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Learning in higher dimensions: a strategy for alloy
electrocatalyst discovery
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In this work, we demonstrate the inversion of the classical bottom-up approach to drive the discovery
of improved energy conversion electrocatalysts top-down. Starting with complex alloy catalysts of many
constituents, we down-select to optimal materials by removing low-performing elements from the alloy.
The efficiency of this data-driven approach arises from the fact that when studying many elements
together in one material, information is also obtained on the less complex alloys that contain fewer
constituents. Therefore, the number of experiments required to study the complex alloy is fewer than
those needed for studying all constituent alloys individually. In addition, this top-down approach allows
for a new way of comparing activity models constructed from experimental data with theoretical
simulations. We introduce the approach by studying the Au-Ir—Os—Pd-Pt-Re—-Rh—-Ru high entropy
alloy (HEA) composition space for the acidic oxygen reduction reaction (ORR). By studying 200 compo-
sitions, we created a machine-learned activity model and provide evidence that the model can predict
the activity of underlying, less complex compositions that are contained in the Au—Ir—-Os—Pd—-Pt-Re—-
Rh—Ru HEA composition space.

Achieving carbon-neutrality is one of the most pressing challenges society is facing. A key step towards this goal is decarbonizing the chemical industry, which
can be achieved through electrochemical processes leveraging efficient catalysts. High entropy alloys (HEAs), materials composed of at least five different

elements, provide a vast and largely unexplored library of potential catalysts. However, this sheer number of possible HEA compositions makes it impossible to
test them all, creating the need for smart exploration strategies. Here, we present a top-down approach to accelerate catalyst discovery. It starts with complex,

multi-element alloy catalysts, which iteratively are simplified by removing the least active components until the most active composition is identified. The
efficiency of this process arises from the fact that studying many elements together also yields information of all the simpler alloys they can form. We

demonstrate this concept by studying Au-Ir-Os-Pd-Pt-Re-Rh-Ru alloys for the oxygen reduction reaction and identifying that the most active catalysts are
composed of Au-Pd-Pt. This top-down approach offers a powerful new pathway for identifying optimal catalysts for the low-carbon chemical industry.

Introduction

multi-metallic surfaces. Thereby, the number of alloy constituents
and the complexity of the catalyst are gradually increased, and

Design strategies for improved energy conversion electrocatalysts
typically follow a bottom-up approach. Starting with simple,
monometallic model systems of the most active element, one or
several additional elements are added creating bi-metallic or
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theory is used as a means to rationalize the observed catalyst
performance.” For example, for the acidic ORR, one of the central
electrocatalytic processes for energy conversion, Pt is the element
with the highest catalytic performance, and the majority of
research to identify improved ORR catalysts is rooted in experi-
mental and theoretical studies of Pt single-crystal surfaces.”™
Well-defined bimetallic Pt-single crystals, polycrystalline Pt-
alloys, and Pt-alloy nanoparticles were studied in continuation
of the early work demonstrating promising performance.>™°
Theoretical studies on these catalysts led to the descriptor
approach and the discovery of the scaling relations which put a
hard limit on the efficiency of ORR catalysts."""* The next level of
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complexity consists of ternary alloys, for which presently studies
are gradually appearing.’® However, it has been pointed out by
Cantor that in this approach to catalysis only the corners and
edges of an, in principle, multidimensional composition space of
catalytic materials are investigated.'® Consequently, in the last
few years, the topic of HEA catalysts has gained significant
attention.” ™™ Comprising at least 5 elements, HEAs offer an
expansive and largely unexplored array of extremely many
compositions.”® In addition, based on pioneer work, it was
proposed that HEA catalysts hold the key to overcome the
limitations of state-of-the-art ORR electrocatalysts and, e.g., break
the scaling relations of the ORR.>" As such, there is a probability
of finding novel ORR catalysts in the multidimensional HEA
composition space. However, searching for the most active ORR
catalyst in the form of nanoparticles using an experimental
approach requires efficient approaches due to the vast number
of possible compositions.

The “classical approach” for experimental studies, ie., start-
ing with well-defined catalysts, and its combination with compu-
tational investigations originates from the times when data
availability and computational power were severely limited.
Hence, in electrocatalysis there was a preference to simplify
models to one- or two-dimensional systems that can be visualized
and fitted with simple linear models. Nowadays, large data
volumes and computational power have become more accessible,
which facilitates the use of machine learning tools and DFT-
based computational screenings in electrocatalysis.>">®* Machine
learning tools assist in the construction of multi-dimensional
composition-activity models which allows for studying complex
HEA composition spaces.”’° Also, machine learning has been
demonstrated to assist in the characterization of HEAs and aid
the search for the most active catalyst composition.>'* While
these approaches are concerned with the fastest route to obtain
an optimal catalyst composition through accelerated search, our
approach focuses on extrapolating catalytic activities learned in
the high dimension to sub-alloy composition spaces, enabling
comprehensive exploration of the compositional landscape with-
out investigating the sub-alloy spaces. Nevertheless, HEAs typi-
cally are studied first in their least complex shape. As such, much
of the HEA research is limited to quinary alloys while only a
fraction is exploring more complex HEAs.

Several studies have demonstrated that the most active HEA
composition is not necessarily found at the near-equimolar
composition.*>*® Therefore, in pursuit of the most active catalyst,
it is crucial to study entire composition spaces. Based on our
previous computational study, the number of experiments that
are required to model a 5-element HEA composition space for the
ORR is approximately 50.>” According to the “curse of dimen-
sionality”, this number grows exponentially when more elements
are included in the space (Fig. 1B, Supplementary Note I and Fig.
S1, S2). However, we argue that by starting with a higher dimen-
sional HEA composition space, all underlying 5-element HEA
composition spaces are automatically included in the study. Up
to 11 elements, the number of experiments required to study the
combined high-dimensional HEA composition space is less than
when studying all 5-element HEA composition spaces separately.
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In addition, the latter do not contain any information about
HEAs with more than 5 components. This makes it more favor-
able to study more elements together than limiting studies to
fewer components in the HEA.

Results and discussion
Predicting 5-element compositions with 8-element experiments

We tested this hypothesis by constructing an experimental data-
driven model of the 8-element Au-Ir-Os-Pd-Pt-Re-Rh-Ru HEA
composition space for the acidic ORR. The aim was to demon-
strate that this model not only contains the role of each of the
eight elements for the catalytic reaction but that it is also possible
to approximate the optima of the underlying 56 5-element HEA
composition spaces and estimate their activity. An artistic repre-
sentation of this new concept of “multi-dimensional learning”
applied to this study is depicted in Fig. 1A, while the workflow we
employed to study the different HEA compositions, is outlined in
Fig. 2A.

The ORR electrocatalysts were prepared by adopting a sol-
vothermal synthesis route that previously was shown to produce
HEA nanocatalysts.”” In this synthesis, chloride-based metal pre-
cursor salts were dissolved in ethanol and heated at a pressure of
20 bar (setpoint) for 30 minutes in a microwave reactor. This
produced agglomerated nanoparticles with crystallite sizes larger
than 5 nm. The precursor mixtures were selected using a grid that
could be dynamically extended.?® In the end, 200 different nano-
particle compositions in the Au-Ir-Os-Pd-Pt-Re-Rh-Ru space
were synthesized, and 50 different compositions in the Au-Os-
Pd-Pt-Ru, Ir-Os-Pd-Pt-Ru, Ir-Os-Pt-Rh-Ru spaces each (Fig. 1C).

The compositions of the as-synthesized nanoparticles were
evaluated with energy dispersive X-ray spectroscopy (EDX). For
selected samples their structure was analyzed with transmis-
sion electron microscopy (TEM) and X-ray diffraction (XRD), the
latter showing mixed face-centered cubic (fcc) and hexagonal
closed packed (hcp) phases in most of the samples (Fig. S3, S4
and Tables S1-S5). The EDX compositions formed the input for
the machine-learned Gaussian processes (GP) (Fig. S5 and
eqn (S6), (S7))-

Using the Pearson correlation coefficients (Fig. S6) it is
demonstrated that the elements do not have any strong correla-
tion with each other. Thus, all composition spaces are sampled
randomly. Upon inspecting the compositions, we observed that
Re had an average concentration of less than 3 atomic percent
(at%) in contrast to the expected 12 at% (Fig. S7). Therefore, Re
is mostly absent in the HEA particles and no conclusions on its
role could be made.

We evaluated the ORR activity of the nanoparticles using a
multi-electrode setup (Fig. S8) in a ‘“three-electrode configu-
ration”. The multi-working electrode allowed the simultaneous
study of six catalytic films of the same catalyst. The measure-
ments started with a cyclic voltammogram (CV) between 0 to
0.6 V vs. reversible hydrogen electrode (RHE). From these
measurements, the capacitance was extracted in the potential
window of 0.3 to 0.5 V vs. RHE (Fig. S9-512). This capacitance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Depiction of the benefit of multi-dimensional modeling. (A) An artistic representation of the concept of multi-dimensional learning applied to this
study. The layers in the amphora represent different multi-dimensional spaces that can be constructed from 8 elements, stacked based on their
complexity. By looking through the top 8-element layer information on all underlying multi-dimensional spaces is obtained, which allows to directly
identify the global most active three-element composition space. (B) Modeled information density in disordered alloys assuming 50 experiments in a 5-
element space.?’ (red) The number of experiments required to achieve the same sample density as with 50 experiments in the 5-element space
(egn (S1)—(S4)). (blue) The number of experiments required to study all possible 5-element combinations with 50 experiments that are part of a more
complex alloy space (egn (S5)). (C) Summary of the alloy compositions that were investigated.

was used to normalize the measured currents to correct for
possible loading and surface area differences. After the CV, the
particles were oxidized at 1 V vs. RHE for 20 minutes, while the
electrolyte was being saturated with O,. Following, the potential
was stepped down to 0.6 V vs. RHE with steps of 10 mV each
lasting for 20 seconds.

With the obtained experimental data, we constructed GP
models for the ORR activity-composition relationship in each of
the four composition spaces. The GP models correlated the
EDX compositions of the particles with the specific activity at
0.6 V vs. RHE measured at quasi-steady-state conditions. The
GPs were fitted with a radial basis function kernel with opti-
mized length scales of 0.22, 0.25, 0.28, and 0.13 as well as a
white noise kernel with noise values of 0.41, 0.47, 0.45, and
0.40 for Au-Ir-Os-Pd-Pt-Re-Rh-Ru, Au-Os-Pd-Pt-Ru, Ir-Os-
Pd-Pt-Ru, and Ir-Os-Pt-Rh-Ru respectively. These fitted length
scales and noise levels indicate that the composition-activity
relationships in this work are explained by smooth mathema-
tical functions with relatively strong correlations between the

© 2026 The Author(s). Published by the Royal Society of Chemistry

activity of compositions with large Euclidean distances between
them. These length scales are comparable to the one observed in
our previous study®” justifying the assumption that 50 experiments
are required to study a single 5-element space. Combined, these
observations indicate that our studies of HEA electrocatalysts
require only a limited number of experiments to model the
activity-composition relationship.

The performance of the GP models was tested with the leave-
one-out cross-validation (LOOCV) (Fig. 2B-E). The 8-element
model predicts the activities with a mean absolute error (MAE) of
0.11 AF~ " and an R of 0.53. Similarly, the mean absolute error can
be used to evaluate the prediction of 5-element spaces by the
8-element model. The 8-element model predicts the Au-Os-Pd-Pt-
Ru space with a MAE of 0.14 A F~ " and an R* of 0.20, whereas the
LOOCV score of the model itself is 0.13 A F~ ! with an R* of 0.37. In
this composition space, as indicated by the histogram, 6 samples
have an error larger than 10.31 A F~'. These few samples exhibit
high leverage on the calculation of the MAE and R’>. Removing
these points from the calculation, but not from the fitting, leads to

EES Catal., 2026, 4, 397-406 | 399
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Fig. 2 Workflow and predictive performance of models. (A) The workflow for data collection. Starting with the microwave synthesis the obtained
nanoparticles were characterized with EDX and evaluated for the electrocatalytic ORR performance. The acquired data was used to train Gaussian
process models. (B)-(E) Leave-one-out parity plots showing the measured ORR current density plotted against the prediction of a Gaussian process
regressor trained on all samples except the sample being predicted for the Au—Ir—-Os—Pd-Pt—Re—Rh—-Ru 8-element model (B), as well as the Au—Os—
Pd-Pt-Ru (C), Ir-Os-Pd-Pt-Ru (D), and Ir-Os—-Pt—Rh—-Ru (E) 5-element models. For the 5-element alloys a constant scaling factor was multiplied on
the predicted values (Fig. S13—-S17). The measured current density is extracted from the polarization curves at a potential of 0.60 V vs. RHE and divided by
the mean capacitance in the potential region from 0.30 to 0.50 V vs. RHE. A/F: amperes per farad. MAE: mean absolute error in A/F.

an MAE of 0.1 AF " and an R® of 0.6 for both models (Fig. S13).
The Ir-Os-Pd-Pt-Ru space was predicted with a MAE of
0.08 A F ' and an R® of 0.61, which is an improvement over
the LOOCYV score of 0.09 A F! and an R? of 0.42. Likewise, the
Ir-Os-Pt-Rh-Ru space is predicted by the 8-element model with
a MAE of 0.075 A F~" and R® of 0.28 which is similar to the
LOOCYV score of 0.078 A F~ " and R® of 0.28. This composition
space is mostly inactive leading to a relatively flat activity land-
scape. As a result, the GPR is struggling to find meaningful
correlations. However, since this space is mostly inactive, it is
also of lesser interest for future works.

For all the 8-element model predictions a multiplicative bias
correction was applied to account for systematic differences with
the 5-element models (Fig. S14-S17). As the bias correction is
multiplicative, the projections of the 5-element spaces maintain
their landscapes. In other words, the absolute activity values
change but the correlations that influence the predictions as well
as the positions of the optima are not altered. We therefore
conclude that the 8-element model indeed learned a very similar
landscape for the 5-element spaces as their corresponding
5-element models themselves in agreement to our hypothesis.

400 | EES Catal.,, 2026, 4, 397-406

Extrapolating predictions to all 5-element subspaces

Using the 8-element model, we mapped out all possible optima
of the 56 5-element HEA composition spaces (Fig. 3A). These
can be classified based on their maximum activity into three
classes. The first class has optima with an ORR activity below
0.6 A F ', making them ill-suitable for catalytic applications.
The second class has optima with activities between 0.6 and
0.8 A F~. Distinctively, these optima contain a combination of
Pt with Pd or Au. The third class, composed of optima with the
highest ORR activity, is most interesting for catalytic applica-
tion. Their optima are composed of a combination of Pt, Pd,
and Au.

Analyzing the results in more detail, we investigated three
5-element models each representing one of the three separate
activity classes (Fig. 3B-G and Fig. S18). Starting with the low
activity class, the Ir-Os-Pt-Rh-Ru model shows the existence of
two distinct activity optima at Os;3Pt;3Rh oRuU5 and Ir,,0s;5P-
t;oRUy; (Fig. 3G). On the other hand, the 8-element model
predicts only a single optimum (Fig. 3D). As the ORR activity
of the compositions in this space is low, the GPR struggles to
identify the major correlations in the landscape. As a result, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optima in composition spaces. (A) Optimal compositions for ORR in all the 56 five-element composition spaces contained in the 8-element
composition space as predicted by the 8-element model in a 5 at% grid scan of the composition space. The three investigated 5-element HEAs are
highlighted in red. (B)-(G) Most active compositions of 5-element HEAs shown as pseudo-ternary plots with the molar concentrations summed for three
of the elements. Predictions by the 8-element model (B)—-(D), and the individual 5-element models (E)-(G) for Au-Os—Pd—-Pt—Ru (B) and (E), Ir—-Os—Pd-
Pt—Ru (C) and (F), and Ir-Os—Pt—Rh—Ru (D) and (G). The optimal predicted compositions in each composition are annotated in red. Confidence intervals

for B—G are shown in Fig. S18.

optima predicted by both the 5-element and 8-element models
might be artificial. The Ir-Os-Pd-Pt-Ru model, which represents
the middle activity class, contains an optimum at Osz;Pdzs-
Pt,sRuy, (Fig. 3F). The 8-element model predicts a similar
optimum at Os,;,Pd3;Pty;Ruy (Fig. 3C), which has an Euclidian
distance of 11 at% in Cartesian coordinates. Finally, the Au-Os-
Pd-Pt-Ru model representing the high active class predicts the
optimum at Au,,Pd;sPt;s (Fig. 3E), whereas the global optimum
of the 8-element model is Au,gOs;1Pd,6Ptss (Fig. 3B). Further
analysis, which is discussed below, shows that the Os content has
no distinct correlation to the ORR activity in these HEA catalysts.
This suggests that the Os in the global optimum of the 8-element
model is an artifact.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Navigating a smooth composition-activity landscape

Using these GPR models, we can evaluate the approximate
number of experiment required for Bayesian optimization to
optimize these composition spaces, see Fig. 4. On average,
16 experiments are required to find the global optimum of
the 8-element model. For the 5-element models, it took
8 experiments for the Au-Os-Pd-Pt-Ru, 9 experiments for the
Ir-Os-Pd-Pt-Ru, and 13 experiments for the Ir-Os-Pt-Rh-Ru
model. Thus, our optimization experiments indicate that the
number of experiments required to optimize a model does not
scale exponentially with increasing the complexity of the HEA
composition space. The latter would be the case for grid search
studies according to the “curse of dimensionality”.

EES Catal., 2026, 4, 397-406 | 401
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activities identified by an individual Bayesian optimization initialized with
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the expectation (median) value of the highest absolute current density
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the median to reach 95% of the value of the current density of the global
optimum (i.e., the number of samples where 50% of the optimizations are
sufficiently close to the global optimum) are annotated to estimate the
number of experiments needed to find the global optimum.

The reason for this “milder” scaling is that the optimization
algorithms depend mostly on the complexity of the mathema-
tical landscape. Therefore, we propose that if elements have a
minor contribution on the reaction, adding them to an optimiza-
tion study will marginally increase the complexity of the mathe-
matical landscape and correspondingly marginally affect the
experimental demand. Consequently, optimizing HEA composi-
tion spaces with as many elements as possible becomes even
more beneficial, when in search of the most active catalyst.

Assessing the activity in ternary Au-Pd-Pt composition space

In the following, we demonstrate how these highly dimensional,
experimental data-driven models can be used to analyze the
contributions of the individual elements to the catalytic activity.
Using the 8-element model, we evaluated the correlations of the
elements to the ORR activity using SHapely Additive explanations
(SHAP) (Fig. 5C).*° The SHAP values show that the element that
has the largest positive influence on the ORR is platinum. This
result agrees with the established conclusion that Pt is the most
active element for the ORR.*>*' The next element that according
to the SHAP analysis has a strong positive impact on the ORR is
Pd. Pd, similar to Pt, lies close to optimum in established ORR
volcano plots and is being investigated as a substitute for Pt.**>™*
The final element that improves the ORR reaction according to our
analysis is Au. While Au itself is not very active for the acidic
ORR,** its alloys with Pt**® and Pd*>*® have been reported
previously to improve the ORR activity. Together, these three
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elements are responsible for the optimum of this 8-element HEA
composition space. On the other hand, the SHAP analysis suggests
that under the chosen experimental conditions Ir, Ru and Rh are
the “least important” elements to promote the ORR. However, this
does not concern possible stabilizing effects which were not eval-
uated here. The analysis of Os shows only a weak correlation to the
ORR. Therefore, its contributions to the ORR activity have a large
error margin, which explains its artificial presence in the 8-element
model optimum, see above. Lastly, Re, which was not fully incorpo-
rated in the alloy, did not show a correlation with the models
prediction, indicating that it is mathematically a harmless spectator.

The experimental data-driven models derived from HEA
studies allow a unique comparison to computational studies.
Typically, a close resemblance between the surfaces studied in
computational simulations and experimental studies is only
achieved with well-defined single-crystal surfaces and individual
activities. By contrast, comparisons between data-driven models
and computational models reveal activity trends and bring a new
quality to testing the predictive power of computational simula-
tions. In our specific case, the 8-element model and the Au-Os-
Pd-Pt-Ru model both agree that the most active subspace is
Au-Pd-Pt. We visualized the activity of the Au-Pd-Pt space in a
ternary plot (Fig. 5A). We then performed DFT calculations of this
composition space and constructed an equivalent “theory-based”
activity model for the ternary Pt-Pd-Au composition space
(Fig. 5B). This provides a visual comparison between “theory-
based” and experimental data-driven activity modeling. It is seen
that the experimental data-driven model exhibits an optimum at
Au,,PdssPt;s, with a soft gradient towards the edges. The DFT
model, on the other hand, shows a local optimum at Au,,Pd;,Pt,
which is remarkably close to the experimentally predicted
Au,,PdssPt, s optimum. However, the DFT model also calculates
a global optimum at Au,Pte; with even higher ORR activity and a
strong minimum at pure Au. Both this optimum and minimum
are located near the mono-metallic corners of the composition
space. It is therefore important to point out that the experimental
data-driven models that are built to span a HEA composition
space lack data in the (typically known) corner and edge regions
of the composition space. As a result, data-driven models are
unable to extrapolate to the vertices and binary regions, which in
statistical models is reflected in an increased prediction uncer-
tainty. In the present case, this leads to the observed discrepancy
and highlights the power of combining computational and
experimental studies.

Based on the DFT calculations and the machine-learned
model, we investigated the promising 3-element compositions,
Au,oPtog, Au,5Pd;sPt;o and Au,,PdssPtig using the rotating disk
electrode (RDE) (Fig. 5D and Fig. S19-S33). As a reference, Pt and
Pd nanoparticles and Pt(111) were used. In line with the work of
Lankiang and co-workers?” and the DFT calculations Au,oPty, is
more active than pure Pt. However, the previously reported global
optimum of Au,5Pd;5Pt,,"” could not be confirmed, which may be
attributed to the use of H,SO, instead of HCIO, as electrolyte.’ The
predicted local optimum of Au,,PdssPt;s did show an activity
higher than Pd but not as high as Pt. We attribute this to the
difference in surface composition. In the dataset that the machine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Highest activity found in the Au—Pd—Pt ternary subspace. (A) and (B) ORR catalytic activities in the Au—Pd—Pt composition space as predicted by
the 5-element Au-Os—Pd—-Pt—Ru model (A), and with DFT simulations (B). The circular overlay in (A) corresponds to the GPR prediction certainty. The
coloring of the DFT prediction has been normalized such that the optimum at Au,,PdssPtig in (A) is given the same color in (B). The stars depict
nanoparticle compositions that have been additionally investigated using the rotating disk electrode (RDE). (C) The influence of the individual element
concentrations on the catalytic activity of each experiment in the 8-element model obtained with a SHAP analysis. (D) Supporting experiments
investigating promising nanoparticle compositions using RDE experiments (Fig. S19-S33). The measurements were carried out in 0.1 M H,SO,4, at 1600

RPM with a scan rate of 10 mV s™%. The kinetic current has been extracted using the Koutecky—Levich equation (eqn (S8)).

learning algorithm used, the closest datapoint to the local opti-
mum is Au;3056Pd53Pty4RU 3 (Fig. S34). Au,30s6Pds3Pt 4R, 3 has a
high ratio of charge transferred to the hydrogen under potential
deposition region to the double region compared to the case of
Au,,PdssPt;g nanoparticles (Fig. S35). This indicates that in
Au,,PdssPt;g nanoparticles Au may have segregated to the surface,
which is catalytically less active for the ORR than Pt or Pd.
Therefore, while the machine-learned models predict that the
Au,;Pd;sPt;g composition has a high probability of yielding an
alternative catalyst, precise morphology engineering is required to
produce it. Last but not least, the influence of the capacity
normalization was investigated confirming Pt-Pd-Au as the most
active combination (Fig. S36 and S37).

Conclusions and outlook

We propose an inversion of the classical bottom-up approach to
studying electrocatalysts. Instead of gradually increasing the

© 2026 The Author(s). Published by the Royal Society of Chemistry

complexity of an electrocatalyst, we argue that catalytic informa-
tion is obtained more efficiently when starting from complex
HEA composition spaces. As a complex composition space con-
tains information on all constituent catalysts with fewer compo-
nents, its optimum will correspond to the global optimum across
all its sub-spaces. In addition, the data can be used to produce a
map of the optima of its different subspaces and provides
argumentation on which element combinations can be ignored
in later studies and which are worth investigating further.
Furthermore, the experimental data-driven activity models can
be compared to “theory-based” activity models both testing the
predictability of computational simulations with a new quality as
well as offering to accelerate catalyst discovery significantly.

We demonstrate this approach of a HEA discovery platform
by studying the 8-elemental Au-Ir-Os-Pd-Pt-Re-Rh-Ru com-
position space for the ORR using microwave-based nanoparti-
cle synthesis and multi-electrode electrochemical activity
experiments. The Au-Ir-Os-Pd-Pt-Re-Rh-Ru model mapped
out effectively the optima of HEA spaces with fewer elements
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ey00356c

Open Access Article. Published on 09 January 2026. Downloaded on 3/31/2026 6:15:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and provided an analysis of the contributions of the individual
elements to the catalytic activity. As most contributing elements P,
Pd and Au are identified. The highest activity is obtained for a
combination of all three elements and the comparison of the data-
driven model and the DFT model points towards highly active
ternary Au-Pd-Pt compositions. However, the limitations of the
regression models in constructing activity maps are also high-
lighted. Extensive extrapolations in data-driven models beyond
experimentally sampled compositions can lead to large uncertain-
ties. Computational simulations can therefore accelerate the
catalyst discovery substantially, but also automated synthesis
robots coupled to the demonstrated accelerated electrocatalytic
testing will allow experimental sampling of larger areas of interest.

Conflicts of interest

There are no conflicts of interest to declare.

Data availability

All data and scripts that support the findings of this study have
been made freely available at https://www.erda.dk/archives/
2e841664fe6566c42ffb258419dcd21a/published-archive.html.
Supplementary information contains experimental and
computational details, XRD, EDX, TEM, SEM and electroche-
mical characterizations, as well as supporting figures and
discussion. See DOL: https://doi.org/10.1039/d5ey00356c.

Acknowledgements

The authors acknowledge support from the Danish National
Research Foundation Center for High Entropy Alloy Catalysis (DNRF
149) as well as access to the Microscopy Imaging Center (MIC)
facilities of the University of Bern. V. M. and M. A. acknowledge
support from the Swiss National Science Foundation via grants
222252 and 10001494. We further acknowledge Anna Iarchuk for
the graphic design, and Dr Jia Du for the TEM measurements.

References

1 Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff,
J. K. Norskov and T. F. Jaramillo, Combining theory and
experiment in electrocatalysis: Insights into materials
design, Science, 2017, 355, eaad4998.

2 P. P. Lopes, D. Li, H. Lv, C. Wang, D. Tripkovic, Y. Zhu,
R. Schimmenti, H. Daimon, Y. Kang, J. Snyder, N. Becknell,
K. L. More, D. Strmcnik, N. M. Markovic, M. Mavrikakis and
V. R. Stamenkovic, Eliminating dissolution of platinum-
based electrocatalysts at the atomic scale, Nat. Mater.,
2020, 19, 1207-1214.

3 N. Markovic, Surface science studies of model fuel cell
electrocatalysts, Surf. Sci. Rep., 2002, 45, 117-229.

4 J. K. Norskov, J. Rossmeisl, A. Logadottir, L. Lindqvist,
J. R. Kitchin, T. Bligaard and H. Jonsson, Origin of the

404 | EES Catal, 2026, 4, 397-406

View Article Online

EES Catalysis

Overpotential for Oxygen Reduction at a Fuel-Cell Cathode,
J. Phys. Chem. B, 2004, 108, 17886-17892.

5 R. Chattot, O. Le Bacq, V. Beermann, S. Kiihl, J. Herranz,
S. Henning, L. Kiihn, T. Asset, L. Guétaz, G. Renou, J. Drnec,
P. Bordet, A. Pasturel, A. Eychmiller, T. J. Schmidt,
P. Strasser, L. Dubau and F. Maillard, Surface distortion
as a unifying concept and descriptor in oxygen reduction
reaction electrocatalysis, Nat. Mater., 2018, 17, 827-833.

6 D. Gohl, A. Garg, P. Paciok, K. J. J. Mayrhofer, M. Heggen,
Y. Shao-Horn, R. E. Dunin-Borkowski, Y. Roman-Leshkov
and M. Ledendecker, Engineering stable electrocatalysts by
synergistic stabilization between carbide cores and Pt
shells, Nat. Mater., 2019, 19, 287-291.

7 C. Chen, Y. Kang, Z. Huo, Z. Zhu, W. Huang, H. L. Xin, J. D.
Snyder, D. Li, J. A. Herron, M. Mavrikakis, M. Chi, K. L. More, Y.
Li, N. M. Markovic, G. A. Somorjai, P. Yang and V. R. Stamenkovic,
Highly crystalline multimetallic nanoframes with three-dimen-
sional electrocatalytic surfaces, Science, 2014, 343, 1339-1343.

8 G. W. Sievers, A. W. Jensen, J. Quinson, A. Zana, F. Bizzotto,
M. Oezaslan, A. Dworzak, J. J. K. Kirkensgaard, T. E. L.
Smitshuysen, S. Kadkhodazadeh, M. Juelsholt, K. M. @. Jensen,
K. Anklam, H. Wan, J. Schéfer, K. Cépe, M. Escudero-
Escribano, J. Rossmeisl, A. Quade, V. Briiser and M. Arenz,
Self-supported Pt-CoO networks combining high specific activ-
ity with high surface area for oxygen reduction, Nat. Mater.,
2020, 20, 208-213.

9 V. R. Stamenkovic, B. Fowler, B. S. Mun, G. Wang, P. N.
Ross, C. A. Lucas and N. M. Markovic, Improved Oxygen
Reduction Activity on Pt 3 Ni(111) via Increased Surface Site
Availability, Science, 2007, 315, 493-497.

10 J. Greeley, I. E. L. Stephens, A. S. Bondarenko, T. P.
Johansson, H. A. Hansen, T. F. Jaramillo, J. Rossmeisl,
I. Chorkendorff and J. K. Negrskov, Alloys of platinum and
early transition metals as oxygen reduction electrocatalysts,
Nat. Chem., 2009, 1, 552-556.

11 A. Kulkarni, S. Siahrostami, A. Patel and J. K. Ngrskov,
Understanding Catalytic Activity Trends in the Oxygen
Reduction Reaction, Chem. Rev., 2018, 118, 2302-2312.

12 W. Zhou, H. Su, W. Cheng, Y. Li, ]J. Jiang, M. Liu, F. Yu,
W. Wang, S. Wei and Q. Liu, Regulating the scaling relation-
ship for high catalytic kinetics and selectivity of the oxygen
reduction reaction, Nat. Commun., 2022, 13, 6414.

13 J. Kim, Y. Hong, K. Lee and J. Y. Kim, Highly Stable Pt-Based
Ternary Systems for Oxygen Reduction Reaction in Acidic
Electrolytes, Adv. Energy Mater., 2020, 10, 2002049.

14 B. Cantor, Multicomponent and High Entropy Alloys,
Entropy, 2014, 16, 4749-4768.

15 Y. Ma, Y. Ma, Q. Wang, S. Schweidler, M. Botros, T. Fu,
H. Hahn, T. Brezesinski and B. Breitung, High-entropy
energy materials: challenges and new opportunities, Energy
Environ. Sci., 2021, 14, 2883-2905.

16 Y. Yao, Z. Huang, P. Xie, S. D. Lacey, R. J. Jacob, H. Xie,
F. Chen, A. Nie, T. Pu, M. Rehwoldt, D. Yu, M. R. Zachariah,
C. Wang, R. Shahbazian-Yassar, J. Li and L. Hu, Carbother-
mal shock synthesis of high-entropy-alloy nanoparticles,
Science, 2018, 359, 1489-1494.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://www.erda.dk/archives/2e841664fe6566c42ffb258419dcd21a/published-archive.html
https://www.erda.dk/archives/2e841664fe6566c42ffb258419dcd21a/published-archive.html
https://doi.org/10.1039/d5ey00356c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ey00356c

Open Access Article. Published on 09 January 2026. Downloaded on 3/31/2026 6:15:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Catalysis

17

18

19

20

21

22

23

24

25

26

27

28

29

30

S. Gao, S. Hao, Z. Huang, Y. Yuan, S. Han, L. Lei, X. Zhang,
R. Shahbazian-Yassar and J. Lu, Synthesis of high-entropy
alloy nanoparticles on supports by the fast moving bed
pyrolysis, Nat. Commun., 2020, 11, 2016.

Y. Xin, S. Li, Y. Qian, W. Zhu, H. Yuan, P. Jiang, R. Guo and
L. Wang, High-Entropy Alloys as a Platform for Catalysis:
Progress, Challenges, and Opportunities, ACS Catal., 2020,
10, 11280-11306.

T. Priamushko, A. Kormanyos and S. Cherevko, What do we
know about the electrochemical stability of high-entropy alloys?,
Curr. Opin. Chem. Eng., 2024, DOL: 10.1016/j.coche.2024.101020.
J. W. Yeh, S. K. Chen, S. J. Lin, J. Y. Gan, T. S. Chin, T. T.
Shun, C. H. Tsau and S. Y. Chang, Nanostructured high-entropy
alloys with multiple principal elements: Novel alloy design
concepts and outcomes, Adv. Eng. Mater., 2004, 6, 299-303.

T. A. A. Batchelor, J. K. Pedersen, S. H. Winther, I. E. Castelli,
K. W. Jacobsen and J. Rossmeisl, High-Entropy Alloys as a
Discovery Platform for Electrocatalysis, joule, 2019, 3, 834-845.
A. Mistry, A. A. Franco, S. J. Cooper, S. A. Roberts and
V. Viswanathan, How Machine Learning Will Revolutionize
Electrochemical Sciences, ACS Energy Lett., 2021, 1422-1431.
Z. Yao, Y. Lum, A. Johnston, L. M. Mejia-Mendoza, X. Zhou,
Y. Wen, A. Aspuru-Guzik, E. H. Sargent and Z. W. Seh, Machine
learning for a sustainable energy future, Nat. Rev. Mater., 2022,
8, 202-215.

F. Dinic, K. Singh, T. Dong, M. Rezazadeh, Z. Wang,
A. Khosrozadeh, T. Yuan and O. Voznyy, Applied Machine
Learning for Developing Next-Generation Functional Materials,
Adv. Funct. Mater., 2021, 31, 2104195.

H. Mai, T. C. Le, D. Chen, D. A. Winkler and R. A. Caruso,
Machine Learning for Electrocatalyst and Photocatalyst
Design and Discovery, Chem. Rev., 2022, 122, 13478-13515.
R. Ding, Y. Chen, P. Chen, R. Wang, J. Wang, Y. Ding,
W. Yin, Y. Liu, J. Li and J. Liu, Machine Learning-Guided
Discovery of Underlying Decisive Factors and New Mechan-
isms for the Design of Nonprecious Metal Electrocatalysts,
ACS Catal., 2021, 11, 9798-9808.

J. K. Pedersen, C. M. Clausen, O. A. Krysiak, B. Xiao, T. A. A.
Batchelor, T. Loffler, V. A. Mints, L. Banko, M. Arenz,
A. Savan, W. Schuhmann, A. Ludwig and J. Rossmeisl,
Bayesian Optimization of High-Entropy Alloy Compositions
for Electrocatalytic Oxygen Reduction, Angew. Chem., Int.
Ed., 2021, 60, 24144-24152.

C. M. Clausen, M. L. S. Nielsen, J. K. Pedersen and J. Rossmeisl,
Ab Initio to Activity: Machine Learning-Assisted Optimization
of High-Entropy Alloy Catalytic Activity, High Entropy Alloys
Mater., 2023, 1, 120-133.

V. A. Mints, K. L. Svane, J. Rossmeisl and M. Arenz, Exploring
the High-Entropy Oxide Composition Space: Insights through
Comparing Experimental with Theoretical Models for the
Oxygen Evolution Reaction, ACS Catal., 2024, 14, 6936-6944.
V. A. Mints, J. K. Pedersen, A. Bagger, J. Quinson, A. S.
Anker, K. M. @. Jensen, J. Rossmeisl and M. Arenz, Exploring
the Composition Space of High-Entropy Alloy Nanoparticles
for the Electrocatalytic H2/CO Oxidation with Bayesian
Optimization, ACS Catal., 2022, 12, 11263-11271.

© 2026 The Author(s). Published by the Royal Society of Chemistry

31

32

33

34

35

36

37

38

39

40

41

42

43

View Article Online

Paper

Z. Rao, P.-Y. Tung, R. Xie, Y. Wei, H. Zhang, A. Ferrari,
T. P. C. Klaver, F. Kormann, P. T. Sukumar, A. da Silva,
Y. Chen, Z. Li, D. Ponge, J. Neugebauer, O. Gutfleisch,
S. Bauer and D. Raabe, Machine learning-enabled high-
entropy alloy discovery, Science, 2022, 378, 78-85.

G. Wang, S. Mine, D. Chen, Y. Jing, K. W. Ting, T. Yamaguchi,
M. Takao, Z. Maeno, I. Takigawa, K. Matsushita, K. Shimizu
and T. Toyao, Accelerated discovery of multi-elemental reverse
water-gas shift catalysts using extrapolative machine learning
approach, Nat. Commun., 2023, 14, 5861.

Y. Zhang, T. C. Peck, G. K. Reddy, D. Banerjee, H. Jia,
C. A. Roberts and C. Ling, Descriptor-Free Design of Multi-
component Catalysts, ACS Catal., 2022, 12, 10562-10571.
Y. Yao, Q. Dong, A. Brozena, J. Luo, J. Miao, M. Chi, C. Wang,
L. G. Kevrekidis, Z. J. Ren, ]J. Greeley, G. Wang, A. Anapolsky and
L. Hu, High-entropy nanoparticles: Synthesis-structure-property
relationships and data-driven discovery, Science, 2022, 376,
eabn3103.

L. Banko, O. A. Krysiak, J. K. Pedersen, B. Xiao, A. Savan,
T. Loftler, S. Baha, J. Rossmeisl, W. Schuhmann and A. Ludwig,
Unravelling Composition-Activity-Stability Trends in High
Entropy Alloy Electrocatalysts by Using a Data-Guided Combi-
natorial Synthesis Strategy and Computational Modeling, Adv.
Energy Mater., 2022, 12, 2103312.

S. Schumacher, S. Baha, A. Savan, C. Andronescu and
A. Ludwig, High-throughput discovery of hydrogen evolu-
tion electrocatalysts in the complex solid solution system
Co-Cr-Fe-Mo-Ni, J. Mater. Chem. A, 2022, 10, 9981-9987.
M. Bondesgaard, N. L. N. Broge, A. Mamakhel, M. Bremholm
and B. B. Iversen, General Solvothermal Synthesis Method
for Complete Solubility Range Bimetallic and High-Entropy
Alloy Nanocatalysts, Adv. Funct. Mater., 2019, 29, 1905933.
I. M. Sobol, On the distribution of points in a cube and the
approximate evaluation of integrals, USSR Comput. Math.
Math. Phys., 1967, 7, 86-112.

S. M. Lundberg and S.-I. Lee, in Advances in Neural Informa-
tion Processing Systems 30, ed. 1. Guyon, U. V. Luxburg,
S. Bengio, H. Wallach, R. Fergus, S. Vishwanathan and
R. Garnett, Curran Associates, Inc., 2017, pp. 4765-4774.
K. Kodama, T. Nagai, A. Kuwaki, R. Jinnouchi and
Y. Morimoto, Challenges in applying highly active Pt-based
nanostructured catalysts for oxygen reduction reactions to
fuel cell vehicles, Nat. Nanotechnol., 2021, 16, 140-147.

S. Wang, E. Zhu, Y. Huang and H. Heinz, Direct correlation
of oxygen adsorption on platinum-electrolyte interfaces
with the activity in the oxygen reduction reaction, Sci.
Adv., 2021, 7, eabb1435.

H. Lv, D. Li, D. Strmcnik, A. P. Paulikas, N. M. Markovic and
V. R. Stamenkovic, Recent advances in the design of tailored
nanomaterials for efficient oxygen reduction reaction, Nano
Energy, 2016, 29, 149-165.

J. A. Zamora Zeledon, G. A. Kamat, G. T. K. K. Gunasooriya,
J. K. Norskov, M. B. Stevens and T. F. Jaramillo, Probing the
Effects of Acid Electrolyte Anions on Electrocatalyst Activity
and Selectivity for the Oxygen Reduction Reaction, Chem-
ElectroChem, 2021, 8, 2467-2478.

EES Catal., 2026, 4, 397-406 | 405


https://doi.org/10.1016/j.coche.2024.101020
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ey00356c

Open Access Article. Published on 09 January 2026. Downloaded on 3/31/2026 6:15:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

44 T. Wang, A. Chutia, D. J. L. Brett, P. R. Shearing, G. He,
G. Chai and I. P. Parkin, Palladium alloys used as electro-
catalysts for the oxygen reduction reaction, Energy Environ.
Sci., 2021, 14, 2639-2669.

45 W. Jiao, C. Chen, W. You, G. Chen, S. Xue, ]J. Zhang,
J. Liu, Y. Feng, P. Wang, Y. Wang, H. Wen and R. Che,
Tuning strain effect and surface composition in PdAu
hollow nanospheres as highly efficient ORR electro-
catalysts and SERS substrates, Appl. Catal., B, 2020, 262,
118298.

46 P. Rodriguez and M. T. M. Koper, Electrocatalysis on gold,
Phys. Chem. Chem. Phys., 2014, 16, 13583-13594.

47 S. Lankiang, M. Chiwata, S. Baranton, H. Uchida and
C. Coutanceau, Oxygen reduction reaction at binary and

406 | EES Catal, 2026, 4, 397-406

View Article Online

EES Catalysis

ternary nanocatalysts based on Pt, Pd and Au, Electrochim.
Acta, 2015, 182, 131-142.

48 W. Tang, S. Jayaraman, T. F. Jaramillo, G. D. Stucky and
E. W. McFarland, Electrocatalytic Activity of Gold—Platinum
Clusters for Low Temperature Fuel Cell Applications,
J. Phys. Chem. C, 2009, 113, 5014-5024.

49 J. Yu, H. Jin, Q. Wang, X. Wei, H. Chen and Y. Wang,
Coalescence of Au-Pd Nanoropes and their Application as
Enhanced Electrocatalysts for the Oxygen Reduction Reac-
tion, Small, 2022, 18, 2203458.

50 H. Duy Mai, S. Kim and H. Yoo, Controllable growth of
palladium on gold multipod nanoparticles and their enhanced
electrochemical oxygen reduction reaction performances,
J. Catal., 2020, 388, 20-29.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ey00356c



