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ABSTRACT

Nanoparticles of high entropy alloys (HEAs) have distinct properties that result from their high
surface-to-volume ratios coupled with synergistic interactions among their five or more constituent
elements, which are randomly distributed throughout a crystalline lattice. Methods to synthesize
HEA nanoparticles are emerging, including solution approaches that yield colloidal products.
However, the complex multi-element compositions of HEA nanoparticles make it challenging to
identify and understand their reaction chemistry and the pathways by which they form, which
hinders their rational synthesis. Here, we demonstrate the synthesis and elucidate the reaction
pathways of seven colloidal HEA nanoparticle systems that contain various combinations of noble
metals (Pd, Pt, Rh, Ir), 3d transition metals (Ni, Fe, Co), and a p-block element (Sn). The
nanoparticles were synthesized by slowly injecting a solution containing all five constituent metal
salts into oleylamine and octadecene at 275 °C. Using NiPdPtRhIr as a lead system, we confirmed
the homogeneous co-localization of all five elements and achieved tunable compositions by
varying their ratios. We also observed heterogeneities, including Pd-rich regions, in a
subpopulation of the NiPdPtRhilr sample. Halting the reaction at early time points and
characterizing the isolated products revealed a time-dependent composition evolution from Pd-
rich NiPd seeds to the final NiPdPtRhir HEA. Similar reactions applied to FePdPtRhlr,
CoPdPtRhIr, NiFePdPtlr, and NiFeCoPdPt, with modified conditions to most efficiently
incorporate all five elements into each HEA, also revealed similar Pd-rich seeds with system-
dependent differences in the rates and sequences of element uptake into the nanoparticles. When
moving to SnPdPtRhir and NiSnPdPtlr, the time-dependent formation pathway was more
consistent with simultaneous co-reduction rather than through formation of reactive seeds. These
studies reveal important similarities and differences among the pathways by which different
colloidal HEA nanoparticles form using the same synthetic method, as well as establish generality.
The results provide guidelines for incorporating a range of different elements into HEA
nanoparticles, ultimately providing fundamental knowledge about how to define and optimize
synthetic protocols, expand into different HEA nanoparticle systems, and achieve high phase

purity.
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INTRODUCTION

High entropy alloys (HEAs), which are generally considered to have five or more principal
elements in near-equimolar ratios randomly distributed throughout a crystalline lattice,"? have
properties that differ from their constituent elements and simpler alloys. Synergistic interactions
among the large number of elements in HEAs leads to exceptional mechanical properties,®** as
well as enhanced performance as thermoelectric,’ magnetic,® and catalytic materials.”® Some of
these properties of HEAs can be further enhanced, or utilized in different ways, as nanoparticles.
HEA nanoparticles have become especially high-value targets for their enhanced catalytic
properties due to the so-called cocktail effect that arises from synergistic interactions among the
elements, as well as improvements in activity, selectivity, and stability that emerge from the variety
of chemical and electronic environments that is present.”®

The formation of bulk HEAs is typically driven by the large configurational entropy associated with
randomly mixing such a large number of elements on a crystalline lattice." In HEAs, the
configurational entropy overrides the enthalpic penalties of mixing at the high temperatures
needed to synthesize them (>1000 °C), which turns the free energy landscape negative." Rapid
quenching to room temperature is usually required to trap the HEA phase that is stabilized at high
temperatures, where the TAS term of Gibbs free energy (AG = AH — TAS) is large." These
synthetic requirements pose a problem for the synthesis of nanoparticles, which generally require
low temperatures to minimize growth and to maintain nanoscopic dimensions.

Strategies have emerged for the synthesis of HEA nanoparticles. Among the most prominent
method to synthesize HEA nanoparticles is carbothermal shock, where carbon-supported metal
salt mixtures are rapidly heated to ~2000K and then cooled at a rate of 10° K/s.'® Other techniques
that have yielded nanoparticles of HEAs, as well as of multiprincipal element alloys and complex
solid solutions (which differ from HEAs primarily in their definitions but colloquially still fall under
the broad category of HEAs),? include kinetically controlled laser synthesis,'"'? ultrasonication-
assisted wet chemistry,' sputtering deposition,™ spray pyrolysis,' and solution combustion.®
While powerful, these techniques operate at very high temperatures, often require sophisticated
setups, have limited scalability, and can hinder control over size and shape, which are important
property-relevant parameters, especially for catalytic nanoparticles.

Solution-based colloidal syntheses are among the most powerful for nanoparticles, as they can
facilitate the controlled nucleation and growth of solids through chemical or thermal triggers and
can allow for exquisite control over size and shape while offering liquid dispersibility and
processing, as well as the potential for scalability.'”'® Significant advances over the past two
decades have provided detailed chemical insights into the reactions that produce metal and
simple alloy nanoparticles, and especially noble metal systems.'®?%2' As a result, it is now
possible to synthesize hundreds of different types of metal and alloy nanoparticles in solution with
a high degree of control over size and shape. In contrast, methods to synthesize colloidal HEA
nanoparticles are only beginning to emerge.?223242% Additionally, little is known about the reaction
chemistry that leads to their formation, given the large number of elemental reagents and their
range of chemical reactivities, both individually and together.?°?"2829 Methods that sidestep the
complex reaction chemistry by pre-designing heterostructured nanoparticle precursors and
annealing them to form HEAs provide promising alternatives, but still require the particles to be
anchored on refractory supports and annealed at high temperatures.?**

To date, only a small number of reports describe the direct solution synthesis of unsupported
colloidal HEA nanoparticles.?%232°26.2831.323334.3536  Thege reports generally approach the
synthesis of colloidal HEA nanoparticles by simultaneously injecting five or more metal salts into



a solvent, either pre-heated or at room temperature prior to heating, as such methods are
analogous to those used to synthesize high quality nanoparticles of the constituent metals and
their simpler alloys. For these reactions, it is generally accepted that in most cases, all of the
constituent metals co-reduce simultaneously and directly form HEA nanoparticles, given the high
reaction temperatures and rapid kinetics. However, little is known about how key reaction
variables influence colloidal HEA nanoparticle formation or stability. Even less is known about the
reaction pathways that lead to their formation, as well as how reaction insights from one HEA
nanoparticle system can be transferred to other systems.?>?¢27-28 Some mechanistic insights into
the formation of HEA nanoparticles are emerging, but they generally involve different synthetic
approaches that do not map onto the types of reactions that are most commonly used to make
colloidal HEAs.?*?%?" These knowledge gaps limit the rational synthesis of colloidal HEA
nanoparticles, which is a significant shortcoming given the rapidly growing interest in the
properties and applications of these materials.

Here, we demonstrate the direct solution-based synthesis of colloidal HEA nanoparticles that
contain noble and non-noble metals using a straightforward hot-injection approach that aligns with
mainstream methods for synthesizing metal and simpler alloy nanoparticles. Using NiPdPtRhiIr as
a strategic model system, we probe the reaction pathway to gain insights into the steps that
transform dissolved metal salts into HEAs. Through these studies, we identify intermediate
nanoparticle species that are implicated in HEA formation, and therefore rule out the simultaneous
co-reduction pathway that is most often considered to be operable in HEA nanoparticle synthesis.
We then compared and contrasted these results with related systems, FePdPtRhiIr and
CoPdPtRhlIr, having different non-noble metals. We then moved to derivatives containing two
(NiFePdPtIr) and three (NiFeCoPdPt) non-noble metals, as well as a p-block element without
(SnPdPtRhIr) and with (NiSnPdPtilr) a non-noble metal. The Sn-based HEAs are particularly
instructive, as they are found to form through a pathway that is distinct from the pathway by which
the all-transition metal systems form. These similarities and differences among the pathways by
which different colloidal HEA nanoparticles form using the same synthetic method provide
guidelines for incorporating a range of different noble metals, non-noble metals, and p-block
elements into colloidal HEA nanoparticles. These studies also establish the viability of the
synthetic method, demonstrate generality, and define strategies for optimizing synthetic protocols
for expanding into different HEA nanoparticle systems to achieve high phase purity. These
capabilities are an important prerequisite for the rational synthesis of compositionally complex
nanoparticles that are emerging as high-value targets for a growing scope of applications.

RESULTS AND DISCUSSION
Synthesis and Characterization of NiPdPtRhlIr

Our general protocol for synthesizing colloidal HEA nanoparticles involves slowly injecting a dilute
precursor solution containing each of the five metal salts into a preheated solvent mixture. This
synthetic methodology is well established in the metal and alloy nanoparticle synthesis literature®
but had to be modified and optimized to facilitate HEA formation, as discussed below. The key
parameter is the slow injection of a dilute precursor mixture, which minimizes the frequency of
collisions between atoms of the same elements to avoid formation of individual metal
nanoparticles while maximizing the frequency of collisions between atoms of different elements
to favor formation of HEA nanoparticles.
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Figure 1. Synthesis of NiPdPtRhIr nanoparticles and characterization by TEM and EDS. (a)
Protocol for the synthesis of NiPdPtRhIr nanoparticles and the corresponding TEM image
showing their morphology and size. (b) EDS spectrum confirming the presence of all five elements
(Ni, Pd, Pt, Rh, Ir). The Cu signal is from the Cu TEM grid, the Mo signal is from the Mo clips used
in the TEM holder, and Zr is from the instrument.

We began by studying the formation of NiPdPtRhIr, a representative HEA containing one non-
noble metal and four noble metals. Nanoparticles of NiPdPtRhIr were synthesized by injecting 4
mL of a precursor solution containing 0.8 mL each of 10.54 mM Ni(acac), Pd(acac), Pt(acac).,
Rh(acac)s, and IrCls, dissolved in oleylamine, over 10 minutes at a rate of 0.4 mL/min, into
octadecene and oleylamine at 275 °C. Figure 1a shows a TEM image of the NiPdPtRhir
nanoparticles, which are nominally spherical and/or multi-faceted and range in diameter from
approximately 5 — 10 nm, with an average diameter of less than 10 nm. Figure S1 shows a
HRTEM image, which highlights the crystallinity of the nanoparticles. Figure 1b, which shows a
corresponding EDS spectrum for an ensemble of particles, indicates that all five metals are
present. The composition of the sample, as determined from the EDS spectrum, is
Nio.19Pdo.21Pto.22Rho 20lr0.18, which matches well with the nominal 1:1:1:1:1 ratios of the precursor
solution. Figure 2a shows powder XRD patterns for the NiPdPtRhIr nanoparticles, along with a
reference pattern that was constructed based on a face centered cubic (fcc) alloy having a lattice
parameter of a = 3.83 A. This value compares favorably with the weighted average (based on the
nominal composition) of the lattice parameters of the constituent fcc metals, which is a = 3.796 A;
details of lattice constants and weighted average calculations are provided in the Supporting
Information (Table S1). The experimental XRD pattern is consistent with a phase-pure HEA
nanoparticle sample without any additional crystalline impurities or evidence of significant
amorphous material.

The composition of the NiPdPtRhIr nanoparticles can be systematically varied by changing the
ratios of the constituent elements, offering wide tunability. To demonstrate, the amount of one of
the five elements was increased to 40% (in bold below) while the other four elements were
restricted to 15%. Figure 2b shows the powder XRD patterns for the products with nominal



compositions of Nio.40Pdo.15Pt0.15Rho.151r0.15, Nio.15Pdo.40Pto.15Rho.151r0.15, Nio.1sPdo.15Pto.40Ro.151r0.15,
Nio.15Pdo.15Pto.15Rho.40lr0.15, and Nio.1sPdo.15Pt0.1sRho.15lr0.40. The peak pOSitiOI"IS for each of these
alloys were shifted slightly, which is expected for changes in composition.
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Figure 2. Powder XRD data (Cu Ka radiation) characterization of NiPdPtRhIr nanoparticles. (a)
Experimental XRD pattern for Nio.19Pdo 21Pt0.22Rho 20lr0.18 Nnanoparticles, along with a simulated fcc
XRD pattern for NiPdPtRhIr using a = 3.83 A. Reference XRD patterns for each individual element
is provided for reference. A detailed description of how the simulated patterns were generated is
provided in the Supporting Information. (b) XRD patterns for compositionally varied NiPdPtRhlr
samples. Regions from 35-55 °26 and 65-75 °26 are shown, and the gray dashed lines highlight
the shifting of the peaks. Each sample has one element at 40% and the other four at 15%.

Figure 3a shows STEM-EDS element maps of a representative NiPdPtRhIr nanoparticle; data for
a collection of nanoparticles is shown in Figure 3b. The data in Figures 3a and 3b confirm that
the five metals are colocalized and homogeneously distributed within the nanoparticles. Figure
3c and S2 shows STEM-EDS data, along with an accompanying line scan in Figure 3d, for a
different region of the sample, which corresponds to a minority subpopulation of particles that
were observed. Here, some compositional heterogeneity is observed, including a particle with a



Pd-rich core. Such heterogeneity is not unexpected, given the many ways in which five metals
can mix.*® However, because we consistently observe Pd-rich regions in some of the NiPdPtRhIr
nanoparticles, we decided to investigate how and why this specific type of heterogeneity is so
prominent.
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Figure 3. Microscopy characterization of NiPdPtRhIr nanoparticles. (a) An overlaid STEM-EDS
element map along with individual STEM-EDS element maps (Ni Ka, red; Pd La, cyan; Pt La,
blue; Rh La, pink; Ir La, green) for a single Nio.19Pdo21Pto22Rho20lr0.1s Nanoparticle. (b) HAADF-
STEM image and the corresponding overlaid STEM-EDS element map for an ensemble of
Nio.19Pdo.21Pto 22Rho 20lr0.18 Nanoparticles. (c) Overlaid STEM-EDS element map for a different
region of the same sample showing regions with high Pd concentration and (d) a line scan through
the region marked with an arrow in (c). The line scan covers a total distance (x-axis) of 18 nm.

Reaction Pathway for NiPdPtRhlir

A typical synthesis of NiPdPtRhIr nanoparticles involves slowly injecting, over 10 minutes, the
dilute precursor solution that contains all five dissolved metal reagents. To begin probing how the
NiPdPtRhIr nanoparticles form, we carried out a series of time-dependent studies by synthesizing
samples where the five-metal precursor solution injection was halted after 1 min, 2.5 min, 5 min,
and 7.5 min, in addition to the 10-minute sample. (The concentrations and injection rates remain
the same, so the different injection times correspond to different overall amounts of metal
reagents added, with all other conditions, including ratios of metals, remaining the same.) Figure
4 shows STEM-EDS element maps for representative samples; additional STEM-EDS element
maps are shown in Figure S3. Analysis of the compositions of multiple regions of particles (Figure
S4) confirms that the trends in Figure 4 apply regardless of the subpopulations imaged. Figure 4



also shows quantitatively how the ratios of the various elements fluctuate as the HEA formation
reaction proceeds. Analysis of these data, along with the corresponding STEM-EDS maps that
show the transformation of compositionally heterogenous particles into a more homogeneous
system, provides chemical insights into the pathways by which the HEA nanoparticles form.
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Figure 4. Time-dependent formation of NiPdPtRhIr nanoparticles. Bar charts showing elemental
composition (obtained from EDS measurements) and corresponding STEM-EDS element maps
for samples of NiPdPtRhIr nanoparticles isolated at various times during the slow-injection
synthesis (Ni Ka, red; Pd La, cyan; Pt La, blue; Rh La, pink; Ir La, green).

Analysis of the data in Figure 4 characterizing the time-dependent evolution of nanoparticle
composition provides important mechanistic clues into how the reaction proceeds from dissolved
metal salts to HEA nanoparticles. The particles that form within the first minute of the reaction are
visibly heterogeneous, consisting primarily of Pd-rich Pd-Ni seeds. By 2.5 minutes, the Pd-rich
Pd-Ni seeds still exist, but the average Pd content increases slightly while the Ni content
decreases concomitantly; the other elements begin to incorporate into the particles, although in
very low amounts. Some Ni-rich particles can also be observed in the STEM-EDS element maps.
By 5 minutes, the average Pd content decreases as the amounts of Pt, Rh, and Ir increase; the
average Ni content does not change significantly. By 7.5 minutes, the amounts of Pd and Ni have
significantly decreased and the amounts of Pt, Rh, and Ir have significantly increased, together
leading to a near-equimolar ratio of Ni:Pd:Pt:Rh:Ir. At this point, the composition remains constant,
not changing significantly between 7.5 and 10 minutes. It is worth noting that control studies show
Pd(acac)., Pt(acac)z, and Ni(acac): in oleylamine, under the conditions used to synthesize the
HEA nanoparticles, form Pd, Pt, and Ni nanoparticles, respectively, at different rates, as observed
visually as the reactions progress. Pd is observed to reduce the fastest, followed by Pt, even
though Pt has a more positive reduction potential. Attempts were made to form Pd/NiPd seeds in
situ, followed by addition of other metals to encourage a seed-mediated growth process, but such
reactions did not form phase-pure HEAs containing all five metals.

Based on the data in Figures 3 and 4, we can now describe the pathway by which NiPdPtRhir
nanoparticles form. The reaction begins initially with the formation of PdNi nanoparticles, which
is important for the autocatalytic and redox processes to initiate later. PdNi nanoparticles, when
decomposed from acetylacetonate salts, are known in the literature to form a Pdcore@Nishei
structure.®®* The presence of Pd-rich PdNi nanoparticles, with Pd concentrations highest in the
center, hints at the possible initial, rapid formation of a Pd seed, followed by incorporation of Ni
by deposition and diffusion. We do not observe Pd@Ni core-shell particles in our reaction, which
is not unexpected due to the fast reaction kinetics and diffusion rates at such high temperatures.
Pt has the third highest concentration in these intermediate nanoparticles after Pd and Ni,



suggesting that Pt starts to incorporate next after PdNi forms. It is well known in the literature that
deposition of more noble metals can be triggered by galvanic replacement and concomitant
alloying with less noble metals,*® as would be the case for Pt vs. both Pd and Ni.*'*? This
observation suggests that Ni and/or Pd must be present for the Pt to incorporate into the
nanoparticles, which is enabled by the PdNi nanoparticles that are observed first.

The potential importance of a Pd-rich intermediate was previously noted by Iversen and co-
workers, who studied the in situ formation of PtirPdRhRu HEA nanoparticles using a solvothermal
reaction in a pressurized capillary system.?® They found, for a different system than ours and for
much larger particles and agglomerates, that HEA formation was autocatalyzed by the (111)
facets of an initially formed Pd core onto which the other metals reduce at the expense of Pd, and
also that homogeneous mixing of all five metals depended on the combined influences of both
temperature and time.?® For our NiPdPtRhIr system made using a more mainstream colloidal
synthesis platform, the constituent metals are simultaneously added into the hot reducing solution
rather than through a one-pot heat up method where different metal salts decompose and reduce
at different temperatures and at different rates. In our case, all metal salts decompose
simultaneously at the hot injection temperature, but with different rates of reduction. This allows
details of the stepwise process to be uncovered, as evidenced by the initial formation of Pd-rich
Pd-Ni nanoparticles into which Pt slowly diffuses in, followed by a possible similar autocatalytic
process that results in the reduction and incorporation of Rh and Ir. Support for an autocatalytic
process for incorporating Rh and Ir comes from the outcomes for attempted syntheses of
nanoparticles of each individual metal using the slow injection method with identical reaction
conditions. We observed that only Pd and Pt nanoparticles could be isolated from such reactions.
NisC nanoparticles formed in lieu of Ni nanoparticles under these reaction conditions while Rh
and Ir nanoparticles did not form (Figure S5). Note that Rh nanoparticles can be synthesized by
heating Rh(acac)s in oleylamine for one hour,** but our process that involves slow injection of
Rh(acac)s over 10 minutes was insufficient to reduce and form Rh nanoparticles.

The slow-injection method enabled the reaction pathway to be studied at various time points.
However, many types of colloidal nanoparticles are formed through rapid-injection methods.
Therefore, using the same dilute concentrations, we also studied a rapid-injection synthesis of
NiPdPtRhIr nanoparticles. Here, the same precursor solution mixture detailed earlier for the slow
injection process was rapidly injected into the same solvent mixture of oleylamine and octadecene
at 275 °C. Particles isolated immediately after injection contained a very high concentration of Pd
(~79%). Small amounts of Pt and Ni (~9% each), as well as Ir (~2%), were also present in these
particles, while Rh was completely absent (Figures S6 and S7). Particles isolated 1 min after rapid
injection had incorporated much more Ni (~30%), with the relative amount of Pd decreasing to
~52%. The particles isolated at 1 min therefore were NiPd-rich seeds; some Rh (~9%) was also
incorporated. After 1 hour of heating at 275 °C, the compositions of the nanoparticles throughout
the sample were more homogeneous, as shown in Figures S6 and S7. However, sample-to-
sample heterogeneity is evident and indicates that a slow injection is critical to ensure
homogeneous mixing. Overall, the compositional evolution of the particles throughout the
reactions, and the predominance of Ni and Pd early in the reaction, points to a similar overall
pathway for both the slow-injection and rapid-injection methods.

The NiPdPtRhIr nanoparticles synthesized using both slow-injection and fast-injection methods
were deposited on a silicon wafer, heated to 800 °C under argon for 24 hours, and slow cooled in
the furnace to room temperature (Figure S8). High entropy materials may be expected to phase
segregate upon slow cooling if they are truly entropy stabilized, since entropy-driven transitions
are known to be reversible. However, for both samples, the XRD patterns remained largely
unchanged. This observation suggests that the NiPdPtRhIr nanoparticles may not be entropy



stabilized, which is not unexpected since they are synthesized in solution at temperatures below
those at which the TAS term would be expected to be sufficiently large to drive entropic
stabilization; the reaction pathway and chemistry facilitate their combination rather than
configurational entropy. At the temperatures used for colloidal nanoparticle synthesis, the
synthetic challenge is balancing chemical reactivity rather than maximizing the entropy of mixing.
The driving force for colloidal HEA nanoparticle formation is therefore most likely to be enthalpic,
based on balanced chemical reactivities for each element. Here, the Pd seed acts as a face
centered cubic template for other metals to adopt, as well as an autocatalytic agent to facilitate
the reduction of the other metal salts. We have also strategically chosen our alloy systems such
that the constituent metals have similar sizes to favor diffusion and mixing rather than phase
segregation. (It is important to note that based on convention in the field and terminology that is
widely used in the literature, high entropy materials are considered to have at least five principal
elements, each contributing 5% - 35% to the total atomic percentage, regardless of their
stabilization. These, and many other so-called high entropy alloys, are more accurately described
as multiprincipal element alloys or complex solid solutions,® but convention convolutes these
definitions. We acknowledge these distinctions but generally still refer to them as HEAs based on
current convention in the field.)

Incorporation of additional non-noble metals

The slow-injection synthesis of colloidal NiPdPtRhIr nanoparticles used in the previous section
involved slowly injecting 4 mL of the five-metal precursor solution into a mixture of octadecene
and oleylamine that was preheated to 275 °C. Here, we applied these same reaction conditions
to the synthesis of related HEA nanoparticles that contained different non-noble metals. Attempts
to synthesize FePdPtRhIr using Fe(acac); and CoPdPtRhlIr using Co(acac)s — two commonly
used Fe and Co reagents for synthesizing colloidal metal and alloy nanoparticles — resulted in
incorporation of just 10% of Fe and Co, respectively, based on the EDS data in Figure S9.
Moreover, the CoPdPtRhIr sample had a high Pd composition of ~47%. This result contrasts that
for NiPdPtRhIr, which contained 19% Ni using Ni(acac). under the same conditions. To
incorporate more Fe and Co, we rapidly injected the precursor solution (instead of the slow
injection method that was used for NiPdPtRhlr), increased the temperature to 315 °C, and held
for 1 hour to favor complete decomposition of the Fe(acac)s and Co(acac)s.?® As shown in Figure
5, both FePdPtRhilr and CoPdPtRhir were synthesized as single-phase fcc HEAs, with the
experimental pattern matching a reference pattern with a = 3.85 A and a = 3.85 A for FePdPtRhir
and CoPdPtRnhIr, respectively. These values are very close to 3.823 A (for FePdPtRhir) and 3.804
A (for CoPdPtRhIr), which are the weighted averages of the 1:1:1:1:1 nominal composition. The
corresponding STEM-EDS element maps of the final products confirmed homogeneous
incorporation of Fe and Co, respectively (Figures 5, S10 and S11). Analysis of the EDS data
indicates average compositions of Feo.24Pdo.16Pto.22Rho.18lr020 and Coo.15Pdo.31Pto.22Rho.14lr0.18,
indicating that significantly more Fe and Co incorporated using the modified higher-temperature
reaction conditions. The need for higher temperatures and longer reaction times can be traced
back to the reaction conditions necessary to form Fe and Co nanoparticles. Certain metal
acetylacetonate salts require a higher temperature to decompose while the different reduction
potentials and reduction kinetics among the constituent salts lead to poor incorporation into the
alloys.? This result indicates that the reaction conditions need to be adjusted to account for the
decomposition and reduction kinetics of the most stable salt being used in the reaction to counter
the varied reduction rates and ensure the availability of monomers in solution for autocatalytic
reduction pathways to take over.
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Figure 5. Characterization and time dependent formation of FePdPtRhlr and CoPdPtRhlir
nanoparticles. Ensemble EDS spectra and powder XRD patterns (Cu Ka radiation) are shown at
the top. The EDS spectra confirm the presence of all five elements in each sample. The Cu signal
is from the Cu TEM grid, the Mo signal is from the Mo clips used in the TEM holder, and Zr is from
the instrument. The XRD patterns confirm the formation of single-phase fcc alloys. Simulated fcc
XRD patterns for each HEA, along with reference XRD patterns for each individual element, are
provided for comparison. At the bottom, bar charts of EDS elemental composition are shown,
along with corresponding STEM-EDS element maps (Fe Ka, yellow; Co Ka, orange; Pd La, cyan;
Pt La, blue; Rh La, pink; Ir La, green). The time evolution of these systems is shown through the
STEM-EDS maps, leading to nanoparticles having final compositions  of
Feo.24Pdo.16Pto.22Rho.18lr0.20 and Coo.15Pdo 31Pto.220Rho.14lr0.18 by the end of one hour.

Analogous to NiPdPtRhlr, we studied early timepoints in the reactions that formed FePdPtRhir
and CoPdPtRhlIr to gain insights into the pathways by which they form. Immediately after rapid
injection at 315 °C, i.e., at a time of 0 min, the FePdPtRhIr HEA nanoparticles were Pd rich (~
37%) and Rh poor (~ 7%) while the other three metals (Fe, Pt, Ir) were approximately equimolar
(~16%, 21%, 19% each respectively). However, 1 min into the reaction, both the Pd and Rh
concentration in the particles increased to 50% and 26%, respectively, with Fe, Pt, and Ir each
comprising 10%, 8% and 6%, respectively. For CoPdPtRhIr under identical conditions, the
particles isolated at 0 min are also highly Pd rich (~78%) and devoid of any Rh. Co and Pt have
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very low incorporation (~9% each) while Ir is present at only ~4%. However, 1 min into the
reaction, the Rh concentration increases significantly to ~25%, with Pd present at 48%. These
data in Figures 5, S10, and S11 confirm that FePdPtRhIr and CoPdPtRhlr form through a pathway
similar to that of NiPdPtRhIr, where a Pd-rich seed forms first and then Pt, Rh, Ir, and Fe or Co
are subsequently incorporated.

To incorporate two and three non-noble metals, we targeted NiFePdPtlr and NiFeCoPdPt,
respectively. Given the insights from the FePdPtRhIr and CoPdPtRhIr systems, we anticipated
that higher temperatures (i.e., 315 °C vs 275 °C) would favor incorporation of Fe and Co. Indeed,
NiFePdPtlr and NiFeCoPdPt form best at 315 °C. As shown in Figure 6, the EDS spectra indicate
incorporation of all expected elements and the powder XRD data indicate the formation of single-
phase alloys. For NiFePdPtlr, a = 3.80 A, and for NiFeCoPdPt, a = 3.79 A; these values compare
favorably with the weighted averages of the constituent elements, which are a = 3.767 Aand a =
3.712 A, respectively. The STEM-EDS element maps (Figures 6 and S12) indicate that
NiFePdPtIr, which contains two non-noble metals, forms a single fcc HEA with the five constituent
elements homogeneously distributed using the rapid-injection method at 315 °C for 1 hour,
identical to the protocol used to make FePdPtRhir and CoPdPtRhlIr. At lower temperatures or
shorter reaction times, NiFePdPtIr still forms, but the composition distribution is inhomogeneous
and/or only a small amount of Fe is incorporated. For NiFeCoPdPt, which contains three non-
noble metals, a single fcc HEA with all five elements co-localized forms via slow injection at 315
°C for 10 minutes (Figures 6 and S13), again reinforcing that the higher-temperature reaction
facilitates incorporation of Fe and Co. At lower temperatures or shorter reaction times, either a
Pd-rich core or inhomogeneities with NiPd-rich regions are observed, which suggests that the
pathway operable for the formation of NiPdPtRhir, which forms NiPd first, is operable for
NiFeCoPdPt, with the other elements requiring higher temperatures or longer reaction times to
incorporate.

Interestingly, while NiFeCoPdPt forms as a single fcc HEA at 315 °C for 10 minutes, heating for
1 hour results in nanoparticles having very little Pd but very high amounts of Ni and Pt (Figure
S14). This evolution from Nio.1sF€0.22C00.17Pdo.23Pto.20 10 Nio.28F€0.16C00.18Pdo.05Pt0.30 (composition
based on EDS data shown in Figure 6 and S14) between 10 minutes and 1 hour at 315 °C is
attributed to a redox equilibration process. Pd is less noble than Pt, based on standard reduction
potentials (0.951 V for Pd*/Pd and 1.18 V for Pt*/Pt),** so it is possible that at this high
temperature, more Pt deposits from solution as Pd in the nanoparticles sacrificially oxidizes.
Similarly, Ni?* (=0.257 V for Ni?*/Ni)* would be expected to reduce while Co (1.92 V for Co**/Co?*
and —0.28 V for Co**/Co)* and Fe (0.771 V for Fe**/Fe*" and —0.447 V for Fe*/Fe)* sacrificially
oxidize, based on standard reduction potentials. (This same rationale also explains why there is
always more Ni than Fe in the preceding system, NiFePdPtIr.) Thus, we rationalize the change in
composition for the sample that is rich in non-noble metals as occurring due to the redox
relationships that exist between the reduced metals in the HEA and residual metal salts still in
solution. Interrogation of these systems therefore provides practical insights into predicting
optimal synthetic conditions based on the reactivity relationships of the constituent elements.
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Figure 6. Characterization and tlme dependent formation of NiFePdPtlr and NiFeCoPdPt
nanoparticles. Ensemble EDS spectra and powder XRD patterns (Cu Ka radiation) are shown at
the top. The EDS spectra confirm the presence of all five elements in each sample. The Cu signal
is from the Cu TEM grid, the Mo signal is from the Mo clips used in the TEM holder, and Zr is from
the instrument. The XRD patterns confirm the formation of single-phase fcc alloys. Simulated fcc
XRD patterns for each HEA, along with reference XRD patterns for each individual element, are
provided for comparison. The small hump in the XRD pattern around 62 °26 is an artifact from the
XRD plate. At the bottom, bar charts of EDS elemental composition are shown, along with
corresponding STEM-EDS element maps (Ni Ka, red; Fe Ka, yellow; Co Ka, orange; Pd La, cyan;
Pt La, blue; Ir La, green). The time evolution of these systems is shown through the STEM-EDS
maps, leading to nanoparticles having final compositions of Nig.1sFeo22Pdo.17Pto21lro22 and
Nio.18F€0.22C00.17Pd0.23Pt0.20.

Incorporation of Sn (p-block element)

To our knowledge, Sn has not yet been incorporated into directly synthesized colloidal HEA
nanoparticles. As a representative p-block element, we studied the synthesis of SnPdPtRhIr using
the slow-injection method used to make NiPdPtRhlr and the other HEA nanoparticles described
in the previous section. The powder XRD data for the product, shown in Figure 7, matches well
with a single fcc phase. The lattice constant of SnPdPtRhIr, a = 3.95 A, is significantly larger than
that of the HEAs containing 3d transition metals, which ranged from a = 3.83 A for NiPdPtRhir to
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a = 3.79 A for NiFeCoPdPt, as expected given the larger size of Sn. However, unlike the other
elements in our HEA alloy nanoparticles, elemental Sn does not adopt a stable fcc phase. Hence,
a computed fcc Sn lattice constant of a = 4.81 A* was used in calculating the predicted lattice
constant of SnPdPtRhIr, which was a = 4.05 A, based on a 1:1:1:1:1 weighted average. This
calculated value is larger than the observed lattice constant of 3.95 A, but is still qualitatively
consistent with the large increase in unit cell size upon incorporation of Sn. An EDS spectrum and
STEM-EDS element maps, also shown in Figure 7, indicate that all five elements are present and
colocalized within the particles, therefore confirming a composition of Sno.25Pdo.18Pto.23Rho.15lr0.19
with homogeneous distribution of the five elements.

SnPdPtRhir
Ni
Rh
SnPdPtRhIr exp.
Pd
S siM. SnPdPtRhIr sim.
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Sn m— Pt Sim. “
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/
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Figure 7. Characterization and time dependent formation of SnPdPtRhir. An ensemble EDS
spectrum and powder XRD pattern (Cu Ka radiation) are shown at the top. The EDS spectrum
confirms the presence of all five elements in the sample. The Ni signal is from the Ni TEM grid,
the Mo signal is from the Mo clips used in the TEM holder, and Zr is from the instrument. The
XRD pattern confirms the formation of a single-phase fcc alloy. A simulated fcc XRD pattern,
along with reference XRD patterns for each individual element, are provided for comparison. At
the bottom, bar charts of EDS elemental composition are shown, along with corresponding STEM-
EDS element maps (Sn La, purple; Pd La, cyan; Pt La, blue; Rh La, pink; Ir La, green). The time
evolution is shown through the STEM-EDS maps, leading to nanoparticles having a final
composition of Sng 25Pdo.18Pt0.23Rho.151r0.19.
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As for NiPdPtRhlr, we halted the reaction at early time points to gain insights into the pathway by
which the SnPdPtRhIr nanoparticles form. Figure 7 shows STEM-EDS element maps for the
particles formed after 1 minute and after 2.5 minutes. At 10 minutes, the particles are much larger
in size, ~15 nm, compared to NiPdPtRhlr, and also compositionally homogeneous as evident from
the STEM-EDS map in Figures 7 and S15. Sn incorporation in these nanoparticles is consistently
higher relative to the other metals while Rh is lower, but both still fall within the accepted definition
of HEAs. Unlike for NiPdPtRhlIr, for SnPdPtRhlIr there is no evidence of a Pd-rich seed that forms
first. Instead, all elements were present, even in the 1-minute sample, in nearly equal proportions,
although the nanoparticles were consistently deficient in Rh relative to the other elements. These
results suggest that SnPdPtRhIr forms through a different pathway than the systems containing
only transition metals.

Since the STEM-EDS data taken from the early time points seemed to rule out the seed-mediated
pathway adopted by the all-transition metal systems, we considered the possibility of an alternate
pathway for the Sn-containing HEA. To gain insights, we carried out two experiments that
separated the simultaneous injection into stepwise reactions. In the first experiment, we rapidly
injected SnClz in oleylamine into the flask containing oleylamine and octadecene at 275 °C and
held for 2 minutes, followed by slowly injecting 4 mL of a solution of the other four metal salts
[10.54 mM each of Pd(acac),, Pt(acac),;, Rh(acac)s, and IrCls] over 10 minutes. After the rapid
injection of SnCl; into the heated solvent, the color of the solution did not change, suggesting that
Sn nanoparticles did not form. (Sn is metallic, so the presence of Sn nanoparticles would cause
the solution to turn a darker color.) However, nanoparticles did indeed form immediately after
injection of the Pd, Pt, Rh, and Ir salt solution into the heated Sn salt solution. XRD data for the
nanoparticle product shows a single-phase fcc alloy, and the STEM-EDS element maps in Figures
S16 and S17 confirm that they contain all five elements, homogeneously distributed throughout
the particles, albeit low in Rh. In the second experiment, we slowly injected the Pd, Pt, Rh, and Ir
salt solution into the heated solvent at 275 °C, followed by rapid injection of the SnCl, solution
and holding for 2 minutes before stopping the reaction when it is at 200 °C by quenching with
water; particles appeared to form immediately upon injecting the noble metal salts, based on a
rapid change in the color of the solution from colorless to black while injection of the SnCl> did not
result in any visible color change. Again, XRD data shows a single-phase fcc alloy and STEM-
EDS element maps confirm homogeneous co-localization of all five elements (Figure S18).

The data discussed above indicate that, under these reaction conditions, Sn by itself does not
result in the formation of nanoparticles, but the slow injection of the noble metals in the presence
of heated dissolved SnCl; results in the immediate formation of nanoparticles. A time dependent
study of this sequential injection process (Figures S16 and S17) revealed that the early time points
(1 min after addition of the noble metals) consist of Sn-rich PdSn (~22% Pd and 58% Sn)
nanoparticles that also contain ~12% Pt and a smaller amount of Ir (~7%). As the reaction
progresses (2.5 min), the Sn concentration drops while additional Rh incorporates. The rest of
the metals maintain nearly constant concentrations. As the reaction progresses further, the Sn
concentration continues to drop while the Pd concentration increases, and then the Pd
concentration decreases while Pt, Rh and Ir incorporate. Finally, Sn, Pd, Pt, and Ir equilibrate to
near-equimolar ratios while Rh remains consistently lower (~10-12%). Reversing the sequence
of injection, i.e., adding SnCl, after the four noble metal salts were added, also results in the
formation of HEA nanoparticles (Figure S18).

The experiments described above provide two key insights. First, the presence of dissolved SnCl,
during the stage of the reaction when the noble metal salts are reduced is crucial for the formation
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of compositionally homogeneous HEA nanoparticles. Second, sequential injection leads to the
formation of HEA nanoparticles via a PdSn seed mediated pathway, but simultaneous injection
does not appear to form any nanoparticle seeds. Thus, simultaneous injection in the SnPdPtRhIr
system likely proceeds through co-reduction and rapid mixing of all five metals to form the HEA
nanoparticles. This reaction pathway is therefore distinctly different from the seed mediated
pathway observed for NiPdPtRhlIr. The presence of five different metals, including from both the
d-block and the p-block, appears to help modulate the chemical reactivity and reduction kinetics
in complex and interrelated ways. The presence of multiple metals in the reaction at the same
time also influences crystal structure, composition, and nanoparticle formation, as is evident from
control experiments (for analogous reactions involving only one metal) where we observe the
formation of NisC instead of Ni and the lack of formation of Rh and Ir nanoparticles. Sn has a
different crystal structure than the 3d transition metals and, when combined with 3d transition
metals in binary compounds, tends to form ordered intermetallic compounds rather than solid-
solution alloys. Our observations suggest that Pd may serve as a template to help balance
chemical reactivity, reduction kinetics, and possibly even crystal structure, given the incorporation
of Sn into the face-centered cubic HEA. However, we do not yet have a full understanding of how
all of these factors interrelate, given the compositional complexity of the system, the incorporation
of both d-block and p-block metals, and the nature of the simultaneous multi-metal reactions.
Preliminary reactions involving Pb, Bi, and Sb under analogous conditions did not initially lead to
the formation of a complex solid solution, which motivates further studies aimed at expanding the
compositional space of the colloidal HEA nanoparticles and understanding at a deeper level the
reaction parameters and pathway that lead to their formation.

NiPdPtRhIr and SnPdPtRhIr, which differ only by the identity of the non-noble metal (Ni vs Sn),
represent two distinct pathways for forming colloidal HEA nanoparticles: NiPdPtRhIr forms a
nanoparticle seed as an intermediate and SnPdPtRhIr forms directly through simultaneous co-
reduction of all elements. We were therefore interested in understanding how NiSnPdPtir forms,
as it contains both Ni and Sn and therefore represents a possible competition between two distinct
pathways. The data in Figure 8 suggest that NiSnPdPtIr forms through a subtle combination of
both seed-mediated and co-reduction approaches. At 1 min into the reaction, the isolated particles
were highly deficient in Ni (~4%) and rich in Pd (33%), while Sn, Pt and Ir were each present at
levels of approximately 24%, 18%, and 20%, respectively (Figures 8 and S19). With time the Ni
concentration gradually increased while the Pd concentration decreased before leveling out to
near equimolar concentrations (Figures 8, S19 and S20). Thus, the presence of Sn most likely
triggered the immediate and rapid reduction of all noble metal salts, which inhibited the formation
of NiPd seeds. However, the higher concentration of Pd relative to the other metals early in the
reaction hints at a competition with the pathway that forms Pd-rich seeds. Thereafter, more Ni is
incorporated at the expense of Pd, resulting in the final composition of Nig.15Sng 23Pdo 20Pto212lr0 21,
based on analysis of the EDS data in Figures 8 and S20. The NiSnPdPtIr alloy has a = 3.91 A,
which is slightly smaller than the weighted average of the constituent metals, a = 4.00 A. However,
the lattice constant for NiSnPdPtIr is larger than those for the HEAs that do not contain Sn and
smaller than for SnPdPtRhlr, which does not contain Ni.
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Figure 8. Characterization and time dependent formation of NiSnPdPtlr. An ensemble EDS
spectrum and powder XRD pattern (Cu Ka radiation) are shown at the top. The EDS spectrum
confirms the presence of all five elements in the sample. The Cu signal is from the Cu TEM grid,
the Mo signal is from the Mo clips used in the TEM holder, and Zr is from the instrument. The
XRD pattern confirms the formation of a single-phase fcc alloy. A simulated fcc XRD pattern,
along with reference XRD patterns for each individual element, are provided for comparison. The
sharp peak in the XRD pattern around 32 °26 is an artifact from the XRD plate. At the bottom, bar
charts of EDS elemental composition are shown, along with corresponding STEM-EDS element
maps (Ni Ka, red; Sn La, purple; Pd La, cyan; Pt La, blue; Ir La, green). The time evolution is
shown through the STEM-EDS maps, leading to nanoparticles having a final composition of
Nio.15SN0.23Pdo.20Pto.21r0.21.

CONCLUSIONS

In conclusion, we have demonstrated the direct colloidal synthesis of seven HEA nanoparticle
systems — NiPdPtRhlIr, FePdPtRhlr, CoPdPtRhIr, NiFePdPtlr, NiFeCoPdPt, SnPdPtRhlIr, and
NiSnPdPtIr — that contain various combinations of noble metals, 3d transition metals, and a p-
block element. Studies that varied key reaction parameters provided practical insights into how to
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target conditions that most effectively incorporate the desired elements, in the desired ratios, into
the HEA nanoparticles. This is important knowledge for advancing the rational synthesis of HEA
nanoparticles, given the widely different reduction potentials, reduction kinetics, and
decomposition temperatures that are inherent in five-metal systems. Reaction conditions must
subtly balance competing factors that lead to phase segregations so that formation of
compositionally homogeneous HEAs is favored. Additionally, time-dependent studies provided
glimpses of how the HEA nanoparticle formation reactions proceed, including how and when
various elements are introduced and how they are spatially distributed. For the all-transition metal
systems, the initial formation of Pd-rich seeds, including NiPd in the Ni-containing systems, is
notable, as it provides a reactive synthon that can facilitate reduction and/or deposition through
galvanic and/or autocatalytic processes. However, this pathway is not broadly generalizable, as
analogous studies on the SnPdPtRhir and NiSnPdPtlr systems instead indicated HEA
nanoparticle formation via simultaneous reduction and mixing of all metals, facilitated by the
presence of Sn.

Throughout all of these reactions, it was clear that the pathways are often different depending on
the elements and various reaction parameters, but the systems studied are capable of converging
as HEAs. Complex system-dependent reaction pathways are therefore operable during the direct
synthesis of colloidal HEA nanoparticles and subtle changes in the reaction protocol or choice of
constituent elements can significantly change the process and outcome. Further work is needed
to identify and understand a broader scope of reaction pathways, including the interplays among
different metals and their effects on the formation of HEA nanoparticles, for a larger number of
multi-element systems. Moreover, it will be important to understand how rigorous composition
control can be achieved, including tunable element ratios, as this capability will allow the
properties of HEA nanoparticles to be fine-tuned. Finally, while achieving size and shape control
was not within the scope of this study, the knowledge that it generated is a stepping-stone to
accessing desired morphological features.

EXPERIMENTAL SECTION

Chemicals

Octadecene [ODE, 90%, technical grade] and technical grade oleylamine [tg-OLAM, 70%] were
purchased from Sigma-Aldrich. Nickel(ll) acetylacetonate [Ni(acac),, 95%], cobalt(lll)
acetylacetonate [Co(acac)s, 98%], palladium(ll) acetylacetonate [Pd(acac)., 99%], rhodium(lil)
acetylacetonate [Rh(acac)s, 97%], and tin(ll) chloride [SnCl,, reagent grade, 98%] were
purchased from Sigma-Aldrich. Iron(lll) acetylacetonate [Fe(acac)s], platinum(ll) acetylacetonate
[Pt(acac)z, 248.0% Pt], and iridium(1V) chloride [IrCls, 256.5% Ir] were purchased from Alfa Aesar.
All solvents, including hexanes, toluene, and acetone, were of analytical grade. All the above
chemicals were used as received without further purification.

Synthesis of HEA nanoparticles

Precursor solutions of Ni(acac)z, Fe(acac)s, Co(acac)s, Pd(acac)., Pt(acac)., Rh(acac)s, IrCls, and
SnCl, were prepared by dissolving 13.54 mg, 18.61 mg, 18.77 mg, 16.05 mg, 20.73 mg, 21.09
mg, 17.60 mg, and 9.99 mg of the respective salts, respectively, in 5 mL of tg-OLAM. Note that
the metal salts were chosen based on ease of use and literature precedent; most are acac salts
except for tin and iridium, where chlorides were used. SnCl; is a well-known reagent used to
synthesize Sn nanoparticles.***” Ir nanoparticles in the literature are often synthesized from
chloride salts.*®*% A combination of heating (80 °C — 120 °C), stirring, and sonication was used
to ensure the complete dissolution of the salts in tg-OLAM. Thereafter, depending on the
constituent metals of the target HEA, 800 pL of each of the respective precursor solutions were
mixed in a septum capped vial and made up to 4 mL using tg-OLAM wherever required. This
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precursor solution mixture was placed under vacuum and held for 15 mins while stirring. The vial
was then placed under Ar after cycling the vial between vacuum and Ar three times.

Meanwhile, 10 mL of ODE and 6 mL of tg-OLAM were combined in a 50 mL 3-neck round bottom
flask with a reflux condenser, thermocouple attached to an adapter, gas flow adapter, rubber
septum, and a magnetic stir bar. The flask was placed under vacuum, heated to 120 °C, and held
for 30 min before being cycled between vacuum and Ar three times. The flask under Ar was then
heated to the appropriate reaction temperature. For slow injections, the precursor solution mixture
was then injected slowly over 10 min at a rate of 0.4 mL/min into the solvent flask at the reaction
temperature. For rapid injections, the precursor solution mixture was injected rapidly and held for
1 h. At the end of the reaction time, the flask was allowed to cool down to 200 °C before quenching
in a water bath. The product was isolated by washing the particles with toluene and acetone in a
ratio of 1:4 followed by centrifugation and resuspension in toluene. The washing step was carried
out three times in total and the final product was suspended in toluene. NiPdPtRhIr, SnPdPtRhlr,
and SnNiPdPtlr were synthesized by slow injection at 275 °C over 10 min. FePdPtRhlr,
CoPdPtRhIr, and NiFePdPtlr were synthesized by rapid injection at 315 °C and holding the
reaction for 1 h. NiFeCoPdPt was synthesized by slow injection at 315 °C over 10 min.

Annealing NiPdPtRhIr

Nio.19Pdo.21Pto 22Rho 20lr0.18 N@noparticles (approx. 3 mg) were suspended in hexanes and dropcast
on a silicon wafer. The wafer was then flame sealed in a quartz ampule under a pressure of 20
mTorr and placed in a furnace at room temperature. The furnace was heated at a ramp rate of 10
°C/min to 800 °C and held for 24 h before allowing it to naturally cool to room temperature in the
furnace.

Characterization

A Malvern PANalytical Empyrean 1ll using Cu Ka radiation was used to collect powder X-ray
diffraction (XRD) data. A FEI Tecnai G20 20 XTWIN microscope operating at 200 kV was used
to collect transmission electron microscopy (TEM) images. A FEI Talos F2000X S/TEM operating
at an accelerating voltage of 200 kV was used to collect high resolution TEM (HRTEM) images,
high angle annular dark field scanning TEM (HAADF-STEM) images, and STEM energy
dispersive X-ray spectroscopy (STEM-EDS) maps. ImageJ was used to analyze the HRTEM
images. Bruker ESPRIT 1.9 software was used to interpret the STEM-EDS element map data.
The EDS lines mapped were Ni Ka, Fe Ka, Co Ka, Sn La, Pd La, Pt La, Rh La, and Ir La. EDS
quantification was done using Ni Ka, Fe Ka, Co Ka, Sn La, Pd Ka, Pt La, Rh Ka, and Ir La lines.
The low energy Pd La and Rh La energy lines (2.838 keV and 2.696 keV respectively) are very
close to each other and overlap slightly. Therefore, the higher energy Ka lines (21.177 keV for Pd
and 20.216 for Rh), which are widely spaced and do not overlap, were used to minimize
quantification errors. All crystal structures shown were generated using CrystalMaker and all
simulated diffraction patterns were generated using CrystalDiffract. Both are distributed by
CrystalMaker Software Ltd., Oxford, England (www.crystalmaker.com)
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