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Iridium has the exclusive chemistry guaranteeing both high catalytic activity
and sufficient corrosion resistance in a strong acidic environment under
anodic potential. Complex iridates thus attract considerable attention as high-
activity electrocatalysts with less iridium utilization for the oxygen evolution
reaction (OER) in water electrolyzers using a proton-exchange membrane.
Here we demonstrate the effect of chemical doping on the durability of
hexagonal-perovskite Ba,(M,Ir),0-type iridates in strong acid (pH - 0). Some
aliovalent cations are directly visualized to periodically locate at the octahe-
dral sites bridging the two face-sharing [Ir,Oo] dimer or [Ir;0y,] trimers in
hexagonal-perovskite polytypes. In particular, highly ionic bonding of the d°
Nb>* and Ta’* cations with oxygen anions results in notable suppression of
lattice oxygen participation during the OER and thus effectively preserves the
connectivity between the [Ir;0;,] trimers without lattice collapse. Providing an

in-depth understanding of the correlation between the electronic structure
and bonding nature in crystals, our work suggests that proper control of
chemical doping in complex oxides promises a simple but efficient tool to
realize OER electrocatalysts with markedly improved durability.

Water electrolysis by renewable electricity is a key pathway for
hydrogen production without serious carbon emissions’. As the con-
ventional alkaline electrolyzers utilize a large volumetric electrolyte
solution and a thick diaphragm, it is fairly difficult to achieve >2 A/cm?
nominal current density and >70% voltage efficiency®*. To overcome
these intrinsic confinements in alkaline water electrolysis, many
research endeavors have been focused on electrolyzers based on a
polymer-type proton exchange membrane (PEM). Although PEM
electrolysis offers many advantages in terms of compact size and
efficiency of the device system, the highly acidic and corrosive char-
acteristics of the sulfonated fluoropolymer membrane prevent the
simple use of most first-row transition metals as electrocatalysts to
facilitate the oxygen evolution reaction (OER) at the anode side’. Even
though many noteworthy compositional combinations have been

proposed for OER electrocatalysts with high stability®°, Ir appears to
be an indispensable element offering both high catalytic activity and
substantial longevity under strong acidic conditions* ™,

Ir-based complex oxides thus have recently garnered significant
attention, as they can provide notably high catalytic activity along with
much less Ir utilization per unit catalyst mass**~*. In particular, the
basic framework of AlrOs-type (A=Ca, Sr, and Ba) hexagonal-
perovskite iridates consists of face-shared [IrO¢] octahedra, in con-
trast to the corner-sharing configuration in cubic-perovskite iridates.
Providing the highest degree of connectivity among the [IrO¢] octa-
hedra, the face-sharing structural basis in hexagonal perovskites
strongly correlates with catalyst durability®. It is noted that this face-
sharing connectivity has an exceptional advantage against lattice
instability induced by lattice oxygen oxidation®** during the OER.

Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology, Daejeon, South Korea. 2KAIST Analysis Center,
Korea Advanced Institute of Science and Technology, Daejeon, South Korea. 3These authors contributed equally: Yelyn Sim, Tae Gyu Yun, Ki Hyun Park,

Dongho Kim. - /e-mail: sychung@kaist.ac.kr

Nature Communications | (2025)16:4152


http://orcid.org/0000-0002-6335-2893
http://orcid.org/0000-0002-6335-2893
http://orcid.org/0000-0002-6335-2893
http://orcid.org/0000-0002-6335-2893
http://orcid.org/0000-0002-6335-2893
http://orcid.org/0000-0002-8020-7639
http://orcid.org/0000-0002-8020-7639
http://orcid.org/0000-0002-8020-7639
http://orcid.org/0000-0002-8020-7639
http://orcid.org/0000-0002-8020-7639
http://orcid.org/0000-0002-2260-6201
http://orcid.org/0000-0002-2260-6201
http://orcid.org/0000-0002-2260-6201
http://orcid.org/0000-0002-2260-6201
http://orcid.org/0000-0002-2260-6201
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55290-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55290-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55290-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55290-y&domain=pdf
mailto:sychung@kaist.ac.kr
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55290-y

Because Ir is highly resistive to electrochemical dissolution®, one of the
major origins of the structural instability** ' in many Ir-based oxides
stems from the lattice oxygen oxidation and subsequent disassembly
of the connected [IrO,] clusters?>*©***, Unless three oxygen anions
between two adjacent face-shared octahedra in hexagonal perovskites
are simultaneously oxidized as an O, gas phase, the face-shared [IrOg]
octahedral framework is very difficult to collapse. In this respect,
hexagonal-perovskite iridates are exclusive candidates offering
remarkable structural stability under a significantly acidic
environment.

Using hexagonal-perovskite BalrO; as a starting material in this
work, we systematically examine the effect of (post)transition-metal
(Mn, Co, Ni, In, Nb, and Ta) solid solutions on the lattice stability in 1M
HCIO4 (pH=0.1). One of the notable features at an atomic scale in
these solid solutions is that the added transition metals induce struc-
tural transformation into other polytypes and subsequently occupy
specific positions in a very ordered manner when they are aliovalent
with Ir*. In particular, it was identified that Nb and Ta ordering
enhances structural durability during the OER, while the addition of
Mn, Co, Ni, and In distinctively showed a detrimental effect. A com-
bination of atomic-column-resolved scanning transmission electron
microscopy (STEM), time-of-flight secondary ion mass spectroscopy
(TOF-SIMS)%, and X-ray absorption spectroscopy (XAS) demonstrated
that Nb** and Ta** play important roles in substantially suppressing the
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lattice oxygen oxidation, thereby preserving the strong connectivity
among the [IrOg] octahedra. Density functional theory (DFT) calcula-
tions also consistently support that highly ionic-bonding character-
istics between the Nb** 4d° states and the O 2p states make a critical
contribution to inhibiting lattice oxygen participation during the OER.
Providing direct evidence for peculiar atomic-scale ordering in the
solid solutions, our study suggests that control of chemical ordering
and subsequent bonding nature by doping with d° transition-metal
cations will be an efficient approach to suppress the lattice oxygen
oxidation for notable durability in many iridate-based high-activity
catalysts.

Results

Structure transformation and chemical ordering

Figure 1 schematically illustrates the crystal structures of the hex-
agonal perovskites observed in this work. First, BalrO; has a 9R poly-
type in the space group of monoclinic C2/m. This consists of trimers of
robust face-sharing Ir-O octahedra along the c axis and each trimer is
connected by corner-sharing oxygens (gray spheres), as denoted in
Fig. 1a. The 9R structure does not vary with Mn** addition, indicating a
random distribution of Mn at the Ir sites. In contrast, as will be clarified
below, structural transformation and chemical ordering at an atomic
level are readily observed when aliovalent transition-metal cations are
added in 9R BalrOs. The 6H polytype with P6;/mmc commonly appears
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Fig. 1| Distinct polytypes of hexagonal-perovskite barium iridates. Three
polytypes, a 9R, b 6H, and ¢ 12R, are presented. As indicated by black arrows in the
illustrations in the left-hand column, each [IrO¢] octahedron is face-sharing in the
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[Ir,09] dimers of the 6H polytype and in the [Ir;0y,] trimer in the 9R and 12R
polytypes. Co, Ni, In, Nb, and Ta occupy the specific sites bridging the two adjacent
dimers or trimers, whereas Mn distributes randomly in the lattice.
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in the cases of Co*, Ni*, and In* doping. It is noted that each dopant
exclusively occupies the bridging site between two dimers of face-
sharing octahedra in 6H Baz(M’Ir,)Oy, (M’ = Co, Ni, and In), as indicated
by different colors in Fig. 1b. Ordered occupancy of pentavalent Nb>*
and Ta*" is also identified at the bridging position to connect the face-
sharing [Ir;0,] trimers in 12R-type Ba;(M”Ir3)O5,, (M”=Nb and Ta)
with the space group of R3m (Fig. 1c). Three distinct types of octahe-
dral connectivity (corner-, edge-, and face-sharing configurations) are
illustrated in Supplementary Fig. 1.

All the powder samples in this work were synthesized by a solid-
state reaction (see scanning electron microscopy (SEM) images in
Supplementary Fig. 2 for the size and morphology of each powder).
Before direct visualization of atomic-scale chemical ordering, we car-
ried out powder X-ray diffraction (XRD) for a macroscopic phase
analysis. Figure 2a-c shows a series of XRD patterns representing the
three hexagonal-perovskite polytypes, 9R, 6H, and 12R, together with
their Bragg peak simulations. The whole series of XRD results are
provided in Supplementary Fig. 3. As easily recognized in Fig. 2a, XRD
data acquired from pristine BalrO; and Ba,(Mnlr)Og present a nearly
identical pattern. This indicates that the 9R polytype structure does
not change by adding a substantial amount of Mn. Consequently, Mn
and Ir appear to be distributed in Bay(Mnlr)Og in a random manner (see
Supplementary Fig. 4 for details).

In contrast, notable ordering was found in the 6H- and 12R-type
solid solutions, as exemplified in Fig. 2b, c. Because a periodic con-
figuration of foreign dopants constructs a superlattice in the crystal,
either new additional Bragg reflections or intensity inversion of exist-
ing peaks should be observed in the diffraction data. Indeed, a com-
parison of simulated XRD patterns between the ordered and
disordered states in Fig. 2b, c directly indicates the appearance of a
new reflection (the 110 peak) in Ba;Colr,0o and enhanced intensity of
the 004 peak in BasColr,Oo and the 111 peak in BasNblr;O; in the
ordered states. Agreeing well with the simulated diffractions, the
experimentally obtained XRD results in Fig. 2b, ¢ consistently support
the presence of Co and Nb ordering in BazColr,O9 BasNblr;0;,,
respectively. The detailed XRD results, diffraction simulations, and a
further discussion of all the solid solutions containing Co, Ni, In, Nb,
and Ta are provided in Supplementary Figs. 5-7. The valence oxidation
state of Ir should change to satisfy the overall charge neutrality con-
dition when aliovalent dopants are added into BalrO;. To examine the
oxidation state of Ir in Co*, In*, and Nb>*-doped samples, we carried
out X-ray absorption near edge structure®® analyses to compare the
positions of the white lines of the Ir L3 edge. As shown in Supple-
mentary Fig. 8, each of the Ir oxidation states agrees well with the value
expected from the charge neutrality condition, without additional
vacancy formation.

Atomic-column-resolved STEM was utilized to directly verify the
site-specific chemical ordering, as the image contrast in high-angle
annular dark-field (HAADF) mode is sensitively proportional to the
atomic number (2)*7%. While Ir has the highest atomic number,
Z,,=77, among the compositions of the lattice, most of the transition-
metal dopants in our study have a much lower atomic number
(Znn =25; Zco =27; Zni=28; Z1,=49; Znp = 41). Consequently, if low-Z
dopants selectively occupy some specific sites, their low intensity will
be readily detected. Figure 2d-f presents atomic-scale HAADF-STEM
images of all the solid solutions. As denoted by three yellow circles in
the HAADF image for pristine BalrO; in Fig. 2d, the Ir trimers are clearly
observed as the brightest atomic columns, in good agreement with the
image simulations shown in Supplementary Fig. 9. In contrast, such a
distinct column contrast of the trimers disappears in the image of
Ba,(Mnlr)Og (Fig. 2d). As low-Z Mn is substituted for Ir, a remarkable
reduction of the column intensity for the Ir trimers is easily identifi-
able, providing consistent support for the random distribution of Mn.

We captured distinct column contrast of the low-Z dopants in the
6H- and 12R-polytype solid solutions during the STEM analysis. As

indicated by arrows in Fig. 2e, f, significantly low column intensity is
observable specifically at the bridging sites in BazColr,0o, BazNilr,0o,
BasInlr,09, and BayNblr;0;,, where Z values of the five dopants are
much lower than 7, =77, in good accordance with the image simula-
tions (see Supplementary Fig. 9). This series of STEM images thus
directly verifies that the bridging positions are occupied by the alio-
valent dopants, Co?, Ni¥*, In*", and Nb¥, in the 6H and 12R polytypes.
We note that the atomic number of Ta is very similar to that of Ir
(Z1a=73; Z\y=77). Therefore, it is nearly impossible to distinguish
whether the bridging sites are occupied by Ta or Ir in Ba;Talr30y,. To
overcome this ambiguity, we performed atomic-level energy-dis-
persive X-ray spectroscopy (EDS)”>”*%°, As shown in Supplementary
Fig. 10, Ta atoms were identified to locate at the bridging sites,
demonstrating a high degree of Ta ordering as well.

Dissolution behavior of solid solutions

Electrochemical anodic cycling tests of the pristine and solid-solution
iridates were carried out to compare their catalytic properties. Figure 3
shows a series of cycling measurements in 1M HCIO, (pH=0.1) in a
range of 1.10-1.63V vs. a reversible hydrogen electrode (RHE) with a
cycling scan rate of 10 mV/s (see Supplementary Fig. 11 for the plots of
the OER current densities vs. potentials). Two discriminated features
are easily identified from this set of measurements. First, the addition
of Mn, Co, Ni, and In rather seriously deteriorates the OER activity with
cycling, whereas pristine BalrO3; shows strong retention of its initial
activity even after 800 anodic cycles. In stark contrast, the Nb- and Ta-
added 12R-type iridates preserve high OER current densities without
significant degradation. We note that Ba,Nblr;0y, in particular pre-
sents remarkable long-term stability of high catalytic activity among all
the iridates including pristine BalrOs.

As shown in Supplementary Fig. 12, the Pourbaix diagrams of Mn,
Co, Ni, and In indicate that they are highly corrosive in acidic condi-
tions (pH < 3), and thereby their dissolution into an electrolyte is dif-
ficult to avoid. We examined the dissolution behavior of cycled
samples by using EDS in STEM. Figure 4a, b provides two sets of EDS
maps of the seven iridates before and after 200 anodic cycles in 1M
HCIO, for comparison. As expected, substantial dissolution of Mn, Co,
Ni, and In is directly visualized in the series of composition maps in
Fig. 4b. Because alkaline-earth elements, including Ba, dissolve into
electrolytes®**#0434748 (see Supplementary Fig. 13), Ba dissolution is
simultaneously observable in the maps as well. Additional EDS maps
for these four doped iridates and pristine BalrO; are provided in
Supplementary Figs. 14-18 for verification.

In contrast, detectable dissolution of Nb and Ta is not observed in
the EDS maps in Fig. 4b, consistent with the high stability of their
pentoxides in acid, as can be verified in the Pourbaix diagrams in
Supplementary Fig. 11. When we scrutinized the surface of Ba;Nblr;0;,
and Ba,Talr;0y, particles after 800 cycles, indeed the absence of Nb
deficiency was confirmed by EDS (see the maps in Fig. 4c and Sup-
plementary Figs. 19 and 20), verifying the remarkable corrosion
resistance. The surface analysis based on X-ray photoelectron spec-
troscopy (XPS) also consistently supported the corrosion resistance of
Nb and Ta (see Supplementary Fig. 21 for the XPS results). Instead, Ba
dissolution and subsequent amorphization in the surface regions of
~20 nm thickness were unavoidable in most Ba;Nblr;0y, particles after
long-term anodic cycling, as shown in Fig. 4¢, d by STEM imaging, EDS,
and electron energy-loss spectroscopy (EELS). In particular, the EELS
analysis results in Fig. 4d systematically demonstrate the reduced
intensity of the Ba-M, s peaks and finally their disappearance (line 8)
near the particle surface (see Supplementary Fig. 22 for an additional
set of EELS results). As shown in previous reports on iridate catalysts,
the alkaline-earth dissolution induces significant surface roughening
and thereby results in a considerable increase of the surface area of
particles during initial cycling®**%* (see Supplementary Figs. 23 and 24
for double-layer (DL) capacitance measurements). Consequently,
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Fig. 2 | XRD results and atomic-column-resolved STEM images. a Experimentally
obtained XRD patterns are presented for BalrOz and Ba,(Mnlr)Og. b, ¢ In addition to
the experimental patterns, XRD simulations are provided to support chemical
ordering in the 6H and 12R polytypes. d-f Atomic-scale HAADF images are
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demonstrated for all seven iridates, showing the Z-contrast features. Yellow circles
in each image denote the Ir columns. White arrows indicate the ordered config-
urations by dopants.

surface roughening induced by Ba dissolution makes a beneficial
contribution to considerably enhancing the apparent OER activity,
unless the robust connectivity among the [IrO¢] octahedra is affected
by the dissolution, as in Bay;Nblr;01,.

Suppression of lattice oxygen oxidation

Even though Ir-based oxides have a high degree of resistance against
electrochemical corrosion under anodic conditions, structural
instability can be induced by lattice oxygen oxidation®***, which is one
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Fig. 3 | OER current-density variation with anodic cycling. All the measurements
were carried out in 1M HCIO, in a range of 1.10-1.63 V vs. RHE with a scan rate of
10 mV/s and 0.5 mg/cm? mass loading. All the current-density values were read at
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1.53V vs. RHE. While the samples doped with Mn, Co, Ni, and In show a substantial
decrease of the OER current with cycling, no degradation of activity is observed in
the Nb- and Ta-doped 12R-polytype samples.

of the major origins of degradation in many oxide catalysts, irrespec-
tive of whether they are metals, charge-transfer insulators, or
Mott-Hubbard insulators® (see Supplementary Fig. 25 for details). The
set of atomic-scale STEM images in Fig. 5a directly shows that the
surfaces of a BayNblr;0y, particle are terminated with Ir for the basal
(001) plane and with Nb-Ir mix for the other planes. Unless three face-
shared lattice oxygens simultaneously evolve as a gas phase, the con-
nection between two neighboring [IrO¢] octahedra in the trimer is very
difficult to break (see Supplementary Fig. 26 for the illustration). The
[IrO,] unit on the (001) surface termination is thus anticipated to be
fairly stable against lattice oxygen evolution. In contrast, the bridging
[NbOg] units on the other surfaces are corner-shared with neighboring
[IrOg] octahedra, as shown in the illustrations in Figs. 1 and 5c. This
weak binding is more vulnerable to breaking by lattice oxygen acti-
vation during the OER. However, a comparison of the density of states
(DOS) in Fig. 5b directly indicates significantly suppressed O 2p states
(red arrow) of the corner-shared [NbOg] beneath the Fermi level (Eg),
whereas the large O 2p states (black arrow) overlap with the Ir 5d states
in the face-shared [IrOg¢].

The electronic structure of Nb>* consists of fully filled 4p® and
empty 4d° states. As a consequence, most of the empty Nb 4d orbitals
contribute to the upper electronic band above +2 eV, as plotted in the
DOS for the [NbOg], while the Ir 5¢° states largely place in the lower
band below Er and thereby form covalent bonding with the O 2p states,
as shown in Fig. 5b (see Supplementary Fig. 27 for the spin-polarized
DOS plots and Supplementary Data 1 for the atomic coordinates of the
optimized unit cell). The isosurface contour acquired from the DFT
calculation for the electron density distribution near Eg at each atom is
visualized in Fig. 5d, consistently verifying the absence of visible
electron density around Nb. Although Nb*" is not an OER active site,
this cation provides a crucial contribution to suppressing the lattice
oxygen association and preventing structural collapse at the bridging
sites in addition to providing important corrosion resistance in acid.

The electron energy diagrams in Fig. 5e schematically depict the
effect of Nb on suppressing lattice oxygen oxidation. As already shown
in the DOS plot in Fig. 5b, the partially filled Ir 5&° orbitals construct

high-degree hybridization with the O 2p orbitals. Furthermore, the
large DOS of both Ir 5¢° and O 2p orbitals near E; between -2 and 0 eV
consistently support that sufficient hole states®® from Ir and the
lattice oxygen in the trimers as active sites can be provided to facilitate
the OER under an anodic potential. As the Nb 4d orbitals are empty,
highly ionic-bonding characteristics of Nb-O are noted for the [NbOg]
units. Therefore, while the upper band (pink) above Eg in Fig. Se is
dominated by the empty 4d states of Nb, the lower band (gray) largely
consists of a stabilized O 2p band, the center of which thus locates at a
lower level than that of the [IrO¢] units. In this regard, Nb plays multiple
noteworthy roles in both offering high corrosion resistance and
simultaneously inhibiting the lattice oxygen evolution for robust
bridging sites in 12R-Ba4Nblr;0;,.

Ba dissolution inevitably induces the charge imbalance in the
lattice. To examine how the charge neutrality was satisfied after Ba
leaching, we carried out additional XPS analyses. As shown in Sup-
plementary Fig. 28a, the position of the Ir 4f peaks does not vary with
anodic cycling, indicating that the valence state of Ir hardly changes. In
contrast, the O 1s peak for OH becomes dominant, while the peak for
lattice O diminishes (Supplementary Fig. 28a). This directly demon-
strates that the charge neutrality without Ba is achieved through pro-
tonation from the electrolyte, resulting in the formation of
oxyhydroxide.

We carried out ab initio molecular dynamics (AIMD) simulations
to support the robust framework of face-sharing [Ir;0y,] trimers in the
12R structure. The simulation was performed by using an oxyhydr-
oxide supercell without Ba at 300 K to emulate the Ba leaching con-
dition (see Supplementary Fig. 28b). As shown in Fig. 5g and
Supplementary Fig. 28b, despite substantial perturbations from the
original positions of atoms, the overall medium-range-ordered con-
figurations of the [Ir;0y,] trimers and Nb are clearly discernible (see
Supplementary Data 1 for the initial and final atomic configurations
from the AIMD simulations). This result demonstrates that the surface
region, after electrochemical Ba leaching at room temperature, is not
entirely amorphous but rather paracrystalline with medium- and short-
range orders (see Supplementary Movie 1 for a video clip). Figure 5f
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Fig. 4 | Chemical composition analyses after anodic cycling. a, b EDS maps for
the seven iridates particles are compared before and after 200 anodic cycles. No
dissolution of Nb and Ta is identified, whereas Mn, Co, Ni, and In significantly
dissolve, as expected from their Pourbaix diagrams. ¢ Even after 800 cycles, Nb is

b After 200 cycles in 1 M HCIO, (pH = 0)

No dissolution
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EELS Ba M,

Ba,

Ir304,

Ba dissolution and
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observed to be stable without detectable dissolution. d As demonstrated in the EDS
maps in (c), line-by-line EELS analyses consistently show a deficiency of alkaline-
earth Ba in the surface region of Ba;Nblr;O,,. This dissolution accompanies
amorphization, as shown in the HAADF image.

illustrates a set of DOS plots for the [IrO¢] and [NbOg] units in the
paracrystalline oxyhydroxide supercell prepared by the AIMD simu-
lation. The relatively lower DOS of O 2p near the Fermi level in Nb-O
can be verified, indicating that the role of Nb in suppressing lattice
oxygen contribution remains unaffected in the paracrystalline state.
To quantitatively compare the extent of the lattice oxygen con-
tribution between pristine BalrO; and Ba4Nblr;0,,, we carried out TOF-
SIMS®, using samples anodically cycled in a 1M HCIO, electrolyte
prepared with water containing '®0. As this type of SIMS using a tine-of-

flight analyzer is a surface-sensitive analytical tool capable of detecting
isotopes, the relative concentration of 0 out of the total amount of
180 and %0 at the particle surfaces could be traced with cycling in each
sample. Figure 6a presents a bar graph showing the '®0 (m=18) iso-
tope concentrations at the surface of BalrO; and Ba;Nblr;Op, (see
Supplementary Fig. 29 for the ion mass counts of m =18). We note that
the detection of ~0.5% 80 in both iridates before anodic cycling stems
from the naturally present oxygen isotope. This SIMS result directly
demonstrates substantially lower 0 concentration, especially after
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Fig. 5 | Suppression of lattice oxygen participation and electronic structures.
a A representative morphology of BayNblr;0,, particles is shown in this STEM

image. The Ir-termination at the (001) surface and the Ir-Nb mixed termination at
the (101) surface are observed in the magnified images. b, ¢ DOS plots are presented
for the [IrO¢] octahedron in the trimer and the [NbO¢] octahedron at the bridging
site, as denoted in the illustration in (c). Arrows in the plots indicate the variation of
O 2p states near E. d An isosurface map is presented for the electron density

O 2p
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O 2p states
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difference field around each atom. No density distribution around Nb is noted.

e Schematic energy band diagrams for [IrO¢] and [NbOg] are illustrated. The O 2p
states at a lower level and the empty Nb 4d states at an upper level are dominant in
the [NbOg] case, indicating ionic Nb-O bonding. f, g DOS plots are provided for the
[IrO¢] [NbOg] units in the oxyhydroxide paracrystalline supercell without Ba, as
illustrated in (g).

100 cycles, in BayNblr;0;,, agreeing well with the DOS plots in Fig. 5b
and the description in Fig. 5e. Much lower mass counts of 0 in
Ba,Talr;0, were consistently verified as well (see Supplemen-
tary Fig. 30).

As in many other Ba-based complex oxides, the outmost 5p
electron states of Ba*" in BasNblr;0y, are far below the 0> 2p states
(see the DOS plot in Supplementary Fig. 31), representing the absence
of covalent bonding characteristics of Ba—0®. Therefore, even if Ba

dissolves out of the lattice during the OER, the basic framework of
[Ir304,] trimers bridged by [NbOg] would not be perturbed. A series of
O K-edges obtained from XAS for anodically cycled samples in Fig. 6b
reveals that the first peak (-530eV), associated with the Ir 5d tyg
states®”*, shifts to lower energy, whereas the second peak (-532 V),
hybridized with the e, states®*, shifts to higher energy. This indicates
that the ligand field splitting (A) of the Ir 5d ¢, and eg levels does not
diminish but rather slightly increases with cycling (A;<A;), as
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Fig. 6 | TOF-SIMS and XAS results for the surface region of particles. a TOF-SIMS
analyses directly reveal less detection of 0 at the surface of Ba;Nblr;0;, particles.
Each error bar represents the range from the maximum to the minimum value of
three data points. b A series of O K-edges obtained from XAS are shown. The

absorption energy difference (A), which is proportional to the ligand field splitting,
between the first and second peaks is observed to increase after 600
cycles (A; < A).

schematically depicted in Fig. 6b (see Supplementary Fig. 32 for the O
K-edges in a wider range of energy). The strong ligand field of six
oxygens in each [IrO4] unit thus does not appear to change with
cycling, supporting that the [Ir;0,]-trimer-based robust framework is
preserved despite the amorphization induced by Ba dissolution in
Ba4Nblr3012.

Comparison of catalytic longevity

Since a report benchmarking many OER catalysts in 2013%°, chron-
opotentiometry (CP) has been frequently utilized as a representative
measurement technique for evaluating catalyst stability. However, the
durability results from this method vary considerably, strongly
depending on the particle size of the catalysts. We performed CP tests
with two IrO, specimens having different particle sizes (see the SEM
images in Supplementary Fig. 33): a coarse-particle IrO, specimen
purchased from Sigma-Aldrich (a surface area of 1.35m%g) and a
specimen with a much smaller particle size (11.0 m%*/g) prepared by
ball-milling the coarse-particle specimen. The CP results in Fig. 7a show
that the OER activity of the fine-particle specimen is preserved for a
much longer time, even though the two specimens are of identical
rutile IrO,. As observed in this plot, if the catalyst surface area is
smaller, a higher potential (red arrow) is required to maintain a con-
stant OER current (10 mA/cnm’ge,) and thereby more rapid degradation
should take place. Consequently, a catalyst consisting of fine particles
may show substantially better performance in the CP measurement,
even if it is intrinsically less stable than the other catalyst. Indeed, it is
noteworthy that recent studies, reporting exceptional catalytic long-
evity based on CP, utilized nanoscale particles (less than 20 nm in
size)!01*+1619.2930 n this respect, electrochemical tests performed under
the same overpotential condition should be offered as more reason-
able protocols to evaluate the intrinsic durability of materials in a size-
insensitive manner.

We provide other test results of the two IrO, specimens measured
by anodic cyclic voltammetry (CV) and chronoamperometry (CA)
methods in Fig. 7b and Fig. 7c, respectively. The same overpotential
range of 1.10-1.63V vs. RHE was applied for the CV and a constant
overpotential, 1.58V vs. RHE, was adopted to measure the specific
current variation during the CA. A common feature of these two
methods is that the degradation behavior of OER activity appears to be
nearly identical between the two IrO, specimens. In particular, when
we plotted the normalized values of the specific current, as shown in
the third panels in Fig. 7b, c, it is easily recognizable that the degra-
dation proceeds in an almost identical manner in each of the tests,
irrespective of the particle size of the specimens. The CV and CA
methods, both of which are performed under the same overpotential
conditions, are thus believed to be more suitable test protocols than

CP if the relative durability among catalyst materials should be
demonstrated.

Figure 7d, e presents further anodic CV and CA results measured
from three different samples of IrO, (Sigma-Aldrich), 9R-BalrO;, and
12R-BayNblr;0y;, in 1M HCIO,. The fourth panel in each of the figures
shows plots normalized by the initial current value so that the relative
longevity of the catalytic activity is easily identifiable. As consistently
demonstrated in previous reports, these two sets of CV and CA mea-
surements verify that BalrO; based on the face-shared octahedra
shows notable durability of the high OER activity comparable with that
of rutile IrO, having the corner- and edge-shared geometry despite Ba
dissolution. More importantly, the CA measurements in Fig. 7e provide
straightforward evidence indicating that BasNblr;0;, is prominent
among the three high-stability catalysts in terms of preserving the OER
activity. We note that a combination of the significant suppression of
the lattice oxygen oxidation by Nb ordering and the face-shared robust
trimers is the key advantage of BasNblr;0;, to attain exceptional
durability.

Discussion

The findings in this work offer several implications regarding the
durability of oxide catalysts and their test protocols. First, although
we focus on the addition of pentavalent Nb%* in the present study,
the addition of other d° metal cations having highly ionic bonding
with oxygen® is anticipated to be beneficial to suppress the lattice
oxygen evolution in the same manner by lowering the O 2p states
near Eg. Second, the face-sharing covalent [Ir;01,] trimers in 12R-
Bas(M”Ir3)Oy, appear to be fairly stable even after Ba dissolution.
Although Pauling’s third rule suggests better stability of the corner-
sharing configuration in ionic compounds, the highly covalent
characteristics of Ir-0 in Ba;Nblr;0y, stabilize the face-sharing tri-
mers while fulfilling the third rule for the corner-sharing ionic
Nb-O. Finally, our work clarifies that even a small difference in the
particle size of catalysts would cause a significant variation in CP
results. Although the CP provides useful information regarding the
catalyst performance from the viewpoint of practical devices in
operation, CV and CA tests under identical overpotentials appear to
be alternative protocols to perform a relative comparison of the
material durability independent of the particle size.

As demonstrated in a previous study on the phase relations of
TiO,-1rO, and SnO,-1r0,’, it is noted that solubility limits of insulating
TiO, and SnO, into metallic IrO, are very low (less than 5% at 900 °C),
even though the valence state of Ti**, Sn*, and Ir** is identical and even
the crystal structure of TiO,, SnO,, and IrO, is the same rutile structure.
Because the crystal structure of Nb,Os and the chemical bonding
nature of Nb-O completely differ from the crystal structure of IrO, and
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Fig. 7 | Comparison of catalytic durability. Three distinct electrochemical tests
based on a CP, b CV, and ¢ CA were carried out in 1M HCIO, with 0.5 mg/cm? mass
loading to measure the catalytic longevity of rutile IrO, samples with two different
particle sizes. The CP test in (a) shows significant size-dependent variation,
revealing that much lower overpotential is required to achieve 10 mA/cm? for the

fine-particle sample and thereby far longer lifetime is attained. In contrast, analo-
gous behavior of the current variation insensitive to the particle size is observed in
the CV and CA measurements in (b, ¢). d, e Three materials, IrO,, 9R-BalrOs;, and
12R-BayNblr;0y,, were measured by the CV and CA methods, respectively.
Ba,Nblr;0;, demonstrates notable durability.

the bonding characteristics of Ir-O, the solubility of Nb is thus difficult
to exceed 10%. To directly prove this considerably low solubility of Nb
inrutile IrO,, we carried out an additional XRD analysis using a powder
mixture of 75Ir0,-25Nb0, 5 annealed at 800 °C for a sufficiently long
period of time, 100 h, in air. As directly shown in Supplementary
Fig. 34, the diffraction result verifies the appearance of the high-
intensity Braggs reflections for the secondary Nb,Os phase, demon-
strating that the solubility of Nb in rutile IrO, is considerably low
(evidently less than 10% based on the diffraction pattern). In this
respect, attaining the 25% solubility of Nb and Ta in the 12R-type iridate
and directly visualizing its ordered configuration are other significant
findings in this work.

In conclusion, we have demonstrated that structural stability and
OER catalytic longevity under a strong acidic environment can be
significantly enhanced by atomic-scale chemical ordering in
hexagonal-perovskite barium iridates. When aliovalent transition
metals are added to BalrOs, the 9R perovskite polytype transforms into
either 6H or 12R type. Furthermore, it is directly identified that the
added transition metals exclusively occupy specific sites bridging the
face-sharing [Ir,Oo] dimers in the 6H type and the [Ir30y,] trimers in the
12R type. While most of the transition-metal cations (Mn, Co, Ni, and
In) dissolve into an acidic electrolyte, pentavalent Nb>* and Ta>" in 12R-
Ba,(M"Ir3)O;; show notable corrosion resistance. In addition, their
electronic configuration with the empty d orbitals (¢°) is found to
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critically contribute to suppressing lattice oxygen evolution during the
OER. As oxygen anion oxidation and subsequent evolution under a
large anodic potential are difficult to avoid in most oxides, our study
suggests that solid solutions, including atomic-scale ordering, with d°
cations having ionic-bonding characteristics can provide an important
route to prevent structural degradation and achieve high-durability
oxide catalysts.

Methods

Powder synthesis

All of the seven iridates were synthesized by a conventional solid-state
reaction through a mixed oxide technique. BaCO; (99.999%, Sigma-
Aldrich), IrO, (99.99%, Alfa Aesar), MnO, (99.996%, Alfa Aesar), Coz04
(99.5%, Sigma-Aldrich), NiO (99.8%, Sigma-Aldrich), In,O; (99.9%,
Sigma-Aldrich), Nb,Os (99.99%, Sigma-Aldrich), and Ta,Os (99.99%,
Sigma-Aldrich) were used as starting materials for particle synthesis.
Powder mixtures of the starting materials with their own stoichiometry
were ball-milled by using a zirconia jar and balls in high-purity ethanol
for 24 h. Each of the dried slurries after evaporation of ethanol was
calcined in a box-type furnace at 1000 °C for 3 h in air for BalrO; and at
1200°C for 3h in air for the other six iridates, 6H-Ba3;(M'Ir,)Oo,
(M’=Co, Ni, In) and 12R-Ba4(M"Ir3)Oy,, (M”=Nb, Ta). Commercially
available rutile-type IrO, (99.8%, Sigma-Aldrich) was also utilized as a
reference material for electrochemical tests.

XRD and Bragg peaks simulations

The phase identification of all the synthesized powders was carried
out by X-ray diffractometry (SmartLab, Rigaku) with Cu-Ka radiation.
To examine the presence of chemical ordering in each of the doped
iridates for Co, Ni, In, Nb, and Ta, XRD pattern simulations were
performed by using CrystalDiffract (CrystalMaker Software Ltd)
along with CrystalMaker (CrystalMaker Software Ltd). Two distinct
supercells were used for simulations: one is based on a unit cell
containing the dopant exclusively at the specific bridging sites in the
6H and 12R polytypes. The other contains each dopant and Ir evenly
at all the cation sites with a stoichiometric ratio. When chemical
ordering is present, the appearance of new Bragg reflections and the
intensity inversion of existing peaks were identified in the simulated
patterns and thus the presence of ordering could be easily
recognized.

SEM, STEM, EELS, and EDS

The overall polycrystalline morphologies and particle sizes of syn-
thesized powders were observed in scanning electron microscopes
(Magellan 400, Thermo Fisher Scientific; SU8230, Hitachi) at 5-15kV.
Each of the powder samples for STEM observation was ultrasonically
dispersed in high-purity ethanol for 15min and several drops were
taken on a lacey-carbon-film Cu or Ni grid and subsequently dried.
Atomic-column-resolved STEM images were acquired in a transmission
electron microscope (Titan cubed G2 60-300, Thermo Fisher Scien-
tific) in HAADF and BF modes at 300 kV with spherical aberration
correction of the electron probe. The collection semiangles of the
STEM detectors were set to 79.5-200 mrad for HAADF imaging and
0-43.3 mrad for BF imaging. An EELS analysis was conducted using a
Gatan Image Filter (GIF Quantum 965, Gatan Inc.) within the Titan
cubed G2. Electron energy-loss spectra for the O-K and Ba-M, 5 edges
were acquired for spectrum imaging with a dispersion of 0.25 eV per
channel and a collection aperture of 5 mm diameter. EDS mapping was
performed in another transmission electron microscope (Talos F200X,
Thermo Fisher Scientific) at 200 kV along with four integrated silicon-
drift EDS detectors at a high beam-current rate of >600 pA/cm?, to
visualize the overall compositional variations before and after elec-
trochemical tests. Atomic-level EDS was also carried out in the Titan
cubed G2 60-300 at 300 kV at 100 pA/cm? The Ba-L, (4.5keV), Ir-Ly
(9.2keV), Nb-K, (16.6keV), Ta-L, (8.1keV), Mn-K, (5.9 keV), Co-Ky

(6.9 keV), Ni-Ky (7.5keV), and In-Ly (3.3 keV) lines were selected for
elemental mapping and subsequent quantification. The EDS maps
were low-pass filtered using Bruker ESPRIT software to reduce
background noise.

STEM image simulations

HAADF-STEM image simulations were carried out by using Dr. Probe
software’” based on the multislice algorithm. The specific parameters
for simulations include a beam energy of 300 kV and spherical aber-
ration coefficients of Cs=0mm, Cs=0mm, and C;=0 mm without
coma or astigmatism. An electron probe size of 1A at the full width of
half maximum and a slice thickness of 2 A were set during the simu-
lations. The real collection semiangle of the HAADF-STEM detector
(79.5-200 mrad) was also utilized for precise comparison with
experimentally obtained images.

SIMS, XPS, and XAS

Samples for TOF-SIMS and XAS were fabricated on PTFE-treated car-
bon papers (Alfa Aesar). The ink was prepared in the same manner, as
will be described below, and drop-casted onto the carbon papers. To
track the variation of the extent of lattice oxygen exchange by SIMS, an
80-containing 1M HCIO, electrolyte solution was used. The solution
was prepared with 0.862 mL of 70% HCIO, (99.999%, Sigma-Aldrich),
4138 mL of deionized water (18.2 MQ-cm), and 5 mL of water-*0 (97 at
% of 180, Sigma-Aldrich) such that approximately a half of the aqueous
solution consists of H,®0. The amounts of both O and 0 at the
particle surface were measured in a secondary ion mass spectrometer
with a time-of-flight analyzer (TOF.SIMS 5, IONTOF GmbH) during the
count of negative ions generated by Bi*-ion bombardment at 30 kV in
100 x 100 pm? areas. The 80 exchange concentrations after electro-
chemical cycling reported in this work were calibrated values, as not all
of the oxygen elements in the electrolyte solution are isotope *0. To
verify the corrosion-resistant behavior of Nb and Ta, the composition
at the particle surfaces in Bay;Nblr;Oy, and Ba,Talr;0;, was analyzed
using an X-ray photoelectron spectroscope (K-Alpha XPS, Thermo
Scientific) with monochromatic Al-K, radiation (1486.7 eV) and flood
gun emission of 150 pA. X-ray absorption spectra for the O K-edge
were acquired at the 6 A beamline of Pohang Light Source Il (PLS-II) at
the Pohang Accelerating Laboratory. To confine the XAS analysis to the
surface region of particles within <10 nm depth, a soft X-ray source in
total electron yield mode was utilized. The measured spectra were
normalized by setting the baseline intensity before the absorption
edge to zero. X-ray absorption spectra for the Ir L; edge were also
obtained at the 7D and 8C beamlines of PLS-II to examine the position
of the white lines of the samples.

Electrochemical measurements

All the electrochemical tests were performed using a potentiostat (SP-
300, Biologic) in 1M HCIO4. A 1M HCIO, solution (pH ~0.3) was pre-
pared by mixing milli-Q water (18.2 MQ-cm) and 70% HCIO,4 (99.999%,
Sigma-Aldrich). A Pt wire and Ag/AgCl (3M NaCl) were used as the
counter electrode and the reference electrode, respectively. After the
electrochemical experiments, the measured potentials were converted
to the RHE scale at 25°C according to the following equation:
ErnE = Emeasure T 0.059-pH + E°, Where Egy is the converted potential
vS. RHE, Eeasure is the measured potential with respect to the reference
electrode, and E° is the standard potential of Ag/AgCl at 25°C, i.e.,
0.21V. For the electrochemical experiments, the ink was prepared by
using catalyst particles, a K-exchanged 5-wt% Nafion solution (Nafion
117, Sigma-Aldrich) as a binder, and acetylene black (Alfa Aesar) along
with high-purity ethyl alcohol. The mass ratios were adjusted to be 10:1
for the catalyst to acetylene black and 3:1 for the catalyst to Nafion. The
mixture was stirred and sonicated for 1h to ensure thorough mixing.
The ink was drop-casted onto a gold rotating ring disk electrode (3 mm
in diameter, RRDE-3A, ALS) such that the amount of loaded catalysts
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loaded on the disk electrode was adjusted to be 0.5 mg/cm?. The elec-
trode was then dried at 60 °C in a drying oven for 2 h. The rotation speed
of the electrode was set to 2400 rpm and was intermittently raised to
5000 rpm for 5s every 5 min during CA measurements and every five
cycles during CV measurements for the removal of O, bubbles on cat-
alyst particles.

CV tests were carried out with a scan rate of 10 mV/s in a potential
range of 1.1-1.63 V vs. RHE. The DL capacitance was measured in a non-
faradaic potential range (0.95-1.20V vs. RHE) by recording the current
values as a function of scan rates every five cycles to the 20th cycle; every
20 cycles to the 100th cycle; and every 50 cycles to the 800th cycle to
monitor the change in surface area of catalysts. CP and CA tests were also
performed at a current density of 10 mA/cm’ge, and at a potential of 1.53
(or 1.58) V vs. RHE, respectively. The DL capacitance was measured in the
same range (0.95-1.20V vs. RHE) every 1h in both tests. Because the
intermittent capacitance measurement was carried out in a non-faradaic
potential range, this was beneficial for the diffusion of O, gas bubbles
under the condition of no further OER and thereby their efficient removal
from the catalyst surfaces. Indeed, the recovery of a high OER current
density was observed after each of the capacitance measurements during
the CA tests. Electrochemical impedance spectroscopy was also carried
out in the same potentiostat in a frequency range from 0.1 Hz to 1 MHz
with an amplitude of 10 mV for iR correction of the uncompensated
series resistance (R). All electrochemical results were verified by per-
forming additional measurements.

The DL capacitance was also used to estimate the electro-
chemically active surface area (ECSA), as demonstrated in a previous
study®. The ECSA was acquired from the following equation:

ECSA=Cp, /Cs

where Cp, is the measured DL capacitance of a catalyst material and Cj
is the specific capacitance of the sample per unit area under a certain
identical electrolyte condition. Following the suggestion of the pre-
vious study, we took C;=0.035mF/cm? as the general specific capa-
citance in an acidic condition for a reasonable general value. To
precisely evaluate the ECSA of active materials, we excluded the ECSA
of acetylene black and the Nafion binder from the total ECSA.

DFT calculations and AIMD simulations

Ab initio DFT calculations were performed to acquire the DOS and the
isosurface of electron density difference of BasNblr;0;,, employing
the spin-polarized generalized-gradient approximation (GGA) along
with the PBEsol functional optimized for exchange-correlation of
densely packed solids. The ultrasoft pseudopotentials were utilized for
ionic cores, as implemented in the CASTEP code (Biovia Inc.). Low-spin
(t2g)(eg”) for the Ir** 5 states and (t %) (eg°) for the Ir** 5d° states were
assumed, as the intensity of the peak, corresponding to the hybridi-
zation with the Ir 5d eg orbitals, in the O K-edge is much higher. The
plane-wave basis set for the kinetic energy cutoff was set to 500 eV.
Relaxation of the internal coordinates in the unit cell performed using
the Broyden-Fletcher-Goldfarb-Shanno algorithm with convergence
tolerances of 0.1eV A for the maximum ionic force, 5 x 10~ eV/atom
for the total energy, and 0.005 A for the maximum ionic displacement.
AIMD simulations were utilized to construct supercells representing
the paracrystalline state without Ba in agreement with the STEM
observation. To accelerate the atomic displacement, the dynamic
relaxation was conducted at 1200K in the isothermal-isovolumetric
(NVT) canonical ensemble with the Nose thermostat in a time step of
1.0fs to induce displacement of each atom by thermal agitation. The
GGA-PBEsol functional for exchange-correlation and the ultrasoft
pseudopotentials for ionic cores were consistently employed in the
CASTEP code. The plane-wave basis set for the kinetic energy cutoff
was 260 eV with k-space integration of a I'-point (1 x 1 x 1). Optimal MD
steps were carried out at 300 K until the overall lattice energy was

stabilized. The cell was subsequently quenched to 10K, and further
DFT calculations for DOS were performed to examine the variation of
the electronic states of Ir and O in the paracrystalline supercell.

Data availability

The data that support the findings of this study are shown in the main
text figures, the Supplementary Information, and the Supplementary
Data. The data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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