are a direct
result of their complex compositions. As one example, nanoparticles of high entropy alloys exhibit
a so-called “cocktail” effect of synergistic properties that emerge from collective interactions
among the constituent elements, which leads to unique active sites, complex strain profiles, and
impaired surface diffusion that can enhance catalytic activity, selectivity, and stability.'™* Because
of these synergistic properties that are distinct from those of their constituent metals, as well as
the anticipated applications that could benefit from these properties, there is significant interest in
developing methods to synthesize high entropy alloys, especially as nanoparticles that maximize
surface areas and surface-to-volume ratios.

Most mainstream synthetic methods for high-entropy alloys involve high-temperature heating to
maximize the impact of configurational entropy and rapid quenching to trap the compositionally
complex alloy in its high-temperature disordered state.'®'® To synthesize nanoparticles, lower-
temperature solution-based methods are often preferred, as they can provide better control over
particle size and shape while leveraging chemical reactivity to control composition. Solution-
based colloidal methods for the synthesis of high entropy alloy nanoparticles are emerging.'®"
These methods generally involve the simultaneous introduction of a homogeneous metal reagent
mixture and translating it to a homogeneous mixture of the metals in the nanoparticles. A typical
protocol involves the simultaneous injection of all metal reagents into a heated solvent/stabilizer
mixture, which thermally triggers nucleation, reduction, and subsequent growth of high entropy
nanoparticles.?>?' We are quickly learning, though, that the processes by which high entropy
nanoparticles form in solution are not as straightforward as the simplicity of the protocol implies.
Rather, the differences in chemical reactivities of the various reagents can lead to the initial
formation of seeds containing only one or two metals, with others incorporating as the reaction
progresses. For example, in the synthesis of colloidal NiPdPtRhir high entropy alloy
nanoparticles, seeds rich in NiPd form first, followed by subsequent incorporation of Pt, Rh, and
Ir.?% This pathway contrasts with that implicated in the synthesis of SnPdPtRhIr under otherwise
identical conditions. Here, SnPdPtRhir nanoparticles instead appear to form through
simultaneous reduction and incorporation of all elements.?

Several other solution-based pathways can lead to the synthesis of high entropy nanoparticles.
For example, simpler two- or three-metal colloidal alloy nanoparticles can seed the growth of alloy
shells. After anchoring them to a refractory support, subsequent post-synthetic thermal
intermixing transforms these core@shell precursors to high-entropy nanoparticles.?>2* As another
example, colloidal high entropy metal sulfide nanoparticles can be synthesized through a
simultaneous multi-cation exchange reaction. Here, a fraction of the soft Cu* cations in cation-
deficient copper sulfide (Cu1.8S) nanoparticles are removed into solution using trioctylphosphine
(TOP), a soft base, while harder Zn?**, Co?*, In®", and Ga*" cations that are all initially present only
in solution enter the nanoparticle to maintain charge balance due to the extracted Cu®. The
product of this specific reaction is a high entropy metal sulfide, (Cu,Zn,Co,In,Ga)S, which is a
solid solution of Cu1sS, ZnS, CoS, CulnS,, and CuGaS,.%>%

The examples in the preceding paragraphs point to our growing realization that the solution-based
reactions that lead to the formation of high-entropy nanoparticles are mechanistically diverse and
complex. Some pathways involve reactive nanoparticle seeds as intermediates, while others do
not. Some colloidal high entropy nanoparticles form through multiple distinct steps, while others
appear (over the time scales studied) to form through more direct routes. This diversity of



observed reaction pathways is not unexpected, considering that each metal reagent will have a
different reaction rate and threshold reaction temperature, as well as a different reduction
potential, than each of the other metal reagents. As-yet unknown interactions among the metal
reagents, including in situ galvanic reactions that dynamically modify the reactive species, could
also play a key role in defining the reactions that occur. Much is already known about the
chemistry that underpins the solution synthesis of metal nanoparticles, as well as simple two-
metal alloy nanoparticles. Increasing the number of metals from two, in a simple alloy, to five, in
a high entropy alloy, represents a significant escalation of complexity in chemical reactivity.

As we look ahead to future uses of high entropy alloy nanoparticles, catalysis remains a prominent
application, given the documented advantages of synergistic interactions on catalytic
performance. When we consider the use of high entropy alloy nanoparticles in catalysis, we must
consider how to anchor them onto support materials, as supported nanoparticle catalysts are
ubiquitous for maximizing dispersion and stability, as well as for enhancing catalytic performance
through particle-support interactions. Pre-made metal and alloy nanoparticles can be deposited
onto supports, but it is more common to grow catalytic nanoparticles directly onto supports. For
colloidal high entropy alloy nanoparticles synthesized in solution, direct growth on supports (i.e.,
heterogeneous nucleation and growth) requires translating the complex and diverse mechanistic
insights from direct colloidal synthesis (i.e., homogeneous nucleation and growth) to a seeded
growth platform. We must therefore consider how the presence of a support material influences
the complex reaction chemistry that leads to the formation of high entropy alloy nanoparticles. Put
another way, in what ways does the pathway by which a high entropy alloy nanoparticle forms on
a support differ from how it forms directly in solution, and what are the key considerations that
allow this process to be controlled? There are likely to be multiple competing and/or cooperative
chemical processes involved in such reactions. Identifying and disentangling these reactivities is
foundational for controlling the outcome of a seeded growth reaction and, more broadly, of a
reaction involving so many independent reagents and possible reaction pathways.

Here, we designed and studied a series of model systems to understand how the presence of a
support material, i.e., a different nanoparticle seed, influences the formation of a catalytically
relevant high entropy alloy nanoparticle. As our primary model system, we chose to study the
solution-based seeded growth of a SnPdPtRhIr high entropy alloy on nanoparticles of the high
entropy metal sulfide (Cu,Zn,Co,In,Ga)S. We show that (Cu,Zn,Co,In,Ga)S, synthesized by
simultaneous multi-cation exchange, is a semiconductor with a visible-wavelength band gap of
~2.2 eV, while SnPdPtRhlIr, which can form directly in solution, is an active catalyst for the
hydrogen evolution reaction. We began by identifying conditions for growing the high entropy alloy
on the high entropy metal sulfide to form (Cu,Zn,Co,In,Ga)S—SnPdPtRhir, which spatially
segregates ten different metals into distinct regions of a nanoparticle. We then deconvoluted this
ten-metal system into all possible combinations of its constituent metal sulfides and metals to
understand how the compositions of each component influence growth, as well as to identify
competitive and synergistic chemical reactivities. The results of these studies, which involve the
synthesis, characterization, and analysis of a library of 36 distinct samples, provide important
mechanistic insights into seeded growth in compositionally complex systems. These insights lay
the groundwork for future advances in the design and synthesis of high entropy nanoparticle
catalysts with advanced functions. These studies also reveal unexpected chemical reactivities in
compositionally simpler nanoparticle systems and provide chemical insights into how morphology,
composition, interfacing, and regioselectivity during seeded growth can be controlled across a
diverse set of material systems. The fundamental knowledge gained from this study culminates
in a road map that defines and integrates the chemical parameters necessary for controlling
compositionally complex seeded growth reactions.



RESULTS AND DISCUSSION
Seeded growth of SnPdPtRhlr on (Cu,Zn,Co,In,Ga)S

We began by designing a modular system where the starting morphology of the seed nanoparticle
was the same for all reactions so that we could most reliably elucidate the roles of composition
and reaction conditions on facilitating seeded growth. Figure 1 summarizes our approach, which
combines cation exchange of Cu1.sS nanoparticles to make a small library of metal sulfide seeds
with slow simultaneous injection of reducible metal salt solutions to form metal and alloy
nanoparticles. Combining these two approaches allows for independent synthetic control over
both the nanoparticle seed and the metal being grown on it. This strategy also allows us to
systematically evaluate seeded growth behavior across a library of 36 distinct systems, including
(Cu,Zn,Co,In,Ga)S-SnPdPtRhlr, which provides the data necessary to identify and disentangle
competitive and synergistic reactivities during high entropy-on-high entropy seeded growth.
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Figure 1. Overview of the high entropy alloy / high entropy metal sulfide nanoparticle library. Schematic
depicting the formation of the metal sulfides ZnS, CoeSs, CulnS2, and CuGaS: through cation exchange of
Cu1.8S nanoparticles, along with the high-entropy metal sulfide (Cu,Zn,Co,In,Ga)S, which contains Cu1.sS,
ZnS, CoeSs, CulnS2, and CuGaS:2 as compositional end members. Six seeded growth reactions can be
applied to each of the six types of metal sulfide seeds. These reactions involve the attempted seeded
growth of Sn, Pd, Pt, Rh, and Ir, along with the high entropy alloy SnPdPtRhIr. Combining the six reactions
with the six types of metal sulfide seeds leads to a library of 36 nanoparticle systems that provide important
insights into the competitive and synergistic reactivities involved in high entropy—on-high entropy seeded
growth, with 10-metal (Cu,Zn,Co,In,Ga)S—-SnPdPtRhIr heterostructured nanoparticles serving as a
representative example. In the figure, HES refers to the high entropy sulfide (Cu,Zn,Co,In,Ga)S and HEA
refers to the high entropy alloy SnPdPtRhiIr.
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Figure 2. Characterization of stand-alone (Cu,Zn,Co,In,Ga)S and SnPdPtRhIr nanoparticles. HAADF-
STEM and STEM-EDS maps of (a) the starting Cu1.sS nanoparticles, (b) the high entropy metal sulfide
nanoparticles, (Cu,Zn,Co,In,Ga)S, synthesized through cation exchange of the starting Cu1.sS
nanoparticles, and (c) the high entropy alloy nanoparticles, SnPdPtRhlIr, made via direct synthesis with no
metal sulfide seeds present. All scale bars are 5 nm. (d) Experimental (black) and simulated?*2>27 (colored)
XRD patterns for the Cu1.sS, (Cu,Zn,Co,In,Ga)S, and SnPdPtRhIr nanoparticles shown in panels (a), (b),
and (c). The UV-visible absorption spectrum for (Cu,Zn,Co,In,Ga)S in (e) is consistent with a
semiconducting material with a band gap of ~2.2 eV, while the UV-visible absorption spectrum for
SnPdPtRhIr in (f) shows a flat optical absorbance across the entire visible range, which is in line with the
metallic behavior expected for the high entropy alloy. (g) Linear sweep voltammetry (LSV) data for the
SnPdPtRhIr nanoparticles (blue) shows electrocatalytic activity for the hydrogen evolution reaction in acid
(0.5 M Hz2S0s4) that is on par with that of Pt/C (red). LSV data for a bare graphitic carbon electrode is also
shown (black) for comparison.

Figures 2a and 2b show HAADF-STEM images and STEM-EDS element maps of the starting
Cu1sS nanoparticles and the Cu1sS nanoparticles after simultaneous multi-cation partial
exchange with Zn%*, Co?*, In®*, and Ga®* to form the high entropy metal sulfide (Cu,Zn,Co,In,Ga)S.



Particle size and morphology are retained throughout the cation exchange reaction. Figure 2c
shows a HAADF-STEM image and STEM-EDS element maps of the high entropy alloy
SnPdPtRhlr, which was formed through slow injection (over 10 minutes) at 275 °C of an
oleylamine solution containing SnClz, Pd(acac)., Pt(acac)z, Rh(acac)s, and IrCls, followed by
cooling to 200 °C and quenching with a water bath. Additional characterization data for
(Cu,Zn,Co,In,Ga)S and SnPdPtRhir are shown in Figures S1 and S2 of the Supporting
Information. The STEM-EDS data for (Cu,Zn,Co,In,Ga)S and SnPdPtRhIr confirm that for each
type of nanoparticle, all five metals are co-localized. Additionally, the corresponding XRD data in
Figure 2d confirm single-phase roxbyite CussS, wurtzite (Cu,Zn,Co,In,Ga)S, and face centered
cubic (fcc) SnPdPtRhIr. The UV-Visible absorption data in Figure 2e indicate that
(Cu,Zn,Co,In,Ga)S is a semiconductor with a visible-wavelength band gap of 2.2 eV while
SnPdPtRhIr (Figure 2f) has no detectable band gap, consistent with its expected metallic
behavior. Linear sweep voltammetry data (Figure 2g) indicate that SnPdPtRhIr is an active
electrocatalyst for the hydrogen evolution reaction in acid. SnPdPtRhIr/C exhibits overpotentials
of 34 and 103 mV at current densities of 10 and 100 mA/cm?, respectively, which are on par with
those of a Pt/C control.

We next sought to initiate seeded growth of the high entropy alloy on the high entropy metal
sulfide by first introducing the (Cu,Zn,Co,In,Ga)S nanoparticles into the solvent mixture used for
the high entropy alloy synthesis, followed by slow injection of the high entropy alloy reagents
under the same conditions used to make the SnPdPtRhIr nanoparticles. A powder XRD pattern
for the nanoparticles isolated from this reaction, shown in Figure 3a, matches well with a
combination of a wurtzite pattern having hexagonal lattice parameters of a = 3.81 A and ¢ = 6.28
A and a fcc pattern having a cubic lattice parameter of a = 4.05 A. The values of the lattice
constants are intermediate among the end members and match well with those calculated in
previous reports,?*2?° as described in detail in Table S1 of the Supporting Information, and are
therefore consistent with the presence of both wurtzite (Cu,Zn,Co,In,Ga)S and fcc SnPdPtRhIr in
the sample. We note that in the XRD patterns for high entropy materials, minor peak shifts can
sometimes be observed relative to those expected based on the weighted average of the end
members; these correlate with the slight sample-to-sample variations in composition that can
occur during synthesis.
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Figure 3. Characterization of (Cu,Zn,Co,In,Ga)S-SnPdPtRhir high entropy metal sulfide / high entropy
alloy nanoparticles. (a) XRD pattern of the synthesized (Cu,Zn,Co,In,Ga)S—SnPdPtRhir nanoparticles,
along with the reference patterns for SnPdPtRhIr?° and (Cu,Zn,Co,In,Ga)S.?* STEM-EDS element maps
showing the (b) (Cu,Zn,Co,In,Ga)S and (c) SnPdPtRhlIr regions of several (Cu,Zn,Co,In,Ga)S-SnPdPtRhir
nanoparticles. These element maps confirm the co-localization of the five elements in the high entropy
metal sulfide seed and the five elements in the high entropy alloy regions. The percent compositions of
each of the five end members that comprise (Cu,Zn,Co,In,Ga)S are provided in the bar chart in panel (d)
while the percent compositions of the SnPdPtRhIr regions are provided in the bar chart in panel (e). The
percentages were calculated based on the elemental compositions provided from quantifying the EDS data
in panels (b) and (c).

The HAADF-STEM and STEM-EDS data in Figures 3b-c confirm that the high entropy metal
sulfide and the high entropy alloy are connected to one another, and therefore that the seeded
growth reaction was successful. The (Cu,Zn,Co,In,Ga)S seed particle remains intact, with a co-
localized distribution of elements and a composition (by EDS) of Zn.12C00.13In0.17Gao.13CU0.45S. It
is important to note that the amount of Cu is higher than the other cations due to the nature of
both the In®* and Ga*' cation exchange reactions, where the final products are CulnS, and
CuGaS$,, respectively. In both cases, every In** or Ga®*" cation that is exchanged into the
nanoparticle requires one Cu® cation to remain associated with it to provide charge balance.
Additionally, some Cu1S remains unexchanged, and this component has close to two copper
cations for every one sulfur anion. Given all of these considerations (as described in more detail
in the Supporting Information), the composition determined by EDS is consistent with near-
equimolar ratios of the end members ZnS (19%), CoS (21%), CulnS, (27%), CuGaS: (21%), and
Cu18S (13%) (Figure 3d). Additional discussion and characterization (Figure S3) is provided in
the Supporting Information. The smaller particles observed to be growing on the surface of the
(Cu,Zn,Co,In,Ga)S seed particle have co-localized signals from the L lines of Sn, Pd, Pt, Rh, and
Ir. The composition, based on analysis of the EDS data, is Sno 22Pdo.15Pt0.24Rho 2510 16 (Figure 3e),
which is consistent with the targeted high entropy alloy. Collectively, the data in Figure 3 are
consistent with the successful seeded growth of high entropy alloy nanoparticles on high entropy



metal sulfide nanoparticles, which can be described as (Cu,Zn,Co,In,Ga)S-SnPdPtRhlr. It is
notable that under the reaction conditions used here, only high entropy alloys grew on the
(Cu,Zn,Co,In,Ga)S seeds, rather than the individual constituent metals or simpler metal alloys.
However, if higher concentrations of the reagents used to grow SnPdPtRhIr were used, then
SnPdPtRhIr would form as large, agglomerated particles. In such a case, we would not be able
to differentiate formation through a homogeneous nucleation and growth pathway or through
seeded growth, as shown in Figure S4. We therefore keep concentration constant in all
subsequent studies.

Temperature and Time Studies

To provide additional information about the reaction conditions required for achieving seeded
growth of a high entropy alloy on a high entropy metal sulfide, as well as to begin gaining reaction
pathway insights, we carried out the same reaction described above, but at different times and
temperatures; the data from these studies are shown in Figures 4 and S5-S9. The seeded growth
reactions used to generate the data in Figures 2 and 3 were carried out at 275 °C for 10 min. At
275 °C (Figure 4a), a reaction quenched after only 3 min shows small metal particles growing on
the sulfide seeds, which is consistent with the early stages of SnPdPtRhir growth on
(Cu,Zn,Co,In,Ga)S. The corresponding STEM-EDS map, along with an accompanying line scan,
confirms that the small metal particles do indeed contain co-localized Sn, Pd, Pt, Rh, and Ir, while
Cu, Zn, Co, In, and Ga are co-localized in the (Cu,Zn,Co,In,Ga)S region.

At the longer time point of 70 min, SnPdPtRhlr continues to grow on (Cu,Zn,Co,In,Ga)S, as shown
in Figures 4b and S6. Not unexpectedly, shorter reaction times provide synthetic access to the
smallest high entropy alloy nanoparticles anchored onto the high entropy metal sulfide supports,
but it is notable that the high entropy alloy seems to form and grow early in the reaction, as
confirmed in Figure 4a. Decreasing the temperature to 180 °C, a 3-min time point shows evidence
of Pt and Pd growing on the surface of the (Cu,Zn,Co,In,Ga)S seeds (Figure S7). At 10 min (Figure
4c) and 40 min (Figure S9), we begin to see the growth of Rh and Ir. Interestingly, while Rh and
Ir are always co-localized with one another, they are not always co-localized with Pt or Pd. By 70
min, the (Cu,Zn,Co,In,Ga)S seeds containing small metal particles are accompanied by free-
standing metal particles containing a Pt core with a shell containing Rh, Ir, and/or Pd (Figure 4d).
Line scans across the freestanding particles in Figure 4d confirm that they consist of Ir and Rh
surrounding a Pt core, while Pd is mixed with both the Pt and the Rh and Ir regions. Furthermore,
Co and Ga unexpectedly appear within the metal alloy regions, suggesting that throughout the
course of the reaction, Co and Ga are pulled out of the metal sulfide seed and incorporated into
the metal alloy. It is also noteworthy that the spatial distribution of metals in the (Cu,Zn,Co,In,Ga)S
seeds changes, with some elements localized more toward the center and others enriched toward
the outer region of the particles. Finally, for all of the attempted seeded growth reactions carried
out at 180 °C, no Sn is observed in any of the metal particles, suggesting that higher temperatures
are necessary for Sn** to reduce to Sn. Consistent with this hypothesis, additional 10-min
reactions at intermediate temperatures (225 °C and 250 °C) show that Sn does not incorporate at
225 °C but does starting at 250 °C (Figures S10 and S11).
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Figure 4. Single-particle characterization at different reaction times and temperatures. High-resolution
STEM-EDS element maps and accompanying line scans (as shown by the arrows) of (Cu,Zn,Co,In,Ga)S—
SnPdPtRhIr nanoparticles synthesized at different reaction times and temperatures. The line scans for the
particles synthesized at 275 °C for (a) 3 minutes and (b) 70 minutes show colocalization of all elements that
comprise both the high entropy alloy and the high entropy metal sulfide. In contrast, the line scans for the
particles synthesized at 180 °C for (c) 10 minutes and (d) 70 minutes reveal phase segregation, incomplete

metal incorporation in the high entropy alloy, and/or changes in the composition of the high entropy metal
sulfide. All scale bars are 10 nm.

Comparison of the results of attempted SnPdPtRhIr growth on (Cu,Zn,Co,In,Ga)S at different
temperatures and times highlights several important considerations for achieving successful
seeded growth of high entropy alloys. First, given how many metals are present, it is important to
consider threshold reaction and/or reduction temperatures. Incorporating Sn, for example,
requires a higher temperature, so all other metals (and their reactivities and rates of reduction)
must be compatible with the higher temperature. Second, temperature and time can both
influence heterogeneous vs homogeneous nucleation and growth (i.e., seeded growth vs
unseeded particle formation), as well as the formation of heterogeneous particles vs. alloy
particles with homogeneous co-localization of all elements. In that regard, these temperature and
time studies also indicate that it is necessary for all five metals to reduce simultaneously to form
the SnPdPtRhIr high entropy alloy and avoid the phase segregation seen at lower temperatures



and shorter times. Third, at sufficiently high temperatures, high entropy alloy particles appear to
form at early time points, indicating that the smallest particles (that maximize accessible surface
area, as is advantageous for applications in catalysis) can be formed with short reaction times,
despite their compositional complexity. Fourth, composition and morphology can evolve with time
and temperature, suggesting that accelerated optimization studies (such as Design of
Experiments? or Bayesian Optimization®®) may be helpful. Finally, the seed can be reactive under
certain conditions, given the complex mixture of metal reagents that is present. In the examples
in Figure 4, we observe some changes in the morphology of the seed, as well as composition
changes via incorporation of some elements from the seed into the growing high entropy alloy
particles. These insights motivate our studies in the sections below, which include systematic
investigations into the seeded growth of SnPdPtRhIr on the individual constituent metal sulfide
nanoparticles (Cu1sS, ZnS, CosSs, CulnSz, and CuGasS:,), as well as each individual constituent
metal in the high entropy alloy (Sn, Pd, Pt, Rh, and Ir) on the high entropy metal sulfide seed,
(Cu,Zn,Co,In,Ga)S, and on each individual constituent metal sulfide.

Seeded growth of SnPdPtRhIr on Constituent Metal Sulfide Nanoparticles

Given the observations noted above, we next sought to understand the growth behaviors of the
high entropy alloy, SnPdPtRhlIr, on each of the individual constituent metal sulfides that comprise
(Cu,Zn,Co,In,Ga)S. Using Cu+.8S nanoparticles having the same sizes and morphologies as those
used to make (Cu,Zn,Co,In,Ga)S through simultaneous multi-cation exchange, we carried out
cation exchange reactions with the individual metals to make ZnS, CosSs, CulnS,, and CuGaS..
We then subjected each of these five metal sulfide nanoparticle samples (Cu1sS, ZnS, CosSs,
CulnS,, and CuGaS:.), which all have comparable sizes and morphologies (Figure S12), to the
conditions used in Figure 1 to attempt to grow SnPdPtRhiIr. It should be noted that the cobalt-
containing end member in (Cu,Zn,Co,In,Ga)S, which adopts a wurtzite crystal structure, is
wurtzite CoS, which is metastable. Under the temperatures required for seeded growth, CoS
converts to CosSs. Therefore, we consider CogSs as the relevant end member for seeded growth
and designate it as the “compositional end member” of (Cu,Zn,Co,In,Ga)S.

Figure 5 shows HAADF-STEM, STEM-EDS maps with corresponding line scans, and XRD data
summarizing the results of attempted growth of SnPdPtRhlIr on Cu1sS, ZnS, CosSs, CulnS,, and
CuGaS; nanoparticle seeds; additional data are provided in Figures S13-S17 of the Supporting
Information. Briefly, for all systems in Figure 5, the HAADF-STEM and STEM-EDS data show
evidence of an intact metal sulfide seed along with the successful growth of metal particles, while
XRD shows evidence of the metal sulfide seed and an additional fcc phase. Upon analyzing the
data in greater depth, several key observations emerge.

First, based on the STEM-EDS element maps and the corresponding line scans, the high entropy
alloy SnPdPtRhIr forms in all systems. All five elements incorporate and co-localize, indicating
that the fcc phases seen by XRD for all samples correspond to SnPdPtRhIr. This observation
confirms that the conditions that enable homogeneous nucleation and growth of the high entropy
alloy are also compatible with heterogeneous nucleation and growth.
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Figure 5. Seeded growth of SnPdPtRhIr on metal sulfide nanoparticles. HAADF-STEM images, STEM-
EDS element maps, line scans of individual particles (as indicated by the arrow in the region highlighted by
a dashed yellow box), and XRD data are provided for the products obtained after attempted seeded growth
of SnPdPtRhIr?® onto each of the individual metal sulfides (Cu1sS,?” ZnS,*® CoSs,®' CuInS2,*? and
CuGaS2*). Two sets of STEM-EDS element maps are provided; the first includes signals from the metals
in the metal sulfide as well as in the high entropy alloy, while the second includes only the metals in the
high entropy alloy overlaid on the HAADF-STEM image. The STEM-EDS data along with the line scans
confirm incorporation and colocalization of all five metals within the high entropy alloy regions. The XRD
data confirm both the presence of the metal sulfide and the high entropy alloy throughout the bulk sample.
For the ZnS sample, only a single STEM-EDS element map is provided, along with an additional HAADF-
STEM image, because the SnPdPtRhIr prefers to agglomerate and grow at fewer sites, leaving most of the
ZnS nanoparticles without SnPdPtRhiIr. All scale bars are 20 nm.
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Second, the morphologies of the ZnS, CuGaSz, and CulnS; seeds remain largely unchanged after
growth of SnPdPtRhlr, but the Cu1sS and CosSs seeds appear to become more faceted. To probe
this observation further, we carried out a series of control reactions where the Cu1sS and CogSs
nanoparticle seeds were subjected to the reaction conditions used to grow SnPdPtRhlr, but
without any of the metal salts present. HAADF-STEM images from these control experiments,
shown in Figure S18, reveal that the Co¢Sg nanoparticles agglomerate, while the CusS
nanoparticles do not. However, despite the differences in agglomeration behavior (which likely
correlate with stability of the ligands on the various nanoparticle surfaces), the morphology
change for Cu1sS does not appear to be due to the reaction conditions, but rather to the presence
of the metals. For CosSs, we speculate that the surface ligands may bind weaker to the CosSs
seeds than to the other sulfides, since CogSs contains both Co** and Co°; such behavior would
accelerate agglomeration.

Finally, across the different metal sulfide seeds, there are differences in the locations of the
SnPdPtRhlr particles, as well as how many SnPdPtRhIr particles are present per metal sulfide
seed. The CulnS2—SnPdPtRhIr, CuGaS,—SnPdPtRhlIr, and CosSs—SnPdPtRhIr systems appear
most similar to the (Cu,Zn,Co,In,Ga)S—-SnPdPtRhlIr system in Figure 2, in terms of the presence
of multiple SnPdPtRhIr particles of different sizes surrounding the metal sulfide seed particle.
Cu18S—SnPdPtRhiIr, in contrast, has only one SnPdPtRhIr particle per CussS seed. When we
consider how Cus S differs most significantly from ZnS, CosSs, CulnS;, and CuGaS,, we note
that Cu+.8S has a high vacancy concentration that makes it amenable to cation exchange under
similar conditions. It is known that Pt** and Pd?* cations are capable of cation exchange®* and for
Pd?* exchange of Cu1sS, it has been shown that exchange initiates from a single domain.*® We
therefore hypothesize that Pt and Pd may similarly react at the Cu1sS nanoparticle surface to
form a single domain, but subsequently favor incorporation of the other metals rather than
proceed with cation exchange; we further address this possibility in subsequent sections.

The growth of SnPdPtRhIr on ZnS differs as well from growth on the other sulfides. Most notable
is the presence of large amounts of SnPdPtRhIr particles that are agglomerated, along with other
regions where almost no SnPdPtRhIr particles are attached to the ZnS. Both cases are believed
to form through seed-mediated nucleation and growth, but there appears to be a competition
between nucleation of SnPdPtRhir on ZnS seeds versus continued growth on existing
SnPdPtRhIr particles. Consistent with this hypothesis, a sample isolated at 3 minutes after
initiating growth of SnPdPtRhIr on ZnS (instead of the 10-minute reaction time that we typically
use) shows a mixture of bare ZnS seeds (without attached metal particles) and agglomerated
SnPdPtRhIr particles, of which some are anchored to ZnS seeds (Figure S19). Selective growth
of SnPdPtRhIr onto established SnPdPtRhlr regions is therefore preferred over nucleation and
growth of SnPdPtRhIr across all ZnS seeds. When we consider the rationale for this markedly
different growth behavior of SnPdPtRhIr on ZnS versus on CussS, CosSs, CulnS,, and CuGa$S,,
we turn to redox capabilities. ZnS is the only sulfide among our seed materials that has a fully
redox-inactive cation, which suggests that a redox trigger may be involved in the early stages of
metal nucleation and growth. Both Cu* (in CussS, CulnS;, and CuGaS;) and Co° and Co* in
CogSs will spontaneously oxidize in the presence of noble metal cations, which would
concomitantly reduce to initiate nucleation and facilitate subsequent growth. Without the redox
trigger for ZnS, there is a higher barrier to nucleation on ZnS compared to the other metal sulfides.
Accordingly, the nucleation density of SnPdPtRhir on ZnS is low and growth of SnPdPtRhIr on
existing regions of SnPdPtRhIr is favored.

To summarize this section, we learned that Cu4sS, CulnS,, CuGaS.,, and CogSs will seed the

growth of the SnPdPtRhIr. In contrast, ZnS disfavored the seeded growth of SnPdPtRhlr, which
instead led to the formation of larger agglomerates of SnPdPtRhIr that were not anchored to ZnS.
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Additionally, the Cu1sS and CogsSs seeds exhibited a morphology change during SnPdPtRhir
growth. In CogSsg, the morphology change manifested as agglomeration, which was attributed to
surface destabilization at elevated temperatures, while in Cu4sS, hexagonal faceting emerged
upon heating in the presence of the metal salts. Despite these observations and rationale, some
aspects of the observed seeded growth behavior remain unexplained after analysis of the
experiments in this section, including the underlying driving forces for the observed growth
patterns (i.e., speckling vs single domains). These will be addressed in subsequent sections.

Seeded Growth of Each Individual Metal on Each Metal Sulfide

The results in the preceding section showed different behaviors for the seeded growth of
SnPdPtRhir on the compositional metal sulfide end members that comprise the high entropy
(Cu,Zn,Co,In,Ga)S nanoparticles. Building on these observations, we next sought to study the
seeded growth of each individual metal (Sn, Pd, Pt, Rh, Ir) on each individual metal sulfide (Cu1 S,
ZnS, CogSs, CulnSz, CuGaS;) under identical conditions. Our goal for these studies was to
deconvolute the contributions of each metal to the growth behavior, in both the metal sulfide seed
and in the high entropy alloy, as well as to identify any synergistic and competitive reactivities that
were implicated in the seeded growth process. To do so, we kept the same reaction conditions
used for the seeded growth of SnPdPtRhIr but used only one metal at a time. The results are
shown in Figure 6, with additional larger-area TEM images provided in Figure S20. In these
figures, we show only TEM images without STEM-EDS element maps, since only one metal was
used for each reaction. Here, the differences in contrast in the TEM images are sufficient to
determine the locations of the metal sulfide and the metal. Since these are bright field TEM images
rather than dark-field HAADF-STEM images, the darker contrast regions in Figure 6 correspond
to the more electron dense regions, which are the metals, while the lighter contrast regions
correspond to the metal sulfide.

Close inspection of the data in Figure 6 reveals several key observations and trends. One
observation that immediately stands out is that there is no evidence for metallic Sn nanoparticles
growing on the surfaces of any of the metal sulfide nanoparticles, and the corresponding XRD
data also shows no evidence of Sn. However, the TEM images indicate the presence of a shell
surrounding all of the metal sulfide particles for which attempted growth of Sn was carried out.
This shell is consistent with amorphous tin oxide, which is commonly observed in colloidally
synthesized nanoparticles of Sn and Sn-based alloys and intermetallic compounds.®*=# In such
systems, the tin oxide shell, which has been confirmed experimentally by X-ray photoelectron
spectroscopy, can form in situ due to a spontaneous galvanic reaction between Sn?*, which
oxidizes to Sn**, and a more noble metal cation, which reduces to M° as it incorporates into the
particle.®”® Given the lack of evidence for tin nanoparticles, though, we conclude that metallic Sn
can only incorporate into nanoparticles under these reaction conditions when it is present along
with other elements, including those within the high entropy alloy. In addition, we had observed in
Figure 3 that during attempted seeded growth of SnPdPtRhIr at lower temperature (i.e., 180 °C
instead of 275 °C), Sn did not incorporate and that the remaining elements (Pd, Pt, Rh, Ir) did not
homogeneously mix. Taken together, these results suggest a synergistic relationship between Sn
and the other elements in the high entropy alloy: Sn is a key contributor to the formation of the
high entropy alloy, but Sn cannot form independently, which is consistent with behavior observed
during the direct synthesis of SnPdPtRhIr.%°

A related observation is that metal-containing particles on the metal sulfide seeds are evident for
Pd, Pt, Rh, and Ir. We rationalize the ability to grow Pd, Pt, Rh, and Ir, but not Sn, based on
reduction potentials. Pd, Pt, Rh, and Ir are noble metals with cations that are easily reducible to
zero valent metals, while Sn?* has a much lower reduction potential that renders it incapable of
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reducing to Sn° under these conditions. However, the growth behavior of Pd, Pt, Rh, and Ir differ
from one another. We focus initially on analyzing the systems that form (based on XRD) only
metallic fcc Pd, Pt, Rh, and Ir on the metal sulfide seeds, followed by those that react to grow
alloys and/or sulfides on the metal sulfide seeds.
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Figure 6. Seeded growth of individual metals on metal sulfide nanoparticles. XRD patterns are shown for
all 30 samples generated through attempted seeded growth of Sn, Pd, Pt, Rh, or Ir onto Cu1.sS, ZnS, CosSs,

14



CulnS2, CuGaS2, and (Cu,Zn,Co,In,Ga)S nanoparticles. Reference XRD patterns are also shown and
labelled.20-25:27:30-33,35,39-44 Additional crystal structure information for each reference pattern is compiled in
Table S1. Cropped TEM images of individual particles are included in the inset of each XRD pattern to show
evidence of the primary type of seeded growth that is observed, ranging from single-particle to multi-particle
to agglomerated. Uncropped TEM images are shown in Figure S20. All scale bars are 10 nm.

The XRD data included in Figure 6 show that Pd grows on CulnS,; Pt and Rh grow on ZnS, Co¢Ss,
CulnS,, and CuGaS;; and Ir grows on ZnS. We can subdivide these systems into two categories.
One category includes metal sulfide seeds that appear to consistently have metal particles on
their surfaces. The other category includes mixtures of both bare metal sulfide seeds with no
metal particles and large agglomerates of metal particles anchored to a small number of seeds,
similar to the behavior observed during the growth of SnPdPtRhir on ZnS in Figure 5. Closer
inspection of these systems reveals that Pt and Ir consistently form large agglomerates of
particles while Pd and Rh tend to nucleate and grow on all metal sulfide seeds as discrete
particles. Such behavior is a manifestation of the competition between metals preferentially
growing on pre-existing metal particles versus nucleating new deposition sites on the metal sulfide
seeds. While many factors can be involved in such complex metal growth processes, we look to
trends in relevant bond strengths as a proxy for trends in preferential growth behavior, as such
correlations have been established previously.*®

To rationalize these growth behaviors, we consider M-M bond strengths. Using gas-phase
diatomic bond energies as an estimate, Ir—Ir forms the strongest bond at 361 kJ/mol while the Pt—
Pt bond is also comparably strong at 307 kdJ/mol. The Rh—Rh bond strength is significantly weaker,
at only 235 kd/mol, and Pd—Pd is even weaker, at around 136 kJ/mol.*¢ While numerical values
are different for different ways of determining bond energies (i.e., elemental metals,
organometallic complexes, etc.), the trends are similar. We can therefore expect that the Ir—Ir and
Pt—Pt bonds are generally much stronger than the Rh—Rh and Pd—-Pd bonds. The much greater
bond energies for Ir—Ir and Pt—Pt relative to Rh—Rh and Pd—Pd correlate with the preference for
Ir and Pt to grow off of, and therefore to bond to, itself. Rh and Pd, in contrast, have less of an
energetic driving force to behave similarly, instead preferring to anchor to the sulfide surface.
Reduction potentials therefore allow us to rationalize which elements grow on the nanoparticle
seed and bond strengths help us to rationalize the different growth characteristics of the different
metals on the metal sulfide seeds.

For the next stage of our analysis, we consider the differences among the systems that form
metals (Pd, Pt, Rh, Ir) during seeded growth versus those that instead form metal sulfides, alloys,
or intermetallics, for which chemical reactivity must be implicated. Most notable in Figure 6 is
chemical reactivity involving palladium; only CulnS; grows Pd metal, while Pd13CusS7 forms on
Cu18S, Pd2Ga forms on CuGaS; and PdsS forms on ZnS and CoySs. Taking into account that Pd—
Pd had the weakest M—M bond strength of all four metals, these results are not unexpected, as
Pd-based compounds could plausibly form rather than Pd metal. We begin with the
Pd13Cu3S7/Cui eS system. Of all the metal sulfides, Cu1 S is highly amenable to cation exchange,
and Pd13CusS7 has previously been shown to form upon partial Pd®* exchange of Cu1S in the
presence of an amine using a reaction setup that is similar to ours.3® We therefore attribute
Pd13CusS7 formation on CusS to partial cation exchange. We rationalize the formation of PdsS
on ZnS and CoySg in a similar way. We speculate that under analogous conditions to which Cu*
was extracted from Cu1sS and replaced by Pd?* to form Pds3CusS7, oleylamine, a Lewis base,
can similarly help to extract small amounts of the stronger Lewis acids Zn?* and Co?*. Palladium
then replaces the extracted Zn?* and Co?* to ultimately form Pd4S, which is the most palladium-
rich stable sulfide in the Pd-S phase diagram. Unlike the situation for Pd** exchange of Cu1sS
forming ternary Pd13CusSy, ternary Pd-Zn-S and Pd-Co-S nanoparticles are not known, so their
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formation upon Pd** exchange of ZnS and CosSs, respectively, would be unlikely. We note that
the reaction temperature, 275 °C, is much higher than that of typical cation exchange reactions,
which usually occur below 160 °C. Under the higher-temperature conditions used here, such
reactivity, where a 2+ cation can be replaced by another 2+ cation in small amounts, is therefore
not unexpected.

For CuGa$S;, we propose that some Ga*" is extracted by oleylamine because of the strong Lewis
acidity of Ga®*" coupled with the high reaction temperature, as discussed above. This process
forms Pd>Ga instead of Pd4S because Pd>Ga is a synthetically accessible intermetallic phase at
these temperatures (based on the Pd-Ga phase diagram). Comparable Pd-based intermetallics
in the other systems (Pd-Co, Pd-Zn) would require higher temperatures and/or harsher reaction
conditions (including strong reducing agents) to form. The growth of metallic Pd on CulnS., which
at first glance would be expected to be similar to CuGaSy, is rationalized by considering the lower
chemical reactivity of CulnS, versus CuGaS,. Both In® and Ga**, as trivalent cations, have low
mobilities and are not typically amenable to cation exchange, but the much stronger Lewis acidity
of Ga*' relative to that of In** allows it to react, while CulnS; remains intact. The formation of
sulfides and intermetallic compounds, rather than metals, on the metal sulfide seeds is therefore
rationalized, overall, by cation exchange behavior that is unusual but not unexpected given the
high reaction temperature and chemical components of the reaction, combined with competition
between the most favorable byproduct phases that will form.

We now turn to systems in Figure 6 where metal alloys form instead of metals; these systems
include a Pt-Cu alloy on Cu1 S, Ir-Co alloys on CosSgand (Cu,Zn,Co,In,Ga)S, and Ir-Cu alloys on
Cu1.8S, CulnS; and CuGaS.. Evidence for Pt-Cu, Ir-Co, and Ir-Cu alloy formation comes from the
corresponding XRD patterns, where we observe peak shifts to higher 26 values relative to Pt and
Ir, which are indicative of the incorporation of the smaller Cu and Co elements into the larger Pt
and Ir unit cells (Figure S21). Additional evidence for alloy formation comes from STEM-EDS
maps, which show co-localization of the alloyed elements in the metal particles (Figures S22-
S24). We rationalize the formation of Pt-Cu on Cu4gS as starting with cation exchange. However,
given the high temperature and reducing environment that are comparable to conditions used
frequently to synthesize PtCu nanocrystals, combined with the lack of prior reports of ternary Pt-
Cu-S phases forming upon partial Pt** exchange of Cu:sS, PtCu forms. When we look at the
formation of Ir-Co on CogSg and Ir-Cu on Cu1sS, CulnS; and CuGaS;, we note that Ir-Co and Ir-
Cu are immiscible alloys in bulk systems. However, there have been reports of alloyed Ir-Cu and
Ir-Co nanoparticles that form upon direct co-reduction of solubilized metal salts.*”=*° We already
implicated cation exchange (given Lewis acid/base interactions and high temperatures) to drive
the initial infiltration of the noble metal cations and the concomitant extraction of Co?* or Cu®*.
However, unlike for the other systems, the iridium salt contains Ir**. This Ir** cation can reduce to
an intermediate oxidation state, Ir**, that could plausibly couple with the oxidation of Cu* to Cu?*
in Cu1sS, CulnS,; and CuGaS:; to extract some copper from the metal sulfide seeds or with
oxidation of Co? to Co?* in CogSs and (Cu,Zn,Co,In,Ga)S to extract some cobalt. Given the high
temperature and reducing conditions, it is reasonable that solubilized Ir**/Cu®* and Ir**/Co** could
then co-reduce to form alloy nanoparticles directly, in accordance with how these bulk-immiscible
nanoparticle systems have been reported to form previously.*”=*°

Finally, looking at the Rh growth reactions, the TEM images in Figure 6 show speckled growth on
most of the metal sulfides, which is consistent with the XRD data. However, we note that the XRD
pattern for Rh growing on CulnS; shows only CulnS; and no Rh. Despite this observation, the
TEM data shows speckled darker contrast regions consistent with Rh growth. To address this
inconsistency, HRTEM data (provided in Figure S25) indicates that the Rh particles are
polycrystalline, with small crystalline domains that would result in significant peak broadening in
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the corresponding XRD pattern. The peaks would be sufficiently broad that they would be largely
undetectable in the presence of larger particles of crystalline CulnSz. Through this further
analysis, we are confident that CulnS2>-Rh does indeed form, even though Rh is not detected by
XRD.

Reactivity Map

In the preceding paragraphs, we have rationalized behaviors and trends in attempted individual
metal growth reactions on each metal sulfide seed. From this analysis, it is clear that there are
competing processes and reactivities. In some cases, metal growth wins out over cation exchange
or alloy formation. In other cases, initial cation exchange provides a trigger for nucleation and/or
reactivity, and given considerations of chemical reactivities and product stabilities, different
products can form. When we combine all of the observations in the preceding figures with the
plausible rationale for each that we have provided in the accompanying discussion, the maps in
Figure 7 emerge. In Figure 7, we summarize the reactivity trends extracted from the analysis of
the data in Figures 5 and 6. Figure 7 provides a graphical summary of the behaviors and trends
involving all 36 samples that were analyzed. This figure highlights the interplay between low and
high temperature, as well as the growth and reactivity behaviors of individual metals and the high
entropy alloy on the various metal sulfide seeds. As such, it provides a visual complement to the
data and discussion in all preceding sections and figures.
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Figure 7. Reactivity map summarizing the key insights into the seeded growth of high entropy alloys on
metal sulfide nanoparticles. These insights were gained through studies of how time, temperature, and the
metal being reduced influence growth, reactivity, and various product characteristics. The inset in the bottom
right summarizes the primary trends (metal-metal bond strengths and reduction potentials, as detailed in
the main text) that appear to influence the type of growth, and therefore the composition and morphologies
of the products.

To better understand the growth behavior of the (Cu,Zn,Co,In,Ga)S-SnPdPtRhir reaction, we
begin by categorizing each metal individually. Sn incorporates the same on (Cu,Zn,Co,In,Ga)S as
it did on each individual metal sulfide seed — as an amorphous tin oxide shell since the reaction
conditions are insufficient to reduce Sn?* to Sn°. Pd forms on (Cu,Zn,Co,In,Ga)S as Pd4S in much
the same way as it did on ZnS and CoeSs. This observation suggests that cation exchange can
trigger initial incorporation of Pd?* but the presence of the mixture of elements prevents significant
penetration of Pd?* into (Cu,Zn,Co,In,Ga)S, as it did in Cu1sS. Additionally, there was no observed
rearrangement of the spatial distribution of elements in (Cu,Zn,Co,In,Ga)S, which would be
required to generate sufficiently large regions of Cu1 S to form a product such as Pd13CusS7. The
growth of Pt on (Cu,Zn,Co,In,Ga)S appears similar to the growth of Pt on ZnS, CosSs, CulnSy,
and CuGaS;, where deposition of Pt on existing Pt seeds outcompetes the nucleation of new Pt
domains on the sulfide seeds. The reactivity of Pt on Cu1sS to form PtCu is not observed on
(Cu,Zn,Co,In,Ga)S, indicating that the mixture of Cu* with Zn?*, Co?*, In®, and Ga*" in the high
entropy sulfide prevents Cu from migrating and combining with Pt across a large area. Rhodium
grows on (Cu,Zn,Co,In,Ga)S in a way that appears analogous to its growth behavior on ZnS,
CulnS; and CuGaS,. This observation suggests that the randomized Cu® sites in
(Cu,Zn,Co,In,Ga)S, which are mixed with other cations that are unlikely to oxidize, may help to
trigger nucleation by locally oxidizing Cu* to Cu?* to initiate the reduction of Rh** to RhC. Finally,
the growth of iridium on (Cu,Zn,Co,In,Ga)S is most similar to its deposition on CogSs, where the
iridium reacts with redox-active cations to form an Ir-Co alloy as confirmed via both XRD (Figure
6) and STEM-EDS (Figure S22).

These comparisons of the growth behaviors of the individual metals on (Cu,Zn,Co,In,Ga)S versus
on the constituent metal sulfides provide important insights into the ways in which seeded growth
on compositionally complex substrates can be rationalized and predicted based on the behaviors
of their constituent components. Most notable from the above discussion are the similarities and
differences between deposition behaviors on (Cu,Zn,Co,In,Ga)S versus on Cu1gS. Cu* appears
to have analogous reactivity in (Cu,Zn,Co,In,Ga)S as it does in Cu1sS in terms of nucleation, likely
serving as a cation exchange or redox trigger for nucleation of other metals and/or compounds.
However, in (Cu,Zn,Co,In,Ga)S, Cu” is mixed with other cations. Based on the observed reactivity,
these other cations appear to pin the Cu” in place to prevent it from migrating and forming the
larger regions of Cus S that would be necessary to fully mimic on (Cu,Zn,Co,In,Ga)S the growth
and reactivity behavior observed on Cu1sS, such as alloy formation or formation of the ternary
Pd13CusS7 phase. This characteristic represents a unique synergistic seeded growth behavior for
the high entropy sulfide that is not exhibited by the end members.

Now that we have categorized the seeded growth behaviors of each individual constituent metal
of SnPdPtRhIr on both (Cu,Zn,Co,In,Ga)S and the metal sulfide end members that comprise it,
we can return to the seeded growth of the high entropy alloy SnPdPtRhlIr on the high entropy
metal sulfide (Cu,Zn,Co,In,Ga)S. As was shown in Figure 3, SnPdPtRhir grows onto
(Cu,Zn,Co,In,Ga)S as multiple small domains rather than as a single large domain, which tracks
with the behavior of its growth on CosSs, CulnS,, and CuGaSz, but not on Cu4gS or ZnS. Our
observations for SnPdPtRhIr growth on Cu+.sS seeds pointed to the likelihood that formation of a
single large domain is initiated through a small amount of cation exchange that is analogous to
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the behavior observed in the Cu1sS—Pd and Cu1sS—Pt systems. Therefore, we propose that for
the (Cu,Zn,Co,In,Ga)S-SnPdPtRhir system, similar initial cation exchange behavior of
(Cu,Zn,Co,In,Ga)S is unlikely to drive the formation of SnPdPtRhIr. The speckled growth behavior
of SnPdPtRhIr is also observed in the CosSs—SnPdPtRhlr, CulnS2—SnPdPtRhlr, and CuGaS2—
SnPdPtRhIr systems. The most notable similarity among these metal sulfides is that they contain
elements capable of oxidizing: Co® in CosSs and Cu* in CulnS; and CuGaS..

Given these insights, we attribute the speckled growth behavior of SnPdPtRhir on
(Cu,Zn,Co,In,Ga)S to the presence of multiple oxidation states within the high entropy metal
sulfide — some redox active (Cu*, Co®") and some redox inactive (Zn*', In®, Ga®") under the
deposition conditions. Their random distribution localizes them to certain sites scattered across
the surface, with the 3+ cations helping to fix them in place by providing a high barrier to migration.
The random mixing of these five different cations would result in discrete redox-active surface
sites capable of triggering the reduction, nucleation, and growth of the high entropy alloy
throughout these multiple sites across the surface.

Finally, in the bottom right quadrant of Figure 7, we highlight the key trends that lead to the various
outcomes when attempting metal growth on (Cu,Zn,Co,In,Ga)S, the high entropy sulfide seed.
Considering the relevant bond strengths, we would expect the strongest M—M bonds (and/or M—
M bonds for different metals) to favor metal growth on existing particles rather than nucleation of
new sites, leading to only a small number of particles with large metal domains. Weaker M—M or
M-M bonds would lead to side products if other M—X (X = S or Ga) bonds preferentially form.
Together, these considerations lead us to conclude that for the high entropy-on-high entropy
(Cu,Zn,Co,In,Ga)S-SnPdPtRhlIr system, the M-M and M—M bonds within the SnPdPtRhIr high
entropy alloy must be such that they fall within a range of moderate bond strengths that are
intermediate between corresponding M—M or M—M’ bonds and M—X bonds, favoring growth onto
all (Cu,Zn,Co,In,Ga)S nanoparticles. As one literature example to help validate this hypothesis, it
was found in Pt-Sn clusters that Pt-Sn bonds are stronger than Pt-Pt bonds, and as discussed
above, Pt-Pt bonds are stronger than Sn-Sn bonds.*® Applying this data to our system would
suggest that Sn incorporates into the high entropy alloy (under conditions where it does not form
metallic Sn particles on its own) because growing Sn on Pt is favorable, based on bond strength
considerations. Therefore, by applying our understanding of how the individual metals and
SnPdPtRhIr grow on the individual metal sulfides, we can deconvolute and rationalize the
complex reaction chemistry involved in the growth of SnPdPtRhlIr on (Cu,Zn,Co,In,Ga)S to form
(Cu,Zn,Co,In,Ga)S-SnPdPtRhlr.

Applicability to regioselective seeded growth of a high entropy alloy

To apply the knowledge gained from all three components of this work — SnPdPtRhIr growth on
(Cu,Zn,Co,In,Ga)S, SnPdPtRhIr growth on the compositional metal sulfide end members, and
individual metal growth on (Cu,Zn,Co,In,Ga)S and the compositional metal sulfide end members
— we now target regioselective growth. Here, we seek to grow SnPdPtRhIr selectively on one
metal sulfide when two are present. Partial cation exchange can be leveraged to regioselectively
direct seeded growth.>"*2 However, given the compositional complexity of SnPdPtRAhlIr, its
application here is, in principle, a challenging undertaking, since it is plausible that all five
individual metals could have different seeded growth preferences and therefore disfavor
nucleation and growth of the high entropy alloy. We hypothesized that if we chose one metal
sulfide that seeds the growth of a single domain of SnPdPtRhIr and another where growth of
SnPdPtRhIr on pre-existing seeds outcompetes the nucleation and growth of new seeds, we
could favor seeded growth of SnPdPtRhIr on one metal sulfide and disfavor it on the other. To
meet these criteria, we chose Cu1sS, which was shown in Figure 4 to seed the growth of
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SnPdPtRhIr, and ZnS, which formed large aggregates of SnPdPtRhIr that were largely
disconnected from the metal sulfide. In this system, Cu4gS (via an initial partial cation exchange
trigger) should rapidly seed the growth of SnPdPtRhIr, with continued growth favoring these pre-
existing SnPdPtRhIr domains on CusgS rather than generating new domains on ZnS.

To test this hypothesis, we synthesized Cu1sS nanorods and carried out a partial Zn?* exchange
to form Cu1sS—ZnS nanorods. STEM-EDS element maps for the Cu1sS—ZnS nanorods are shown
in Figure 8, with additional characterization data shown in Figures S26-S28. We then applied the
seeded growth reaction (from Figure 4) used to deposit SnPdPtRhIr on the individual metal
sulfides. Figure 8 shows a STEM-EDS map of the product of this reaction. As predicted,
SnPdPtRhIr grows exclusively on the Cu1sS regions of the Cu:sS—-ZnS nanorods, with no
evidence of growth on the ZnS regions. In addition to providing a rational synthetic pathway to a
complex heterostructured nanorod target, this result further validates the utility of the knowledge
gained from the studies in the preceding section. We had hypothesized that the aggregates of
SnPdPtRhIr that formed on ZnS did so because SnPdPtRhlr prefers to grow on itself rather than
on ZnS. On the Cu18S—-ZnS nanorods, this is the exact behavior that was observed, but because
SnPdPtRhiIr was present on the Cu1sS regions of almost all of the CussS—ZnS nanorods,
SnPdPtRhIr growth was localized to these regions and did not form large aggregates.

a Cu,¢S-ZnS b  SnPdPtRhir-Cu, sS-ZnS
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Figure 8. Applicability to regioselective seeded growth. The STEM-EDS element maps show both (a) a
starting heterostructured Cu1.8S—Zn$S nanorod that was used as a seed and (b) the same sample of Cu1.6S—
ZnS nanorods after being subjected to the SnPdPtRhIr growth reaction. Seeded growth occurs selectively
on the Cu1.8S domain to form SnPdPtRhIr—Cu1.sS—ZnS. (c) A line scan across one of the high entropy alloy
regions (indicated by the yellow arrow that corresponds to the region highlighted in a yellow dashed box)
confirms the presence and colocalization of all five metals. All scale bars are 20 nm.

Conclusion
In conclusion, we designed, synthesized, and characterized a 36-member library of nanoparticles

comprising all pairwise seeded growth combinations of the metals Sn, Pd, Pt, Rh, Ir, and
SnPdPtRhIr on the metal sulfides Cu1sS, ZnS, CoeSg, CulnS,, CuGaS;, and (Cu,Zn,Co,In,Ga)S.
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This library included the (Cu,Zn,Co,In,Ga)S—-SnPdPtRhir hybrid nanoparticle construct that
interfaces the high entropy metal sulfide (Cu,Zn,Co,In,Ga)S, which was identified as a
semiconductor having a visible-wavelength band gap, with the high entropy alloy SnPdPtRhlr,
which was identified as an active catalyst for the hydrogen evolution reaction under acidic
conditions. By analyzing the growth behaviors, chemical compositions, and morphologies of the
complete 36-member nanoparticle library, we were able to establish the primary factors that
underpin successful seeded growth in this model 10-metal high entropy system. We found that
the seeded growth of SnPdPtRhIr required temperatures near 275 °C to facilitate incorporation of
all five elements. We also found that growth of the high entropy alloy on the high entropy metal
sulfide is enabled by cations in the metal sulfide that are capable of oxidizing, which concomitantly
triggers reduction of the metal. By studying the seeded growth of the individual metals on the
metal sulfides, we found that systems exhibiting minimal seeded growth behavior correlate with
those that have the strongest metal-metal bond strengths, favoring growth on pre-existing metals
rather than nucleation of new particles on the metal sulfide seeds. A careful interplay among
relative metal-metal bond strengths appears to significantly influence the seeded growth behavior,
including both composition and morphology. The scope of insights we gained allowed us to
identify and disentangle the various competitive and synergistic chemical reactivities that are
implicated in seeded growth in such compositionally complex systems. A resulting reactivity map
provides practical guidelines for implementing seeded growth across a compositionally diverse
range of nanoparticle systems, including high entropy alloys and their constituent metals on high
entropy metal sulfides and their constituent metal sulfides. These insights are essential for
designing and synthesizing next-generation multi-component nanostructures, across a wide
range of applications, that incorporate the growing number of high entropy nanoparticles that are
becoming synthetically accessible. This work therefore lays the groundwork for merging
nanoparticle seeded growth with compositionally complex high entropy nanoparticles.

Experimental Section

Chemicals. Benzyl ether [99%] was purchased from ThermoScientific. Copper(ll) chloride [CuCla,
97%], oleylamine [70%, technical grade], octadecene [90%, technical grade], di-tert-butyl disulfide
[DTBDS, 97%], cobalt(ll) chloride [CoCl, 97%], zinc(ll) chloride [ZnCl,, 297% ACS reagent grade,
anhydrous], tin(Il) chloride [SnClz, reagent grade, 98%], palladium(ll) acetylacetonate [Pd(acac),
99%], rhodium(lIl) acetylacetonate [Rh(acac)s, 97%], and tetrachloroethylene [TCE, anhydrous =
99%)] were purchased from Millipore-Sigma. Indium(lll) chloride [InCls, 98+%], platinum(ll)
acetylacetonate [Pt(acac)., 248.0% Pt], and iridium(lV) chloride [IrCls, 256.5% Ir] were purchased
from Alfa Aesar. Gallium (lll) chloride [GaCls, >98% anhydrous] and trioctylphosphine [TOP,
>85%] were purchased from TCI America. Vulcan XC-72R was purchased from Fuel Cell Store.
Commercial platinum 5 wt% on carbon (Pt/C) was purchased from Strem Chemicals. All solvents,
including hexanes, isopropanol [IPA], toluene, and acetone, were of analytical grade. All the above
chemicals were used as received without further purification. The metal chloride salts, except for
CuClz, were stored in a glove box until they were used.

Synthesis of Cu1.sS nanoparticles. The synthesis of the Cu1sS nanoparticle seeds was based
on a previously reported procedure®*** where 341 mg of CuCl,, 47 mL of oleylamine, and 11.8
mL of octadecene were first added to a 100 mL three neck round bottom flask equipped with a
rubber septum, thermocouple, reflux condenser, gas flow adapter, and magnetic stir bar. This
setup was connected to a Schlenk line and the flask was placed in a heating mantle. While stirring,
the contents of the flask were placed under vacuum and heated to 100 °C and held there for 30
minutes. At the same time, 8.25 mL of DTBDS was added to a 20 mL septum capped vial and
placed under vacuum for at least 15 minutes. Both the vial and the flask were then cycled 3 times
between vacuum and Ar after which the vial was removed from the Schilenk line, and the flask
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was placed under Ar flow. The flask was then heated to 200 °C and held at that temperature for 1
hour. At around 160 °C it could be observed that the flask changed from a dark blue to a yellow
color, indicating the reduction of Cu?* to Cu*. The flask was then cooled to 180 °C and 8 mL of the
DTBDS was rapidly injected. Once the flask recovered back to 180 °C, the reaction was allowed
to proceed for 15 minutes. The flask was then quenched to room temperature using a water bath.
Finally, the contents of the flask were poured into centrifuge tubes and mixed with a 1:1 mixture
of IPA:acetone. The tubes were then placed into a centrifuge and were spun at a rate of 13,500
rpm for a total of 3 minutes. The supernatant was discarded and the pellet was resuspended in
toluene. The resuspended nanospheres were then mixed with 1:1 IPA:acetone and the
centrifugation process was repeated two more times for a total of three washes. Finally, the
nanoparticles were suspended in hexanes to be used for subsequent reactions and further
characterization.

Preparation of metal cation exchange solutions. Metal salt solutions were first prepared by
adding 100 mg of a metal chloride salt (ZnCl,, CoCly, InCls, or GaClz), 15 mL of benzyl ether, 8
mL of oleylamine, and 2 mL of octadecene were placed in a 50 mL three neck round bottom flask
equipped with a rubber septum, thermocouple, reflux condenser, gas flow adapter, and magnetic
stir bar. (For GaCls, benzyl ether was replaced with an equivalent volume of additional octadecene
to maximize stability of the precursor solution.) While stirring, the reaction setup was then
connected to a Schlenk line, placed under vacuum, heated to 100 °C, and held at that temperature
for 1 hour. Following that step, the flask was then cycled three times between Ar and vacuum,
and finally left under an Ar blanket. The contents of the flask were then heated to 180 °C and held
at that temperature for 30 minutes to allow the metal to complex with the oleylamine in solution.
Finally, the flask was cooled to room temperature and the contents were poured into a 40 mL vial
to be used for future cation exchange reactions.

Individual metal cation exchange reactions. All cation exchange reactions were based on an
adaptation of a previously reported procedure®>*® where we began by drying and weighing out in
a 20 mL septum capped vial approx. 15 mg of Cu1sS nanoparticles. The vial was then cycled
three times between vacuum and Ar. Once under the inert Ar atmosphere, TOP was injected into
the vial and the particles were sonicated for 45 minutes to ensure sufficient suspension. Next, 15
mL of benzyl ether, 8 mL of oleylamine, 2 mL of octadecene, and 2.5 times excess metal cation
exchange solution (relative to a stoichiometric exchange, as shown in Table S2 of the Supporting
Information) was added to fully replace all of the Cu® cations in the Cu1sS nanoparticles were
added to a 50 mL three neck round bottom flask equipped with a rubber septum, thermocouple,
reflux condenser, gas flow adapter, and magnetic stir bar. The flask was then connected to a
Schlenk line, set to stir, placed under vacuum, heated to 100 °C, and held at that temperature for
1 hour. The flask was then cycled three times between vacuum and Ar where it was finally placed
under an Ar blanket and heated to 180 °C. After 30 minutes at 180 °C, the flask was cooled to the
required reaction temperature (100 °C for Co?*, 120 °C for Zn**, 110 °C for In**, and 140 °C for
Ga**). Once settled at the specified temperature, the TOP/Cu+ ¢S mixture was rapidly injected and
the reaction was allowed to proceed for 30 minutes. The reaction was then quenched via an ice
bath and allowed to cool until the temperature was below 15 °C, which prevented etching of any
remaining Cu1.sS nanoparticles. The contents of the flask were then poured into centrifuge tubes,
mixed with a 1:1 mixture of IPA:acetone, and centrifuged at 13,500 rpm for 3 minutes. The
supernatant was discarded and the remaining pellet was resuspended in toluene. A 1:1 mixture
of IPA:acetone was again added to the tubes and the centrifugation process was repeated for a
second time. The particles were then resuspended in hexanes for use in future reactions.

(Cu,Zn,Co,In,Ga)S high entropy metal sulfide cation exchange reaction. The reaction to
synthesize the high entropy metal sulfide was carried out in much the same manner as the single

22



metal cation exchange reactions described above and was modified from a previous report.?
Here, all four metal cation exchange solutions were combined in the same flask and the excess
amounts were modified. Assuming exactly 15 mg of Cu1sS spheres, the stoichiometric cation
amounts (and the volumes of the metal cation exchange solutions) were 0.2 times excess Co?*
(0.34 mL), 0.3 times excess In®* (0.57 mL), 0.3 times excess Zn** (0.53 mL), and 0.4 times excess
Ga** (0.61 mL). These amounts provided a small 1.2 times excess to ensure complete exchange
of the Cu" cations, coupled with the knowledge that Co®* exchanges very rapidly so a smaller
excess was sufficient and Ga** exchanges relatively slowly so a larger excess was necessary.
This reaction was carried out at 140 °C, which corresponded to the highest temperature required
to exchange any of the constituent metal cations (i.e., Ga®").

Metal seeded growth solutions. Metal salt solutions for synthesizing and growing the high
entropy alloy and its constituent metals were prepared by dissolving 0.1054 mmol of each metal
salt [42.2 mg Rh(acac)s, 32.2 mg Pd(acac)z, 35.2 mg IrCls4, 41.4 mg Pt(acac)z, 19.8 mg SnCl;] in
10 mL of oleylamine with a stir bar in a 20 mL vial. The vial was then heated to 120 °C and held
at that temperature until the metal salt was fully dissolved. The metal salts were chosen to remain
consistent with a prior report.?°

Seeded growth reactions. The seeded growth of the high entropy alloy and individual metals
was carried out using a modification of a published procedure used to synthesize the high entropy
alloy directly.?° Briefly, approx. 5 mg of dried metal sulfide nanoparticles were placed in a 20 mL
septum capped vial. The nanoparticles were then suspended in 6 mL of oleylamine and
transferred to a 50 mL three neck round bottom flask equipped with a rubber septum,
thermocouple, reflux condenser, gas flow adapter, and magnetic stir bar. Next, 10 mL of
octadecene was then added to the flask, which was placed under vacuum, heated to 110 °C while
stirring, and held at that temperature for 30 minutes. In the meantime, the appropriate metal
deposition solutions were heated to 120 °C while being stirred, and then 1 mL of total metal
deposition solution (0.2 mL of each metal deposition for the high entropy alloy) was added to a
20 mL septum capped vial along with 4 mL of oleylamine and a stir bar. The vial was then placed
under vacuum while stirring and allowed to sit for 15 minutes. At this point, the flask with the metal
sulfide nanoparticles was cycled three times between Ar and vacuum and left under an Ar blanket.
The flask was then heated to 275 °C and the septum capped vial was cycled three times between
Ar and vacuum. Once the flask reached 275 °C, 4 mL of the metal deposition solution in the
septum capped vial was slowly injected into the flask at a rate of 0.4 mL/min (10 minute total
injection time). After the injection finished, the flask was first cooled in air to 200 °C, followed by
quenching using a water bath. The particles were then poured into a centrifuge tube, mixed with
1:1 IPA:acetone, and centrifuged at 14,500 rpm for 3 minutes. The supernatant was then
discarded and the pellet was resuspended in toluene. Again, a 1:1 mixture of IPA:acetone was
added back into the centrifuge tubes and the centrifugation process was repeated once more.
Finally, the particles were resuspended in hexanes.

Electrochemical Measurements. All electrochemical measurements were conducted using a
Gamry Instruments Reference 1000B Potentiostat. Electrochemical measurements were
performed in a 200 mL 4-neck round bottom flask with a Compact Pine Rotator rotating disk
electrode (RDE) setup, using 150 mL 0.5 M H>SO4 (99.999%) as the electrolyte, a graphite rod
as the counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. To
prepare the carbon loaded sample, 5 mg of nanoparticles and 20 mg commercial carbon black
(Vulcan XC-72R) were dispersed in 10 mL of cyclohexanes and sonicated for 3 h to achieve a
loading of ~20 wt%. The product was washed three times with acetone, collected by
centrifugation, and left to dry under vacuum. Next, to remove surface ligands, the obtained black
powder was heated to 450 °C under 5% H2/Ar flow for 1 h. The working electrode was prepared
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by dispersing 5 mg of the prepared catalyst in 800 L of water, 180 pL of isopropanol, and 20 uL
of 5 wt% Nafion solution, and then sonicating for 1 h. Subsequently, 10.0 pL of the catalyst ink
was dropped onto a glassy carbon electrode (5 mm diameter, sonicated in acetone, ethanol, and
water for cleaning and polished with diamond paste prior to use), and dried. All electrochemical
measurements were carried out in a 0.5 M H>SO; electrolyte. The 0.5 M H.SO, electrolyte was
bubbled with Ar for 30 min prior to any testing. Also prior to testing, the working electrodes were
cleaned by a CV scan at 0.05-0.4 V (vs RHE) for 100 cycles at a rate of 250 mV/s until a stable
CV curve was obtained. All linear sweep voltammetry scans were run at a rotation speed of 1600
RPM. Linear sweep voltammetry (LSV) scans were run at a scan rate of 25 mV/s and utilized the
current interrupt (Cl) method to correct for iR-drop caused by uncompensated resistance.

Characterization. Powder X-Ray diffraction (XRD) data were collected using a Malvern
PANalytical Empyrean with either Cu Ka radiation or Co Ka radiation as the X-ray source. Cu Ka
radiation was used for most samples. For the samples containing CosSs, Co Ka radiation was
used instead to suppress Co fluorescence. Transmission electron microscopy (TEM) images,
high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
images, and STEM energy dispersive X-ray spectroscopy (STEM-EDS) maps were collected
using an FEI Talos F200X S/TEM operating at 200 kV. The EDS maps for each element consisted
of the Cu K lines, Zn K lines, Co K lines, Ga K lines, In L lines, Pd L lines, Rh L lines, Sn L lines,
Pt L lines, Ir L lines, and S K lines. Velox 3.6.0 software was used to analyze the STEM-EDS
element map data. All simulated diffraction patterns were generated using CrystalDiffract which
is distributed by CrystalMaker Software Ltd., Oxford, England (www.crystalmaker.com).
Simulated XRD patterns, for reference, were obtained from literature references. Ultraviolet-
visible-near infrared (UV-vis-NIR) absorption data were collected on a PerkinEImer LAMBDA 950
UV-vis NIR spectrometer using a standard detector and quartz spectrophotometer cell from
Stama Cells, Inc., with a data interval of 2 nm. All UV-vis samples were suspended in
tetrachloroethylene and briefly sonicated before data collection.
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