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Abstract
Transition metal oxide thin �lm has recently become an attractive platform for enhanced catalytic activity
and to perceive the fundamental functions of d electron structure and charge transfer processes. Owing
to the long-range lattice ordering and accurate stoichiometry, the single-crystalline transition metal oxide
thin �lm enables the mechanism discussion of electrochemistry down to the atomic level. However, it is
technically unviable in the fabrication of transition metal oxide thin �lm with a substantial surface area
and strain condition. Here we report the oxygen evolution reaction enhancement by a stack of multilayer
SrRuO3 featured with single-crystallinity, �exibility, and stackability, which was achieved from the rigid
heterostructure via a water-dissolution of Sr3Al2O6 sacri�ce interlayers. The controllable stack of
multilayer SrRuO3 and the emergent high-spin state t2g(3↑)eg(1↑) of Ru e�ciently enhances the oxygen
evolution reaction activity. Our study provides an approach for �ne manipulation of single-crystalline
freestanding transition metal oxide morphologically, and an e�cient strategy aiming at the extreme
enhancement of the electrochemically active surface area and strain condition.

Introduction
Functional perovskite transition metal oxides (TMO) have emerged as a promising candidate in various
water splitting processes as its designable d electron con�guration and charge transfer energy between
the transition metal and oxygen or hydroxyl, bene�ting to a low cost, considerable activity, and stable
catalyst1–3. Among several decent material forms in oxygen evolution reaction (OER) investigations,
single-crystalline TMO epitaxial thin �lm and heterostructure has been established as one important path
to gain the fundamental links, even at the atomic level, between d orbitals in the varied lattice structure
and active site without a serious confusion of determining the speci�c surface area4–9. The interfacial
lattice structure of rigid TMO heterostructure greatly in�uences the d electron con�guration by
manipulating the M-O octahedra. As a catalyst, it is excepted that a corresponding OER variation will be
presented owing to a change of the ability of charge transfer such as in LaCoO3, NdNiO3, and LaNiO3,

etc10–12. In the conventional frame of improving catalytic activity, the enlargement of the electrochemical
active surface area (ECSA) of a catalyst, such as in alloy or self-supporting electrocatalyst13,14, is widely
explored by nanoparticle and porosity processes15,16. However, these strategies are inapplicable for the
epitaxial single-crystalline TMOs as their lattice ordering and stoichiometry will be destructed and
obscured. Besides the strain by interfacial lattice mismatch in rigid TMO thin �lms is limited in epitaxy,
and the impact of interfacial strain may be extraordinarily puzzled due to it always relaxes in a scale of
several unit cells, such as in SrRuO3 and La2/3Sr1/3MnO3, etc17,18. Thus up to now, a prominent
enlargement of the single-crystalline TMO surface with conspicuous strain conditions is highly desired
for OER investigations in the aspect of fundamentals and applications.

As a breakthrough, the nanometer-thick freestanding membrane of single-crystalline La0.67Sr0.33MnO3 by

buffered water-dissolvable Sr3Al2O6 (SAO) method was �rstly implemented by Lu et al19, then excellent
mechanical properties were found in BaTiO3 (BTO) and BiFeO3 by Dong and Ji et al, where they can
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suffer up to ~ 10.1% curvature change without a noticeable break of the perovskite20–22. Furthermore, the
curling or related zigzag waveforms of freestanding BaTiO3 membranes were also demonstrated by

Dong et al after a transfer to the Polydimethylsiloxane surface23. Thus this freestanding treatment of a
single-crystalline TMO thin �lm enables us to obtain a �exible membrane that can be stacked or
squeezed by a well-designed transfer and most importantly shed light on the possible surface area
enlargement for a substantial enhancement of electrochemical catalysis. In addition, freestanding TMO
also allows us to arti�cially manipulate the strain condition24–26. SrRuO3 (SRO) is an OER active
transition metal oxide, and the electronic structure of SRO is sensitive to the strain condition which can
trigger a high spin state for lowering the adsorption energy between SRO and oxygen intermediates27–31.
As we have known that bulk SRO possesses a low-spin state of Ru4+ with an electron con�guration of
t2g(3↑, 1↓) displaying a saturated magnetic moment of 2 µB per Ru theoretically32. A high-spin state of
t2g(3↑)eg(1↑) occurs once the Ru-O octahedra is strained, the magnetic moment can surpass 3 µB per Ru

according to previous experimental studies33,34. Although the Ru does not undergo a chemical valence
change, introducing the occupancy of high-energy eg orbital could be an effective method to boost the

OER performance35–37. Here in this study, aiming at a combination of the ECSA enlargement and strain
engineering for an enhanced OER activity, we have performed a comprehensive investigation of the
single-crystalline multi-layers of freestanding SROs on SRO, which can be achieved by water dissolving
their supporting SAO interlayers. To maximumly strain the freestanding SRO, a cylindrical sharp was
intentionally schemed out.

Results And Discussions
The fabrication of the single-layer (n = 1) cylindrical SRO (C-SRO) is schematically shown in Fig. 1a. An
SRO layer was �rstly deposited on (001)-oriented STO substrate as a conductive connecting layer (see
Supplementary Fig. S1), followed by an SAO as the sacri�ce layer. Then SRO/BTO/SRO was grown on
SAO, here upper and lower SRO layers are asymmetric in thickness, 16 and 2 nm respectively, for
producing an arti�cial strain distribution. As the water-dissolvable nature of SAO, SRO/BTO/SRO
heterostructure and the rigid SRO will be separated once the sample is submerged into the deionized
water. In the dissolution, the freestanding SRO/BTO/SRO gradually crackles and coils into the cylindrical
sharp C-SRO due to the strain, as shown in Fig. 1b and c. After a complete solution of SAO, the C-SROs
adhere to the rigid SRO and connect eventually with an aid of the exposed surface of rigid SRO.

We performed the X-ray diffraction measurements on rigid SRO/STO, and the
SRO/BTO/SRO/SAO/SRO/STO heterostructure as shown in Fig. 1d. The rigid SRO layer is strictly
epitaxial along with the (001) orientation. After inserting the SAO layer, the orientation of the epitaxial
SRO/BTO/SRO/SAO/SRO/STO remains without any noticeable peaks of impurity structural phases. In
Fig. 1e, the rigid SRO on STO exhibits a ferromagnetic to paramagnetic transition Tc at ~ 170 K by the
temperature-dependent magnetic measurement, also across Tc, the transport, resistance versus
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temperature, of SRO shows a Fermi-liquid behavior to bad-metal transition (Fig. S1c). These physical
properties of our SRO are consistent with previous reports38,39.

In Fig. 2a, we have shown the optical images of C-SRO layers (from n = 1, 2, 3, 5 and 10) on rigid SRO, and
it is clear that the density of C-SRO increases with n, exhibiting a 3D stack SRO. After the water-
dissolution, these samples were annealed at 400 oC for 1 hour to make the SRO connection a strong
adhesion instead of a weak one (such as Van der Waals force) for the stability in OER measurements as
shown in Fig. S2. In Fig. 2b, the diameter (d) of the C-SRO as a function of n is presented, the d slightly
enlarges from ~ 16.8 to ~ 18.6 µm while n = 2 to 10. Before that the �rst C-SRO layer has a small d ~ 13.7
µm. This change may come from the difference of supporting layers for C-SROs with n = 1 and n > 1. In
principle, one may get any number of C-SRO layers by stacking SRO/BTO/SRO/SAO heterostructures in
the epitaxy process. Before the OER activity tests, we examined the electrochemical double-layer
capacitances (Cdl) by cyclic voltammetry (CV) measurements in the Non-Faradaic current range at
different scan rates (experimental details can be found in Fig. S3) to realize the C-SRO coverage effort
from the view of ECSA. In Fig. 2c, we have found that Cdl as a function of n exhibits a linear dependence
bene�ting from the stability of C-SRO, not only the shape, and diameter but also the connection. In
addition, this result shows that our stack of C-SRO is an effective method to increase the surface area of
single-crystalline TMO.

Utilizing a standard three-electrode con�guration, the OER catalytic activities of our samples were
evaluated in 1 mol/L KOH solution at room temperature. In Fig. 3a, linear sweep voltammetry (LSV)
measurements of rigid SRO and with C-SRO (from n = 1 to 10) coverage are shown. The current density (j)
of 0.35 mA/cm2 at 2 V of rigid SRO is found. By stacking C-SRO on it, the j increases with n
monotonously from n = 1 to 10 at a certain voltage. Further in Fig. 3b, the Tafel slopes, potential versus
log(j) are plotted, where the Tafel slope reduces from 102 to 30 mV/dec with n (0 to 10), indicating better
reaction kinetics in the progress via C-SRO. Then the electrochemical impedance spectroscopy (EIS)
Nyquist were measured at a frequency from 105 to 0.01 Hz by 5 mV amplitude AC signal as shown in
Fig. 3c, as can be seen, the charge transfer resistance between a working electrode and electrolyte
decreases with n, con�rming that the coverage of C-SROs provides an enhanced charge transfer kinetics.
In Fig. 3d-f, we have summarized the onsetpotentials, overpotentials, and Tafel slopes as a function of C-
SRO coverage to present an overall improvement of OER performance. The onsetpotential of rigid SRO is
~ 1.900 V, which is slightly larger than the previous reports of SRO thin �lms40,41. This is likely arisen by a
faint difference of stoichiometry, it drops gradually with n and reaches the minimum of 1.233 V.
Meanwhile the overpotential exhibits a similar regulation, by three-layer of C-SRO coverage, the
overpotential can be ~ 93% reduced from 0.92 to 0.06 V at j = 5 mA/cm2. Throughout these overall
performances, perhaps most interestingly, there is no saturation trend is seen up to n = 10. It is not far to
seek that these OER activity enhancements are originated from the enlargement of active surface area in
part. In Fig. 3g, the electric �eld dependences of CV curves of rigid SRO and C-SRO n = 3 and 10 with
different scan rates are shown, detailed CV curves can be found in Fig.S3. The j increases with scan rate
and reaches 204, 112, 54, and 27 µA/cm2 under 80, 40, 20, and 10 mV/s in C-SRO (n = 10), which is
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roughly 18.5 times bigger than the one of rigid SRO. These results show that the C-SRO on rigid SRO is
indeed a feasible strategy of the ECSA increase for an enhanced OER activity.

The forming of the cylindrical shape SRO comes from the BTO interlayer via the support effect, which
enables us to achieve the stack of single-crystalline SROs. First of all, BTO is ferroelectric with a
polarization ~ 30 µC/cm2 42, the carrier of SRO will be depleted or accumulated at the BTO/SRO interface.
According to the dielectric constant, and the carrier density of SRO, the screening length of SRO is ~ 1.6 Å
which is smaller than the half unit cell43,44. So in such a scenario, the bound charge effect can neglect.
Secondly, the BTO interlayer provides a lattice mismatch between two thickness asymmetric SROs for
curling. Then the non-�at SRO may also contribute to the enhanced OER by extra electronic
reconstruction, such as the appearance of a high-spin state, due to the strain effect. To clarify this, we
compared the overpotential at 1 mA as a function of the SRO surface area in Fig. 4a. Here the surface
area of C-SRO is evaluated by the value in the rigid heterostructure, say, before the water-dissolution. The
overpotential decreases with the surface area in both rigid and C-SRO covered SRO, however, in the case
of C-SRO, the overpotential is lower than epitaxial rigid SRO at a certain surface area, suggesting that this
phenomenon is given by the strain effect, this difference is marked by grey area. In Fig. 4b, schematically
the outer and inner SROs in C-SRO endure tensile and compressive strain respectively, the bending strain
ε in the bending direction is given by ε = t/R, where t and R are half of the thickness of SRO/BTO/SRO
and the corresponding radius of curvature33. Roughly the outer and inner SROs bear ± 0.72% strain, in
addition to an altering of the dxy, dxz, and dyz occupancy by the modi�cation of RuO6 octahedra, the
possible emerging high spin-state would contribute to a bene�t of an enhanced OER activity. In Fig. 4c,
we examine the magnetic �eld dependent magnetization of rigid SRO and C-SRO (n = 3 and 10). Based on
the ideal stoichiometry, theoretical saturated magnetization (MS) of Ru is two with the electron
con�guration of t2g(3↑, 1↓), usually, the MS of bulk SRO is always from ~ 1.1 to ~ 1.6 µB per Ru owing to

the electron delocalization associated with itinerancy27,45,46. In our rigid SRO, the MS equals ~ 1.61 µB per
Ru under a parallel magnetic �eld, however, in contrast, the MS of C-SRO (n = 3 and 10) exhibits a value of
~ 2.24 and 2.42 µB per Ru which indicates that the high-spin state occurs in our C-SRO. Then the
occupancy of extra eg orbital provides an additional charge transfer path which could boost a further
enhancement of OER activity. This conclusion is also testi�ed by the X-ray photoelectron spectroscopy
(XPS) measurement on the C-SRO and rigid SRO as shown in Fig. 4d. The binding energy of Ru 3d3/2

shifts from ~ 285.9 eV of rigid SRO to ~ 285.4 eV of C-SRO. This indicates that the adsorption energy
between C-SRO and oxygen intermediates can be lowered bene�ting the OER performance40. Meanwhile,
it implies that the electron occupancy of C-SRO is partially driven to a high-spin state33,47.

By achieving the enlarged ECSA and the high-spin state in stacked single-crystalline C-SRO, the enhanced
OER performance is found, the overpotential of C-SRO (n = 10) is ~ 60 mV at j = 5 mA/cm2, which is one
order of magnitude smaller than the one of promising OER candidate TMO thin �lms, such as LaNiO3

12,

LaCoO3
10, Ba0.5Sr0.5Co0.8Fe0.2O3−δ

48, and IrO2
49. Besides, the Tafel slope of our C-SRO (n = 10) can be

triggered to ~ 30 mV/dec, which is almost reduced by half comparing to theirs.
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Conclusion
In summary, aiming at the dilemma of the limitation of effective chemical reaction area of TMO epitaxial
thin �lm, the stacking of freestanding SRO layers has been investigated to achieve a dramatical
enhancement of OER activities. Meanwhile, the strain is introduced by coiling SRO to a cylinder sharp for
a high-spin state t2g(3↑)eg(1↑) of SRO, which enriches the charge transfer process. Utilizing the sacri�ce
SAO interlayers and strain of SRO/BTO/SRO in rigid epitaxial heterostructures, after water-solution,
freestanding C-SROs with electron con�guration t2g(3↑)eg(1↑) in part on rigid SRO is obtained exhibiting
an enlargement of SRO exposed surface. This greatly promotes OER activities in the aspect of onset
potential, overpotential, and Tafel slope. Our study on the stack of freestanding SRO could initiate a
promising method to scale up the active surface area of single-crystalline TMO without damage of lattice
ordering and stoichiometry. Most importantly strain conditions can be well-engineered with the goal of a
particular electronic structure.
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Methods
Sample Preparation: For the (SRO/BTO/SRO)n/SAO/SRO/STO heterostructures (n is the number of
periods), the �rst SRO (16 nm) was deposited on a TiO2-terminated STO (001) substrate by the PLD
method (KrF laser λ = 248 nm). Then, SAO (50 nm) sacri�cial layer and SRO (2 nm)/BTO (80 nm)/SRO
(16 nm) sandwich heterostructures were deposited on SRO/STO. By repeating the SAO/SRO/BTO/SRO
growth, multiple C-SROs with different n can be obtained after the water dissolution. During the PLD
deposition, the energy density of the laser beam was adjusted to be 2.3 J/cm2 for SAO
and SRO layers, and 3.0 J/cm2 for BTO. SRO and BTO layers were deposited at 750 °C and the oxygen
partial pressure was 1×10−1 Torr, besides the SAO sacri�cial layer was deposited under 5×10−5 Torr
at 700 °C. 
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Characterizations: The crystal structure of thin �lms was characterized by X-ray diffraction (XRD) of
Rigaku Smartlab (3KW). The optical microscope (DM2700M, Leica) and �eld emission scanning electron
microscope (FESEM, Regulus 8100, HITACHI) were employed to get the optical images and local
morphologies of our samples. The X-ray photoelectron spectroscopy measurements (ESCALAB 250,
Thermo Fisher Scienti�c) were carried out using a non-monochromatized Al Kα X-ray source, with a
photon energy of 1486.6 eV. The out-of-plane magnetic hysteresis loops and magnetic moment vs
temperature curves of samples were measured by Superconductor Quantum Interference Device (SQUID).
The resistivity as a function of temperature for the SRO �lms was examined by Physical Property
Measurement System (PPMS) of Quantum Design using the standard four-probe method in a
temperature range of 10-300 K.

 

OER measurements: The OER activities of the catalysts were evaluated by a standard three-electrode
system in 1 mol/L KOH solution using a Solartron Analytical 1470E, the KOH solutions were purged N2

gas at room temperature before OER measurements. The counter and reference electrodes are respective
carbon rod and Hg/HgO electrode, and the working electrode was set by �xing our sample on a copper
sheet with silver paint. After achieving an Ohmic contact, the working electrode was covered with a
chemical resistant epoxy, except an exposed surface. All potentials were converted to a reversible
hydrogen electrode (RHE): E vs RHE=E vs Hg/HgO+0.098+0.059×pH. All potentials mentioned in this
study are versus RHE. LSV measurements were measured at a scan rate of 1 mV/s. The electrochemical
Cdl were measured by cyclic voltammetry in a range of 0.924 to 1.024 V with 80, 40, 20, and 10 mV/s. the

EIS Nyquist curves were measured at a frequency from 105 to 0.01 Hz at 1.9 V by the 5 mV amplitude AC
signal.

Figures
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Figure 1

a, The schematic illustration of the achievement of cylindrical shape (SRO/BTO/SRO)n with n=1 (n is the
number of periods). b, The optical image of the freestanding SRO at the beginning stage of the water-
dissolution process. c, The SEM image of the freestanding SRO at the beginning stage of the water-
dissolution process. The SROs show outside-in coiling. d, The XRD patterns of rigid SRO/STO and
SRO/BTO/SRO/SAO/SRO/STO heterostructures. e, The magnetization under 100 Oe, and resistance as a
function of the temperature of rigid SRO.
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Figure 2

a, The optical and SEM images of C-SRO with different n. b, The statistic diameter of C-SRO from n=1 to
10. c, Cdl as a function of n.
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Figure 3

a, The LSV versus electric �eld, b, Tafel plot, and c, EIS of rigid and C-SRO (n=1, 2, 3, 5, and 10) covered
SROs. d, e, and f, The summarised onset potential, overpotential, and Tafel slope. g, Linear �tting of the
capacitive current densities versus CV scan rates of rigid and C-SRO (n= 0, 3, and 10) covered SROs.
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Figure 4

a, The overpotential at 1 mA as a function of rigid SRO and C-SRO surface area. The C-SRO area was
evaluated by the ideal area from rigid heterostructure before water-dissolution. b, A diagram of the strain
condition of inner and outer SROs in C-SRO. c, The moment of Ru versus magnetic �eld of rigid SRO and
C-SRO (n=3 and 10) at 10 K. d, The XPS patterns of rigid SRO and C-SRO respectively.
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