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Developing new efficient catalyst materials for the oxygen evolu-
tion reaction (OER) is essential for widespread proton exchange
membrane water electrolyzer use. Both RuO,(110) and IrO,(110)
have been shown to be highly active OER catalysts, however DFT
predictions have been unable to explain the high activity of RuO,.
We propose that this discrepancy is due to RuO, utilizing a different
reaction pathway, as compared to the conventional IrO, pathway.
This hypothesis is supported by comparisons between experimental
data, DFT data and the proposed reaction model.

Introduction

As part of a transition to a future sustainable economy, there is
a need for sustainable fuel and energy storage. Hydrogen gas is
an ideal candidate for such a fuel and storage compound, as it
can be readily produced by the electrolysis of water." Further-
more, the hydrogen is completely sustainable if the source of
electricity is renewable.? Currently, the major challenge facing
widespread electrolyzer use is the sluggish kinetics of the
Oxygen Evolution Reaction (OER) at the anode,* fundamentally
limited by the universal scaling relations.”® Further develop-
ment of the water electrolyzer thus requires finding efficient
and practical catalysts to facilitate the OER. There are three
types of water electrolyzers: alkaline water electrolyzers, proton
exchange membrane (PEM) water electrolyzers and solid oxide
water electrolyzers.® Of these three the alkaline water electro-
lyzer is the most mature and commercialized. Yet PEM tech-
nology has many advantages compared to the alkaline
electrolyzer. Some examples include a much higher current
density, purer gas, a smaller size for the same power and even
the ability to operate at high pressure.*” Currently the best
candidates for PEM electrolyzer anode material are IrO, and
RuO,, as these are both stable and active.®** Both iridium and
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ruthenium are however scarce materials and thus expensive.'*
It is therefore unrealistic to expect that these catalysts can be
used on an industrial scale that would have an impact on
society.”"® Due to the high catalytic performance of IrO, and
RuO,,” a deeper understanding of how these catalysts interact
with water could greatly improve the search for and develop-
ment of new efficient OER catalysts.'® Current theory and
computational DFT models form a relatively accurate descrip-
tion of the experimental behaviour of Ir0,.>"”*® However, for
the case of RuO, there is a glaring discrepancy between
theoretical predictions and experimental results.**° This sug-
gests that either the current reaction model is wrong in the case
of RuO, or the under-evaluation is due to a computational
artefact. In this work we propose that the discrepancy is due to
RuO, utilizing an alternate reaction pathway for oxygen evolu-
tion as compared to IrO,. We therefore argue that it is not due
to a computational artefact.

Results-discussion

The conventional pathway describing the interaction between
water molecules and the surface of an electrocatalyst was
suggested in 2004.>" During this reaction pathway three inter-
mediates are produced via four electron-proton pair exchanges
between the anode and the electrolyte, presented in the follow-
ing reactions:

H,0+* - HO*+H' + e~ (1)
HO* - O*+H' +e” (2)
H,0 + O* - HOO* + H" + e~ (3)
HOO* —» *+ 0, +H' +e” 4)

where * indicates an active site of the surface and HO*, O*,
HOO* the adsorbed intermediates on that particular site. The
above reaction path describes the oxygen evolution reaction
taking place in an acidic environment but it can also be used
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Fig. 1
electrolyte and the catalyst surface. (a) The conventional OER path. (b) The
the relevant RuO,(110) surface sites.

for the thermodynamic description of the procedure happening
in alkaline environment.>"**

A schematic representation of the conventional OER reac-
tion path is depicted in Fig. 1a, while the RuO, surface sites are
illustrated in Fig. 1c. First, water approaches the surface and
the first intermediate HO* is created. Second, the oxygen forms
another bond to the surface losing the remaining proton as
shown in eqn (2). Third, a water molecule binds to the surface-
bound oxygen, dropping a proton in the process. Simulta-
neously the double bond of O* breaks, creating the third
intermediate HOO*. The fourth and last step, happens while
the oxygen atoms bond with each other, breaking their bonds
with the surface and the hydrogen respectively. This reaction
mechanism succeeds to accurately describe the trends of catalytic
activity for the majority of the metal oxides. For example the per
site DFT activity of IrO, places IrO, among the best catalysts, in
agreement with the experimental observations concerning
the performance of the material either in the nanoparticle or the
single crystal form.**"7??

DFT calculations following this model have however been
unable to explain the high experimental activity of Ru02.'5°
Previous studies have shown that the usage of a dopant at the
bridge site of RuO, makes the bridge oxygen more eager to
interact with the proton of the intermediates.>**> We propose
that RuO, follows such a mechanism without the usage of a
dopant, as illustrated in the schematic representation Fig. 1b.
This RuO, pathway is very reminiscent of the conventional
pathway, differing only in steps one and three. Here, instead of
the proton being directly bound to the adsorbed intermediate,
the proton has migrated to the bridge site oxygen. This complex
is stabilized by a weak interaction between this bridge-bound
proton and the intermediate (indicated by a yellow dotted line).
This hypothesis is supported by the experimental works of Rao
et al., who identified a -OO species at high potentials.'”*
This -OO species is the experimental equivalent of the third
intermediate of the RuO, pathway depicted in Fig. 1b.

The different way that the first and third intermediates
are adsorbed on the surface, has an effect on their binding
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Illustration of two oxygen evolution reaction pathways. Each step is accompanied with the exchange of a proton—electron pair between the

proposed reaction mechanism for OER on RuO, surfaces. (c) Illustration of

energy and thereby on the overall activity. The energy inter-
dependency of the HO* and HOO* intermediates thus changes
from ~3.2 eV, as dictated by the universal scaling relations,**
to ~2.7 eV, a value that is closer to the ideal value of 2.46 eV.
This relation is depicted in the activity volcano of Fig. 2 by the
blue trend line. The activity volcano supports our hypothesis, as
the DFT data point corresponding to RuO, following pathway
Fig. 1b (blue pentagon), holds a lower overpotential compared
to the data point corresponding to the conventional pathway
(blue circle). This places it right on top of the blue trend line.
An observation that is strengthening our analysis, is that the
blue trend line is followed by experimental data produced in
the work of Suntivich et al.>” In their experiments, RuO,(110)
surfaces were synthesized and their electrochemical response
in different pH is recorded. Furthermore, they assign the first
and second pre-oxidation peaks observed at the cyclic voltam-
metries, as the HO* and O* intermediates respectively.
The experimental HO* energies serve the role of the descriptor
for the experimental data at the activity volcano in the diagram
(Fig. 2). The red triangles corresponding to IrO,, reproduced
from another work of Suntivich et al.,?® tend as an ensemble to
be placed closer towards the strong binding side of the con-
ventional activity volcano. This is an indication that IrO,
follows the conventional reaction pathway. The RuO, experi-
mental data points are however spread. The two most active
data points, corresponding to pH 13 (the left-most point) and
pH 1 (the right-most point), are placed right on top of the blue
trend-line together with the theoretical prediction for pathway
Fig. 1b. In contrast, those corresponding to neutral, weakly
acidic and weakly alkaline electrolytes are placed closer to the
conventional activity volcano. This V-shaped activity trend has
been attributed to a dependence of the HOO* formation energy
on pH in tandem with the fact that there is a clear pathway to
HOO* formation (from O*) in both high and low pH.>” Further-
more, recent studies have suggested that the activity at high pH
is mediated by cations.*®

In Fig. 3 the scaling relations between HO* and O* inter-
mediates on the cus site are depicted for both experimental and
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Fig. 2 The OER activity volcano. The red data points correspond to IrO,
and the blue ones to RuO,. The triangles represent the experimental data
in varying pH conditions,?”2® while the circle and the pentagon are
theoretical data for the conventional and the RuO, pathway respectively.
The blue trend line corresponds to the strong binding side of the volcano
if the RuO, pathway is followed. The blue shaded area around the blue
trend line, is the DFT error of +£0.2 eV. The left y-axis (cyan) presents
the theoretical overpotential and the right y-axis (magenta) presents the
experimental overpotential, as the logarithm on the current is what you
would expect from the Butler—Volmer equation to compare with potential.
As we can only hope to compare trends, and not absolute numbers, the
theoretical and experimental overpotentials are calibrated by overlapping
the theoretical and experimental overpotential for IrO,(110). We cannot
expect the scale of changes to be the same for calculations and experi-
ments as the predicted differences are often larger than the measured.
This figure is therefore two different figures overlapped for the comparison
of trends. This also means that the two y-axes can be scaled and translated
relative to each other. Two different descriptors with the same scale are
used on the x-axis. Go—Gno and Gy for the theoretical and the experi-
mental data respectively.

theoretical results. The calculated data subtracted from the
work of Federico Calle-Vallejo et al.,'® were produced by DFT
calculations on (110) surfaces of IrO, and RuO,, using different
implementations of DFT. In this figure, the experimental points
relating to the aforementioned V-shaped activity pattern con-
stitute a clear trend-line. This hints at them following the same
pathway, even though their activity dips at neutral pH, and
suggests that the activity dip might be mechanistic in nature.

It is the relative strong binding of the oxygen intermediate,
which makes the calculated activity of RuO, smaller than IrO,.
Whereas the binding of HO* and HOO* on the RuO, cus site is
similar, the O* binding is much stronger than that on IrO,.
This could be an artefact of the DFT calculations, however, it is
seen to hold across DFT implementations. The binding ener-
gies vary between the different methods, but the difference
between HO* and O* binding is close to constant. Previous
experimental studies also show that RuO, binds oxygen stronger
than IrO, for the same HO* binding,>” even if the difference is
smaller than that found in the DFT data. In contrast to the DFT
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Fig. 3 Scaling relation of HO* binding energies against O* on the cus site
for IrO, and RuO,(110) surfaces. The circles correspond to DFT data
following different DFT implementations as reproduced from Federico
Calle-Vallejo et al.*® In contrast, the triangles correspond to experimental
data in varying electrolyte conditions.?”?® Each of these data sets have
their own corresponding trend-line. The blue pentagon represents RuO,
DFT data following pathway Fig. 1b, and the blue arrow represents the
difference in AGno~ as a result of following this pathway. This indicated
difference is the same size as the difference between the experimental and
DFT trend-lines for RuO..

data, differences in experimental data is due to varying electro-
Iyte pH. As previously mentioned, the experiments measure the
potentials for the first and second oxidation peaks, those are
normally assumed to be related to the HO* and O* intermedi-
ates on the cus site. However, it could just as well be related to
the reaction path Fig. 1b. The stronger the relative O* binding
on the cus site, the more likely reaction (1) becomes, as the
then relatively unstable HO* intermediate is avoided. Doing a
DFT calculation following the RuO, pathway creates the point
represented by a blue pentagon. This point is placed towards a
stronger binding of HO*, and thus comes very close to the
experimental trend-line. As points corresponding to different
DFT implementations could lie anywhere on the teal trend-line,
it is fair to assume that the calculated pentagon could lie
anywhere on the experimental trend-line, as dependent on
the specific DFT implementation. It therefore seems that path-
way Fig. 1b accurately describes the experimental trend.

Computational methods

Density functional theory calculations were done using Grid-based
Projector Augment Wave (GPAW)>*?! assisted by the Atomic
Simulation Environment (ASE)** interface. Using the generalized
gradient approximation (GGA), the BEEFvdW functional®
expressed exchange and correlation. This functional was chosen
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specifically, as it gives a better description of the long range
interactions, compared to the initially chosen RPBE.** RPBE
provides trustworthy results for strong interacting chemical com-
plexes (chemi-adsorption of a molecule on a surface), but it is not
as efficient as BEEF-vdW in describing long range interactions. In
this particular case the usage of RPBE, placed the blue trend-line of
Fig. 2 much closer to the strong side of the conventional volcano.
This result differentiates the interpretation of the phenomena and
thus the conclusions of the study. The IrO, and RuO,(110) surfaces
consist of four atomic layers where the two bottom layers were
fixed in their initial position, as to mimic the bulk of the
corresponding material. The top layers were free to converge to
their minimum electronic energy positions. In the x and y direc-
tions the structures were replicated by 1 and 3 times respectively.
The sampling of the Brillouin zone was done with a &-point mesh
of (3, 2, 1) and the calculations were conducted with a grid spacing
of 0.18 A. Above and below the structures a vacuum of 15 A was
introduced to avoid unintended interactions between the slab and
itself. The structures were relaxed until the total forces in the
system were below 0.05 eV A™".

Conclusion

In this work we are studying the discrepancy between DFT and
experimental results, regarding the oxygen evolving reactivity of
RuO,. We propose that the reaction pathway for electrochemi-
cal water oxidation on RuO,(110) surfaces, at least in acidic
conditions, is slightly different from the reaction path on IrO,.
In particular, the differences are located at the first and third
intermediates, where the protons of HO* and HOO* are migrat-
ing towards the bridge oxygen surface. The energy inter-
dependency of HO* and HOO* is 2.7 eV for the RuO, pathway,
and is much closer to the ideal difference of 2.46 eV. As a
consequence the DFT activity is much higher than the one
produced by the conventional mechanism and thus the struc-
ture is placed closer to the apex of the activity volcano.
Furthermore the new placement of RuO,(110) on the activity
volcano, is at the same region of the RuO, experimental results
for highly acidic and highly alkaline electrolytes. By using the
conventional pathway we have a very weak interaction of HO*
with the surface’s cus site. On the other hand, using the RuO,
pathway widens the energy difference between HO* and O%,
placing this DFT calculation closer to experimental trend-lines.
This theoretical-experimental agreement, indicates that the
RuO, mechanism is generally followed. It is to be expected
that this trend extends to other active RuO, facets, as it is the
strong binding of the O* intermediate that makes the conven-
tional path too difficult. Given that other facets share this
strong oxygen binding, the alternate mechanism would

likely apply.
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