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Understanding the functional links between the stability and reactivity of oxide materials

during the oxygen evolution reaction (OER) is one key to enabling a vibrant hydrogen

economy capable of competing with fossil fuel-based technologies. In this work, by

focusing on the surface chemistry of monometallic Ru oxide in acidic and alkaline

environments, we found that the kinetics of the OER are almost entirely controlled by

the stability of the Ru surface atoms. The same activity–stability relationship was found

for more complex, polycrystalline and single-crystalline SrRuO3 thin films in alkaline

solutions. We propose that the electrochemical transformation of either water (acidic

solutions) or hydroxyl ions (alkaline solutions) to di-oxygen molecules takes place at

defect sites that are inherently present on every electrode surface. During the OER,

surface defects are also created by the corrosion of the Ru ions. The dissolution is

triggered by the potential-dependent change in the valence state (n) of Ru: from stable

but inactive Ru4+ to unstable but active Run>4+. We conclude that if the oxide is stable

then it is completely inactive for the OER. A practical consequence is that the best

materials for the OER should balance stability and activity in such a way that the

dissolution rate of the oxide is neither too fast nor too slow.
Introduction

The development of true energy security requires the expansion of renewable
energy sources as viable alternatives to fossil fuel-based technologies. In many of
the concepts currently under consideration, hydrogen is the key energy carrier
and, despite several hurdles that still need to be overcome, it seems that hydrogen
is indeed the most likely fuel of the future.1–3 Interestingly, the realization of a
viable hydrogen economy is closely tied to developing greater understanding of
the factors that inuence the efficiency of di-oxygen electrochemistry, in
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particular, designing active and stable anode materials for the oxygen evolution
reaction (OER: 2H2O4 O2 + 4H+ + 4e� for acid and 4OH� 4 O2 + 2H2O + 4e� for
alkaline).1,4 The OER generally suffers from signicant kinetic limitations, so the
reaction takes place well above the reversible potential for the OER of 1.23 V.1 The
kinetics of the OER have, for the most part, been closely tied to the concept of the
volcano plot, which generally expresses the rate of the OER as a function of more
fundamental properties of the oxide materials, known as descriptors.4–7 These
analyses showed that the interaction between the substrate and the reactants,
intermediates, and the products has to be optimized for the reaction to proceed
efficiently.8–11 Although concepts resulting from volcano plot analyses have led to
the establishment of important catalytic trends, many fundamental questions
still remain open. One key question is what relationship exists between the
kinetics of the OER and the stability of the oxide materials. The lack of under-
standing of such stability–activity relationship derives mainly from the fact that
research directed at the development of anode materials for the OER has been
strongly “activity-centric”, while almost completely ignoring the stability of the
active components during the OER.

Here, we show that this disparity in focus has masked the inherently close ties
that exist between the stability and activity of monometallic and complex oxide
Ru-based catalysts. By studying the stability–activity relationship of well-charac-
terized Ru oxide and SrRuO3 single crystal thin lms in aqueous environments,
we demonstrate that there is a fundamental link between the stability of catalysts
and their reactivity in the OER. This trend is observed for Ru metal electrodes in
both acidic and alkaline electrolytes, indicating that the stability–activity rela-
tionship is independent of the specic ionic/molecular species mediating the
OER (i.e. OH� vs. H2O). We found that the degree of stability is always inversely
proportional to the activity, and that stable surfaces are, in fact, not reactive.

Results and discussion
Relationship between stability of Ru oxide and reactivity for the OER

We begin by summarizing cyclic voltammograms (CVs) for a polycrystalline Ru
electrode in both acidic and alkaline media. Inspection of Fig. 1a reveals that,
independent of the pH of the solution, the adsorption of the oxygenated species on
Ru occurs across the entire voltage window from the hydrogen evolution to the
oxygen evolution potential regions.We note that the as-deposited polycrystalline Ru
electrode surfaces are immediately converted to Ru oxide during the OER, and that
this surface “hydrous oxide”, formed by water electrooxidation at high anodic
potentials, is distinct from a thermally-grown oxide in that it is amorphous, full of
defects and contains hydroxyl species.12 In order to understand how the electrode
potential may affect the stability of the electrode surface before and during the OER,
we measured the oxidation state of Ru using in situ X-ray absorption near edge
structure (XANES) analysis. The inset in Fig. 1b shows typical XANES spectra
recorded at 0.05 V, 1.25 V, and 1.45 V. The XANES spectra of Ru between 0.05 V and
0.8 V show no difference compared with standard Ru metal spectra, e.g., Ru elec-
trodes are in the n ¼ 0 valence state. This indicates that reversible adsorption of
hydroxyl species at this potential has no signicant effect on the oxidation state of
Ru. In acidic media, above 0.8 V the valence state systematically changes from n ¼
0 to n¼ 3+ between 0.8 < E < 1.0 V, to mixtures of n¼ 3+ and n¼ 4+ between 1.0 < E
126 | Faraday Discuss., 2014, 176, 125–133 This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) Cyclic voltammograms (CV) of Ru metal catalysts in acid (red line, 0.1 M HClO4)
and alkaline (blue line, 0.1 M KOH) electrolytes. (b) Activity of the oxygen evolution reaction
(OER) (solid line) and Ru dissolution monitored by inductively-coupled plasma (ICP)
measurements at a constant current density of 5 mA cm�2 (solid bars). The inset shows in
situ XANES spectra at the potentials; 0.05 V (black), 1.25 V (yellow), and 1.45 V (green). The
potentials are given versus the reversible hydrogen electrode (RHE).
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< 1.3 V, and to n > 4+ for E > 1.4 V. Very similar changes in the valence state are also
observed in the alkaline solution, with the only difference being that the change
from n¼ 4+ to n > 4+ is shied towards more positive potentials (1.47 V and above).

The relationships between the valence state of Ru, stability and reactivity were
explored by monitoring the electrode potential-dependent Ru dissolution before and
during the OER, by combining XANES with inductively-coupled plasma (ICP)
measurements. As shown in Fig. 1b, the onset potential of the OER in acid is lower
than that in alkaline solution, at the same disk current density of 1 mA cm�2,
implying that theOER ismore active in acid than in alkaline solution. In addition, the
dissolution of Ru in both electrolytes as measured by ICP is mirrored in the XANES
data by a transition in the Ru valence state from n ¼ 4+ to n > 4+, signaling that Ru
dissolution is always triggered by the appearance of higher Ru oxidation states. We
note that the ICP measurements were carried out at a constant current density of 5
mA cm�2, as the difference in activity between the acid and alkaline solutions is large
enough that it was very difficult to probe dissolution at the same overpotential. These
observations highlight how potential-dependent variations in the oxidation state of
the near-surface oxide can affect the stability of the surface atoms, as well as show
that reactivity is intrinsically linked to the stability of these oxide materials.

Relationship between stability of Ru and SrRuO3�x polycrystalline electrodes
and reactivity for the OER

Having established the functional links between Ru stability and activity for the
OER, we investigated whether the same trends hold for Ru-based complex oxide
materials such as SrRuO3. To explore the role of Ru in these two different oxides,
polycrystalline Ru and SrRuO3�x thin lms (estimated thickness 10–30 nm) were
This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 176, 125–133 | 127
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sputter-deposited (AJA International, Inc.) at 200 �C onto conductive glassy
carbon substrates. We veried that both samples showed characteristic Ru
spectra in XANES, and that they exhibited high conductance using a probe
station.13 Polarization curves, shown in Fig. 2, show that the SrRuO3�x thin lms
are less electrocatalytically active for the OER than the monometallic Ru oxide.
ICP measurements (Fig. 2, inset) were carried out for both samples at the same
overpotential (rather than at constant current density as in Fig. 1b) in order to
quantitatively compare the concentration of dissolved Ru during the OER. These
data clearly show that the Ru concentration found in the electrolyte is much
higher for the Ru oxide than for SrRuO3�x, conrming that activity is controlled by
the stability of the Ru active sites. Note that for the ICP measurements, the
electrolyte was sampled at the end of the positive potentiodynamic OER sweep.
Given that the same behavior is observed for experiments performed at a constant
voltage (0.1 V from the reversible potential),12 it is reasonable to suggest that the
higher rates of Ru dissolution from monometallic oxides are associated with the
lower stability of Ru oxide. In turn, dissolution is accompanied by the simulta-
neous formation of defect sites, which result in the higher reactivity of Ru
surfaces relative to SrRuO3�x. These results clearly show that there is a strong
relationship between the activity and stability of the electrode surface, as well as
that the density of the surface defects, present both intrinsically on the as-
prepared surfaces and created during Ru dissolution, play a key role in deter-
mining the reactivity of the oxide materials. Nevertheless, the polycrystalline
nature of the electrodes precludes a more precise understanding of the rela-
tionship between the nature and density of surface defects and the reactivity of
the Ru-based oxides. In order to more precisely investigate this relationship and
to establish fundamental links between activity and stability, it is necessary to
synthesize oxide samples with highly controlled surface structures.
Relationship between stability of the SrRuO3 single crystal lms and reactivity
for the OER

Toward this end, we synthesized single-crystalline SrRuO3 (SRO) thin lms for use
as a model system to investigate the role of surface structure on electrocatalytic
Fig. 2 Activity and stability of polycrystalline ruthenium-based catalysts for the OER, Ru
(black) and SrRuO3�x (blue), on glassy carbon substrates. The inset shows the amount of
dissolved Ru in the samples after OER processes, using ICPmeasurements within the same
potential range.

128 | Faraday Discuss., 2014, 176, 125–133 This journal is © The Royal Society of Chemistry 2014
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activity and stability during cycling. Single crystal SRO is an ideal model system to
study due to its high conductivity (�5000 U�1 m�1) and its ability to readily grow
high-quality thin lms where it is possible to change the surface termination, as
shown in Fig. 3a–c. For example, lms grown along the (001) direction (Fig. 3a) are
non-polar in the ionic limit, meaning that there is no net surface charge on the
exposed surface layer. In contrast, lms grown along the (110) and (111) direc-
tions (Fig. 3b and c) are polar, with alternating (SrRuO)4+/(O2)

4� and (Ru)4+/
(SrO3)

4� layers, respectively. As a result, by simply varying the growth direction of
the thin lm it is possible to investigate the effects of the presence of surface
energy differences, due to any residual polarity or under-coordinated polar
surfaces, on the electrochemical activity and stability.14

The lms were grown using radio-frequency (RF) magnetron sputter deposi-
tion (AJA International, Inc.), and conductive, 0.5 wt% Nb-doped SrTiO3 (STO)
substrates were used to improve the overall sample conductance. The SRO lms
exhibit a perovskite (ABO3) crystal structure, with Ru ions surrounded by six
oxygen ions (Fig. 3a). The lattice parameter of the SRO lm is very close to that of
the STO substrate (�0.64% with compressive strain), enabling the growth of high-
quality, epitaxial thin lms.15,16 By controlling the orientation of the STO
substrate, e.g. (001), (110), or (111), the growth direction and resulting surface
structure of the SRO lms were likewise able to be modied, and the CV
measurements of the as-grown SRO (001), (110) and (111) thin lms (Fig. 3d) show
that the pseudocapacitance increases as (001) < (110) < (111).

Despite the choice of conductive, Nb-doped STO substrates, we found that the
activity of the SRO lms was hindered by the low conductance of the substrate.
Note that conductivity of SRO is approximately 100 times higher than that of 0.5
wt% Nb:STO at room temperature. The current density–voltage characteristics of
our SRO samples were measured through the bottom of the substrate using a
conventional two-probemeasurement system (Keithley 237 Source Measure Unit),
and revealed nonlinear I–V behavior (Fig. 3e). Such nonlinear behavior is
Fig. 3 (a–c) Schematics of the SrRuO3 (SRO) films with different crystal structures grown
onNb-doped SrTiO3 (STO) substrates (001), (110), and (111) respectively. (d) CVs of the SRO
(001), (110), and (111) films. (e) Schematics and current–voltage (I–V) characteristics for the
SRO/Nb:STO interface. Samples with andwithout a side contact (SC) between the SRO top
surface and the backside of the substrate are denoted by SRO|SC (red line) and SRO (grey
line), respectively.

This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 176, 125–133 | 129
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indicative of high resistance as a result of a Schottky barrier at one of two loca-
tions: (1) the metal contact and Nb:STO substrate or (2) the SRO lm and the
Nb:STO substrate. The possibility of a Schottky barrier at the substrate–contact
interface was eliminated by depositing a layer of Ti/Pt underneath the Ti metal
contact, resulting in the formation of an Ohmic contact between Ti and STO. To
avoid the formation of a contact between the SRO top surface and the backside of
the substrate, we enclosed the perimeter of the samples with Kapton tape aer
mounting onto the sample chuck, prior to the start of the Ti/Pt room temperature
deposition, and X-ray photoelectron spectroscopy (XPS) showed no indication of
Ti or Pt contamination on the SRO surface aer contact deposition. However,
nonlinear I–V behavior was still observed even aer ensuring Ohmic contact
between the metal and substrate, suggesting that there is a Schottky barrier
between the SRO and Nb:STO. Indeed, this is unsurprising given that there is a
large difference between the work function of SRO (5.2 eV) and the electron
affinity of the n-type semiconducting Nb:STO substrate (3.9 eV).17 Unfortunately,
it is very challenging to identify an interlayer material that can provide an Ohmic
contact between SRO and STO while still enabling the growth of high-quality SRO
thin lms.

To circumvent this issue and verify the intrinsic activity of the SRO samples, a
method was developed to directly contact the SRO thin lm and enable analysis of
the stability and activity of SRO. We prepared two sets of samples to compare the
electrical behavior and verify the formation of an Ohmic contact: SRO with a
metallic side connection (SRO|SC) and SRO without a side connection (SRO).
Using these two samples, we observed that the presence of a metal side contact
resulted in the formation of an Ohmic contact to the SRO thin lm (Fig. 3e);
however, the only difference in catalytic behavior observed between the two
samples was that the kinetics of dissolution of the SRO thin lm were slower on
the SRO sample without a SC than for the SRO|SC sample. As a result, we made
use of the slower kinetics of dissolution on the SRO samples without SC to enable
more precise measurements of the kinetics of the OER, and investigate the
relationship between the activity and stability of SRO. Detailed investigations of
the stability of the SRO (001) lms have been described elsewhere;13 however, the
results below provide new insight into the electrochemical behavior of this
material and conrm the initial ndings.

Polarization curves (Fig. 4a) were measured to examine the OER activity and
stability of the SRO thin lms on Nb:STO (001) in 0.1 M KOH electrolyte. The thin
lms were repeatedly cycled from 0 V to 1.95 V in order to trigger the OER and
monitor changes in activity with cycling. We observed that the activity of the SRO
lm decreased gradually with the number of voltage cycles, with the OER current
density decreasing by a factor of seven over 25 cycles. Atomic force microscopy
(AFM) measurements (Fig. 4b) acquired before and aer cycling indicate that the
surface is initially terraced, with few intrinsic defects, but aer cycling it becomes
substantially roughened and exhibits many nano-sized islands that are randomly
distributed on the surface. In situ X-ray scattering and XANES experiments
conrmed that the SRO thin lm was completely degraded aer cycling, and
revealed that the Ru oxidation state changes from n¼ 4+ to n > 4+ when holding at
1.45 V (ref. 13). Given these results, it is likely that the decrease in the OER current
density aer cycling originates from the dissolution of Ru ions aer the formation
of Ru active sites with n > 4+, which is consistent with our observations above on
130 | Faraday Discuss., 2014, 176, 125–133 This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) Successive changes in the current density on SRO (001) for the OER after various
numbers of potential cycles. (b) Schematics of the model system and the OER process.
AFM topography of the atomically flat SRO thin film surface (1 � 1 mm2) with step terraces
prior to cycling. After the OER, the film surfaces became rough, with RMS values increasing
from 0.25 nm to 2.4 nm.
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Ru metal (Fig. 1b). Note that the Ru active sites with an oxidation state of n > 4+
are easily dissolved and therefore do not remain at the surface indenitely to serve
as active sites. As our SRO lms are very thin (10–30 nm), dissolution has a large
impact on the observed activity due to the nite number of Ru atoms present in
the lm, relative to a bulk Ru sample. In fact, thicker polycrystalline SRO thin
lms (>100 nm) are more stable, with no difference in activity observed between
the rst and second potential sweep. As with the Ru metal, single crystal SRO
surfaces are unstable and the OER on SRO is always accompanied by the disso-
lution of Ru cations.

The activity and stability for the OER in alkaline environments on Ru-based
oxides – Ru, SRO polycrystalline lms and SRO (001), (110) and (111) single
crystalline lms – are summarized in Fig. 5. This information provides insights
into the material properties that inuence the stability and activity of metal oxide
surfaces during the OER – in particular, surface structure (polycrystalline vs.
single crystal) and surface orientation. We observe that the activity of poly-
crystalline Ru metal is higher than that of polycrystalline SRO, whereas the
stability of polycrystalline SRO is higher than that of Ru metal. A similar inverse
relationship between activity and stability is observed for single crystalline SRO
thin lms, with the activity increasing in the order (001) < (110) < (111) and the
stability increasing in the opposite order. Overall the activity of the crystalline
SRO is lower than that of the polycrystalline samples, which is consistent with the
expectation that single crystalline surfaces have a lower concentration of surface
defects relative to polycrystalline samples.

Given these trends, we suggest that the density of the defects on the surface
plays a signicant role in determining the observed relationship between activity
and stability. Interestingly, similar trends have recently been observed on other
noble metal surfaces such as Au, Pt and Ir (ref. 12) – suggesting that the inverse
relationship between activity and stability is a general phenomenon for electro-
catalysts for the OER. In ref. 12, the role of the defects was probed by comparing
activity vs. stability on the same materials with different surface structures. It was
found that less defective single crystals of Ru are more stable, but less active, than
This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 176, 125–133 | 131
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Fig. 5 Functional links between the stability and activity of Ru-based electrocatalysts (Ru,
SrRuO3�x polycrystalline film and SRO single crystalline films from ref. 13) for the OER. The
activity (bars) is measured by the OER overpotential at 0.2 mA cm�2. [Note that data for
SRO (001) at 0.2 mA cm�2 are an extrapolation from ref. 13 and the grey bar is the
overpotential of SRO (001) at 0.1 mA cm�2.] The stability (solid dots) is measured by the
dissolved Ru species in the electrolyte (0.1 M KOH).
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the polycrystalline Ru electrodes. Given that the same was observed for Ir in that
work, we conclude that the inverse activity–stability relationship observed in this
work is valid for many other oxide systems. Furthermore, in situ XANES
measurements on all samples indicate that the onset of Ru dissolution into the
electrolyte is accompanied by a change in the Ru oxidation state from n¼ 4+ to n >
4+, suggesting that the activity of Ru-based materials for the OER is dictated by
the transition in Ru oxidation state. We propose that, in fact, the “active sites” for
Ru-based electrocatalysts are locations on the electrode surface with Ru atoms in
oxidation states greater than 4+.

In conclusion, the catalytic trends established thus far on high surface area
materials should be revisited, and when possible, investigated on well-charac-
terized single crystal surfaces. Targeted, detailed studies are necessary in order to
unravel the relationship between stability and activity of oxide surfaces in elec-
trochemical environments. Finally, although this work has focused on Ru-based
materials, the fundamental and practical implications of the relationship
between stability and activity likely extend well beyond this particular system, and
will be extremely helpful in the design of new oxide materials that can serve as
both active and stable electrocatalysts in aqueous environments and organic
solutions.
Experimental
Thin lm growth

The polycrystalline Ru and SrRuO3�x samples (5–200 nm) were grown at 200 �C, at
a total pressure of 15 mTorr, using an RF-sputtering system on conducting glassy
carbon substrates. Epitaxial SrRuO3 lms (10–30 nm) were also deposited by RF
sputter deposition at 600 �C and 15 mTorr on 6 mm diameter, 0.5 wt% Nb-doped
SrTiO3 (001), (011), and (111) single-crystal substrates. Prior to deposition, the
substrates were etched and annealed to produce TiO2-terminated surfaces.
132 | Faraday Discuss., 2014, 176, 125–133 This journal is © The Royal Society of Chemistry 2014
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Electrochemical characterization

Electrochemical measurements were performed using an Autolab PGSTAT 302N
potentiostat. Gold or platinum wires and Ag/AgCl were used as counter electrodes
and reference electrodes, respectively. The electrolyte (0.1 M KOH or HClO4) was
prepared with Millipore deionized water. A typical three electrode, uorinated
ethylene propylene cell was used to avoid contamination. Potentials are reported
with respect to that of the reversible hydrogen electrode (RHE).
In situ X-ray electrochemical study

X-ray measurements were performed at Sector 12BM of the Advanced Photon
Source, Argonne National Laboratory. The in situ X-ray electrochemical cell was
designed for use with 6 mm diameter, 0.5 mm thick substrates.
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