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the intensity of the t2g peak at ~529 eV drops, while the eg peak at 
~532.5 eV moves to higher energy. The weakening of the first peak 
intensity is consistent with the decrease in the Ir formal oxidation 
state, i.e., decreasing amount of empty Ir t2g peak state. The shift in the 
second peak is attributed to the changing crystal field of the square-
planar structure, which changes the energy levels of the O 2p–Ir 5d 
states (27). After 1 hour of cycling, the first peak (nominally t2g) regains 
intensity. This observation is consistent with the Ir LIII-edge result, which 
shows that the Ir formal oxidation state recovers at the 1-hour point.

After 4 hours, the O K-edge spectrum shows substantially decreased 
intensity in the low-energy region and a broader peak at higher energy. 
These observed features are markedly different from those for 
conventional amorphous IrOx (28, 29), which exhibits two sharp 
features corresponding to the nominally t2g and eg excitations. To 
understand these changes, we performed a computational survey 
on all known iridate polymorphs containing Ir4+ octahedra with 
different octahedral connectivities (e.g., anatase, brookite, or rutile; 
see section S7 and fig. S11). We emphasize that we cannot solve the 
exact structure of the amorphous layer. Instead, the purpose of this 
computational analysis is to demonstrate how the local structure of 
IrO2 affects the O K-edge by studying a series of model crystalline 
structures to understand whether the amorphous SryIrOx structure after 
long time cycling could be represented by conventional iridate moieties.

DISCUSSION
Our computational results indicate that none of the known iridate 
polymorphs can replicate the observed, broad O K-edge peak, as all 

iridate polymorphs exhibit sharp peaks corresponding to the t2g and 
eg excitations. Only a highly disordered amorphous model of IrO2 
derived from the reported amorphous TiO2 structure (30) leads to 
O K-edge spectra, consistent with the experiment (Fig. 4). Thus, we 
conclude that SryIrOx is highly disordered. This structural heteroge-
neity broadens the energy distribution of the t2g and eg excitations, 
causing nominally sharp t2g and eg peaks to blur. The outcome is 
one broad excitation feature, although the structure contains pre-
dominantly the Ir octahedra that should normally exhibit two 
distinct (t2g and eg) excitations (figs. S11 and S12). Amorphization 
leading to the disappearance of the t2g and eg peaks at the O K-edge 
has been observed in TiO2 (31). We expect this effect to be even 
stronger in IrO2 in view of the smaller crystal field splitting. While 
we cannot extract the exact iridate structure within the amorphous 
layer, this observation of the loss of distinctive t2g and eg excitations 
in amorphous iridates suggests a high degree of disorder within the 
amorphous iridate layer atop SrIrO3.

An interesting observation can be made given the energetics 
regarding different polymorphs. All stable iridate polymorph struc-
tures present octahedral environments. Among the five lowest 
energy structures, we find not only the previously considered brookite 
and anatase but also the more open hollandite and romanechite 
structures. The hollandite structure has the lowest energy among 
the nonrutile polymorphs, indicating that structural reorganiza-
tions could favor hollandite-like motifs in the amorphous layer 
(figs. S13 and S14). The hollandite structure presents open cavities 
that could accommodate the remaining Sr in the iridate and may 
explain why Sr diffuses faster after the amorphization. We hypothesize 

Fig. 3. Electronic structure and local coordination of an SrIrO3 film undergoing the OER. (A) Grazing incidence (GI)–XANES and (B) GI-EXAFS of Ir L3-edge show an 
initial reduction in the Ir formal oxidation state and the coordination number (CN) at 0.25 hours. After 0.25 hours, both the Ir formal oxidation and the coordination 
number increase back to the initial values before the OER cycling. Both probes have penetration depths of ~5 nm. (C) Visual summary of the Ir formal oxidation state 
extracted from the Ir L3-edge XANES from the results in (A), showing the evolution of the Ir formal oxidation state during the OER cycling.
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that the amorphization of SrIrO3 results primarily in this structure, 
which we propose is the active moiety of SryIrOx/SrIrO3: A hollandite-
like (or romanechite-like) structure with Sr2+ stationed in the cavity 
helps to stabilize Ir3+. Sun et al. (32) have demonstrated high OER 
activity on KxIrO2 hollandite, and Willinger et al. (33) have proposed 
that amorphous iridates have hollandite-like structural motifs and 
stressed the importance of Ir3+ on the OER catalysis. Our analysis 
agrees with the hypotheses of these early works.

The difference between the O K-edge of SryIrOx/SrIrO3 after 
4 hours and conventional amorphous IrOx provides insights into 
how SryIrOx/SrIrO3 is different from conventional amorphous IrOx 
structure. In thermally or chemically grown amorphous IrOx, the 
t2g and eg peaks are observable at the O K-edge (26), similar to crys-
talline rutile. In contrast, the O K-edge of SryIrOx/SrIrO3 has a 
broad feature, indicating a more diverse oxygen environment—a 
sign of a greater extent of disorder. This greater extent of the disorder, in 
combination with the presence of romanechite/hollandite moieties, 
differentiates SryIrOx/SrIrO3 from conventional amorphous IrOx, 
which is more ordered based on their sharp t2g and eg features. From 
the comparison between TEY (probing the amorphous layer) and 
TFY (probing the whole SrIrO3 film, both amorphous and crystal-

line parts) O K-edge NEXAFS (figs. S8 and S9), this unique struc-
ture is specific to the top SryIrOx layer and does not exist in bulk 
Sr-deficient SrIrO3, although it has lost more than 40% of Sr. In-
creased proportion of defects generated from the destabilization of 
the active site/structure and the octahedral distortion has been sug-
gested by several authors as means of increasing activity (28, 29, 34). 
We hypothesize that the unique structure of SrIrO3 originates from 
its topochemical transformation, where the lattice oxygen activation 
initiates a coupled diffusion and structural transformation that creates 
a highly disordered iridate network. While we cannot unambiguously 
deconvolute how this final structure affects the electrocatalysis (e.g., 
structural, chemical, or electronic), the high extent of disorder of the 
amorphous IrOx on SrIrO3 differentiates it from other amorphous 
IrOx structures. Our finding suggests that a synthesis that produces 
a highly disordered network, for example, via nonequilibrium ap-
proaches, for example, controlled diffusions or precipitations (35), 
could present an interesting avenue to develop comparatively active 
OER electrocatalysts. Additional studies are required to understand 
the influence of the electrochemical conditions (e.g., electrolyte 
components and operation potential windows) on the crystalline-
to-amorphization transformations, in particular, in the middle of 

Fig. 4. Local structure of the SrIrO3 film undergoing the OER. Start (A) O K-edge NEXAFS of SrIrO3 in TEY mode. The pre-peaks correspond to the O 2p–Ir 5d excitation 
( and  interactions, i.e., the t2g and eg parentage states). At 0.25 hours, the intensity of the first pre-peak decreases, corresponding to the reduced Ir formal oxidation. At 
1 hour, the pre-peak regains the intensity, corresponding to the Ir reoxidation. At 4 hours, the pre-edge features transform into a broad peak. We ascribe this result to the 
heterogeneous broadening of the final amorphous IrOx structure. (B) Simulated O K-edge of rutile, anatase, brookite, and amorphous IrO2, demonstrating the high degree 
of structural disorders in the Sr-doped amorphous IrOx layer. Despite having well-defined local octahedral environment, the structural heterogeneity broadens the O 1s 
to O 2p–Ir 5d excitation into one single distribution. The simulated O K-edges were shifted to match the experimental O K-edge result at 4 hours. (C) Our proposed 
crystalline-to-amorphous transformation pathway in SrIrO3. The oxygen loss from the lattice oxygen activation serves as the “seed” for the structural transformation. This 
activation step turns crystalline SrIrO3 to Sr-doped amorphous IrOx with a suggested square-planar motif. This square-planar structure has loose network, which allows Sr 
to dissolve further. After more Sr has dissolved, the square-planar structure collapses into a disordered mixture of Ir(III)/Ir(IV).
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the OER potential (36) and how these molecular transformations 
affect long-term stability.

In conclusion, we report the atomic details behind the crystalline-
to-amorphous transformation of SrIrO3 as a model system for the 
OER electrocatalysts. The surface structural transformation is triggered 
by the lattice oxygen activation. This step increases the oxygen 
vacancy concentration to destabilize the SrIrO3 structure. This initial 
process transforms SrIrO3 into amorphous SryIrOx with predomi-
nantly Ir square-planar motifs. The amorphous oxide then undergoes 
a second-stage transformation as more Sr2+ leaves the oxide. This 
final transformation creates a highly disordered structure contain-
ing Ir4+ octahedra with some remaining Sr2+, which are likely 
accommodated in the cavities within the open romanechite- or 
hollandite-like structures. Our work explains how the active SryIrOx 
layer forms on SrIrO3 and points to the critical role of the lattice 
oxygen activation and coupled ionic diffusion on the formation of 
the active OER units. In the case of SrIrO3, the coupled Sr2+ and 
O2− diffusion allow the structure to evolve into the final SryIrOx 
form that is more disordered than the electrochemically or thermally 
grown amorphous IrOx. Our work provides insight into how ap-
plied potential facilitates the formation of the functional amor-
phous layers at the electrochemical interface and demonstrates how 
coupled ion diffusions activate the crystalline-to-amorphous trans-
formation to form a highly disordered, amorphous oxide with high 
OER activity.

MATERIALS AND METHODS
MBE growth of SrIrO3 thin films
The SrIrO3 films were grown by MBE on single-crystal DyScO3 (110) 
substrates (CrysTec GmbH) using a distilled ozone (O3) oxidant at 
a background pressure of 10−6 torr and a growth temperature of 
700°C. In bulk, both SrIrO3 and DyScO3 are orthorhombic, but they 
are only slightly distorted compared to cubic perovskite. The (110) 
orientation of DyScO3 provides a surface facet similar to the (001) 
plane in the pseudo-cubic (pc) system. The resulting (001)pc SrIrO3 
film grown on DyScO3 is under 0.05% biaxial compression at room 
temperature. Detailed growth parameters can be found in a previ-
ous publication (25).

Electrochemical characterization
Electrical contacts were made using the same protocol as re-
ported previously (21). The nonreactive parts of the oxide were 
sealed using a chemically inert sample holder (made of Kel-F, 
polychlorotrifluoroethylene) to ensure that only the active surface 
was exposed to the electrolyte. All electrochemical characteriza-
tion was conducted in a compact three-electrode cell (contain-
ing <10 ml of electrolyte volume) designed for rapid transfer to 
x-ray stations. We used a Biologic potentiostat. The reference 
was a Ag/AgCl redox couple in a saturated KCl solution, and 
the counter electrode was a Pt wire. The experiment was per-
formed without an ohmic compensation; thus, the data presented 
in fig. S1 contain a resistance artifact that results in a relatively 
high Tafel slope (>300 mV/decade). All electrochemical measure-
ments were performed in an Ar-saturated 0.1 M HClO4 (99.999% 
trace metals basis, Sigma-Aldrich). All synchrotron x-ray char-
acterizations were conducted within 1 hour from the electrochemi-
cal experiment, with the exception of XPS, which was done within 
48 hours.

Synchrotron x-ray scattering
Synchrotron x-ray scattering of the SrIrO3 films was conducted at 
undulator beamlines, 12ID-D and 33-ID-D, at the Advanced Photon 
Source (APS) on a six-circle Huber goniometer with an x-ray energy 
of 20 keV using a pixel array area detector (Dectris Pilatus 100K). 
The incoming x-ray beam had a flux of 1012 photons per second. 
The Qz scans (L scans) were obtained after removing background 
contributions in the two-dimensional images. Our ex situ synchrotron-
based surface x-ray scattering experiments of thin-film samples 
in the He environment excluded any beam damage effects on the 
amorphization of SrIrO3.

Synchrotron XAS
The Sr LIII-edge, Ir MIII-edge, and O K-edge XAS detected in either 
TEY and TFY modes were carried out at the 4-ID-C beamline of the 
APS. The x-ray energy was calibrated using a reference measured 
simultaneously with the samples. Sr LIII-edge, Ir MIII-edge, and O 
K-edge XAS spectra normalization was performed by setting the 
intensity of the baseline before the absorption edge as zero. The Ir 
LIII-edge XANES and EXAFS measurements were conducted at 
beamline 20-ID-B of the APS in grazing incidence geometry and 
fluorescence mode after different cycling times with a polarization-
dependent measurement (out-of-plane polarization). In the grazing 
incidence XAS measurement, the samples were aligned using x-ray, 
with controlled incidence angles. In this experimental configuration, 
the x-ray penetration thickness is directly related to the photon energy. 
The estimated penetration depth at the Ir LIII-edge x-ray energy is 
~2.2 nm based on the calculation of the attenuation length using the 
SrIrO3 mass density and the angle of incidence (https://henke.lbl.gov/
optical_constants), which has an error bar of 0.1 nm. Bulk-sensitive 
Ir LIII-edge XANES of the pristine and cycled SrIrO3 (SIO) films were 
also detected in fluorescence mode with an incidence angle of 45° at 
beamline 5-BM-D of the APS. The XANES data of references IrO2 
and IrCl3 were collected at beamlines 20-ID-B and 5-BM-D in trans-
mission mode. Ir LIII-edge XAS spectra including XANES and 
EXAFS were processed and analyzed using the Athena and Artemis 
programs (https://bruceravel.github.io/demeter).

Transmission electron microscopy
The TEM experiment was carried out using an FEI Titan micro-
scope operated at 200 kV, which is equipped with an image correc-
tor to correct both spherical and chromatic aberrations. The TEM 
specimen was prepared by mechanically grinding the substrate side 
down to about 100 m thick, followed by cleaving the thinned sample 
into small pieces. Small pieces with sharp tips were chosen to glue 
on a copper oval grid with silver epoxy. These small pieces were oriented 
edge-on such that TEM specimen was along the cross-sectional view 
with respect to electron beam. This TEM specimen preparation method 
avoids any TEM specimen preparation artifacts such as ion beam damage 
and yields thin areas suitable for cross-sectional high-resolution TEM 
observations. Because of the arbitrary cleaving directions, differ-
ent pieces may have different crystallographic orientations. As 
shown in Fig. 1D, the zone axis of the pristine and cycled pieces of 
SrIrO3/DyScO3 thin-film samples shows different crystallographic 
orientations.

X-ray photoelectron spectroscopy
XPS measurements were conducted using a PHI 5600 system with a 
base pressure of 1 × 10−10 torr. Monochromatized Al K radiation 
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(h = 1486.7 eV), an electron analyzer pass energy of 23.5 eV, a 90° 
source-to-analyzer angle, and a 45° emission angle with respect to 
the sample surface were used for the experiments. The x-ray spot size 
was 1.5 × 3 mm2, and the analysis area was 0.8 × 2 mm2 (±7° solid 
angle). The XPS data were charge-corrected to the C 1s aliphatic 
carbon binding energy at 284.8 eV. A Shirley linear background was 
applied to all spectra to determine the total areas for the Ir 4f, Sr 3d, 
and O 1s transitions. Atomic percent values were calculated using 
the published sensitivity factors for the Perkin-Elmer PHI 5600 XPS 
system. The sensitivity factors for O 1s, Ir 4f, and Sr 3d are 0.711, 
4.217, and 1.578, respectively. Ir 4f spectra were fit to two separate 
doublet peaks. Previous studies on IrO2 thin films have shown both 
screened and unscreened final states, which is what likely accounts 
for the two separate doublets required to fit the Ir spectra. The 
screened component of the Ir oxide peak had binding energies of 
62.3 ± 0.2 eV for Ir 4f7/2 and 65.3 ± 0.2 eV for Ir 4f5/2, while the 
unscreened component of the Ir oxide peak had binding energies of 
63.6 ± 0.2 eV for Ir 4f7/2 and 66.6 ± 0.2 eV for Ir 4f5/2. All Ir 4f peaks 
were constrained to maintain a 4:3 ratio between the 7/2 and 5/2 peak 
intensities. Sr 3d spectra were additionally fit to two doublet peaks. 
The Sr 3d5/2 and Sr 3d3/2 peak were found to be 131.9 ± 0.1 and 
133.7 ± 0.1 eV, respectively, for the first doublet. The second doublet 
represents another Sr compound, where the Sr 3d5/2 is found at 
132.9 ± 0.2 eV and Sr 3d3/2 at 134.7 ± 0.2 eV for pristine SrIrO3 and 
SrIrO3 after 0.25 and 4 hours of cycling. All Sr 3d peaks were con-
strained to maintain a 3:2 ratio between the 5/2 and 3/2 peak inten-
sities. The peak fits and positions agree well with previous literature 
(21). The electron attenuation lengths for each core level were 
calculated using the method of Cumpson and Seah (37), and the 
sampling depths were estimated considering a depth that contains 
95% of the detected signal (38). Using this calculation, this results in 
sampling depths of 3.7, 3.6, and 2.7 nm for the Ir 4f, Sr 3d, and O 1s 
core levels, respectively.

DFT calculations
All energy computations were performed using VASP (Vienna Ab 
initio Simulation Package) with a k-point sampling of 1000 per atoms 
(39). The inputs were generated using pymatgen (40). The plane-wave 
energy cutoff was set to 400 eV. The exchange correlation functional 
used was Generalized Gradient Approximation-Revised Perdew-
Burke-Ernzerhof (GGA-RPBE) unless specified otherwise. All 
structures were relaxed to reach forces lower than 0.01 eV/A. The 
ion energies have been extracted from experimental data using the 
approach of Persson et al. (41). The K-edge XANES spectra were 
computed using the FEFF9 code, which uses the Green’s formulation 
of the multiple scattering theory to compute the spectra (42). The 
x-ray absorption  is computed in a manner similar to Fermi’s golden 
rule when written in terms of the projected photoelectron density 
of final states or the imaginary part of the one-particle Green’s func-
tion. We used the set of optimized FEFF parameters, which were 
benchmarked in (43) and determined to achieve the best balance 
between the computational cost and convergence performance.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/2/eabc7323/DC1
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