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ABSTRACT

Despite outstanding accomplishments in catalyst discovery, finding new, more efficient, environmentally neutral, and noble metal-
free catalysts remains challenging and unsolved. Recently, complex solid solutions consisting of at least five different elements
and often named as high-entropy alloys have emerged as a new class of electrocatalysts for a variety of reactions. The
multicomponent combinations of elements facilitate tuning of active sites and catalytic properties. Predicting optimal catalyst
composition remains difficult, making testing of a very high number of them indispensable. We present the high-throughput
screening of the electrochemical activity of thin film material libraries prepared by combinatorial co-sputtering of metals which are
commonly used in catalysis (Pd, Cu, Ni) combined with metals which are not commonly used in catalysis (Ti, Hf, Zr). Introducing
unusual elements in the search space allows discovery of catalytic activity for hitherto unknown compositions. Material libraries
with very similar composition spreads can show different activities vs. composition trends for different reactions. In order to
address the inherent challenge of the huge combinatorial material space and the inability to predict active electrocatalyst
compositions, we developed a high-throughput process based on co-sputtered material libraries, and performed high-throughput
characterization using energy dispersive X-ray spectroscopy (EDS), scanning transmission electron microscopy (SEM), X-ray
diffraction (XRD) and conductivity measurements followed by electrochemical screening by means of a scanning droplet cell. The
results show surprising material compositions with increased activity for the oxygen reduction reaction and the hydrogen
evolution reaction. Such data are important input data for future data-driven materials prediction.
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1 Introduction also referred to as complex solid solutions (CSSs). HEAs are multi-
element solid solutions that consist of five or more elements. The
combination of more than five different components in an alloy
increases the configuration entropy that concomitantly increases
the mutual solubility of constituent elements and facilitates
formation of solid solutions, sometimes as a single phase.
Additionally, the combination of the properties of elements and
their interactions leads to final properties of the CCS that are not
available for single elements or their simple combinations [1-3].

For a broad range of different applications, the development of
new unexplored materials that show properties like mechanical
resistance and durability, high selectivity and stability towards
catalytic reactions and efficiency presenting both the performance
of the desired properties and acceptable costs is an important
mission for creating future technologies. Especially in the energy
sector, new and innovative materials that ideally consist of
abundant and ecologically favourable elements limiting the use of

noble metals are required, for example for efficient electro- and Various  research  groups are recently reporting the
photocatalytic energy conversion or storage. characterization of specific multielement alloys having unique

One material class that attracted considerable attention in properties, for example a high catalytic activity or stability [4, 5],
recent years due to their advantageous mechanical, physical, and showing exceptional mechanical strength and ductility [6], or

chemical properties are the so-called high entropy alloys (HEAs), describing novel synthesis methods of multinary alloys [7-10]. As
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possible catalyst materials, high entropy materials were already
successfully applied to the hydrogen evolution reaction (HER) [5,
9,11], the oxygen evolution reaction (OER) [11,12], carbon
monoxide reduction [13], carbon dioxide reduction [13, 14] and
the oxygen reduction reaction (ORR) [15-17], methanol oxidation
[18, 19], ammonia synthesis and decomposition [20, 21].

Considering the huge number of different possible
combinations of elements and their relative concentrations in a
HEA and the variety of the properties those compositions may
present, high-throughput screening methods for the analysis of
compositional, structural and catalytic effects are indispensable to
identify potentially active catalysts for the desired electrocatalytic
reactions. The combination of the synthesis of HEA in thin-film
material libraries (MLs) consisting of continuous composition
spreads where each constituent element ranges from about 10 at.%
to 35 at.%, with fast electrochemical screening techniques like the
scanning droplet cell can lead to a better understanding of how
quinary element mixtures interact to exhibit unexpected
properties on one hand, and to a quicker identification of suitable
electrocatalysts for different reactions on the other [22, 23]. In this
manner it is also interesting to include elements in unusual
combinations that were not tried before because of poor
performance of the individual elements, but which might
contribute to synergetic effects in CSS and by this to an increased
electrocatalytic activity. The selection of an elemental composition
as a good starting point for high-throughput screening, without
prior knowledge how the interaction in a complex solid solution
will later impact on the measured properties, ie., the catalytic
activities, is an unsolved issue. One approach would be to start
from the known and assume that the combinations of properties
of highly active metals or binary mixtures will be relevant for the
activity of complex solid solutions based on 5 or 6 elements. This
approach sounds knowledge-driven but fails due to the not known
complex interaction of different parameters. The second is to start
with a class of metals (e.g., with high activity for some of the
reactions) and another class which is typically not found in
electrocatalysts but as support materials in heterogeneous catalysis.
In this contribution we took the second approach.

We report that the hexanary system (TiNi)-Cu-Hf-Pd-Zr shows
composition-dependent activities for the ORR and HER in
alkaline media, which were chosen as model reactions due to their
importance in the field of energy conversion. The choice of
elements was based on the idea to expand the list of elemental
compositions which were tested for catalytic activity by combining
elements commonly used in catalysis (Ni, Cu, Pd) with those
which are generally not considered to be promising
electrocatalysts (Hf, Zr, Ti).

2 Experimental

2.1 Preparation of thin-film materials libraries

Thin-film material libraries were prepared by co-sputtering from
five confocal sources in a commercial sputter system (CMS
600/400 LIN, DCA Instruments). Polished single-crystal, (100)
orientation Si (Siegert Wafer, Germany) with 100 mm diameter
was used as substrates, located at the confocal sputtering position.
A 500 nm thick wet thermal SiO, layer provided a barrier against
potential substrate reactions. The 100 mm diameter sputter targets
were single elements of Cu (99.99%, Sindlhauser Materials), Hf
(99.95%, Kaistar R&D), Pd (99.99% SenVac), Zr (> 99.2% Grade
702, K.J. Lesker) and one custom-made TiNi,, (FHR). Substrates
were loaded through a loadlock to the deposition chamber having
a base vacuum of 7 x 107 Pa and 150 nm of the materials were
codeposited at 0.67 Pa in Ar (99.9999%) at 25 °C with no further
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intentional heating. The individual cathode powers were adjusted
to produce a centerpoint composition of Ti 14 at.%, Ni 17 at.%,
Cu 16 at.%, Zr 21 at%, Pd 17 at%, Hf 15 at.% with a total
deposition rate of 0.1 nm/s.

2.2 Chemical and structural characterization

Mapping of elemental composition was determined using energy-
dispersive X-ray spectroscopy (EDS, Inca X-act, Oxford
Instruments) in a scanning electron microscope (SEM, JSM 5800,
JEOL) equipped with an automated stage and operated at 20 keV
acceleration voltage. Co was used as a calibration standard, the Hf
La peak was used during quantification to avoid confounding
with the Si Ko peak and the composition accuracy was estimated
to be about 1 at.%.

The as-deposited phase constitution was investigated by X-ray
diffraction (XRD, D8 Discover, Bruker) using a two-dimensional
2D detector (Vantec-500) in Bragg-Brentano geometry and Cu
Ka radiation. Three frames were acquired with a 20 offset of 10° at
discrete angular steps (6/20 + offset: 20°/50°, 30°/70°, 40°/90°) to
avoid substrate diffraction peaks.

2.3 Electrochemical characterization

MLs were analysed using a high-throughput scanning droplet cell
(SDC), which allows site-localized characterization. All
electrochemical measurements were conducted in 0.1 M KOH
electrolyte in a three-electrode system containing an Ag|AgCl|3 M
KCl and Pt wire as a reference and counter electrode, respectively.
For the ORR, linear sweep voltammetry (LSV) was performed
between 1 V and 200 mV vs. reversible hydrogen electrode (RHE)
with a scan rate of 10 mV-s" and for the hydrogen evolution
reaction between 0 V and —700 mV vs. RHE. All potentials are
reported versus the RHE according to the following equation
Urst (V) = Ungagapmray + 0210 + (0.059-pH)

where Uigagays v kay 18 the potential measured vs. Ag|AgCl|3 M
KCl reference electrode, and 0.210 V is the standard potential of
the Ag|AgCl|3 M KCI reference electrode at 25 °C. 0.059 is the
result of (RT)-(nF)", where R is the gas constant; T is the
temperature (298 K); F is the Faraday constant and » is the
number of electrons transferred during the reaction.

3 Results and discussion

Two MLs (MLI and ML2) with very similar composition spreads
were prepared using combinatorial co-sputtering from five
different confocal targets. As shown in Fig. S1 in the Electronic
Supplementary Material (ESM), the differences between ML1 and
MIL2 are in the range of 1 at.% of particular elements. High-
throughput XRD of the as-deposited state revealed no discernable
diffraction peaks, with only a broad hump located around 26 of
approximately 40°, indicative of amorphous materials (Fig. S2 in
the ESM). For the electrochemical analysis of the different element
compositions a scanning droplet cell in 0.1 M KOH was used. In
this device a Ag/AgCl/3 M KCl reference electrode and a Pt
counter electrode are inserted in a poly(methyl methacrylate)
(PMMA) conical body that has in addition to a circular tip
opening with a diameter of 1 mm, an electrolyte inlet and outlet.
The SDC head is mounted on robotic arms and coupled with a
force sensor, which allows precise positioning above the ML, then
pressing of the head tip to the sample surface, and thus creating a
working electrode in each of the measurement areas (MAs). This
analytic device is described in more details in Ref. [24]. This high-
throughput electrochemical technique allows determination of the
activity at 342 discrete MAs of the ML and thus extracts a data
map of electrochemical response in correlation with controlled
and defined composition trends. Maintaining the same
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measurement conditions and the high data accuracy and reliability
due to the automated non-manual operation enables a valid
comparison of the activity between the different MAs.

Due to potential surface oxidation of compositions containing
Ti, Hf and Zr we adjusted the start potential of the LSV to avoid
oxide formation and focused on reduction reactions where any
surface oxidized species would be re-reduced before the potential
range of the investigated reactions were reached. To confirm the
reliability of the measurements, ML2 was measured a second time
after a physical 90° rotation, to rule out any instrument bias effect
possibly introduced by the sequential and repeated measurements.
Indeed, all activity trends are consistent (Fig. S3 in the ESM) and
can be reliably related to the changes of the elemental
concentrations. Figure 1 presents electrocatalytic activity maps,
obtained by plotting the measured current values at a certain
potential with respect to the location on the ML. For ORR a
potential of 570 mV vs. RHE, and for HER a potential of —700
mV vs. RHE were chosen. This allows us to observe how the
activity is changing through the whole studied composition space,
showing both general trends and location of the high activity
areas. Activity for ORR increases from the upper end of the ML1
to the lower end with three highly active regions in the centre-left
side of the ML. For HER the general trend shows increase in
activity on the diagonal from the upper right side to the lower
right side and the high activity area is located in the upper left side
of the ML2. The lower panel of Fig. 1 demonstrates the measured
LSVs for the ORR and HER at selected MAs from regions with
different activities (marked in Fig. 1 with squares).

For the ORR the highest activity was obtained in a small area
clustered in the centre of MLI1, which corresponds to the
composition Ti,Ni;,CusZr, Pd;;Hf;s. Moreover, the activity
seems to be boosted by the increased amounts of Ti and Ni and
slightly enhanced with an increased amount of Cu (see Fig. SI in
the ESM). It is also important to note here, that the LSV curves
recorded for the ORR exhibit characteristics of a HEA multi-wave
shape as described theoretically [25] and confirmed
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experimentally [26]. The random arrangement of elements in a
CSS results in a continuous and unique adsorption energy
distribution pattern. When only on-top adsorption of reaction
intermediates is considered, there are the same number of
adsorption peaks as the number of elements, with each of those
peaks formed by adsorption energies of active sites with one
specific element in the centre. On the other hand, considering
active sites formed by two or three atoms, the number of
adsorption peaks increases as the number of possible centres
increases. Each of those multiple adsorption peaks will lead to one
current curve, activity of which depends on the position of the
peak maximum in relation to the optimal binding energy. The
intensity of current curves is defined by the molar ratio of
elements and activity driven by the difference of the
corresponding peak position from optimal binding energy. When
the differences between particular adsorption energy peaks are big
enough, an electrochemical response wave can be observed for
each adsorption peak. It is important to note that some of those
waves might not be visible in the LSV, due to their low activity
and high overpotentials. Following these considerations,
additional information about the catalytic activity can be acquired
by plotting the activity maps at different potentials.

As can be seen in the top panel of Fig. 2, plotting the activity
map of ML1 at 820 mV reveals the opposite trend at 570 mV. At
higher potentials the activity increases with increased amounts of
Ni and Ti, while for lower potentials the activity increases when
the amounts of Ni and Ti decrease and the amount of Pd
increases. Additionally, the small high activity region, close to the
centre of ML, is no longer visible at 570 mV vs. RHE. These
results may be explained by the multi-wave shape of the LSV
plots. The potential of 820 mV vs. RHE is located in or close to the
catalytic region of the first wave, while the potential of 570 mV vs.
RHE is instead in the second wave, indicating that for the
occurrence of the first wave adsorption sites containing Cu, Ni
and Ti is responsible, while the second wave corresponds to the
adsorption sites containing mostly Pd, Hf and Zr.

(b) Hydrogen evolution reaction
X (mm)

Current (pHA)
at -700 mV vs. RHE

Current (uA)
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Figure1 Comparison of activity maps obtained for the ORR (a) and the HER (b). Individual LSVs of the selected MAs characterized by different electrochemical
activities (indicated by squares) are presented on the bottom part of the figure. For the ORR the current at 570 mV vs. RHE and for the HER the current at —700 mV/

vs. RHE (dashed lines) were selected as the measure of activity.
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Oxygen reduction reaction
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Hydrogen evolution reaction
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Figure2 Correlation of the amount of each element (middle row) at each of the measurement areas marked with the lines on MLs (top row) and the measured
current at 570 mV and 820 vs. RHE for ORR and at =700 mV for HER (bottom row). Lines indicated in the activity maps (top row) determined the MAs used for this

analysis, represented by their x coordinate.

For HER, no matter the potential at which the activity map is
measured (see Fig.S4 in the ESM), both the main trend with
increasing activity from the upper right side (Fig. 2, from the high
Pd side) of the ML to the lower left side (higher Ti, Ni and Cu
side) and the high activity area (at relatively high amounts of Hf
and Pd, 20 at.%-25 at.%) remain the same. Interestingly, a clearly
visible rise of the activity along this diagonal of the ML is opposite
to the amount of Pd, which is known to be an efficient HER
catalyst [27]. This observation indicates that the synergistic
interactions of all elements incorporated in HEAs is more
important for electrocatalytic activities than the content of
particular elements and that in the case of the analysed ML, the
active sites containing mostly Cu and Ti/Ni are most efficient. In
addition to the diagonal activity trend a narrow higher activity
cluster is found located at the centre with a slight shift towards the
area with higher Hf contents, which support the idea of possible
synergetic interactions contributing to the activity of the catalyst,
since Hf is not reported to be a highly active HER catalyst. The
highest activity for HER is obtained for a composition of
Ti;;Ni;3Cu,4Zr,,Pd o Hf .

4 Conclusion

To conclude, we have presented a reliable and efficient, high-
throughput method for screening a new high-entropy material
system (TiNi)-Cu-Hf-Pd-Zr for electrocatalysis. To combine
elements mostly used in heterogeneous catalysis as support (Ti,
Hf, Zr) with metals commonly used in catalysis (Cu, Ni, Pd) we
selected such a composition and found previously unknown and
surprising activity compositions for HER and ORR. These
identified compositions definitively need the presence of also
supposedly non-active elements. Interestingly, different elemental
compositions regarding the relative amounts of the elements seem
to boost different electrocatalytic reactions. For the ORR, the
variation of Ti and Ni exhibits an important factor regarding the
activity. Additionally, our measurements indicate that an

intermediate amount of all elements in the material library reveals
higher activity for the ORR. The HER in contradistinction occurs
with higher activity at decreasing Pd contents, and in a small
cluster of measurement areas in the middle of the material library.
We would like to point out that the only feasible way to
disentangle the complexity of the near infinite possible
compositions with unknown physico-chemical interaction is to
use screening of large numbers of material libraries to create large
and growing data sets which at a later stage will serve as a basis for

machine learning for improved predictions or starting
compositions.
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