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Transition metal oxides have been extensively studied and utilized
as efficient catalysts. However, the strongly correlated behavior
which often results in intriguing emergent phenomena in these
materials has been mostly overlooked in understanding the electro-
chemical activities. Here, we demonstrate a close correlation
between the phase transitions and oxygen evolution reaction
(OER) in strongly correlated SrRuQOs. By systematically introducing
Ru-0O vacancies into the single-crystalline SrRuOs epitaxial thin
films, we induced a phase transition in crystalline symmetry which
resulted in the corresponding modification of the electronic structure.
The modified electronic structure significantly affects the electro-
chemical activities, so a 30% decrease in the overpotential for the
OER activity was achieved. Our study suggests that a substantial
enhancement in the OER activity can be realized even within single
material systems, by rational design and engineering of their crystal
and electronic structures.

Transition metal oxides show promising chemical activities that
can be applied in solid oxide fuel cells (SOFCs), rechargeable
batteries, catalytic converters, oxygen-separation membranes, and
gas sensors.' The oxygen evolution reaction (OER, 4OH™ — O, +
2H,0 + 4e") is one of the most important steps in energy
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Broader context

The oxygen evolution reaction (OER) is one of the key electrocatalytic
activities, and is utilized in various energy devices, including solid oxide
fuel cells and rechargeable batteries. Microscopic understanding of
the OER, however, has been rather limited so far. On the other hand,
transition metal oxides which often show emergent physical phenomena
based on strongly correlated electronic behavior have been extensively
studied and utilized as efficient catalysts of the OER. However, the link
between strongly correlated behavior and electrocatalytic activity remains
elusive. In this communication, we demonstrate a close correlation
between the phase transitions in strongly correlated SrRuO; epitaxial thin
films and their OER activity. Using pulsed laser epitaxy, we induced an
orthorhombic to tetragonal structural phase transition for the crystalline
thin films. The change in crystalline symmetry led to a large modification
of the electronic structure, which significantly affected the electrochemical
activities. For the tetragonal SrRuO; thin film, the efficiency of OER activity
was enhanced by more than 30% compared to the orthorhombic thin film.
Our study suggests that a substantial enhancement in the electrocatalytic
activity is possible even within single material systems, by rational design
and engineering of their crystal and electronic structures, especially for the
strongly correlated transition metal oxides.

conversion and storage mechanisms, and is the efficiency-
limiting process in electrolytic water splitting and metal-air
batteries.®” The ultimate goal of OER studies is to develop low-
cost, highly active, and stable catalysts.®® Recently, perovskite
oxides (ABO3), such as Ba, 551 5C0p gsFe 2035, Pro sBag sC00;3 s,
and LaCoOj;, have attracted much attention owing to their
intrinsically high OER activity.' > More interestingly, proper-
ties such as surface oxygen binding energy, number of outer
shell electrons in the transition metal ion, electron occupancy
of the e, orbitals, and the proximity of the oxygen p-band to
the Fermi level, have been proposed as descriptors for OER
activity.'®**14 such approaches, however, have been mainly
tested by comparing systems containing different transition
metal elements. Unintentionally, such variations in the identity
of the elements therein involve commensurate changes in the
atomic structures, valence states, electrical resistivities, crystal-
line surfaces, and overall and specific electronic structures of
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the materials. Therefore, approaches based on a simplified
electronic structure may not apply to distinctive material systems,
and a more carefully controlled study, for example, one using a
single-material system, is necessary to precisely understand the
effect of the catalyst’s electronic structure on the OER."

In order to probe the link between the electronic structure
and catalytic activity within a single-material system, we exploit
the strongly correlated behavior in complex oxides. In particular, the
strong coupling among the degrees of freedom of the d-electrons,
i.e., charge, spin, orbital, and lattice, in transition metal oxides
enables effective tuning of the fundamental physical properties of
transition metal oxides.">"” In the case of epitaxial thin films, the
strong coupling results in a wide spectrum of material properties,
which is accessible by tuning epitaxial strain and/or defect
concentration. In particular, elemental defects in perovskite
oxides can induce modifications in chemical bonding and hybri-
dization between transition metal 3d and oxygen 2p orbitals,
which affect the electronic structure significantly. By utilizing
these characteristics, we are able to selectively tailor the electro-
nic structure within a single transition metal oxide system.

SrRuO; (SRO) is a strongly correlated metal that exhibits good
OER activity, although it is not very stable in electrochemical
environments.” Bulk SRO crystals have an orthorhombic struc-
ture with lattice parameters of a, = 5.567, b, = 5.530, and
¢, = 7.845 A, which can also be represented as a pseudocubic
structure with a lattice parameter of a,. = 3.926 A.'® Epitaxial
SRO thin films exhibit a structural phase transition induced by
temperature, epitaxial strain, thickness, and/or vacancy con-
centration, which makes them suitable for the study of the
relationship between fundamental physical properties and OER
activities.'** In particular, a structural phase transition to a
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higher symmetry lattice, e.g., an orthorhombic to tetragonal
transition, is observed with increasing entropy (temperature and/or
defect concentration) of the system.'**

In this communication, we demonstrate a close correlation
between the crystalline symmetry, electronic structure, and OER
activity, within the framework of a strongly correlated transition
metal (Ru 4d) and oxygen electronic states. In particular, an
increase (decrease) in the unoccupied Ru 4d e, (occupied O 2p)
electronic state accompanies an orthorhombic to tetragonal
structural transition in epitaxial SRO thin films, which results in
a substantial (>30%) decrease in the overpotential for the OER.

In order to induce a phase transition in the crystal structure,
we fabricated epitaxial SRO thin films on a single-crystalline
SrTiO; (STO) (001) substrate at different oxygen partial pressures,
P(0,), using pulsed laser epitaxy. Fig. 1 shows the crystal struc-
ture of our SRO thin films. The thicknesses of the samples were
fixed at ~30 nm (Fig. S1, ESIT). The X-ray diffraction (XRD) 6-20
scans in Fig. 1(a) represent a monotonic increase of the pseudo-
cubic c-axis lattice parameter (c,) with decreasing P(O,). The
lattice expansion originates from the increased Ru and O vacan-
cies with decreasing P(O,), as will be discussed later in more
detail. Despite the introduction of elemental vacancies, all the
SRO thin films are coherently strained to the STO substrate, as
exemplified in the reciprocal space map around the (103) STO
Bragg reflection, shown in Fig. 1(b). All the thin films show
good crystallinity, as indicated by the peaks in the rocking curve
scans, with full-width-at-half-maximum (FWHM) values of <0.02°
(Fig. S2, ESIY).

We observed an orthorhombic to tetragonal structural phase
transition with a decrease in P(O,) for our fully strained epitaxial
SRO thin films. In particular, XRD off-axis 0-20 scans show a
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Fig. 1 Elemental vacancy induced structural phase transition in epitaxially strained SrRuOs3 thin films. (a) XRD 6—-20 scans for epitaxial SrRuO3 thin films
grown at different P(O,) around the (002) Bragg reflections of the SrTiOs substrates (*). With decreasing P(O,), the (002),. peak of SrRuOs shifts to a
lower angle, indicating an increase of the cyc-axis lattice constant. (b) XRD reciprocal space map of the SrRuOs thin film grown at P(O,) = 1071 Torr
around the (103) Bragg reflection of the SrTiOz substrate, which shows a coherently strained film without any lattice relaxation. Schematic diagrams of
(c) tetragonal and (d) orthorhombic SrRuOs thin films epitaxially grown on SrTiOs substrates. The lattice parameters are redefined according to the crystal
symmetry for each structure. (e) Evolution of the orthorhombic and pseudocubic lattice constants of epitaxial SfRuOs thin films as a function of P(O5).
A clear structural phase transition is observed at P.(O,) = ~2 x 102 Torr. The pseudocubic lattice constant of bulk SrRuOs (Cpc = 3.926 A, black dashed
line) is shown for comparison. Background colors represent the tetragonal (red) and orthorhombic (blue) phase regions.
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clear distinction between the films grown at P(O,) > 3 x 10>
and <1 x 10~ Torr (Fig. S3, ESIT).>* Fig. 1(e) summarizes the
calculated lattice parameters for the epitaxial SRO thin films
grown at varying P(O,) obtained by the above XRD analyses
(Table S1, ESIt). An abrupt change in the orthorhombic lattice
parameters is observed across P.(0,) = ~2 x 10~ Torr, which is
the critical P(O,) for the structural phase transition. Consequently,
crystal structures for the epitaxial SRO thin films are schematically
shown in Fig. 1(c) and (d), i.e., a distorted orthorhombic structure
(Fig. 1(d)) for the films grown at P(O,) > P,(O,) and a tetragonal
structure (Fig. 1(c)) for the films grown at P(O,) < P(O,), within
the preserved perovskite framework. (The lattice parameters are
redefined according to the crystal symmetry for each structure.)
The P(0O,)-dependent orthorhombic-to-tetragonal phase tran-
sition is driven by the increased elemental vacancy concentra-
tions within the SRO epitaxial thin films. We performed X-ray
photoelectron spectroscopy (XPS), which confirms a systematic
and gradual increase of the Ru and O vacancies with decreasing
P(0O,). While it is technically difficult to determine the exact
stoichiometry of oxide thin films, we can understand the quali-
tative trend of the vacancy formation. Fig. 2(a) and (b) show
Ru 3d with an asymmetric peak shape and O 1s core level photo-
emission spectra, respectively. The peaks at binding energies of
285.5, 281.4, and 529.0 eV correspond to Ru 3d3,, 3ds/, (spin-orbit
splitting of 4.1 eV), and O 1s orbitals, respectively.”” From the
XPS spectra we clearly observe a systematic decrease in the Ru
3d spin-orbit doublets and an increase in the O vacancy states
with decreasing P(0,).”® Fig. 2(c) shows the relative atomic
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Fig. 2 Elemental defect concentration in SrRuOs thin films by X-ray
photoelectron spectroscopy. (a) Ru 3d core-level and (b) O 1s XPS spectra
of the SrRuOs thin films grown at different P(O,). The spectra are vertically
shifted for clarity. Starting from stoichiometric SrRuOs, an increase of Ru
and O vacancies is shown with decreasing P(O,). (c) Relative atomic con-
centration in SrRuOs thin films, showing a systematic increase of Ru and O
vacancies with decreasing P(O,). While the crystal structure of the SrRuOs
thin films shows a clear phase transition at P.(O,) = ~2 x 1072 Torr, the
Ru and O vacancy concentrations do not show such an abrupt change.
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concentration of each element in the thin films, obtained from
the spectral weight of the deconvoluted peaks. With decreasing
P(0,), a continuous decrease in Ru and O concentrations is
observed, along with an increase in O vacancy concentration
(Vo) and the secondary phase (Sr-O). Interestingly, the elemental
vacancy concentrations do not show a drastic increase across
P.(0,). Hence, the structural phase transition is not induced by
abrupt changes in the vacancy concentrations. Instead, despite a
small difference, when a critical amount of elemental vacancies
is introduced, the energy of sustaining the orthorhombic struc-
ture becomes too high and the structure lowers the energy by
transforming into a tetragonal structure. Theoretical calculation
of the vacancy formation energy further supports the elemental
vacancy engineering of the crystal structure (Table S2, ESIt).

Concomitant with the structural phase transition, we observed
a substantial modification of the electronic structure of SRO thin
films across P.(O,). Fig. 3 shows the optical spectroscopic results
obtained by spectroscopic ellipsometry, which reflects the elec-
tronic structure near the Fermi level. The real part of the optical
conductivity spectra, o,(w) (Fig. 3(a)), clearly exhibits the evolu-
tion of optical transitions by changing P(0,), especially across the
structural phase transition. SRO thin films typically show a Drude
absorption at low photon energy, indicating metallic behavior. In
addition, four different peaks, labelled as a, A, B, and B at ~1.7,
~3.3, ~4.1, and ~6.2 €V, are attributed to Ru 4d t;; — ty,
O 2p — Ru4d tys, Ru4d t,;, — €5, and O 2p — Ru 4d e, optical
transitions, respectively.>**° In particular, the optical transition
peaks A and B directly represent the quantitative hybridization
strength between the Ru and O states. In order to extract the
individual parameters for each optical transition, we used the
following Drude-Lorentz analysis:

2 , 2 P
o1 (o) :imJ’,iz#’ (1)
mr? +ypt - omt 4 (02 — @)’ 4702

where e, m*, n;, 7;, and w; are the electronic charge, effective
mass, carrier density, scattering rate, and resonant frequency
of the j-th oscillator, respectively. The first term describes the
coherent Drude response from free charge carriers (subscript
D), and the second term describes the optical transitions from
occupied to unoccupied electronic states. Although the position
(w;) and the width (y;) of the optical transition peaks do not
change significantly, a strong redistribution of the spectral weight
(W = [oj(w)do « n;/w?) is observed with decreasing P(0,), as
shown in Fig. 3(b). In particular, with increasing Ru-O vacancy
concentrations, W,z and W, show an abrupt decrease and
increase, respectively, across the structural phase transition.
Wsg even surpasses W, for the tetragonal phase SRO thin films,
indicating a strong modification of the electronic structure.
The abrupt change in the electronic structure can be under-
stood by considering the crystal structure as well as the elemental
vacancy concentration. First, we note that both A and B are charge
transfer transitions involving an occupied O 2p state. Therefore,
the transition probabilities (Ws, and Wyg) might decrease as more
O vacancies are introduced with decreasing P(O,). It also indicates
that the hybridization strength between the Ru and O states is

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Elemental defect induced electronic structure transition in SrRuOsx
thin films. (a) Real part of the optical conductivity, o1(w), of the SrRuO3 thin
films. The symbols denote the experimental spectra and the lines represent
the Drude-Lorentz fitting results. The optical transitions at ~1.7, ~3.1,
~4.4, and ~6.2 eV are assigned to peaks a, A, B, and B, respectively. The
transitions correspond to d-d transition between Ru 4d t,q states (a),
d-d transition between Ru 4d t,4 and e4 states (f), charge transfer transition
between O 2p and Ru 4d tyq states (A), and charge transfer transition
between O 2p and Ru 4d eq4 states (B). The dashed lines represent the
deconvoluted Lorentzian peaks corresponding to each characteristic optical
transition. (b) Spectral weight (Ws) evolution of the Lorentz oscillators as a
function of P(O,). With decreasing P(O,), Wsa and W,g decrease, while Wsg
increases. In particular, W, for most transitions shows an abrupt change at
P.(O,) = ~2 x 1072 Torr, indicating a transition in the electronic structure.

substantially decreased as the crystal structure changes into a
tetragonal structure. In addition, the increase in W,z can be
understood in terms of the Ru-O-Ru bond angle. As the crystal
structure undergoes a phase transition from orthorhombic to
tetragonal at P,(O,), the Ru-O-Ru bond angle approaches 180°,
facilitating inter-site d-d transitions due to the greater overlap
of 4d orbitals. Conversely, Wy, shows little, if any, P(O,) depen-
dence, since the bond angle dependence will be weaker for the
tye orbitals compared to the elongated e, orbitals that are
responsible for the transition . The more abrupt nature of
Wsg compared to W, can also be explained by the involvement
of the unoccupied e, orbital.

With the help of density functional theory calculation, we
can further confirm that the electronic structure transition is
predominantly associated with the crystal symmetry change.
Fig. 4 shows the electronic density of states of the orthorhombic
and tetragonal SRO. The overall features of the two phases are
quite similar, reproducing all the expected optical transitions as
indicated by the horizontal arrows in Fig. 4(a). Moreover, the
essential differences in the predicted electronic structure are

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Density of states (DOS) of (a) orthorhombic and (b) tetragonal
SrRuOs. The density of states indicates a decrease in the occupied O 2p
band and an enhancement of the unoccupied Ru 4d e4 band as the
structure changes from orthorhombic to tetragonal. The horizontal arrows
indicate the optical transitions observed in Fig. 3. The change in the theore-
tical electronic structure owing to the phase transition coincides with the
change in the experimental optical spectra.

clearly observed, as indicated by the vertical arrows in Fig. 4(b).
For the tetragonal SRO, the occupied O 2p level (near —2 eV) is
suppressed, while the unoccupied Ru 4d e, level (near 1 eV) is
enhanced. In particular, the increase of the unoccupied e, level,
or closing of the energy gap around 1 €V, in the tetragonal SRO is
closely related to the octahedral distortion in the orthorhombic
structure, as previously discussed. Indeed, it has been shown
that octahedral rotation leads to gap opening in 4d transition
metal oxides, including Sr,Ru0,.>"** It should be further noted
that the elemental vacancies do not significantly contribute to
the changes in the density of states when compared to the
contribution made by the structural transition. Fig. S4 (ESIY)
shows the effect of RuO vacancies in determining the electronic
structure of the tetragonal SRO thin films, which is relatively
weak compared to the effect of the structural transition. (The
main changes denoted by the vertical arrows are undisturbed
by introducing vacancies.)

The modification of the electronic structure in the epitaxial
SRO thin films influences the electrochemical activity signifi-
cantly. Fig. 5 shows the current density as a function of potential
with reference to a reversible hydrogen electrode (RHE) for the
SRO thin films in KOH solution. Our cyclic voltammetry data for
the orthorhombic SRO thin film (P(0,) > 3 x 102 Torr) show
good agreement with a recent study on epitaxial SRO thin films.
Chang et al. described the current enhancement in the cyclic
voltammetry mainly due to the OER activity in SRO, separately
confirmed by rotating ring disk electrode (RRDE) experiments on
Ru metal.” Furthermore, a lower onset potential value (< 1.25 V)
has been observed in our tetragonal SRO, which is close to the
calculated thermodynamic equilibrium potential value (1.23 V).**
The extremely low overpotential allows us to consider partial
contribution from a transient anodic current based on the

Energy Environ. Sci., 2017, 10, 924-930 | 927
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Fig. 5 Catalytic OER effect of SrRuO3 thin films with elemental vacancies.
Current—potential curves during the first potential sweep for the OER on
SRO thin film electrodes in a 1 M KOH electrolyte. As the P(O,) decreases
from 10~* to 10~* Torr, the overpotential also decreases. The insets show
the overpotential at the current density of 1000 pA cm™2 as a function of
P(O,). Schematic band diagrams are also shown for the tetragonal (larger
Ru 4d eg4 state) and the orthorhombic (larger O 2p state) structures of epitaxial
SRO thin films.

oxidation of the SRO thin film itself. However, from cyclic
voltammetry at low potential, XRD, XPS, inductively coupled
plasma-mass spectroscopy (ICP-MS), and chronoamperometric
measurements, we confirmed that both orthorhombic and tetra-
gonal SRO thin films are stable at least up to 1.3 V, which is well
above the onset potential of OER (Fig. S8-S12, ESIT). Although
more transient behavior due to the dissolution of the material
could be observed as we further increased the potential, such
behavior did not occur at a low potential range.

The OER behavior can be clearly distinguished between the
orthorhombic and tetragonal SRO thin films. The cyclic volta-
mmetry curves can be easily categorized into two groups, ie.,
the tetragonal SRO thin films exhibit a lower onset potential,
indicating a higher OER activity, compared to the orthorhombic
SRO thin films. These results clearly demonstrate that the crystal
and/or electronic phase transition is responsible for the remark-
ably enhanced OER activity, on top of the more gradual improve-
ments possibly due to vacancy incorporation in the thin films. In
addition, we have observed a reproducible pre-peak in the cyclic
voltammetry below the onset of the OER. While its exact origin
is not currently understood,**** the pre-peak is specific for the
orthorhombic (~1.12 V) and tetragonal (~1.04 V) SRO thin film
catalysts, further suggesting a correlation between the electronic
structure and catalytic activity. The inset of Fig. 5 shows that the
overpotential for the film grown at high P(0,) (3 x 10~ Torr) is
0.233 V, while that for the film grown at low P(O,) (1 x 10~ Torr)
is 0.154 V. Therefore, a 30% reduction in the overpotential is
achieved with the concomitant structural and electronic phase
transitions in SRO thin films.

We provide further experimental evidence to support that the
significant decrease in the overpotential is due to the change in
the electronic structure. First, we provide the electrical resistivity
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as a function of temperature (Fig. S5, ESIf). Interestingly,
the resistivity increases with increasing defect concentration
(decreasing P(0,)), which is the opposite trend to the increasing
current density observed in the alkaline solution. Therefore,
the decrease in the overpotential for the tetragonal SRO in KOH
solution cannot be attributed to a more conducting sample,
and is indeed due to the enhanced chemical activity. Second,
the orthorhombic and tetragonal SRO epitaxial thin films show
a comparable structural and surface quality, as shown in Fig. S2
(ESIT). The rocking curve scan indicates the excellent crystallinity
of the samples, and the atomic force microscopy (AFM) topography
images show the single unit cell step-and-terrace structure of the
substrate, which is well-preserved even after the thin-film growth,
for the samples grown just above and below P.(O,). The rms
roughness values obtained from the topographic images are also
comparable. The XRD 6-26 scans also show prominent thickness
fringes for the SRO films grown down to P(O,) =1 x 10~ Torr,
which is below P.(O,), indicating that the surface structural
quality is not the main factor for the enhancement of the OER
activity in the tetragonal SRO thin films. Moreover, since we
do not observe any abrupt increase in the Ru and O vacancy con-
centrations (Fig. 2), the modification of the electronic structure
is the best natural explanation for the enhanced catalytic activity
in the tetragonal SRO thin films.

The simplified schematic band diagrams in the inset of Fig. 5
illustrate the essential modification of the electronic structure that
should be associated with the change in the observed electro-
chemical activity. We specifically note that the hybridization
strength between the Ru and O states within the SRO thin films
can substantially influence the OER activity. Indeed, metal-
oxygen hybridization in 3d transition metal oxides has been
recently proposed as an important factor in determining
the electrocatalytic activity.>*>>*® The mechanism of OER in
alkaline solution consists of a series of elementary electron-
transfer steps, the efficiencies of which are determined by the
creation and breaking of chemical bonds between the adsor-
bate molecules such as 0*, OO*, OH*, and OOH* and the
3738 As the A peak in optical
spectroscopy is a straightforward measure of the hybridization
strength, the tetragonal SRO thin film has a lower hybridization
strength compared to the orthorhombic thin film. The reduced
hybridization within the RuOg octahedra can facilitate the
formation of the chemical bonding between the Ru and the
adsorbate molecules. In addition, the increase in the unoccu-
pied e, state might indicate the easier formation of a more
oxidized (unstable) active Ru site, which could further facilitate
the activity.’

A recent scanning tunneling microscopy study also under-
scored the important role of the RuOg octahedra in understanding
water molecule adsorption at the ruthenate surfaces.*® In parti-
cular, the structural flexibility or “rigidity” of the octahedra in
perovskite oxides was identified as the key factor influencing
molecular adsorption. The exact difference between the ortho-
rhombic and tetragonal SRO surfaces at the molecular level is
yet to be discovered, in terms of the difference in bonding
character and possible surface superstructures. Nevertheless,

surface transition metal ions.
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the effect of structural and electronic modification on the
surface chemistry and reactivity in a single-material system
has been clearly demonstrated.

Conclusions

In conclusion, we have studied the close correlation between
the crystalline symmetry, electronic structure, and OER activity
of single-crystalline STRuO; thin films. A critical oxygen partial
pressure of ~2 x 10”2 Torr during the pulsed laser epitaxial
growth clearly divided the grown epitaxial thin films into two
groups, ie., orthorhombic and tetragonal phases for high and low
pressure growth, respectively. The elemental-vacancy-induced phase
transition in the crystalline lattice accompanied a change in the
electronic structure. The modification of the electronic structure
affected the electrocatalytic activity substantially, reducing the over-
potential of the OER by more than 30%. Our approach provides an
effective framework for discovering an appropriate descriptor for
different chemical activities and can be applied to other strongly
correlated transition metal oxide catalysts.
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