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High-entropy oxides are oxides consisting of five or more metals incorporated in a single lattice, and the large composition
space suggests that properties of interest can be readily optimised. For applications within catalysis, the different local atomic
environments result in a distribution of binding energies for the catalytic intermediates. Using the oxygen evolution reaction on
the rutile (110) surface as example, here we outline a strategy for the theoretical optimization of the composition. Density func-
tional theory calculations performed for a limited number of sites are used to fit a model that predicts the reaction energies for
all possible local atomic environments. Two reaction pathways are considered; the conventional pathway on the coordinatively
unsaturated sites and an alternative pathway involving transfer of protons to a bridging oxygen. An explicit model of the surface
is constructed to describe the interdependency of the two pathways and identify the composition that maximizes catalytic activity.

1 Introduction

The transition to a society based on renewable energy re-
quires new ways to store electricity from intermittent energy
sources, e.g. in the form of chemical fuels. H2 is a convenient
fuel in this respect, as it can be produced by the electrolysis
of water. [1] The efficiency of this process is however limited
by the poor kinetics of the oxygen evolution reaction (OER)
at the anode. The origin of this problem is that the adsorp-
tion energies of the catalytic intermediates in this four-step
reaction are related by the scaling relations, prohibiting the
independent tuning necessary to make the reaction run at
the thermodynamic potential. [2,3] For applications in proton
exchange membrane fuel cells, IrO2 and RuO2 are currently
some of the best candidates for the anode catalyst mate-
rial, exhibiting reasonably high activity and stability. [4–7]

However, due to the cost and scarcity of Ir and Ru, efforts
to increase the activity relative to the amount of precious
metal employed are continuing alongside efforts to replace
these materials with cheaper and more abundant alterna-
tives. [8–11]

High-entropy oxides (HEOs) are oxides consisting of five
or more metals in addition to oxygen. [12] Since the first char-
acterisation of a HEO in 2015, [13] these materials have been
investigated for their distinct thermal, magnetic and electro-
chemical properties, [14–17] and furthermore inspired the de-
velopment of other multi-component ceramic materials. [18]

Thermodynamically, HEOs are analogous to high-entropy
alloys (HEAs) in that the configurational entropy, arising
from the many possible arrangements of the different ele-
ments, plays an important role in the thermodynamic sta-
bility of the materials. [19] The large combinatorial space of
a multinary phase diagram also suggests that properties of
interest can be precisely tuned. Within catalysis, this has
been demonstrated for HEAs, where the large number of

different atomic environments results in a distribution of
binding energies of the catalytic intermediates, with some
sites thereby reaching the maximum activity according to
the Sabatier principle. [20] The catalytic properties of HEOs
are less studied, [21] and the transferability of this principle
is therefore yet to be explored.

Here we outline a strategy for the theoretical investiga-
tion of HEOs as catalysts for the oxygen evolution reaction.
Inspired by the high catalytic activity of IrO2 and RuO2,
the (110) surface of a rutile oxide based on Ir, Ru, Ti, Os
and Rh is chosen as example. The procedure follows four
steps: Firstly, a set of elements is chosen, and the stabil-
ity of mixtures of these elements is considered in Section
2.1. Secondly, a limited number of adsorption energies are
calculated by density functional theory (DFT) for relevant
catalytic intermediates as described in Section 2.2. In the
third step, a linear model is then fitted in order to predict
the adsorption energies for all possible local atomic environ-
ments and based on these adsorption energies, the catalytic
activity of individual sites is predicted (Section 2.3). In a
final step, the composition is optimised such that the cat-
alytic activity is maximised (Section 2.4). This procedure
is similar to the one previously described for HEAs for the
oxygen reduction reaction (ORR), [20,22] however extensions
have been made to suit the new problem. Most importantly,
two different reaction mechanisms are considered, and our
results show that the preferred pathway depends on the local
atomic environment. The co-existence of two reaction path-
ways furthermore results in an interdependency of neigh-
bouring active sites, implying that the composition can not
be optimised directly. In stead, an explicit surface model
is constructed and the catalytic activity is evaluated at reg-
ular intervals throughout the four-dimensional composition
space in order to identify the optimum composition. Our
calculations identify mixtures consisting primarily of IrO2
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and RuO2 as having higher catalytic activity than any of
the pure oxides, and highlight the importance of a detailed
mechanistic understanding of the reaction in obtaining this
result.

2 Results and discussion

2.1 Composition and stability

For the present study we consider an oxide in the rutile
structure based on Ru, Ti, Ir, Os and Rh. These elements
are chosen for several reasons. Firstly, IrO2 and RuO2 are
both known to have a high catalytic activity for OER. [4,5]

Furthermore, the mixing of different oxides might be ben-
ficial for their stability under acidic OER conditions. A
prominent example of this is the dimensionally stable an-
odes, composed of a mixture of TiO2, RuO2 and other plat-
inum group metal oxides, which are used for industrial chlo-
rine production due to their high corrosion resistance, but
mixing of RuO2 and IrO2 have also been shown to increase
the stability of RuO2 for OER. [7,23–25] In addition, with the
exception of TiO2, the chosen oxides are conductive, result-
ing in a conductive HEO. Thus, charge is readily provided
for the reaction and computational challenges in describing
the adsorption energies on doped semiconducting oxides are
avoided. [26] Finally, the oxides have similar lattice constants
in the rutile structure (c.f Section S1 of the electronic sup-
plementary information (ESI)), minimising the possibility
that strain will prevent the formation of the mixed oxide.
Since Ru0.2Ti0.2Ir0.2Os0.2Rh0.2O2 has not yet been synthe-
sised, to give a further indication of the ability of these five
metals to mix, the enthalpy of inserting one atom of each
element in the oxides of all the other elements is calculated
by DFT (see section S1 of the ESI for computational de-
tails). The results (c.f. Section S2 of the ESI) show that it
is generally favourable to mix Ru, Ir, Os and Rh with each
other. For Ti the calculated enthalpy of mixing is positive,
but since the entropy contribution to the free energy will be
negative, mixing might still be possible.

2.2 DFT calculations

The conventional pathway for the OER consists of four
proton-coupled electron transfers:

∗ + H2O(l) −−→ ∗OH + H+ + e− ∆G1

∗OH −−→ ∗O + H+ + e− ∆G2

∗O + H2O(l) −−→ ∗OOH + H+ + e− ∆G3

∗OOH −−→ O2(g) + H+ + e− + ∗ ∆G4

(1)

where, * denotes the active site on the surface. On the
rutile (110) surface this is the coordinatively unsaturated
(cus) site as shown in Figure 1, which also illustrates the
reaction intermediates. Assuming this pathway, the OER
is limited by the scaling relation between the binding en-
ergy of the *OH and *OOH intermediates (Gads(OOH) '

Gads(OH) + 3.2 eV), which has been found for a number of
oxide surfaces including rutile oxides. [2] This relation implies
that a minimum potential of 1.60 V is required to run the
reaction even though the thermodynamic potential is only
1.23 V. An alternative catalytic pathway involving trans-
fer of the proton from *OH and *OOH to a neighbouring
bridging oxygen to form *O + Hb and *O2+Hb is also il-
lustrated in Figure 1. This pathway gives a favourable
comparison between experimental and theoretical results
for (doped) RuO2, and theoretical calculations on RuO2

and IrO2 suggest that it results in a better scaling relation
(Gads(O2 +Hb) ' Gads(O +Hb) + 2.7 eV). [27–29]

A large number of possible local environments exist for a
cus site on a high-entropy oxide. Considering only the near-
est neighbour (NN) metal sites, there are four bridge atoms,
two cus atoms and two sub-surface atoms (see Figure 2a).
This results in a total of 59 = 1.95 · 106 different adsorption
sites, however some of these will be equivalent by symmetry.
Likewise, the bridge site (Figure 2b) consists of two metal
atoms having six cus NN, two bridge NN and three sub-
surface NN, resulting in an even larger number of possible
sites. This number of structures is clearly too large to be
calculated by DFT. However, some information may still be
extracted from a limited number of DFT calculations, and
in the following section the calculated energies will be used
to fit a model that predicts the adsorption energies of all
possible adsorption sites. Therefore, oxide slabs with the
average composition of Ru0.2Ti0.2Ir0.2Os0.2Rh0.2O2 are ran-
domly generated and a total of 450 adsorption energies of
*O, *OH and *O + Hb are calculated.

The distribution of *OH adsorption energies on the cus
site is shown in Figure 3a (c.f. section S3 of the ESI for
a similar plot for *O). For each element, the different local
environments around the adsorption site leads to a spread in
the adsorption energies of approximately 0.5 eV. This effect
is also observed for high entropy alloys, and is of a similar
magnitude. [20]

The reason for the improved performance following the
bridge pathway is that the scaling relation between *O +
Hb and *O2 + Hb differs from that of *OH and *OOH. In
ref 29 the scaling was found to be E(∗O2 +Hb) ' E(∗O +
Hb) + 2.7 eV for RuO2. To investigate if this relationship
holds on our HEO, the energies of *O + Hb and *O2 +
Hb are calculated for 75 different adsorption sites. Fitting
to straight lines with a slope of 1 shows that the points
follow different scalings, depending on the identity of the
cus adsorption site of *O/*O2, with an energy difference
of 2.6 eV for Ir, 3.0 eV for Ru, 1.9 eV for Rh, 3.3 eV for Ti
and 3.6 eV for Os. The different values correlate with the
different binding strengths of *O, since the binding of *O2 is
expected to be close to 0 eV (c.f. section S4 of the ESI). For
comparison, the energies of *OOH vs *OH can be fitted to
a single line with an energy difference of 3.2 eV, consistent
with previous results for oxide surfaces. [2] It should be noted
that O2(g) in the ground (triplet) state is poorly described
by DFT. Some of this error may still be present in adsorbed
O2, giving some uncertainty to the exact value for the scaling
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Figure 1: Reaction pathways for the OER: conventional pathway (black arrows) and pathway involving the bridge site
(blue arrows). A combination of the two pathways is also possible. The cus adsorption site is marked by a *, and the
surface is shown without pre-adsorbed *O for clarity.
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Figure 2: a) Cus adsorption site (*) on the rutile (110) sur-
face. The three different types of nearest neighbour metal
sites are marked; cus, bridge (b) and subsurface (sub). b)
Bridge adsorption site (b*) with different types of NN atoms
marked.

relations. The values obtained from the fit have been used in
the following but a further discussion is provided in section
S4 of the ESI.

From the calculated adsorption energies for *O and
*OH/(*O+Hb) and the scaling relations derived above, the
free energy of the four reaction steps can be calculated. It
is assumed that the reaction follows the minimum energy
path, i.e. the bridge site is used when the energy of *O +
Hb is lower than the energy of *OH on the neighbouring cus
site and similarly *O2 + Hb is favoured when it is lower in
energy than *OOH. From the free energies, the overpotential
(η) can be calculated:

η = max{∆G1,∆G2,∆G3,∆G4}/e− 1.23 V

The overpotential as a function of ∆G2 is plotted for each
site in the volcano plot in Figure 3b. The points fall on
several different lines on the left side of the volcano, due to
the multiple scaling relations for cus and bridge sites. The
shape of each marker shows the favoured pathway for that
site; circles indicate that the conventional pathway is fol-
lowed, triangles indicate that the bridge pathway is followed
and sites that mixes the two pathways are represented by
squares when *O+Hb and *OOH are the favoured intermedi-
ates and diamonds when *OH and O2+Hb are the favoured
intermediates. The plot demonstrates that *O+Hb is more
stable than *OH on many Ru and Os sites. This is rarely
the case on Rh and Ir, however the *O2+Hb intermediate
is favoured over *OOH on many of these sites. Ti mostly
follows the conventional pathway.

Using the bridge site for one or both intermediates does
not necessarily result in an improved overpotential, even if
the value of ∆G2 is improved, because points are no longer
confined to follow the conventional volcano. For the strong
binding Os, the scaling relation becomes less favourable
wheen the bridge site is used, while for the weak binding
Rh, the formation of *O2 + Hb in stead of *OOH does not
change the energy of the rate-limiting step, which remains
the conversion of *OH to *O. For Ir, the formation of *O2 +
Hb can lead to a change in the rate limiting step such that it
becomes the final step (*O2 + Hb →*), but due to the better
scaling, which is close to the optimum value of 2.46 eV, this
can still result in an improved overpotential. Ru can also
improve the overpotential by following the bridge pathway,
while Ti rarely uses the bridge pathway which also has a scal-
ing relation very similar to that of the conventional pathway.
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a) b) c)

Figure 3: Histogram of the *OH adsorption energies a) for 450 cus sites calculated by DFT. b) Calculated overpotential
for these sites, assuming individual scaling relations for the bridge pathway, with colours indicating the element on the (*)
cus site. Circles and triangles indicate sites that follow the conventional and bridge pathway, respectively, while squares
represent sites where the *O+Hb and *OOH intermediates are preferred and diamonds represent sites where the *OH and
*O2+Hb intermediates are preferred. Large markers with red edges are the calculated values for the pure oxides at high
coverage. c) Histogram of the overpotentials calculted in b).

Overall, the histogram of overpotentials for the calculated
bridge sites in Figure 3c shows that Ir sites have the lowest
overpotentials followed by Ru and Ti. Furthermore, the im-
proved scaling relations allow overpotentials lower than the
0.37 eV defined by the scaling relation for the conventional
pathway. For the sites calculated here, 25% of the Ir sites
and 3% of the Ru sites have overpotentials lower than this
value.

2.3 Representing all surface sites by a lin-
ear model

The DFT calculated energies are not necessarily represen-
tative of all the possible local environments around the ad-
sorption sites of a HEO, and it may be difficult to deter-
mine how the different elements influence the activity of a
given site. Therefore, the calculated energies are used to
make a linear fit. Considering the cus site first, it is as-
sumed that the adsorption energy on site i (Ei

ads), depends
on the number of atoms of each element (k) that are present
in each of the three types of NN sites shown in Figure 2a
(N i

cus,k, N
i
b,k, N

i
sub,k), but not on their relative locations:

Ei
ads = C0 +

metals∑
k

Ccus,kN
i
cus,k+

metals∑
k

Cb,kN
i
b,k +

metals∑
k

Csub,kN
i
sub,k (2)

Five independent fits are made according to the identity
of atom i. The coefficients of the fit (Cx) are found by
ridge regression and the resulting model is used to calculate
the adsorption energies for all possible sites. The histogram
of adsorption energies for *OH is shown in Figure 4a and
compares well with the DFT calculated histogram in Figure
3a. Further details of the fit and a corresponding plot of the

*O adsorption energies are given in the Section S5 and S3
of the ESI.

To make a fit for *O + Hb, an additional 150 adsorption
energies are calculated. This is because an individual fit is
made for each of the 15 different combinations of two metal
atoms in the bridge adsorption site, thus more data is re-
quired than for the cus adsorption energies. Slabs with *O
are used as reference such that the calculated energy is the
adsorption energy of Hb on a bridging oxygen with a hy-
drogen bond to *O, corresponding to −∆G2. In this way
the fingerprint of the adsorption site is that of the bridge
site only, as shown in Figure 2a. The expression for Ei

ads is
of a similar form to Eqn 2, but with additional coefficients
to reflect that the bridge site has five different types of NN
sites. The linear fits result in 15 distributions of adsorption
energies (plotted as ∆G2 in Figure 4b) that together span
an energy range of 1.5 eV. Figure 4c shows a corresponding
plot of ∆G2 using the predicted energies of *OH. A lowering
of the *OH energy corresponds to moving along the x-axis,
thus it can be seen that for an Os cus site there are many
bridge adsorption sites that result in a lower energy, consis-
tent with the plot in Figure 3b showing that most Os sites
will follow the bridge pathway. Conversely, for most Rh cus
sites it is impossible to find a bridge site with a lower ad-
sorption energy. The volcano representing the conventional
pathway is also plotted in Figure 4c, showing that, if the
bridge pathway is not active, Ti sites have the lowest possi-
ble overpotential within the scaling relation, while Rh and Ir
sites have overpotentials slightly higher than the optimum
value.

2.4 Composition optimisation

The final goal of our study is to optimise the composition
of the HEO to increase the likelihood of finding one of the
highly active sites. However, it is not possible to create a
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Figure 4: Distribution of energies for a) adsorption of *OH
on all possible cus sites, b) ∆G2 on all possible bridge sites
and c) ∆G2 on all possible cus sites as calculated with the
fitted model. Gaussian fits to each distribution are drawn
in a,b, as guide to the eye. Black lines in c) indicate the
volcano defined by the conventional scaling relation.

histogram of overpotentials that include both the conven-
tional and the bridge pathway. This is because each bridge
site has two neighbouring cus sites, but it can only accept
a proton from one of them, and each cus site can use at
most one of the two neighbouring bridge sites, resulting in
a coupling between all sites on the surface. To identify the
optimum composition a brute-force search is therefore per-
formed. For all possible compositions in 10% intervals, a
100x100 surface is randomly generated and the total cur-
rent arising from that surface (jtot) is calculated as a sum
of the currents from the N(=10000) individual sites (ji) (c.f.
section S6 of the ESI for details):

jtot =

N∑
i

ji (3)

The current arising from an individual site, i, is calculated
as:

1

ji
=

1

jd
+

1

jk
(4)

where jd is the diffusion current and jk is the kinetic current
at the given potential (U) arising from the electrochemical
reaction:

jk = exp

(
−|∆Gmax −∆Gopt|+ ∆Gopt − eU

kbT

)
(5)

where kb is the Boltzmann constant and T is the temper-
ature, here taken to be 298 K, ∆Gmax is the largest of the
reaction free energies ∆G1−∆G4, and ∆Gopt is the optimal
value, which is 1.3 eV within the scaling relations of the Ir
bridge site.

The value of jd in Eqn 4 deserves some consideration. In
the case of ORR, the reactant is O2 which is only present
at a low concentration and diffusion is thus a limitation ex-
cept at low overpotentials, giving rise to the typical sig-
moid shape of the polarisation curves. In the case of OER
the reactant is water, which is always present at the active
site and the polarisation curves have the shape of an expo-
nential, indicating that they are dominated by the kinetic
current. Based on this observation, one could consider set-
ting jd = ∞. This would be possible for a homogeneous
surface since all sites become active at the same time, but
for a heterogeneous surface it would imply that the current
produced by the surface is dominated by the site with the
lowest overpotential, even if this is the only active site on a
macroscopic surface. Thus, jd describes the balance between
having a few sites that are very active (high jd) or having a
larger number of sites that are less active (low jd) and it is
necessary to choose a finite value for our HEO. Tafel plots
for RuO2 and IrO2, [30,31] show that the current increases
exponentially over at least two orders of magnitude, and a
value of jd = 100 is therefore chosen. It should be noted
that, plotting jtot/jmax against potential, where jmax is the
maximum possible current assuming all sites on the surface
are fully active, produces curves with identical shapes for
any choice of jd, which are shifted along the potential axis
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by 58 mV when jd is increased by a factor of 10 (See section
S6 of the ESI). Thus, varying the value of jd is equivalent to
evaluating the optimum composition at different potentials.

Considering only the low overpotential region, our surface
model shows that the most active compositions are combi-
nations of Ir, Ru and in some cases a small amount of Rh.
This region of composiotion space is therefore investigated
further with a 5% resolution, and the resulting most active
compositions at different potentials are listed in Table 1.
Figure 5 shows the current as a function of potential for
combinations of these three elements. The current relative
to the maximum current when all sites are fully active is
also given in Table 1, giving an indication of the fraction
of surface sites that are active at a given potential. In all
cases, most of the highly active sites are Ir-sites but a larger
fraction of Ru results in a lower overpotential for these sites,
while a higher fraction of Ir leads to a larger number of ac-
tive sites with slightly higher overpotentials. The results are
consistent with experimental observations that a combina-
tion of Ru and Ir can result in a higher catalytic perfor-
mance than any of the two pure oxides. [25,32] We note that
this result would not have been obtained if only the conven-
tional pathway had been considered. As can be seen from
the histogram of ∆G2 values and the relative position of the
conventional volcano in Figure 4c, Ti sites have the highest
activity for this pathway, and the optimised compositions
thus primarily consists of Ti, Rh and Os (c.f. section S6 of
the ESI).

Table 1: Optimum composition at different potentials, cur-
rent relative to the equimolar composition (jtot/jeq) and cur-
rent as a fraction of the maximum possible current within
the model (jtot/jmax).
U/V Opt. Comp. jtot/jeq jtot/jmax

1.45 Ru0.45Ir0.55O2 12.9 0.0009
1.55 Ru0.40Ir0.55Rh0.05O2 9.0 0.02
1.65 Ru0.35Ir0.60Rh0.05O2 6.2 0.17
1.75 Ru0.30Ir0.70O2 5.1 0.45

3 Conclusion

The catalytic properties of a high entropy oxide for the oxy-
gen evolution reaction have been investigated. The different
local environments around the catalytically active sites re-
sult in a distribution of adsorption energies for the catalytic
intermediates and therefore also in a range of overpotentials,
with some sites having lower overpotentials than any of the
pure oxides. The composition with the highest catalytic ac-
tivity depends on the assumed reaction path; considering
only the conventional pathway the optimised composition is
heavy in Ti, while the inclusion of the bridge pathway re-
veals a mixture of Ru, Ir and possibly a small amount of Rh
as the optimum. Our work describes a route to identify the
optimum composition of a catalyst within a complex com-
position space and furthermore highlights the importance of

a detailed understanding of the catalytic processes in order
to perform such optimisations.

Acknowledgements

This work is supported by the Danish National Re-
search Foundation Center for High-Entropy Alloy Catalysis
(CHEAC) DNRF-149.

Supplementary information

Additional computational details are given in the ESI.
DFT optimised structures and scripts used to generate the
figures are available from https://nano.ku.dk/english/

research/theoretical-electrocatalysis/katladb/

high-entropy-oxides-oer/.

References

References

[1] G. Crabtree and M. Dresselhaus, MRS Bulletin, 2008,
33, 421–428.

[2] I. C. Man, H.-Y. Su, F. Calle-Vallejo, H. A. Hansen,
J. I. Mart́ınez, N. G. Inoglu, J. Kitchin, T. F. Jaramillo,
J. K. Nørskov and J. Rossmeisl, ChemCatChem, 2011,
3, 1159–1165.

[3] V. Viswanathan, H. A. Hansen, J. Rossmeisl and J. K.
Nørskov, ACS Catalysis, 2012, 2, 1654–1660.

[4] Y. Lee, J. Suntivich, K. J. May, E. E. Perry and
Y. Shao-Horn, The Journal of Physical Chemistry Let-
ters, 2012, 3, 399–404.

[5] S. Trasatti, Journal of Electroanalytical Chemistry and
Interfacial Electrochemistry, 1980, 111, 125–131.

[6] C. C. L. McCrory, S. Jung, J. C. Peters and T. F.
Jaramillo, Journal of the American Chemical Society,
2013, 135, 16977–16987.

[7] M. Escudero-Escribano, A. F. Pedersen, E. A. Paoli,
R. Frydendal, D. Friebel, P. Malacrida, J. Rossmeisl,
I. E. L. Stephens and I. Chorkendorff, The Journal of
Physical Chemistry B, 2018, 122, 947–955.

[8] Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff,
J. K. Nørskov and T. F. Jaramillo, Science, 2017, 355,
eaad4998.

[9] L. An, C. Wei, M. Lu, H. Liu, Y. Chen, G. G. Scherer,
A. C. Fisher, P. Xi, Z. J. Xu and C.-H. Yan, Advanced
Materials, 2021, 33, 2006328.

[10] M. Bernt, A. Siebel and H. A. Gasteiger, Journal of
The Electrochemical Society, 2018, 165, F305–F314.

6

https://nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/high-entropy-oxides-oer/
https://nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/high-entropy-oxides-oer/
https://nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/high-entropy-oxides-oer/


Figure 5: Current as a function of composition for combinations of Ru, Ir and Rh at a potential of a) 1.45 V, b) 1.55 V
and c) 1.65 V.

[11] W. T. Hong, M. Risch, K. A. Stoerzinger, A. Grimaud,
J. Suntivich and Y. Shao-Horn, Energy Environ. Sci.,
2015, 8, 1404–1427.
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High-entropy oxides are investigated theoretically as cat-

alysts for the oxygen evolution reaction. The overpotential
of the reaction is calculated on individual active sites and
shown to depend on the local atomic envoironment. The
composition is optimized such that the catalytic activity is
maximized.
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