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ABSTRACT
We present a medium-throughput synthesis approach for High Entropy Alloy (HEA) noble metal nanoparticles on conductive

supports via electrodeposition. The presented method utilizes aqueous electrolyte solutions, exploiting high overpotentials to

achieve mass transport-controlled deposition. This ensures electrodeposition independent from individual equilibrium potentials

of the different elements. Hydrogen evolution which interferes with electrodeposition is suppressed by operating in a pulsed mode

at a mildly acidic pH. Applying the approach to the Au–Ir–Pt–Pd–Rh–Ru composition space, this study demonstrates that the

developed method is fast, adaptable, and enables compositional control while maintaining a homogeneous element distribution.

The mechanism of HEA nanoparticle synthesis is further investigated by examining material-specific seed formation and diffu-

sion phenomena. The results indicate that together with the electrolyte composition, seed formation as well as the diffusion of

metal precursors in the aqueous phase govern the average composition of the synthesized HEA nanoparticles, while the formation

enthalpies of element pairs explain the atomic-scale segregation observed.

1 | Introduction

Cantor, as well as Yeh and colleagues, independently introduced
the concept of High Entropy Alloys (HEAs) by combining five
or more elements in concentrations of 5–35 atomic percent (at%)
into a single crystallographic phase, which enhances configu-
rational entropy and stabilizes metastable, disordered phases
[1, 2]. This concept has spurred significant research into HEAs
for structural and engineering applications [3–6]. More recently,
HEAs have also emerged as promising material platform for
electrocatalytic reactions such as oxygen reduction, oxygen evolu-
tion, hydrogen oxidation, and CO oxidation [7–13]. Their vast

compositional space enables precise tuning of catalytic properties
by adjusting elemental composition, thus offering the potential
to optimize activity, selectivity, and stability [14]. Initially, research
related to HEA catalysis focused on individual HEA compositions,
but it was later recognized that HEAs could serve as a broader plat-
form for catalyst discovery—extending beyond traditional HEAs to
include alloys with fewer components that are not strictly defined
as HEAs but are outer positions, for example, edges, of the multi-
dimensional HEA composition space [10–12]. By synthesizing
thin-filmmaterial libraries and employing density functional theory
(DFT), researchers have developed high-throughput protocols to
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explore trends in catalytic activity for various reactions [9, 15–17].
However, navigating the vast compositional space of HEAs for cat-
alytic applications remains a challenge due to the sheer number of
possible material combinations. When focusing on HEA nanopar-
ticles - the industrially preferred catalytic form compared to thin
films - the complexity further increases [13, 18]. Establishing
high-throughput synthesis platforms with precise control over
material properties is difficult, leading most studies to focus on only
a small set of HEA nanoparticle compositions. Thus, a key chal-
lenge remains: establishing synthesis methods that allow reproduc-
ible and predictable control over HEA nanoparticle properties
within complete composition spaces and that at the same time
enable a reasonable sample throughput.

Because they contain multiple elements, HEAs are prone to
phase separation and compositional ordering, leading to
element-segregated surfaces. This not only makes predictions
of catalytic behavior more difficult but also hampers rational
analysis or approaches such as projecting properties from higher
to lower dimensions, that is, from many to fewer alloying
components [19]. To establish systematic correlations between
nominal composition and catalytic activity, reproducible
synthesis methods are required ensuring uniform elemental
distribution while maintaining medium-throughput capabilities.
Furthermore, understanding chemical ordering tendencies within
HEA nanoparticles is critical, as atomic-level compositional fluc-
tuations can introduce active site inhomogeneity, potentially
affecting both catalytic activity and stability [20–23]. Therefore,
once optimal composition ranges are identified, advanced charac-
terization techniques such as high-resolution scanning transmis-
sion electron microscopy (HR-STEM), and synchrotron-based
X-ray scattering become essential for probing atomic-scale
order-disorder phenomena.

As outlined above, developing synthesis methods for HEA nano-
particles with high reproducibility and precise compositional
control is essential for addressing these challenges. A variety
of top-down and bottom-up approaches have been explored
for multimetallic nanoparticle synthesis, including solvothermal,
hot injection, and microwave-assisted methods, each with dis-
tinct advantages and limitations [13, 24–28]. Table S1 in the
Supporting Information compares various nanoparticle synthesis
methods and thin-film libraries, outlining their strengths and
limitations. Electrodeposition, by comparison, is substantially
less studied, despite the fact that it is an established method
for nanoparticle synthesis. Electrodeposition potentially offers
rapid, room-temperature fabrication directly on conductive
supports [29]. Nevertheless, electrodeposition so far has been
primarily used for multielement thin films, with limited explora-
tion of its capability to generate diverse HEA nanoparticle com-
positions [30]. Therefore, in this work, we aimed to develop a
versatile electrochemical HEA nanoparticle synthesis method
applicable to various carbon supports commonly used in electro-
catalysis, such as glassy carbon (GC), high-surface-area supports,
and gas diffusion layers (GDLs). Our goal was also to reduce
sample preparation time, enabling a medium-throughput strat-
egy for producing multiple HEA samples efficiently. In our work,
aqueous electrolyte solutions were used, which are considered
‘green solvents’ and facilitate the deposition of transition metals.
Potentially, the use of organic solvents could enable the deposi-
tion of a broader range of materials, including refractory metals.

In previous studies, potentiostatic or galvanostatic biasing
has been employed to synthesize multielement films [31].
However, steady-state conditions and moderate overpotentials
can lead to kinetic as well as diffusion limitations, particularly
for metal cations with slower diffusion rates. To overcome these
challenges, we implemented a pulsed electrodeposition strategy
with low metal ion concentration in the electrolyte and high
overpotentials. The use of high overpotentials ensures electrode-
position independent of individual equilibrium potentials of
specific elements, while intermittent pauses allow metal ions
to diffuse toward the electrode interface. Additionally,
electrodeposition is initiated by a seeding pulse, which generates
nucleation sites on the substrate surface, promoting uniform
nanoparticle growth [32]. Finally, hydrogen evolution is
suppressed by operating at a mildly acidic pH. To validate our
approach, we investigated the homogeneity of as-synthesized
Au–Ir–Pt–Pd–Rh–Ru nanoparticles including subspaces,
examining both global (mesoscale) and local (nanoscale and
atomic-scale) compositions using electron microscopy coupled
with energy-dispersive X-ray spectroscopy (EDX). Furthermore,
to demonstrate medium-throughput capabilities, we synthesized
a library of 20 different compositions and analyzed the control-
lability of the resulting elemental distributions. The importance
of seed formation was explored through monometallic deposi-
tions, revealing that incorporating a diffusion adjustment factor
on bulk electrolyte composition enables accurate prediction of
obtained particle compositions. Lastly, we discuss short-range
compositional ordering and atomic scale inhomogeneities using
computed formation energies (FE) from DFT calculations.

2 | Results and Discussion

2.1 | Pulsed Electrodeposition Approach

A schematic overview of the pulsed electrodeposition approach is
presented in Figure 1, while the electrochemical cell with a three-
electrode assembly is shown in Figure S1. The synthesis begins
with the insertion of the working electrode at Einsertion, a poten-
tial chosen to prevent spontaneous metal deposition, which can
otherwise occur under open circuit potential (OCP). The electro-
deposition sequence typically starts with a seeding pulse, initiat-
ing nucleation of metal particles on the substrate, followed by
alternating potential steps between a rest potential (Erest),
allowing diffusion of metal cations from the bulk electrolyte
to the electrode surface, and a deposition potential (Edeposition),
sufficient to quickly reduce all metal ions under mass transport
limitation. The optimal deposition scheme is tunable and
depends on the specific metal precursor mix. In this study, opti-
mal parameters were determined through potential hold experi-
ments using several different metal precursors, followed by
characterization via scanning electron microscopy (SEM)-EDX
(see Figure S2 for representative data). By adjusting the sequence,
parameters such as particle size and particle density can be var-
ied. For the Au–Ir–Pt–Pd–Rh–Ru system, optimal conditions
involved micromolar metal ion concentrations, slightly acidic
pH, and deposition potentials just positive of the reversible
hydrogen electrode (RHE) to avoid hydrogen evolution.
As shown in Figures 1C–E and 2, these conditions yielded
Ir–Pt–Pd–Rh–Ru well-defined HEA nanoparticles. Furthermore,
the approach is compatible with various conductive substrates,
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including GC, high-surface-area carbon (Ketjen Black, KB),
and GDLs. Uniform nanoparticle distributions were obtained
on all substrates (Figure 1). The optimal ratio of duration of
potential holds at Edeposition (tdeposition) and Erest (trest), that is,
Rt= tdeposition/trest, thereby varies depending on the substrate type.
For porous substrates such as GDLs, longer diffusion times are
required compared to flat substrates like GC surfaces. For exam-
ple, on GC, a Rt of 1.0 resulted in a uniform distribution of nano-
particles with typical sizes between 5 and 30 nm, see also
supporting information, while on GDLs an Rt of 0.02 was required
to yield a uniform layer of 10–25 nm nonagglomerated particles.
On KB, an Rt of 0.2 produced well-defined 6–8 nm particles, avoid-
ing agglomeration.

In Figure 2, we first discuss an example from the Ir–Pt–Pd–Rh–Ru
subspace, that is, without Au. The STEM-EDX and X-ray total
scattering characterization of the nanoparticles indicates the
formation of a single crystallographic phase with homogeneous
elemental distribution. The nanoparticles were deposited onto

GDLs and transferred to transmission electron microscopy
(TEM) grids for STEM-EDX analysis. EDX revealed composi-
tions of Ir (22.6± 2.1 at%), Pt (23.2 ± 1.8 at%), Pd (19.7± 4.2 at%),
Ru (11.8± 1.2 at%), and Rh (22.3± 2.0 at%), that is,
Ir23Pt23Pd20Ru12Rh22, see Figure S3 for EDX spectra. The scattering
data confirmed the formation of face-centered cubic (FCC) nano-
particles with an average lattice parameter of 3.858 Å and a spheri-
cal amplitude correction of 7.14 nm. Additionally, the lattice param-
eter from the selected area electron diffraction (SAED) pattern was
determined to be 3.822± 0.011 Å, as shown in Figure S4. The lower
observed FCC lattice parameter with respect to pure Pt (3.924 Å)
obtained by both methods is indicative of compressive strain.

2.2 | Exploring HEA Composition Spaces

Having demonstrated the formation of well-defined, single-phase
HEA nanoparticles via our electrodeposition approach, we
address the next major challenge: the systematic exploration

FIGURE 1 | Summary of synthesis approach. (A) Potential pulse scheme. (B) Chosen values for Edeposition and Erest on RHE scale, along with the

representative redox potentials of the used noble metals at SHE and RHE scales. (C) Illustrative scanning electron microscopy (SEM) micrographs of

HEA nanoparticles deposited onto a glassy carbon surface. (D) Bright field (BF) transmission electron microscopy (TEM) image of HEA nanoparticles

deposited onto high surface area carbon (Ketjen black). (E) SEM micrograph of HEA nanoparticles deposited onto gas diffusion layer (GDL) fibers.
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of compositional spaces. A key difficulty lies in efficiently navi-
gating composition spaces, that is, transitioning between compo-
sitions and adjusting dimensionality (e.g., by adding/removing
elements) without significantly altering the structural proper-
ties of the HEA nanoparticles [8, 19, 33]. We first describe
how to predict the obtained nanoparticle composition based
on precursor concentrations and ion-specific mass transport
properties, before demonstrating how to alter compositional
dimensionality. Accurate prediction of the obtained nanoparticle
composition is crucial for optimization strategies such as
Bayesian optimization, which rely on balancing exploration
and exploitation when proposing new compositions [10, 11].

To enable reproducible synthesis of targeted compositions, we
studied the correlation between bulk electrolyte composition
and resulting nanoparticle composition synthesized on GC, using
SEM-EDX to measure the average composition at a scale of
10–500 nm, referred to as mesoscale composition. This analysis
involved 21 syntheses using distinct precursor mixtures in the
Au–Ir–Pt–Pd–Rh–Ru system (Table S2). Introducing Au into
multimetallic nanoparticles presents challenges, as significant
differences in reduction kinetics and diffusion rates often lead
to phase-segregated structures in temperature-driven syntheses.
For example, Schneider et al. observed phase separation in
Ir–Pt–Cu–Au–Ag thin films due to variations in activation energy
barriers for surface diffusion [34]. Despite these challenges,
incorporating Au into HEA nanoparticles is of high interest as
it can enhance the electrochemical stability of alloy nanoparticles
and, in some cases, even improve catalytic activity in electro-
chemical reactions [35]. Herein, synthesis was focused on GC
due to faster synthesis time (Rt= 1, total duration of synthesis
90 s) than that on GDL or KB (refer to Methods), making GCs
suitable for faster screening. The nanoparticles were collected
from the GC substrates by ultrasonication and transferred to
TEM grids. EDX spectra were recorded on several agglomerates
for statistical accuracy (Table S3-4). Sample synthesized on GC
were also imaged under SEM to capture micrographs which were
further used to estimate the average particle size. Figure S5 shows
the segmentation performed using watershed algorithm to get
distribution of particle size from a single gray-scale image.
Table S5 summarizes the weighted mean and weighted standard

deviations for all the 21 samples prepared. As shown in the parity
plot (Figure 3A), an overall correlation between electrolyte and
nanoparticle composition exists, but composition-dependent
deviations complicate precise predictions. To address this, we
introduced a diffusion-based adjustment factor, (B/z), where B
is the experimentally determined Levich constant, and z is the
metal ion charge. This adjustment is based on the assumption
that under mass transport control, deposition rates are governed
by diffusion constants leading to well-defined diffusion-limited
deposition currents IL, (see Levich equation, Equation S1).
B values were extracted from monometallic electrodepositions
at varying rotation rates (Figures S6), yielding: –43.6, –18.5,
–43.3, –23.8, –24.2, and –12.9 μA/Hz1/2 for Au3+, Ir4+, Pt4+,
Pd4+, Rh3+, and Ru3+, respectively (Figure S7). Interestingly,
Au3+, Pt4+, Pd4+, and Rh3+ showed diffusion-limited behavior
at –0.05 VRHE, while Ir4+ and Ru3+ exhibited mixed kinetic-
diffusion control. In fact, electrodeposition of Ir4+ or Ru3+ metal
precursors alone yielded no metallic deposits, suggesting a
co-reduction mechanism enables the incorporation of Ir and
Ru into the HEA nanoparticles by early nucleation of more
reducible species such Au or Pt (Figure S8).

As demonstrated in Figure 3B, applying the (B/z) adjustment sig-
nificantly improves prediction accuracy (refer to section Diffusion
Adjustment in the Supporting Information, Table S6). With the
diffusion adjustment, the mean absolute errors (MAEs) between
predicted and obtained composition decrease across all elements.
Moreover, compositional distances measured between the meso-
scale (10–500 nm) composition and the electrolyte composition
were found to decrease after diffusion adjustment on the bulk elec-
trolyte composition (Figure S9). It should be mentioned though
that some exceptions - such as the equimolar Pt–Rh system
(Table S7), showed no improvement or slight under-correction.
However, this was typically the case when the initial prediction
was already accurate. In summary, the diffusion adjustment
enhances predictability of the obtained nanoparticle composition,
though direct composition analysis remains essential.

We further demonstrate the change of HEA composition space
dimensionality by synthesizing Au–Pt–Pd–Rh, Au–Ir–Pt–Pd–Rh,
and Au–Ir–Pt–Pd–Rh–Ru nanoparticles, see Figure 4. The
different nanoparticles exhibit compositional homogeneity and

FIGURE 2 | Characterization of Ir–Pt–Pd–Ru–Rh nanoparticles electrodeposited onto GDL fibers. The composition of the sample as determined by

EDX is: Ir (22.6± 2.1), Pt (23.2± 1.8), Pd (19.7± 4.2), Ru (11.8± 1.22), Rh (22.3± 2.04). (A) HAADF image (collected from Talos microscope) of Ir–Pt–Pd–

Ru–Rh NPs along with EDX maps of the different elements. (B) Reduced structure function in reciprocal space acquired from total scattering data and

(C) correspond to reduced pair distribution function in real space. The synthesis protocol was as follows: The working electrode was held at

Einsertion= 1.2 VRHE for 2min, before applying a nucleation pulse (Enucleation) at −0.10 VRHE for 2 s. Then a pulsed electrodeposition protocol was applied

with Edeposition=−0.05 VRHE of tdeposition= 0.2 s and Erest= 1.15 VRHE of trest= 10 s for total duration of 1 h. Concentration of precursors: Ir4+ - 150 μM,

Pt4+ - 85 μM, Pd4+ - 85 μM, Ru3+ - 85 μM, Rh3+ - 100 μM.
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structural consistency. Although the data shown in Figure 4
demonstrate the formation of well-defined HEA nanoparticles,
high-resolution imaging indicates minor local compositional var-
iations. These were analyzed using non-negative matrix factori-
zation (NMF), a dimensionality reduction method applied to
hyperspectral EDX data (see Figures S10–S12) [36, 37]. NMF, ini-
tially guided by principal component analysis (PCA), decom-
poses EDX maps into non-negative spectral components and

their corresponding spatial distributions. In one example
(Figure S13), NMF revealed two components: one enriched in
Au and deficient in Rh–Pd, the other enriched in Rh–Pd and
depleted in Au. A similar trend was observed in another sample
(Figure S14). However, when analyzing multiple nanoparticles
simultaneously, a single component representing all five ele-
ments was resolved (Figure S15). At this point it should be noted
that incorporating Au into alloys is particularly challenging due

FIGURE 4 | Adjusting the dimensionality of the composition space of HEA nanoparticles. (A) Au–Pt–Pd–Rh nanoparticles, (B) Au–Ir–Pt–Pd–Rh

nanoparticles, and (C) Au–Ir–Pt–Pd–Rh–Ru nanoparticles prepared on GC. For the prepared deposition potential Edeposition has been adjusted from

0.3 VRHE to 0.1 VRHE and −0.05 VRHE, respectively, to account for the different deposition kinetics of the metal precursors. After 2 min of Einsertion of

1.2 VRHE, an Enucleation at −0.1 VRHE for 2 s was used. After nucleation pulse, two potential pulses were used, 1.1 VRHE (Erest) and different Edep as

mentioned above with a pulsing frequency (Rt= 1.0; 100 Hz) were applied for 90 s. For the synthesis, the precursor concentrations were:

Au3+ - 20 μM, Ir4+ - 150 μM, Pt4+ - 60 μM, Pd4+ - 85 μM, Ru3+ - 100 μM, Rh3+ - 100 μM, details in Methods section.

FIGURE 3 | (A,B) Shows parity plots of the bulk electrolyte compositions and diffusion corrected compositions with respect to the mesoscale average

(Aitchison Mean) EDX compositions found in 21 different samples synthesized by electrodeposition.
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to differences in reduction kinetics and diffusion rates, often
resulting in phase segregation when using thermal synthesis
approaches. For example, Schneider et al. observed phase sepa-
ration in Ir–Pt–Cu–Au–Ag thin films due to variations in activa-
tion energy barriers for surface diffusion [38]. Despite these
challenges, incorporating Au into HEA nanoparticles is of high
interest as it can enhance the electrochemical stability of alloy
nanoparticles and, in some cases, even improve catalytic activity
in electrochemical reactions [39, 40]. Hence, the demonstrated
ability to incorporate Au into a single crystallographic phase
using our electrodeposition approach represents a significant
advancement in HEA nanoparticle synthesis.

Figure 4A–C also illustrates the influence of the electrodeposi-
tion potential on grain size. As demonstrated, for Au–Pt–Pd–
Rh nanoparticles, Edeposition = 0.30 VRHE yields homogeneous
�20–25 nm particles. Ir can be uniformly incorporated lowering
the electrodeposition potential to Edeposition = 0.30 VRHE, yielding
Au–Ir–Pt–Pd–Rh without altering the grain size. Incorporating
Ru homogeneously was more difficult and did not lead to satis-
factory results at Edeposition > 0 VRHE. It required lowering the
electrodeposition potential to Edeposition=−0.05 VRHE, which then
resulted in smaller grain sizes (�5–6 nm). This example illus-
trates the ability to adjust the dimensionality of the composition
space of the investigated HEA nanoparticles with a small trade-off
between uniform chemical composition and obtained grain size in
the electrodeposition-based synthesis for metals that show slug-
gish deposition behavior in monometallic depositions. We attri-
bute this observation to an increased nucleation rate, which
dominates over the surface atom mobility [41]. Conversely, by
compromising the incorporation of certain elements such as
Ru, growth can be promoted at lower overpotentials, where sur-
face atom mobility outweighs nucleation. For explorative studies
of HEA composition spaces, we consider homogeneous composi-
tional mixing more important than uniform grain sizes, as
long as the latter is larger than 5 nm where particle size effects
are typically less pronounced [42–45]. In addition, the influence

of the electrodeposition potential Edeposition can partly be
counterbalanced by adjusting the pulsing frequency. This is
demonstrated based on Au–Ir–Pt–Pd–Rh–Ru nanoparticles
(Figure S16A). Notably, higher pulsing frequencies led to
increased crystallite sizes and reduced grain agglomeration,
whereas lower pulsing frequencies promoted smaller crystallites
with greater agglomeration (Figure S16B). At the same time, meso-
scale (10–500 nm) EDX quantification revealed that the pulsing
frequency had a negligible influence on the Au, Pt, Rh, and Ru
content. Only for Ir and Pd, higher pulsing frequencies increased
the Ir incorporation while decreasing the Pd
content. Hence, the pulsing frequency gives some leverage for opti-
mizing the crystallite size for certain target compositions.

Comprehensive electron microscopy analysis of Au–Ir–Pt–Pd–
Rh nanoparticles (Figure 5) further confirms close to homoge-
neous structural features of the obtained HEA nanoparticles.
High-angle annular dark-field (HAADF) imaging (Figure 5A),
SAED patterns (Figure 5B), and atomically resolved fast
Fourier transform (FFT)s (Figure 5C) all indicate a single FCC
phase. For the chosen case, the average lattice parameter
(3.911± 0.034 Å) closely matches that of pure Pt. 4D-STEM anal-
ysis (Figure 5D–G) reveals local crystallographic orientation and
strain, as the former is a STEM technique where the diffraction
patterns of each probed position are acquired on a pixelated
detector [46]. In-plane and out-of-plane maps indicate slight ori-
entation differences between nanodomains. Strain analysis
(Figure 5H–J) shows axial and tangential strain, which is indic-
ative of minor local segregation, in a lower-left particle, while the
upper-right particle remains single-crystalline. No significant
shear strain was observed, suggesting minimal lattice distortion.
As the local ordering is observed to be compositional in nature,
high-resolution EDX was used to obtain compositional maps.
The local composition of the HEA nanoparticle, determined
by HR-STEM (Themis-Z), was found to be Au (14.3± 0.9 at%),
Ir (11.2 ± 0.4 at%), Pt (30.3± 2.0 at%), Pd (19.4 ± 4.7 at%), and
Rh (24.6± 5.2 at%). This closely matches the mesoscale (average)

FIGURE 5 | High-resolution imaging and diffraction data of Au14Ir11Pt30Pd20Rh25 nanoparticles. (A) HAADF image of several Au14Ir11Pt30Pd20Rh25
nanoparticles, (B) SAED pattern of the nanoparticles in A. (C) Probe-corrected HAADF image, inset displays the fast Fourier transform in [110] zone

axis. (D) Virtual annular dark field image of the Au14Ir11Pt30Pd20Rh25 crystallites collected by 4D-STEM. (E) Mean diffraction pattern of the red area

(in D) near to<001> zone axis. (F,G) display the in and out of plane orientational mapping of the nanodomains. (H–J) show the lattice strain mapping

with axial strain (xx) in (H) and tangential strain (yy) in (I) while shear strain (xy) in (J). The scale for axial, tangential, and shear strain is common and

shown near right of I.
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composition of the sample determined via SEM/STEM (Zeiss
Gemini), which measured Au (16.6± 1.3 at%), Ir (14.0 ± 1.0 at%),
Pt (35.7± 1.0 at%), Pd (12.4± 1.3 at%), and Rh (21.1± 1.4 at%).
Nevertheless, the perceived homogeneity and compositional
ordering of the HEA nanoparticles depend on the spatial and
spectral resolution of the analysis [47]. This highlights the
importance of analyzing the Au–Ir–Pt–Pd–Ru–Rh system across
multiple length scales to fully capture compositional variation.

3 | A Perspective of HEA Nanoparticle
Homogeneity at Different Length Scales

In this section, we discuss the compositional homogeneity of
the synthesized samples based on advanced analysis methods.
We consider two representative samples, one prepared with equi-
molar (molar fractions of ca. 0.17) and the other with a nonequi-
molar bulk electrolyte composition as shown in Figure 6A.
For the latter sample, the Au, Ir, and Pt molar fractions are
changed from equimolar to 0.04 and 0.12 for Au and Pt, while
the Ir molar fraction was increased to 0.29. Figure 6A compares
the bulk and diffusion-adjusted electrolyte compositions with the
resulting nanoparticle compositions, determined at both the
mesoscale (10–500 nm) and nanoscale (0.5–10 nm) by EDX.
The mesoscale compositions exhibit narrow distributions in
both cases which demonstrates overall sample homogeneity.
Furthermore, the mesoscale compositions are close to the
diffusion-adjusted electrolyte compositions, demonstrating
predictability. By comparison, the nanoscale distribution shows
variations in the elemental distribution. Interestingly, the equi-
molar electrolyte composition leads to broader compositional dis-
tribution at the nanoscale than the nonequimolar electrolyte
composition, an observation that is also consistent with other
nonequimolar electrolyte combinations (see Figures S17–S19).
The broader compositional distribution of the sample prepared
with equimolar electrolyte composition is characterized by the
presence of three different compositional phases. One may
suspect that the major reason for the different phases lies in a
too-high Au concentration in the bulk electrolyte when using
equimolar ratios [48–50]. Computed FE of bimetallic alloys using
DFT calculations reveal high positive FE of Au with Ir, Rh, and
Ru suggesting a strong tendency for segregation for these metal
pairs (Figure S20). Furthermore, Pd–Ru and Pd–Ir exhibit
FE> 0.1 eV/atom. To test this hypothesis, we analyzed the vari-
ability of all the six elements among various subcompositions
within the Au–Ir–Pt–Pd–Rh–Ru compositional space, character-
ized at mesoscale and nanoscale. For this, the Aitchison variance,
Var(CLR) (i), is used as a measure of the homogeneity of each
element at the two respective scales (Figure 6B). Var(CLR) (i)
is the variance of an element after a centered log-ratio (CLR)
transformation (for details refer to the Methods section) of the
compositional data. The results indicate that all elements exhibit
lower variance at the mesoscale (orange boxes) than at the nano-
scale (purple boxes). Interestingly, Pd exhibits higher variance
than the other elements at the mesoscale. Furthermore, the
higher variance at the nanoscale is mainly restricted to Pd
and Ru. Computing the inter-variability of the elements using

the Aitchison variation ratio, Ti-j, that is, Var [log Xi
Xj
] [51]

(see Figure 6C), it is seen that the Pd and Ru pairs, that is,
Ti-Pd and Ti-Ru, exhibit the highest variance, not the Au pairs.

Hence, the inhomogeneity is mainly due to these element
pairs. We propose that while FE play a role for segregation,
the main reason of the observed higher variations can be attrib-
uted to the chosen rest potential, Erest (1.15 VRHE) as well as the
required low deposition potential for Ru. It was found that Pd,
in contrast to the other elements, undergoes oxidation at such
rest potentials during monometallic depositions, see the poten-
tiodynamic scan in Figure S21. Hence, the observed behavior
may be alleviated by either lowering Erest or changing to a dif-
ferent Pd precursor which might lead to lower Pd variance at
the nanoscale, though this was not further explored in the
present study due to restricted access to ultra-high-resolution
microscopy.

While Pd and Ru atom pairs may exhibit higher variance for the
mentioned reasons, focusing on the other pairs, the results align
well with the DFT calculations. Au–Pt, Ir–Rh, and Pt–Rh pairs
have a strong mixing tendency in line with the calculated FE.
The observed variance across the other atom pairs points towards
different degrees of segregation. For example, Au–Ir and Au–Rh
exhibit relative high FE as well as relative high variance at the
nanoscale. Last but not least, we were able to investigate the HEA
homogeneity even within individual nanoparticles at the atomic
scale. In Figure 7, an atomically resolved HAADF–STEM image
of Au–Ir–Pt–Pd–Rh–Ru nanoparticles prepared from equimolar
bulk electrolyte composition is shown together with EDX maps
of all the elements. Figure 8 shows the respective NMF decom-
positions of the hyperspectral dataset of the crystalline domains.

Based on the analysis in Figure 8, the nanoparticle composi-
tion can be divided into three components (factors), see also
the scree plot in Figure S22. The elemental composition of
the three factors was determined using the Cliff–Lorimer
method. The first component contains all six elements
above 12.5 at%, that is, it is close to an equimolar composition
(�16.7 at%), and exhibits a maximum explained variance ratio
of �0.60. The variance ratio carries the weight of the respective
component in the total variance of the data. Therefore, it can
be used as a quantification of the components to get a quanti-
fiable estimate of spectral factors in Figure 8. Hence, even on
an atomic scale the individual nanoparticle exhibits a high
degree of mixing. However, the second component indicates
the presence of an Au-enriched segregated phase which has
explained variance ratio of �0.23. Herein term “enrichment”
of an element is defined as a deviation from the average com-
position of the individual particle. Au–Pt enrichment is consis-
tent with the observations made from the analysis at nanoscale
in Figure 6C. Furthermore, a third component was found with
a variance ratio of �0.17, which is enriched in Au, Pd, Pt, and
Rh. Thus, NMF decomposition provides evidence of element
mixing with certain extent of ordering in terms of segregation
by identifying patterns in compositional data.

In summary, this study presents a medium-throughput approach
for synthesizing HEA nanoparticles via electrodeposition in
aqueous media. The method is both rapid and efficient, and
it is compatible with various conductive carbon substrates.
A pulsed electrodeposition protocol facilitates the formation of
nonagglomerated, single-phase HEA nanoparticles with sizes
ranging from 5 to 30 nm. By tuning the electrolyte composition
and controlling diffusion parameters, the average particle com-
position can be predicted with high accuracy.

Small Structures, 2025 7 of 13

 26884062, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500666, W

iley O
nline L

ibrary on [23/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 6 | (A) Illustrates an equimolar (left) and nonequimolar (right) bulk electrolyte-based samples of Au–Ir–Pt–Pd–Rh–Ru. Nonequimolar bulk

electrolyte composition is Au (0.038), Ir (0.291), Pt (0.116), Pd (0.165), Rh (0.194), and Ru (0.194) in molar fractions. It shows compositions observed at

different length scales in simplex space. (B) Shows CLR variance, that is, Var(CLR) (i), of all the six elements in mesoscale and nanoscale compositional

dataset. Small white circles shown are the outliers out of whiskers. (C) Shows box-plot of Aitchison variation ratio of different element pairs computed

using mesoscale and nanoscale compositional data of various samples used in the current study. Twenty-six samples synthesized on GC were analyzed

for mesoscale compositions (1110 spectra), while 5 of them were chosen for nanoscale compositions (340 spectra).
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FIGURE 8 | (A) Non-negative matrix factorization of a hyperspectral dataset collected using probe corrected HAADF–STEM imaging and EDX

mapping of a Au–Ir–Pt–Pd–Rh–Ru nanoparticle (on Copper grid) domain synthesized from equimolar bulk electrolyte concentration. Spectral factors

are shown at the top and the respective spatial loadings in (B) Red, (C)Green, and (D) Blue for 1st, 2nd, and 3rd component, respectively. Spatial

re-binning of 7 × 7 was performed to increase the signal-to-noise ratio before the NMF decomposition.

FIGURE 7 | (A) Atomically resolved HAADF–STEM image of Au–Ir–Pt–Pd–Rh–Ru nanodomains. (B) Depicts the zoomed-in image of the blue

square which was selected for the spectral mapping. (C) Shows the corresponding EDX maps of all the six elements.
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Homogeneity in alloy nanoparticles is typically assessed through
EDX mapping, as illustrated in Figure 2. In such analysis, the
HEA nanoparticles display a high degree of compositional
uniformity. Our advanced microscopy techniques reveal that
this observed homogeneity is scale dependent. While the
nanoparticles appear highly homogeneous at the mesoscale
(10–500 nm), slight variations in composition become evident
when analyzing statistics at the nanoscale (0.5–10 nm) and even
at the atomic scale. The observed ordering and segregation at the
nanoscale can be partly attributed to constraints such as sluggish
electrodeposition kinetics of specific metals as well as their oxi-
dation at the rest potential. Additionally, the FE of bimetallic
atom pairs influence the compositional uniformity at the nano-
scale. These insights not only advance our understanding of com-
positional control in HEA nanoparticles but also open up new
avenues for tailoring their structure and functionality for future
applications in catalysis, energy storage, and beyond.
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Additional supporting information can be found online in the Supporting
Information Section. Additional characterization, information on the var-
ious compositions used in the manuscript, along with supporting data of
monometallic depositions. Supporting Fig. S1: Electrochemical cell
used for electrodeposition. Supporting Fig. S2: SEM micrographs of dif-
ferent samples prepared at five potential holds to get an overview of
kinetic limitations of Ir-Pt-Pd-Ru-Rh system for designing pulse voltam-
metry protocol. Supporting Fig. S3: NMF factorization of the hyperspec-
tral dataset collected from Ir-Pt-Pd-Rh-Ru NPs, justifying mixing of all the
five elements. A) shows the scree plot after principal component analysis.
B-C shows the spatial loadings of the respective spectral factors.
Supporting Fig. S4: A-B) aberration corrected HR-TEM micrographs
of Ir-Pt-Pd-Rh-Ru nanoparticles which shows defect rich nanodomains
marked by orange arrows. C) shows an HAADF-STEM image of a cluster
of nanoparticles while D) shows the SAED pattern of the same area in
TEM mode. Supporting Fig. S5: Watershed algorithm to perform seg-
mentation and estimating particle size. A) grey scale image taken from
Inlens detector of Gemini SEM 450. B) image showing segmented par-
ticles after Otsu’ thresholding. C) Distribution of particle size as per
the segmented image. Supporting Fig. S6: A) Current versus
potential plotted from potentiostatic protocol of Gold electrodeposition
on Gold surface (pH= 2.5, solution resistance (Rs) = 6-9 Ω).
B) shows current versus potential plotted from potentiostatic
protocol of Iridium electrodeposition on Platinum surface (pH= 4.0,
Rs = 7-9 Ω). C) shows current versus potential plotted from poten-
tiostatic protocol of Platinum electrodeposition on Platinum surface
(pH = 3.0, Rs = 3-4 Ω). D) shows current versus potential plotted from
potentiostatic protocol of Palladium electrodeposition on Palladium sur-
face (pH = 2.5, Rs = 1-2 Ω). E) shows current versus potential plotted
from potentiostatic protocol of Rhodium electrodeposition on
Rhodium surface (pH = 2.6, Rs = 5-7 Ω). F) shows current versus poten-
tial plotted from potentiostatic protocol of Ruthenium electrodeposition
on Platinum surface (pH=4.3, Rs = 6-7 Ω). Supporting Fig. S7:
A) Steady state current (0.05 VRHE or -0.3 VAg/AgCl) vs rotation rate of
Gold electrodeposition on Gold surface. B) Steady state current (0.05
VRHE or -0. 3VAg/AgCl) vs rotation rate of Iridium electrodeposition on
Platinum surface. C) Steady state current (0.05 VRHE or -0.3 VAg/AgCl)
vs rotation rate of Platinum electrodeposition on Platinum surface.
D) Steady state current (0.05 VRHE or -0.3 VAg/AgCl) vs rotation rate of
Palladium electrodeposition on Palladium surface. E) Steady state current
(0.05 VRHE or -0.3 VAg/AgCl) vs rotation rate of Rhodium electrodeposition
on Rhodium surface. F) Steady state current (0.05 VRHE or -0.3 VAg/AgCl)
vs rotation rate of Ruthenium electrodeposition on Platinum

surface. Supporting Fig. S8: Compositional evolution of different
elements with respect to the duration of synthesis on Ketjen Black.
The samples were prepared on KB with the synthesis methodology dis-
cussed in methods. 1 min synthesis has 10 pulses, 5 min has 50 pulses,
and 20 min consists of 200 pulses. A) and B) displays the local EDX
composition from NPs of Au-Ir-Pt-Pd-Rh-Ru and Ir-Pt-Pd-Rh-Ru system
respectively. Concentration of metal cations in electrolyte were as
follows: Au3+ - 5 μM, Ir4+ -15 μM, Pt4+ - 8.5 μM, Pd4+ - 8.5 μM, Ru3+

- 8.5 μM, Rh3+ - 10 μM for the synthesis on KB. In B) the same bulk elec-
trolyte composition was used while not having Au. Supporting Fig. S9:
A, B, C) shows three simplex plots representing the Au-Ir-Pt-Pd-Rh-Ru
compositional vector space while plotting global EDX (average composi-
tion), diffusion rate corrected and bulk electrolyte compositions. Black
continuous lines join global EDX to diffusion adjusted compositions
and grey dashed lines connect global EDX with bulk electrolyte compo-
sitions. D) shows the euclidean distances in the centered log-ratio trans-
formed (CLR) space of mesoscale average compositions, bulk electrolyte
and diffusion adjusted compositions. Supporting Fig. S10: PCA scree
plots and the NMF decomposition of hyperspectral dataset of Au-Pt-
Pd-Rh (binned by a factor of 10). EDX composition of the sample were
determined as Au-Pt-Pd-Rh; Au (19.5± 2.6), Pt (37.0±2.6), Pd (11.8±0.7),
Rh (29.7±3.6). Here loading 0 shows the background spatial signal which
is evident from its corresponding factor 0. Loading 1 shows the distribu-
tion of Au, Pt, Pd and Rh in a single component, which can be validated
from the respective factor 1. There is an observable peak of Ir in the spec-
tra, however it was being neglected from the quantification point of view
in Velox. Therefore, Ir is also not shown in elemental maps in Figure 4, as
the distribution of Ir can lead to misinterpretation of its significant pres-
ence. Supporting Fig. S11: PCA scree plots and the NMF decomposition
of hyperspectral dataset of Au-Ir-Pt-Pd-Rh (binned by a factor of 10).
Nanoscale EDX composition of the sample were determined as Au-Ir-
Pt-Pd-Rh - Au (14.3± 3.0), Ir (11.2±1.0), Pt (30.3±2.0), Pd (19.4±1.3),
Rh (24.6±2.1). Here loading 0 shows the background spatial signal which
is evident from its corresponding factor 0. Loading 1 shows the distribu-
tion of Au, Ir, Pt, Pd and Rh in a single component, which can be vali-
dated from the respective factor 1. Supporting Fig. S12: PCA scree plots
and the NMF decomposition of hyperspectral dataset of Au-Ir-Pt-Pd-Rh-
Ru (binned by a factor of 6). Nanoscale EDX composition of the sample
were determined as Au-Ir-Pt-Pd-Rh-Ru - Au (5.2± 0.1), Ir (21.0±3.2), Pt
(13.2±1.6), Pd (22.0±4.9), Rh (21.4±1.9) and Ru (17.1±2.6). Here loading
0 shows the background spatial signal which is evident from its corre-
sponding factor 0. Loading 1 shows the distribution of Au, Ir, Pt, Pd,
Rh and Ru in a single component, which can be validated from the
respective factor 1. Supporting Fig. S13: A) Scree plot using the hyper-
spectral dataset, re-binned by a factor of 3 x 3 x 1, i.e., spectral data is used
as it is and only the spatial intensities of the pixels are binned. Here 3
components explaining most of the variance were further used for
NMF decomposition. B), C) and D) shows the loadings of the factors
shown in E), F and G) respectively. Segregation of Au and Pd is found
in factor 1 which spatially is shown in loading 1. Moreover, factor 2 shows
the relative decrement in Au and Pd intensities with respect to
factor 1. Loading 1 shows the distribution of Au and Pd deficient region.
Supporting Fig. S14: Example of the local compositional order found in
an Au-Ir-Pt-Pd-Rh NP. A) represents the HAADF image of Au-Ir-Pt-Pd-
Rh system and the corresponding EDX maps of incorporated elements.
B) shows the PCA scree plot of the hyperspectral dataset binned by a fac-
tor of 10 x 10 x 1. C), D) and E) shows the different loadings corresponding
to F), G) and H) factors respectively. Factor 2 has relatively high ratio of
Pd and Rh than Factor 1 showing an extent of segregation within the NP
between Pd, Rh and rest of the elements. Supporting Fig. S15: A) EDX
maps of multiple Au-Ir-Pt-Pd-Rh NPs. B) shows the PCA scree plot (with-
out binning). C) and D) shows the NMF loadings of the respective factors
shown in E) and F). Here in case of multiple NPs, the segregation
observed in Supporting Fig. 12-13 is not observable and Au, Ir, Pt, Pd
and Rh seem to be well mixed. Supporting Fig. S16: A) shows the
diffusion adjusted composition and the mesoscale average EDX compo-
sitions (Right y-axis; scatter points plot) of four different samples of Au-Ir-
Pt-Pd-Rh-Ru NPs synthesized at four different pulsing frequencies (100,
20, 2 and 0.5 Hz) on glassy carbon. Black dashed line shows the equimolar
bulk electrolyte composition. B) shows the TEM micrographs of the
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samples prepared at different pulsing frequency with equimolar ratio of
the precursors in the electrolyte. Synthesis procedure, equimolar
ratio of all the six elements was used with total concentration of precur-
sors being 500 μM in the electrolyte. Potentials used were Einsertion

of 1.2 VRHE (for 2 minutes), Enucleation = -0.15 VRHE (for 2 seconds),
Edeposition = -0.10 VRHE and Erest = 1.15 VRHE with Rt = 1.0 for 90 sec.
Supporting Fig. S17: Shows the three compositionally distinctive
phases of Au-Ir-Pt-Pd-Rh-Ru NPs made with equimolar bulk electrolyte
concentration where A) is Au enriched having Au (27.8± 9.8), Ir
(7.9±3.0), Pt (21.0±3.5), Pd (12.3±3.8), Rh (20.5±3.4) and Ru
(10.2±5.2). B) is Pd enriched with average compositions Au (7.3± 0.9),
Ir (7.2±0.9), Pt (8.5±1.6), Pd (45.3±4.7), Rh (17.3±1.7) and Ru
(14.2±1.0). C) shows Ru enriched 1-2 nm clusters with an average com-
position of Au (1.2± 0.1), Ir (5.7±0.3), Pt (1.8±0.0), Pd (0.4±0.07), Rh
(15.8±0.6) and Ru (74.7±0.9). Supporting Fig. S18: Single compositional
Ir enriched phase of Au-Ir-Pt-Pd-Rh-Ru NPs made with non-equimolar
bulk electrolyte concentration. There average composition (nanoscale
EDX) is Au (5.2± 0.1), Ir (21.0±3.2), Pt (13.2±1.6), Pd (22.0±4.9), Rh
(21.5±1.9) and Ru (17.1±2.6). Non-equimolar bulk electrolyte composi-
tion is Au (0.038), Ir (0.291), Pt (0.116), Pd (0.165), Rh (0.194) and Ru
(0.194) in molar fractions. Supporting Fig. S19: Simplex plots of
equimolar (A) and non-equimolar (B) bulk electrolyte composition-
based samples shown in Figure S17 and Figure S18 respectively.
Supporting Fig. S20: Formation energies in eV/atom computed for
binary alloys based on face-centered cubic (FCC) bulk cells
containing 4 atoms of each element in a Rocksalt-type structure.
Supporting Fig. S21: A) Cyclic voltammograms (CVs) of Gold electro-
deposition on Gold surface (pH = 2.5, solution resistance (Rs) = 6-9 Ω).
B) CVs of Iridium electrodeposition on Platinum surface (pH = 4.0,
Rs = 7-9 Ω). C) shows CVs of Platinum electrodeposition on
Platinum surface (pH = 3.0, Rs = 3-4 Ω). D) CVs of Palladium electro-
deposition on Palladium surface (pH = 2.5, Rs = 1-2 Ω). E) CVs of
Rhodium electrodeposition on Rhodium surface (pH = 2.6, Rs = 5-7 Ω).
F) CVs of Ruthenium electrodeposition on Platinum surface (pH=4.3,
Rs = 6-7 Ω). Supporting Fig. S22: A) Scree plot of the principal com-
ponent analysis after (7x7x1) spatial binning of the hyperspectral dataset.
B) Variance ratio (ratio of the proportion of variance shown by that com-
ponent to the total variance shown by the three components) of the
selected first three components. C) EDX quantification of the three spec-
tral factors corresponding to the three components after the NMF decom-
position. The quantification performed here is using the Cliff Lorimer
method using the manufacturer provided k-factors (All L lines were cho-
sen) of all the six elements. Python package Hyperspy was used to per-
form the decomposition and quantification of the elements in the spectral
factors. Supporting Fig. S23:Nomenclature used for compositions at dif-
ferent length scales. Here the scale is being named based on transverse
length (z-direction) which is in plane direction. Mesoscale compositions
are measured by SEM-EDX while nanoscale and atomic scale composi-
tions were measured by HR-STEM-EDX. Supporting Fig. S24:
A) First negative scan (50 mV/s at 2500 RPM) on Glassy carbon in
the presence of different metal cations (monometallic deposition) while
B) shows the third negative scan (50 mV/s at 2500 RPM). Here it can be
observed that onset potential decreases in the third scan, suggesting a
seeding effect aiding in the deposition. Supporting Table S1:
Comparing the Electrodeposition synthesis method with other reported
synthesis method by comparing the estimated time of preparing 100 dif-
ferent compositions of HEA NPs on GC surfaces. An assumption is made
to synthesize/transfer the different composition of NPs on GC so that the
conventional electrochemical screening can be done. Here, the steps
which are common in all synthesis methods like cleaning crucibles, glass-
wares, GC surfaces, preparing precursors solutions are not incorporated
due to lack of objectivity in the discussion of the reports. Sample prepa-
ration and sample transfer are key steps which brings a clear difference in
the duration of preparing 100 different compositions. Moreover, parallel
synthesis of different compositions is excluded from the discussion as it is
a resource limited approach and is subject to specific labs1–9.
Supporting Table S2: Bulk electrolyte compositions (molar fraction)
of different samples synthesized on glassy carbon. For each compo-
sition, total concentration of precursors being 500 mM in the electrolyte
and potentials used were Enucleation = -0.15 VRHE (-0.50 VAg/AgCl),

Edeposition = -0.10 VRHE (-0.45 VAg/AgCl) and Erest = 1.15 VRHE

(0.75 VAg/AgCl) 0.75 VAg/AgCl with Rt = 1.0 for 90 sec. Supporting Table S3:
Mesoscale average (global) EDX compositions of various samples prepared
from the bulk compositions mentioned in Supporting Table 2. Aitchison
mean is used as the mesoscale average and calculated using the geometric
mean of the element in a compositional data of a sample and then normal-
ized with the sum of geometric means of all elements present in that sample.
Compositions of NPs synthesized are quantified by using SEM-EDX
equipped within Zeiss Gemini SEM 450. Supporting Table S4: Standard
deviation (StD) in the mesoscale EDX compositions of various samples pre-
pared from the bulk compositions mentioned in Supporting Table 2.
Supporting Table S5: List the average particle size (weighted_mean in
nm) and the standard deviation (weighted_std in nm) of the synthesized
samples in S2 as per the bulk electrolyte composition. A watershed algo-
rithm is used for segmentation after Otsu’s thresholding for each tagged
image file format collected fromGemini SEM 450. Further weighted average
size and the weighted standard deviation is calculated as per the number of
particles detected (# particles). # images indicates how many SEM images
were analysed. Supporting Table S6: Diffusion adjusted compositions of
different samples calculated by ‘B/z’ multiplication to the bulk electrolyte
compositions and then calculating themolar fractions which are mentioned
for all the bulk electrolyte compositions mentioned in Supporting Table 2.
Supporting Table S7: Compositional distances (after Centered log-ratio
transformation) calculated between mesoscale average compositional data
mentioned in Supporting Table 4 and Bulk electrolyte data tabulated in
Supporting Table 2 and diffusion adjusted data listed in Supporting
Table 3. Supporting Table S8: List of the samples (bulk electrolyte com-
positions) used for mesoscale compositional analysis in Figure 6. Supporting
Table 9: List of the samples used for nanoscale compositional analysis in
Figure 6.
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