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Abstract
High-entropy alloys (HEAs) provide a near-continuous distribution of adsorption energies. This can increase overall catalytic
activity since a minority of sites having optimal properties dominate the catalysis. In this report we focus on the oxygen reduction
reaction (ORR), where we present the results of density functional theory (DFT) calculated *OH and *O adsorption energies on
a random subset of the available binding sites on the surface of HEA IrPdPtRhRu. A simple machine learning algorithm was
used to predict the remaining distribution of adsorption energies. We found very good agreement between DFT calculated and
predicted values. With a full catalog of available binding sites and corresponding adsorption energies an appropriate expression
for predicting catalytic activity was used to optimise the HEA composition by maximising the probability of finding optimal sites.
The HEA then becomes a design platform for the unbiased discovery of new alloys by focusing on these sites with exceptional
catalytic activity. Setting different optimisation constraints led to a new HEA composition and a binary alloy IrPt, demonstrating
significant enhancements over pure Pt(111).

Computational methods have provided the means to better
understand catalytic processes and direct catalytic design [1–3].
A result of this is that the adsorption energy of molecules and
intermediates on the surface of heterogeneous catalysts has been
uncovered as a good descriptor for catalytic activity. These
adsorption energies can be tuned by alloying and thereby improve the catalytic activity compared to pure elements [4–9].
In this paper we introduce a methodology for calculating adsorption energies on a class of complex alloys, namely HEAs,
which may be defined as near-equimolar alloys of five or more
elements [10–12]. Such alloys were first discovered in 2004, but
have drawn interest as catalytic materials only in the past couple of years [11, 12]. Research on HEAs in this field has been
solely focused on experimental tests of HEAs [13–15].

models can easily be extended to the multicomponent surface of
an HEA. We circumvent this issue by developing a new simple
model that predicts adsorption energies due to the composition
of the local binding site. This method vastly reduces computation time and allows for the fast estimation of adsorption
energies on the millions of available sites.

ture with adsorption energy are already established, namely the
d-band model presented by Hammer and Nørskov [18], the generalised coordination number model presented by Calle-Vallejo
and co-workers [19],the bonding contribution model proposed
by Wang and Hu [20], and the Orbitalwise coordination number
model proposed by Xin and Ma [21]. However, none of these

IrPdPtRhRu stability: The stability of an HEA is maintained by the high level of disorder existing in the distribution of
elements throughout the simple crystal structure [25], maximising entropy which in turn minimises free energy. Finding out
on a theoretical level whether or not an HEA can form a stable
solid solution requires the calculation of a few thermodynamic

In this work we focus on the application of an HEA for pushing the boundaries of catalytic activity for the ORR. If reaction
intermediates *OH and *O are too stable on the surface they
will limit the potential of the reaction and, similarly, if the
molecules are not stable enough the reaction will also be limited. In Sabatier volcano plots reaction rates reach a maximum
at an optimum adsorption energy, ∆Eopt . Pt(111) is the best
pure metal surface for the ORR, however the adsorption of *OH
Our motivation behind investigating HEAs for use as a cata- is ∼ 0.1 eV too strong [22]. Finding an HEA surface comprised
lyst comes directly from the inherent surface complexity. HEAs of enough binding sites with near-perfect adsorption energies
can provide a surface with a very large number of unique bind- may provide a simple means of surpassing the activity of pure
ing site environments which will lead to a near-continuum dis- Pt.
tribution of associated adsorption energies. Within this distriThe HEA under consideration in this work is IrPdPtRhRu.
bution, sites with optimal properties will dominate the catalytic These constituent elements are chosen because their similar
activity in the same way that steps and microstrain on surfaces atomic radii and low heat of formation make them likely to form
can provide the most vital sites on a catalyst [16, 17]. If the a stable HEA (see supplementary information (SI) section S1
composition of the HEA is tuned to obtain a large number of for full details), and because the standard electrode potentials
sites with optimal adsorption energies the activity will increase for all elements are high which reduces the likelihood of oxidafurther.
tion of the alloy. We establish the stability theoretically in the
Adsorption on an HEA surface is complex due to the vast following section and have found examples of similar HEAs havnumber of possible surface sites, making a full description dif- ing been successfully synthesised [13,15,24], and show promising
ficult. Known approximate methods for relating surface struc- catalytic properties.
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(a) *OH on-top binding (b) *O fcc hollow site binding
Figure 2: Schematic showing the way the surface configurations
are parametrized to characterize the binding sites using the nearest
surface and subsurface elements. Each colored zone represents a set
of 5 parameters, except zone 1 for hollow site binding for which the
set is 35 parameters. Orange (1): binding site. Light green (2):
surface neighbours coordinating once to the binding site. Light grey
(3): subsurface neighbours coordinating once to the binding site.
Dark green (4): surface neighbours coordinating twice to the binding
site. Dark grey (5): subsurface neighbours coordinating twice to the
binding site.

Figure 1: A graph of omega values vs delta values for each 8-atom
bulk HEA unit cell. The distribution of data shown is well within the
theoretical solid solution requirements of δ ≤ 6.6% and Ω ≥ 1.1 [23]

properties using details such as the atomic radius, differences in
bulk energies and the percentage contribution of the elemental
constituents. Researchers have already investigated HEA stability in order to find some simple parameters that form limits
on the requirements for stability. These parameters involve the
ratio of formation enthalpy to entropy, and the differences in
atomic radii [23, 26]. The Hume-Ruthery rules [27] suggest two
such parameters that balance these requirements and form the
limiting values required for stable HEA formation. The parameters are the atomic radius difference factor, δ, and the ratio
taken from the Gibbs free energy of mixing, Ω. Descriptions of
these factors are found in SI section S1.
The most reliable way to test stability would be to generate and relax a structure containing a large number of atoms
in a crystal lattice. Performing a simulation of such a large
structure was not possible, however, due to the computational
intensity of ab initio calculations with many atoms. Rather
than performing one large simulation we simulated many small
fcc unit cells, in this case consisting of 8 atoms, and including
periodic boundaries in x,y and z directions. The unit cells were
populated by allocating a random choice from the constituent
elements to each lattice position. The lattice parameter, a, used
in creating the HEA unit cells throughout this thesis was calculated by taking the average value over the pure bulk lattice
parameters (found in SI section S9) for the five constituents [28],
which is a good approximation according to Vegard’s law. We
use the average bulk value in all unit cell simulations that follow since the lattice parameter is determined on a longer length
scale than a unique local unit cell.
An issue with using such small bulk unit cells for HEAs is that
cells are replicated in all directions due to periodic boundary
conditions, introducing symmetry in the bulk which no longer
resembles a true solid solution HEA. However, these issues are
not possible to solve given the aforementioned limits on computation time and power. Therefore 500 unit cells were generated
using this method in an attempt to capture a wide range of the
possible local environments found in a bulk HEA. Values for δ
and Ω were calculated for each unit cell.
We decided it was enough to verify that the values Ω and δ

are, respectively, larger than 1.1 and smaller than 6.6% for each
structure. If any unit cell does not match this requirement then
there is a chance that instability in the lattice structure would
prevent the formation of a single solid solution.
The values obtained for Ω and δ are plotted in figure 1. All
compositions fall within the δ and Ω bounds, suggesting a great
likelihood for the formation of a single solid solution. We find
our prediction to be backed up by Hu and co-workers, [15] who
have synthesized solid solution HEA nanoparticles with a very
similar composition and find them to be stable in both standard
and reactive conditions. This is contrary to other Pt alloys, e.g.
PT3 X, (X = Ni, ...) where X is both very different in size, and
also often with a different lattice structure from Pt leading to
intermetallic phases.
Having confirmed the HEA solid solution stability we address the possibility of segregation occurring at the surface.
With this in mind 50 4-layered 3x4 slabs were relaxed, where
the positions of atoms comprising the top 2 layers were permuted (details found in SI section S2). The energy difference
between the 50 slabs remains within 0.03 eV/atom leading us
to conclude that the surface will not experience a strong driving
force towards surface segregation in vacuum. Regarding adsorbate induced surface segregation, any alloy is expected to show
meta-stability, inlcuding Pt3 X alloys, and so in reality surface
segregation will occur similar to other alloys.
With the theoretical stability of the HEA now verified we
move on to developing a methodology for calculating adsorption
energies of OH and O on the HEA surface. A model for predicting adsorption on the HEA is the first step in this methodology.
Using the HEA adsorption energy predictions further optimizations are made on the composition of the alloy, such that the
alloy serves as a platform from which other new alloys may
be discovered. The HEA then represents both a potential new
alloy for the ORR and a discovery platform for new catalysts.
Results and Discussion: *OH and *O adsorbates were
placed on on-top and fcc hollow binding sites respectively and
the adsorption energies calculated with DFT. Since we cannot
calculate the full set of adsorption energies we construct a model
2

(a) Histogram of 871 DFT calculated *OH adsorption energies. (b) Histogram of 998 DFT calculated *O adsorption energies.

Figure 3: Histograms showing the DFT calculated adsorption energies of (a) *OH and (b) O* on 871 and 998 2x2 periodic unit cells,
respectively. Each colour represents an individual on-top or fcc hollow binding site where there exists 5 distinct sites for *OH adsorbed on
1 atom, and 35 for O* adsorbed on a 3-atom ensemble. The binding sites represented by each colour are shown as zone 1 in figure 2.

to link the local atomic environment around the atom(s) with racy of these predictions is apparently high, with an RMSD
which the adsorbate binds to the adsorption energy using the of 0.063 and 0.076 eV for *OH and *O respectively. While
these are accurate predictions when compared with DFT, the
following linear relationship in the case of an on-top site.
DFT calculated adsorption energies should have a similar error relative to true adsorption energies so we have seemingly
metals
metals
metals
X
X
X
i
i
i
i
reached the maximum accuracy possible. In order to calculate
∆Epred
=
C1,k N1,k
+
C2,k N2,k
+
C3,k N3,k
the uncertainty of an adsorption energy we do calculations with
k
k
k
(1) the Bayesian Error Estimation Functional (BEEF), specifically
i
, BEEF-vdW which includes a van der Waals correction. Here
Here C1,k , C2,k and C3,k are the model parameters and N1,k
i
i
N2,k and N3,k are the numbers of each element, k, found in each 2000 calculations are performed per structure using different
zone numbered 1 through 3 according to the surface configura- functionals. With such an ensemble of energies it is trivial to
tions in figure 2a. In the case of the hollow site, the first term calculate an average and associated error estimate. We find (as
is modified to run over all the 35 possibilities where 3 metal seen in SI section S3) that the *OH adsorption energies on 20
atoms are binding. Furthermore, two additional zones 4 and 5 HEA slabs, using *OH adsorption on pure Pt(111) as a referare introduced as shown in figure 2b. In this form the model ence, are accurate when using RPBE compared to the BEEF
is able to predict all possible surface sites based on counting ensemble average. The error calculated for each adsorption enthe nearest neighbours. We discuss the effect of permuting the ergy difference, in this case taken as the standard deviation of
location of elements with the zones in SI S5, finding that these the ensemble, is shown to up to around 0.1 eV.
That such a simple model is able to accurately predict adpermutations only lead to adsorption energy perturbations of
up to 0.1 eV. The generalized coordination number [19, 29] and sorption energies on the complex HEA surface can be easily exorbitalwise coordination number [21] methodologies are able to plained. We posit that the accuracy of the model stems from the
predict binding energies by counting nearest neighbours in a idea that the interaction of the nearest-neighbour (NN) atoms
similar way and while they are powerful they remain restricted with the binding site atoms in zone 1 in figure 2 tends towards a
to different facets of pure metal, or well organised alloy sur- mean-field effect; when viewed as a perturbation to the adsorpfaces. These cannot be applied to HEAs due to inherent struc- tion energy that the perturbation strength becomes mean-field
tural disorder, and since we only consider one facet (fcc111) the because the atoms coordinated with each NN tends to the average composition of the HEA. Therefore the interaction strength
generalized coordination number is the same for all sites.
To simulate the randomness of an HEA, DFT calculations is also an average and the specific atom locations are of less imwere performed on the binding of *OH and *O to 871 and 998 portance, though non-negligible as discussed in SI S4.
The model is then applied to the full span of available adsorpdifferent 2x2 unit cells (see figure S1) respectively, and the resulting adsorption energies are depicted in figures 3a and 3b. tion energies with the predicted distributions being displayed
Using this data we train our model using the ordinary least on a histogram, shown in figure 5a for *OH and figure 5b for
squares algorithm [30] with the intention of predicting the full *O. It is clear that the fully spanned adsorption energies accuspan of available adsorption energies on the HEA surface. We rately represent the DFT calculated distributions of adsorption
test the model on a set of 3x4 unit cells possessing no symme- energies found in figures 3a and 3b. With the full distribution
try in the modeled surface sites. A comparison between DFT spanned out we optimise the surface so that the likelihood of
calculated adsorption energies and model predictions are shown finding specific binding sites with the desired adsorption energy
in figures 4a and 4b for *OH and *O respectively. The accu- is maximised. With this in mind a measure of catalytic activity
3

(a) DFT vs predicted *OH adsorption energies.

(b) DFT vs predicted *O adsorption energies.

Figure 4: Predicted adsorption energies plotted against DFT calculated energies for (a) *OH and (b) *O using linear regression. The
linear model is trained on (a) 871 and (b) 998 symmetric 2x2 unit cells (blue dots) and tested on (a) 76 and (b) 36 asymmetric 3x4 unit
cells (red crosses). The linear model uses (a) 15 and (b) 55 parameters. The dashed lines span the region ±0.1 eV where most of the data
is seen to be contained.

(a) Histogram of full span of predicted energies for *OH.

(b) Histogram of full span of predicted energies for *O.

Figure 5: Histograms showing the full span of predicted adsorption energies for (a) *OH and (b) O* obtained using equation 1. Each
colour represents an individual on-top or fcc hollow binding site for *OH and O*, respectively, as in figure 3.

is employed, using the following expressions to determine the
activity, A, based on the Sabatier volcano.

A=

Z
X

metals
Y

i=1

k

!
fknik



|∆Ei − ∆Eopt |
exp −
kb T

fk , that maximise the activity in equation 2 at T = 300 K.
While the focus is placed on *OH adsorption for the composition optimisation since it governs the rate of the limiting steps
in the ORR [32, 33], this methodology could be applied for the
(2) optimisation of more than one adsorption energy.

In order to find a valid comparison for the catalytic activity
we
apply equation 2 to *OH adsorption on a DFT optimised
Here Z is the total number of surface configurations, ∆Ei
pure
Pt(111) surface, yielding an adsorption energy of 1.0 eV.
is the modeled adsorption energy for the ith surface configuraSince
the optimal adsorption energy of *OH is ∼ 0.1 eV higher
tion, ∆Eopt is the optimum adsorption energy according to the
than
on
Pt(111), we set the value of ∆Eopt to 1.1 eV [33], reSabatier principal, kb is Boltzmann’s constant, T is the absolute
sulting
in
an activity of AP t = 0.021.
temperature, fk is the atomic fraction of element k, and nik is
the number of element k in the surface configuration i. We use a
We also don’t expect co-adsorbate interactions to be probnon-linear optimization method, Sequential Least Squares Pro- lematic on the surface in this case since the formation of icegramming (SLSQP) [31] and apply many random initial con- like hexagonal water molecule rings (as is seen on binary alditions for the algorithm, in order to find the atomic fractions loys [34] and pure Pt(111) [35]) prevent *OH from binding to
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neighbouring sites. Changes to adsorption energies on the alloy
surface due to water interactions are assumed to be the same as
on Pt(111). Since we only consider the activity enhancement
relative to Pt(111) the water interaction has no effect on the
activity enhancement.
Comparing the activity of pure platinum with that of
Ir20 Pd20 Pt20 Rh20 Ru20 (A = 0.046, figure 6a), we find that
the activity is doubled and the overpotential is reduced by
e∆U = ekb T ln (A/AP t) = 0.02 V. Optimisation of the HEA
composition leads to the adsorption energy distribution found
in figure 6b with the atomic fractions: (fIr ,fP d ,fP t ,fRh ,fRu ) =
(0.102, 0.320, 0.093, 0.196, 0.289) and an activity of A = 0.10
corresponding to a reduction in overpotential of 0.04 V. This
composition will form a stable HEA, according to the stability rules described in SI chapter S1. If, however, the constraints are relaxed to allow conventional alloys, we find the
following atomic fractions to globally maximise the activity:
(fIr ,fP d ,fP t ,fRh ,fRu ) = (0.175, 0.000, 0.825, 0.000, 0.000) with
an activity of A = 0.60, that is more than 28 times higher than
for Pt (figure 6d), corresponding to a reduction in overpotential
of 0.09 V. According to Sautet and co-workers, alloy catalysts
can demonstrate strong surface segregation or reverse segregation in reactive conditions [36], but this problem of metastability is unavoidable for all such alloys. A Pt-Ir binary alloy
has been found experimentally to form a stable alloy [37–39]
and while the surface anti-segregation energy [40] is moderate
we expect mobility to be slow enough to retain alloy composition at the surface. The existence of this binary alloy is also
confirmed by observing the phase diagram of Ir-Pt [41]. There
exists a large miscibility gap where the metals would separate
into two phases up to 1000 K, but above this temperature they
are stabilised as a single random fcc solid solution. With slow
mobility after annealing one could expect the random alloy to
be metastable.
One can view the change to adsorption energy distributions
by comparing the histograms in figure 6. The histograms depict very clearly that the composition of the five metals can
be tuned to promote local structures with adsorption energies
close to 1.1 eV. While Ir17.5 Pt82.5 represents the global maximum with no constraints placed on the optimisation, a noteworthy local maximum is the binary alloy Pd81.7 Ru18.3 with an
activity 24 times that of Pt or a 0.08 V reduction in overpotential (figure 6c). We find, however, that this alloy is unable to
form a stable binary alloy [40, 42].
The optimisations using our model clearly show that complex
alloys with a significant proportion of binding sites with adsorption energies close to 1.1 eV demonstrate a greater activity than
pure platinum. However, the detailed behaviour depends on the
volcano curve which is unlikely to be ideal in reality [33, 43].
An important approximation that has been applied so far is
that the lattice parameter has not been optimised, instead being fixed at the average value of the constituent elements (see
table S4 for details). However, the optimal compositions found
are expected to be influenced by the lattice strain. Calculations of the adjustments to the optimised activities according
to a strain correction on the *OH adsorption energy [7]can be
found in SI chapter S9.The difference in lattice constant between equal composition HEA and the optimised HEA is small
enough that the change in adsorption energy is negligible, according to the strain correction. Re-optimising the composition
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Figure 6: Re-engineered compositions of HEA IrPdPtRhRu
showing increasing activity (using equation 2) as the composition is optimized to give the greatest likelihood for the optimum *OH adsorption energy of 1.1 eV. (a) Ir20 Pd20 Pt20 Rh20 Ru20 ,
(b) Ir10.2 Pd32.0 Pt9.30 Rh19.6 Ru28.9 , (c) Pd81.7 Ru18.3 , (d) Ir17.5 Pt82.5
(global maximum activity). The black volcano plots refer to the axis
on the right, and are plotted using equation 2 for hypothetical surfaces with a single adsorption energy given on the bottom axis.

of Ir17.5 Pt82.5 with strain-adjusted adsorption energies results
in a new optimum composition Ir59.1 Pt40.9 with an activity of
A = 0.32 corresponding to a reduction in overpotential of 0.07
V.
Conclusions: We have shown that HEAs are potentially interesting as electrocatalysts for ORR. The surface of an HEA
provides a near-continuum of adsorption energies due to many
surface configurations and the full set of adsorption energies
can be spanned out as predicted by a simple model. It is possible to engineer the surface structure to optimise the catalytic
activity of specific reactions. This is done by tuning the bulk
composition such that binding sites with adsorption energies
close to the peak of the volcano curve have an increased availability. The optimisation of the HEA composition outlined in
the present work is applicable to any surface reaction where
an adsorption energy of an intermediate is the key descriptor,
and the model provides an accurate and time-efficient mapping
between adsorption energy and surface structure that is crucial
for the success of the optimisation.
Methods: All DFT calculations are performed using GPAW
[44, 45], an implementation of the projector augmented-wave
(PAW) method in the atomic simulation environment (ASE)
[46]. The exchange-correlation functional used is RPBE [47],
and the wave functions have been expanded in plane-waves
with an energy cutoff of 400 eV. The eigensolver RMM-DIIS
(Residual minimization method - direct inversion in iterative
subspace) was employed throughout. Stability on bulks were
calculated on randomly generated 8 atom unit cells (figure S2)
with k-points (x,y,z) = (8,8,4), and adsorption energies used
for training were calculated on 2x2, 4-layered slabs (figure S1
(a) and (b)) with k-points (x,y,z) = (4,4,1) while adsorption
energies used for testing were calculated on 3x4, 4-layered (48
atoms) slabs (figure S1 (c) and (d)) with k-points (x,y,z) =
5

(3,3,1). 14 Åof vacuum was added between the periodic unit [13] Yusenko, K. V. et al. First hexagonal close packed high-entropy alloy with outstanding stability under extreme conditions and electrocells in the z-direction. For all calculations on slabs the two
catalytic activity for methanol oxidation. Scripta Mater. 138, 22
bottom layers were fixed and only the two upper layers were al– 27 (2017). URL http://www.sciencedirect.com/science/article/pii/
low to relax during geometry optimisation. Adsorption energies
S135964621730266X.
[14] Y. Lv, Z. et al. Development of a novel high-entropy alloy with emwere calculated using the following expressions
∆EOH = Eslab+OH

1
+ EH2 − (Eslab + EH2 O )
2

(3) [15]

and

[16]

∆EO = Eslab+O + EH2 − (Eslab + EH2 O )

[17]

(4)

where Eslab+X is the DFT electronic energy of the slab with X
= O or OH adsorbed, EH2 is the elecronic of H2 , Eslab is the
electronic energy of the slab and EH2 O is the electronic energy
of H2 O. For this work we do not include calculations of zeropoint energy corrections since the composition optimisations
are calculated with relative energies and we would find the same
optimum compositions. Molecular energies EH2 and EH2 O
were calculated using the same settings as the slabs, but with
18x18x18 Åunit cells, k-points (x,y,z) = (1,1,1), and without
periodic boundary conditions. Adsorption energies and relaxed
structure geometries for every DFT calculation were stored in
a database which can be found at http://nano.ku.dk/english/
research/theoretical-electrocatalysis/katladb/orr-on-hea/.

[18]

[19]

[20]

[21]

[22]
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