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Abstract

Iridium-based perovskites show promising catalytic activity for oxygen evolution reaction (OER)
in acid media, but the iridium mass activity remains low and the active-layer structures have not
been identified. Here we report highly active 1-nm IrOx particles anchored on 9R-BalrOs (IrOx/9R-
BalrO3) that are directly synthesized by solution calcination followed by strong acid treatment for
the first time. The developed [rOx/9R-BalrOs catalyst delivers a high iridium mass activity (168 A
gi 1), about 16 times higher than that of the benchmark acidic OER electrocatalyst IrO2 (10 A gir 1),
and only requires a low overpotential of 230 mV to reach a catalytic current density of 10 mA cm’
240 Careful scanning transmission electron microscopy, synchrotron radiation-based X-ray
absorption spectroscopy, and X-ray photoelectron spectroscopy analyses reveal that, during the
electrocatalytic process, the initial 1-nm IrOx nanoparticles/9R-BalrOs evolve into amorphous
I+*"OxHy/IrOs octahedrons and then to amorphous Ir’*Ox/IrOs octahedrons on the surface. Such
high relative content of amorphous Ir"*Ox species derived from trimers of face-sharing IrOs
octahedrons in 9R-Balr 03 and the enhanced metallic conductivity of the Ir"*Ox/9R-BalrOs catalyst
are responsible for the excellent acidic OER activity. Our results provide new insights into the
surface active-layer structure evolution in perovskite electrocatalysts and demonstrate new
approaches for engineering highly active acidic OER nanocatalysts.
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Introduction

Electrochemical water-splitting plays a critical role in clean and renewable energy technologies,
but the sluggish oxygen evolution reaction (OER) at the anode largely limits the performance and
industrial applications of electrochemical water splitting.! A large number of OER
electrocatalysts have been investigated to exhibit activity and stability in alkaline electrolyte.*!!
In order to overcome the disadvantages of conventional alkaline electrolyzers, proton exchange
membrane (PEM)-based water electrolyzers have been developed as a more promising
technology.'? At present, considering both activity and stability,'? iridium oxides (IrO2'* or IrOx %)
are the viable OER catalysts that show good durability in harsh acidic media. However, the high-
cost and scarcity of the precious iridium oxide catalyst greatly hinder the practical applications of
PEM water electrolysis.'>!* Various approaches have been employed to develop low-iridium
loading but efficient OER electrocatalysts to maximize the iridium mass activity in iridium-based
catalysts.!®!? To date, only a few electrocatalysts have been reported to exhibit efficient yet stable
OER catalysis in acidic media.> % 20?2 Therefore, the development of new iridium-based OER
electrocatalysts with higher iridium mass activity and long-term electrochemical stability in acidic
media is highly desirable.

Toward this goal, iridium-based perovskite oxides?*?® have been recently investigated for
acidic OER electrocatalysis. For example, 3C-SrIrOs thin films deposited on SrTiO3 substrates by
pulsed laser deposition (PLD) exhibited enhanced OER catalytic activity and stability in acidic
media after a 2-hour electrochemical activation process.”’ Density functional theory (DFT)
calculations suggested that IrO3 or anatase IrO2, which were formed on the 3C-SrlrO3 surface due
to Sr dissolution during electrocatalytic process, may be responsible for the catalytic activity.
However, the evolved active-layer structures were not verified in experiment. 6H-SrlrO3 was also
reported to be an efficient electrocatalyst under acidic conditions, and theoretical calculations
proposed that the face-sharing IrOes octahedral dimers in 6H-SrlrO3 may be responsible for the
excellent catalytic activity.?* A detailed study of 6H-SrIrOs catalyst synthesized by conventional
solid-state reaction (CSSR)* demonstrated that the electrochemical activity and stability are
totally different from the catalyst synthesized by wet-chemical method.?* Similarly, it was
observed that the electrocatalytic properties of IrO2 vary greatly depending on their different
synthesis routes due to the different surface structures.?” 2° The surface structures of the iridium-
based perovskites synthesized by PLD or CSSR methods are not active by themselves,?* 226 and
the electrochemical stabilities for some of these catalysts are poor,?>-26 especially, the iridium mass
activities for some of these catalysts are low.>*2° All of these limit the applications of such iridium-
based perovskite electrocatalysts. Due to the limitations of characterization techniques, the real
active-layer structures of the nanoscale oxides electrochemically formed on the surface of Ir-based
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perovskites have remained poorly understood and controversial.>*2> Achieving highly active
catalytic structures anchored on perovskite electrocatalysts with higher iridium mass activity and
systematically unravelling the surface active-layer nanostructure evolution in Ir-based perovskite
electrocatalysts remain key challenges.

Here we report the 1-nm IrOx particles uniformly anchored on 9R-BalrOs3 (IrOx/9R-BalrOs) as
an outstanding electrocatalyst for the acidic OER. This catalyst is conveniently formed by a new
direct synthesis of 9R-BalrOs3 via solution calcination followed by a strong acid treatment. The
resulting IrOx/9R-BalrOs catalyst exhibits the highest iridium mass activity (168 A g ') among
the reported iridium-based perovskite electrocatalysts for the acidic OER, which is about 16 times
higher than the that of IrO2 (10 A gir '), the benchmark electrocatalyst in acidic electrolyte. This
catalyst requires only a low overpotential of 230 mV to achieve a current density of 10 mA cmgeo
and displays good electrochemical stability. Careful characterization using lattice-resolved
scanning transmission electron microscopy (STEM), synchrotron radiation-based X-ray
absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS), systematically
reveal the surface active-layer nanostructure evolution in IrOx/9R-BalrOs. The abundance of
higher-valence amorphous iridium oxide species formed from the 1-nm IrOx particles on the
surface of 9R-BalrO3; and the enhanced metallic conductivity of IrOx/9R-BalrO3; can account for
the excellent acidic OER activity of I[rOx/9R-BalrOs3 catalyst.

Results and Discussion

We developed a new synthesis method via solution calcination to synthesize 9R-BalrO3; and
subsequently used a strong acid treatment to leach some Ba atoms and form the 1-nm IrOx particles
uniformly anchored on the surface of 9R-BalrOs3 (IrOx/9R-BalrOs3) (see Methods and Figure S1-3
for details). At ambient pressure, BalrOs crystalizes in the 9R polytype with monoclinic distortion
(C2/m space group),*® which contains trimers of face-sharing IrOs octahedrons that are linked by
their vertices to form columns along the ¢ axis (Figure la). To identify the initial active-layer
structures on the surface of 9R-BalrOs, we introduce 1 M hydrochloric acid (HCI) to leach the Ba
metal ions and reconstruct the surface structures, a hypothesized illustration of which is shown in
Figure 1b. X-ray diffraction (XRD) pattern of this post-acid treatment sample (Figure 1¢) shows
that the strongest set of diffraction peaks are consistent with those of 9R-phase BalrOs (JCPDS
PDF#44-0021). The three weak diffraction peaks (28.9°, 34.4° and 58.6°) in Figure 1c could be
matched with IrOx, based on the comparison with theoretically predicted PXRD of such phase
from the Materials Project (ID: 1022963). Scanning electron microscopy (SEM) image (Figure 1d)
reveals nano-sized, plate-like crystals. Energy dispersive X-ray (EDX) mapping images (Figure
S4) reveal that Ba and Ir elements are uniformly distributed in these plates.
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Figure 1. Structure characterizations of IrOx/9R-BalrOs catalyst. (a) A schematic illustrating the
changes in the 9R-BalrOs crystal structure (left) after the HCI treatment, which shows the trimers
of face-sharing IrOs octahedrons (right) are formed after Ba leaching. (Ba, green ball; Ir, blue ball;
O, red ball). (b) Schematic representation of the hypothesized surface layer of 9R-BalrOs; after Ba
leaching and surface reconstructions. (¢) XRD pattern of the IrOx/9R-BalrOs sample. (d) SEM
image of IrOx/9R-BalrOs; nanoplates after acid treatment. (¢) HRTEM image shows the
representative lattice fringes of ~0.286 nm corresponding to the (004) plane of 9R-BalrOs and the
corresponding FFT image (inset). (f) HRTEM image of the surface of IrOx/9R-BalrOs; shows
nanoparticles with very different lattice spacing of 0.217 nm, indicating the nanoparticles are not
IrO2. (g) HAADF-STEM image revealing 1 nm nanoparticles uniformly anchored on the surface
of 9R-BalrOs. (h) STEM-EDX mapping images show the 1 nm nanoparticles are Ir-rich (scale bar,
5 nm).

High-resolution transmission electron microscopy (HRTEM) image (Figure le) shows the
representative lattice fringes of ~0.286 nm corresponding to the (004) plane of 9R-BalrOs. The
corresponding fast Fourier transform (FFT) image (inset in Figure le) further confirms the
crystallinity and crystal structure of the 9R-BalrOs sample. Figure 1f shows the surface structures
of 9R-BalrO;s crystals and reveals a rather different lattice spacing of 0.217 nm, which indicates
that the nanoparticles are not IrOz (see Table S1, hereafter called IrOx). High-angle annular dark
field (HAADF) STEM image (Figure 1g) further reveals nanoparticles uniformly anchored on the
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surface of the 9R-BalrOs plates. STEM-EDX mapping images (Figure 1h) reveal that the
nanoparticles are Ir-rich. These structure characterizations confirm that during the acid treatment
process the trimers of face-sharing IrOs octahedrons on the surface of 9R-BalrOs; are transformed

into IrOx nanoparticles, which were believed to be highly active surface layers for acidic OER.?:
31-32

The electrochemical OER performance of the IrOx/9R-BalrOs; catalyst was evaluated in acidic
solution (O2-saturated 0.5 M H2S04), together with commercial IrO2 and as-synthesized 6H-SrIrO3
catalyst?® as comparisons. The full details of the structural characterization of the 6H-SrlrOs3
sample are shown in Figure S5-7. As shown in Figure 2a, commercial IrO2 shows a large
overpotential of 330 mV to reach a catalytic current density of 10 mA cm g, which is in line with
previous reports.'* ** The IrOx/9R-BalrOs electrocatalyst only requires a low overpotential of 230
mV to reach the current density of 10 mA ¢cm 240, which is substantially reduced by 100 mV and
70 mV from those by the commercial [rO2 and as-synthesized 6H-SrIrO3 (300 mV), respectively.
The reported overpotentials for leached 3C-SrlrOs** are also shown as horizontal bars as
comparison. The outstanding OER activity of [rOx/9R-BalrOs s also reflected by the smallest Tafel
slope of 80 mV/dec (Figure 2b) compared to that of IrO2 (159 mV/dec) and 6H-SrIrO3 (122
mV/dec), indicating the OER kinetic over IrOx/9R-BalrOs is significantly accelerated. This is
further confirmed by the electrochemical impedance spectroscopy (EIS) measurements of these
three catalysts tested under the same conditions (Figure 2¢). Nyquist plots show that the charge
transfer resistance (Rct) for [rOx/9R-BalrOs is as low as 20 Ohm, one order of magnitude smaller
than that of 6H-SrIrO3 and IrO2 (>400 Ohm).
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Figure 2. Electrochemical OER performance of IrOx/9R-BalrOs in comparison with other
catalysts in acidic solution. (a) Polarization curves of IrOx/9R-BalrOs, commercial IrO2 and as-
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synthesized 6H-SrIrO3 measured in Oz-saturated 0.5 M H2SOa4. The specific OER overpotentials
at 10 mA cmgeo of 3C-SrlrOs after the specific leaching times in 0.5 M H2SO4 from the reference®?
are shown as horizontal bars. (b) The corresponding Tafel plots, and (c) the EIS Nyquist plots of
the same samples measured at 1.53 V vs. RHE. Glassy carbon electrode was used as the catalyst
support for electrochemical OER performance shown in (a), (b) and (c). (d) Comparison of the
iridium mass activity at 1.5 V vs. RHE for IrOx/9R-BalrOs and some recently reported iridium-
based perovskite OER catalysts in acid media. (e) Chronopotentiometric measurements of
IrOx/9R-BalrO3, commercial IrOz and as-synthesized 6H-SrIrO3 at 10 mA cm 2geo. Carbon paper
was used as the catalyst support for chronopotentiometric measurement in (e).

The iridium mass activity of the electrocatalysts for acidic OER is important. In Figure 2d, we
compare the iridium mass activity of the IrOx/9R-BalrOs catalyst, expressed as the current per unit
mass of Ir (A g!) at the potential of 1.5 V (see definition in Materials and Methods), with the state-
of-the-art iridium-based perovskite electrocatalysts reported up to date.'® 2326 33-36 The iridium
mass activity for commercial IrO2 (10 A gi!) and as-synthesized 6H-SrIrO3 (40 A gir' ') are
calculated from the results above and labeled with green stars, which are consistent with recent
reports.'* 2* The mass activity of IrOx/9R-BalrO3 (168 A gir ') is 16 times higher than that of
commercial IrO2 and 4 times higher than that of 6H-SrIrO3. The IrOx/9R-BalrOs catalyst exhibits
the highest iridium mass activity at 1.5 V versus reversible hydrogen electrode (RHE) for acidic
OER among various iridium-based perovskite electrocatalysts recently reported.

It is worth noting that the excellent electrocatalytic performance of IrOx/9R-BalrO3; does not
correlate with its electrochemically active surface areas (ECSA), which could be estimated by the
electrochemical double-layer capacitance (Car). As shown in Figure S8, the Cai of [rOx/9R-BalrOs3,
6H-SrIrO3 and IrO: are estimated to be 1.59 mF cm™, 1.70 mF cm? and 1.27 mF cm, respectively.
The polarization curves normalized by ECSA (Figure S9) further confirms that the intrinsic OER
activity of the IrOx/9R-BalrOs catalyst far exceeds that of IrO2 and 6H-SrIrOs.

In addition, the electrochemical stability of IrOx/9R-BalrOs was evaluated by long-term
chronopotentiometry measurement at a constant current density of 10 mA cm 2geo, in comparison
with commercial IrO2 and as-synthesized 6H-SrIrOs (Figure 2e). IrO2 and 6H-SrlrOs lost their
electrochemical activity after 3 h and 5 h of galvanostatic electrolysis at 10 mA cm g,
respectively. Similar phenomena were also observed in previous reports.?> 37 Evidently, the
[rOx/9R-BalrOs demonstrated good electrochemical stability during the 2 days (48 h) continuous
operation, and the overpotential for IrOx/9R-BalrOs only slightly increased by 50 mV. Stability
tests of these catalysts at constant potentials (Figure S10) further show that the [rOx/9R-BalrOs
catalyst displays better stability than 6H-SrlrO3 and IrOo.

To understand the origin of the excellent OER activity of IrOx/9R-BalrOs, we further
investigated [rOx/9R-BalrOs, 6H-SrIrO3 and IrO: catalysts using XPS, Ir L3 edge X-ray absorption
near edge structure (XANES) spectra, ultraviolet photoelectron spectroscopy (UPS) and the
temperature dependent resistivity measurements (see details in Materials and Methods). Figure 3a
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compares the Ir 4f XPS spectra of IrO2, 6H-SrlrO3 and IrOx/9R-BalrOs3, which were calibrated
with respect to C 1s at a binding energy of 284.5 eV. Deconvolution of the Ir XPS peaks of IrO2 in
Figure 3a reveals that the binding energies of Ir 47,2 at 62.00 eV and 4fs2 at 64.95 eV, which are
consistent with the reported Ir*" XPS spectrum for IrO2.%® The Ir 472 XPS peak for 6H-SrIrO3 is
shifted to higher binding energy (62.15 eV) compared with IrO2. Moreover, the Ir 4f72 XPS peak
in [rOx/9R-BalrOs is further shifted to higher binding energy (62.23 eV) than 6H-SrIrOs, indicating
that the average Ir oxidation state of the surface-layer structures in IrOx/9R-BalrOs is higher than
+4 and the existence of high-valence Ir (Ir’") species®**® on the surface of IrOx/9R-BalrO:s.
Moreover, the deconvolution of Ir 4f XPS peaks for IrOx/9R-BalrOs (Figure S11) reveals
additional peaks at the higher energy along with the peaks of Ir*" species and the relative content
of Ir"* species is estimated to be ~15.1%. All of these indicate that the IrOx nanoparticles uniformly
anchored on the surface of 9R-BalrOs have a higher valence beyond Ir*".
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Figure 3. Characterizations of the electronic structures of various Ir-based catalysts. (a) XPS
spectra of the Ir 4f peaks for IrOx/9R-BalrOs, 6H-SrIrOs and IrOz. (b) Ir L3-edge XANES region
of IrOx/9R-BalrOs, 6H-SrlrO3 and IrOz. (c) Temperature dependent resistivity and (d) UPS spectra
of the [rOx/9R-BalrO3; and 6H-SrIrO3 samples.

Figure 3b shows the Ir L3-edge XANES spectra of [rOx/9R-BalrOs, 6H-SrIrOs and IrO2, which
are characterized by the white-line peaks. Clearly, the white-line peak position (Figure 3b) and
zero-crossing point of first derivative of Ir L3-edge XANES spectroscopy (Figure S12a) of
[rOx/9R-BalrOs shift to higher energies compared with 6H-SrIrO3 and IrO2, which suggests the
average valence state of Ir in IrOx/9R-BalrO3 is higher than that in 6H-SrIrO3 and IrOz (+4).*! It is
worth noting that because XANES is a bulk-sensitive analytical technique (using high-energy
incident X-rays), the white line energy represents average value of the iridium atoms from both
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the surface layer and the bulk. Therefore, the higher than 4+ average valence state of Ir in IrOx/9R-
BalrO;z suggests that the amount of amorphous IrOx with high-valence Ir (Ir"*) species on the
surface of BalrOs is noticeable and detectable, which is consistent with the XPS spectra and
HAADF-STEM image discussed above. It was reported that the under-coordinated disordered IrO¢
octahedrons with higher oxidation states in amorphous IrOx can act as more electrophilic centers
and enhance the OER activity'® as compared to the more ordered IrOs octahedrons in crystalline
[rO2. Furthermore, recent operando spectroscopic studies and DFT calculations show that the OER
on the IrOx surface is controlled by the formation of Ir’" species leading to the appearance of
electron-deficient oxygen species bound to single Ir atoms (ni-O and pi-OH) that are responsible
for water activation and oxidation.*? These considerations suggest that the higher relative content
of the high-valence IrOx formed on the surface of 9R-BalrOs that are derived from the face-sharing
trimer of IrO¢ octahedrons could serve as the highly active layer responsible for the enhanced OER
activity in iridium-based perovskite electrocatalysts.

We further performed temperature dependent resistivity and UPS measurements to study the
electronic properties of IrOx/9R-BalrO3 and 6H-SrIrOs. The monotonically decreasing resistivity
upon cooling (Figure 3c) indicates both IrOx/9R-BalrO3 and 6H-SrIrO3 samples exhibit intrinsic
metallic behavior.*?> Moreover, the electrical conductivity of IrOx/9R-BIrO3 at room temperature
is twice that of 6H-SrIrOs3. The UPS spectra (Figure 3d) show both [rOx/9R-BalrOs and 6H-SrIrO3
with significant electron distributions at the Fermi level, which agree with the intrinsic metallic
conductivity. The larger density of state (DOS) at the Fermi level for IrOx/9R-BalrOs than that of
6H-SrlrO3 explains the enhanced conductivity of [rOx/9R-BalrOs. These observations are also
consistent with the EIS measurements (Figure 2¢) showing a smaller charge transfer resistance for
[rOx/9R-BalrOs. The higher electrical conductivity in IrOx/9R-BalrOs ensures faster charge
transfer between catalyst-electrolyte and catalyst-support electrode interfaces,! which is also
beneficial for enhancing the overall catalytic performance.
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Figure 4. Evolution of the surface structure of [rOx/9R-BalrOs3 during acidic OER. (a-d) Lattice-
resolved HAADF-STEM images of the surface of IrOx/9R-BalrOs including pristine, after 50
cycles, after 1000 cycles, and 5000 CV cycles. Scale bars, 1 nm. Simulated structures (9R-BalrO3
with the exposed {001} facet, two face-shared IrO¢ octahedral trimers after Ba is leached) are
superimposed on part of the HAADF-STEM images. Ba, green ball; Ir, blue ball; O, red ball. (¢)
Ir 4 XPS spectra and (f) O K-edge XANES spectra of [rOx/9R-BalrOs including pristine, after 50,
150, 1000 and 5000 CV cycles.

To further unravel the evolution of surface structures of [rOx/9R-BalrOs during acidic OER,
we employed lattice-resolved HAADF-STEM imaging, XPS and O K-edge XANES to
systematically investigate the surface morphologies, surface chemical states and local atomic
structures as the electrochemical reaction progressed. Figure 4a-d show HAADF-STEM images
of the surface structures of the pristine IrOx/9R-BalrOs, and after 50, 1000 and 5000 cyclic
voltammetry (CV) cycles, respectively. After 50 cycles, the 1-nm IrOx nanoparticles on the surface
were transformed into an amorphous layer (Figure 4b). As the acidic OER continues, the thickness
of the amorphous layer on the surface of 9R-BalrO3; grows from 1.5 nm (50 cycles) to 2.0 nm
(1000 cycles) and 3.0 nm (5000 cycles). In addition, the 9R-BalrO3 layer (the inner layer beneath
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the IrOx nanoparticles on the right sides of Figure 4b-d) evolved into IrOs octahedron structures,
which evolved from the initial face-sharing IrOs trimer of 9R-BalrOs but they are much more
under-coordinated disordered IrOs octahedrons due to the reconstruction. These changes are
highlighted by the schematic crystal structures superimposed over the lattice fringe images in
Figure 4a,b. This evolution is because of the further collapse of the 9R-BalrOs crystal structure
due to the continuous Ba leaching during acidic OER process (Figure S13). Even though the OER
process of 9R-BalrO3 (synthesized by CSSR)?*® has been studied, the initial active layer and
evolution of IrOx/9R-BalrOs; are totally different, which led to much better acidic OER activity
and stability compared with 9R-BalrOs.

The surface chemical states of the [rOx/9R-BalrOs catalysts after different CV cycles were
inspected by XPS (Figure 4¢). In the Ir 4f XPS spectrum of pristine IrOx/9R-BalrOs3, the peak of
Ir 4f712 1s located at ~62.23 eV. After 50 cycles, the Ir 4f72 peak shifted to lower binding energy at
~62.00 eV, consistent with the binding energy of Ir*", indicating the initially formed amorphous
layer contains Ir*" species. The O K-edge XANES spectra (Figure 4f) show the Ir—O covalency
and local structure of the formed amorphous layer after 50 cycles is very similar to pristine
IrOx/9R-BalrO3 (characteristic peak A at 529.2 eV and peak B at 533.4 eV), which means the Ir**
amorphous layer after 50 cycles has similar Ir—O covalency and local structure of IrOx (for example,
amorphous Ir*"OxHy) but evidently not IrO2. In comparison, the O K-edge XANES spectrum of
the standard IrO2 sample exhibits rather different spectral features: weaker covalent interactions
of Ir-O bonds with pre-edge feature at 530.0 eV and lower energy feature for peak B at 532.2 eV
(Figure S14). Such Ir**OxHy amorphous layer has also been proposed in IrO2** and SrCoo.9Iro.1O3-
perovskite®® during acidic OER. After 150 cycles, the amorphous layer on 9R-BalrOs is still
I[+**OxHy based on the fact that the positions of both Ir 472 peak and peak A and peak B of O K-
edge XANES spectrum are almost unchanged. As acidic OER continues, the Ir 4f72 peak goes
back to high binding energy that is very close to ~62.23 eV after 1000 cycles, which suggests the
Ir’" species are formed in the 2 nm amorphous layer. The peak A and peak B of O K-edge XANES
spectrum (magenta curve in Figure 4f) for the formed surface structures after 1000 cycles are at
the same positions as that after 150 cycles and 50 cycles. These indicate the Ir—O covalency and
local structures of formed amorphous layer (after 1000 cycles) are almost unchanged but the
valence state of Ir was increased to +5, that is, Ir’'Ox amorphous layer is formed after 1000 cycles.
After 5000 cycles, the thickness of the amorphous layer increased to 3 nm (Figure 4d). The Ir 4f72
peak upshifts to ~62.36 eV, which is even higher than that of pristine IrOx/9R-BalrO3, indicating
more Ir’"Ox amorphous layer is formed on the surface of 9R-BalrOs. Cycle-dependent polarization
curves of IrOx/9R-BalrOs catalysts (Figure S15) demonstrates 1 nm IrOx nanoparticles, Ir*"OxHy
amorphous layer and Ir"*Ox amorphous layer exhibit high activity for acidic OER. Based on the
above observations, we propose that during the evolution of surface active-layer structures on
[rOx/9R-BalrO3 during acidic OER, the initial [rOx nanoparticles/9R-BalrOs evolved into
amorphous Ir**OxHy /IrOs octahedrons, and then to amorphous Ir>*Ox /IrOs octahedrons.

Because four new peaks also emerged in the O K-edge XANES spectra for [rOx/9R-BalrO3
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during acidic OER, we further compared the O K-edge XANES spectra (Figure S14) and Raman
spectra (Figure S16) of BaSOs and IrOx/9R-BalrOs after different cycles. It appears that some
BaSO4 was formed due to the Ba leaching during the acidic OER in H2SOs4 solution and adsorbed
on the 9R-BalrOs surface (note that BaSOs is insoluble). Even though inductively coupled plasma
optical emission spectroscopy (ICP-OES) measurements (Figure S13) clearly show that Ba is
leaching from 9R-BalrOs during acidic OER, the Ba 3d XPS spectra for the IrOx/9R-BalrO3
catalysts after different CV cycles (Figure S17) exhibit similar spectral shape. This may be due to
the adsorbed BaSO4 on all samples. To assure that the observed electrochemistry is not due to
BaSOu4, the electrochemical performance of IrOx/9R-BalrOs was examined in comparison with
other catalysts in 1 M HClO4 and 0.5 M H2SO4 (Figure S18a,b). The minor differences between
the electrochemical behaviors in 1 M HClO4 or 0.5 M H2SO4 do not impact the conclusions in this
work. BaSO4 has no electrochemical OER activity (Figure S18c). The evolution of ECSA (Figure
S19) reveals increasing surface area over thousands of CV cycles and the intrinsic activity at the
select cycles (Figure S20) indicates that the intrinsic activity decreases over time.

In contrast, the HAADF-STEM image of the 6H-SrIrOs catalyst after 5000 CV cycles (Figure
S21) shows that there is no amorphous layer formed on the surface of 6H-SrIrO3 during acidic
OER. The different dissolution mechanisms of 9R-BalrO3; and 6H-SrlrOs may be due to the
different crystal structures (Figure S22). The robust trimers of face-sharing IrO¢ octahedrons in
9R-BalrOs could allow better preservation of some IrOs octahedrons when Ba is leached than the
more weakly connected octahedrons in 6H-SrlrOs structure, in which the [rOs octahedrons are
more easily dissolved when Sr is leached. The Sr 3d XPS spectra (Figure S23a) show the gradual
leaching of Sr element during the acidic OER, but there was even no detectable XPS signal for Sr
element on the surface of 6H-SrlrOs after 5000 CV cycles. The Ir 4f XPS spectrum for 6H-SrlrO3
(Figure S23b) show that the Ir 4f72 peak shifted to low binding energy around ~62.00 eV after 50
cycles, which suggests the surface layer are Ir*" species. Even after 1000 cycles, the surface layer
for 6H-SrlIrOs still showed Ir*" species. The cycle-dependent O K-edge XANES spectra for 6H-
SrIrOs (Figure S24) show the local structures of the surface layer (from 50 cycles to 1000 cycles)
are also almost unchanged and similar to the pristine 6H-SrIrO3 based on the similar characteristic
peak A and peak B, indicating the surface active-layer structures for the 6H-SrIrOs catalysts are
I+*"Os octahedron layer. After 5000 cycles, the local structures of the surface layer on 6H-SrlrOs3
are almost unchanged but become Ir"*Os octahedron layers (Figure S24 and olive curve in Figure
S23b). Highly sensitive O K-edge XANES spectrum (magenta curve in Figure S24) shows a little
SrSO4 adsorbed on the surface of 6H-SrIrO3; due to Sr leaching after 5000 cycles.
Chronopotentiometric measurement (red curve in Figure 2e) shows that 6H-SrIrOs loses
electrochemical activity after 5 h of galvanostatic electrolysis. These results clearly demonstrate
the surface active-layer structures for 6H-SrlrO3 catalysts are Ir*'Os octahedron layers, however,
the Ir’*Os octahedron (excessively oxidized) layers are deactivated for acidic OER. These could
potentially explain the inferior OER catalytic performance of 6H-SrIrOs in comparison to IrOx/9R-
BalrOs.
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Conclusion

In summary, we have synthesized IrOx nanoparticles uniformly anchored on 9R-BalrO:
(IrOx/9R-BalrO3) made by solution calcination followed by a strong acid treatment. The IrOx/9R-
BalrOs; shows the highest iridium mass activity among the reported iridium-based perovskite
electrocatalysts for the acidic OER to date, and displays good electrochemical stability. By
combining lattice-resolved STEM imaging, surface-sensitive XANES and XPS analyses, we
systematically studied the surface active-layer structure evolution in IrOx/9R-BalrO3 and showed
that the initial IrOx nanoparticles/9R-BalrOs evolve into amorphous Ir*"OxHy/IrOs octahedrons
and then to amorphous Ir’*Ox/IrOs octahedrons during acidic OER. The higher content of the
amorphous high valence Ir"*Ox species evolved from the 1-nm IrOx particles and the enhanced
metallic conductivity of IrOx/9R-BalrOs; are responsible for the enhanced acidic OER activity of
IrOx/9R-BalrOs over that of related iridium perovskite catalyst 6H-SrIrO3 and IrO2. This work not
only demonstrates a highly active OER catalysts in acidic solution, but also provides in-depth
understanding of the surface active-layer structure evolution in perovskite electrocatalysts and a
new approach for engineering superb acidic OER catalysts.

Materials and Methods

Synthesis of IrO/9R-BalrOsz and 6H-SrIrQO;

Ko2IrCle (99.99%) was purchased from Aladdin. Sr(NO3)2, Ba(NOs3)z2, citric acid monohydrate
(CeHsO7-H20), ethylene glycol, HCI, H2SO4 and ethanol were purchased from Shanghai Research
Institute of Chemical Industry. 5% Nafion (99.9%) and [rO2 (99.9%) were purchased from Sigma-
Aldrich. All chemical reagents were used as received without further purification. All aqueous
solutions were prepared using deionized water with a resistivity of 18.2 MQ cm™!. In a typical
synthesis process, 350 mg of Ba(NOs3)2 and 280 mg of CsHsO7-H20 with the molar ratio of 1:1
were mixed with 5 mL deionized water to form the solution-1, and K2IrCls (80 mg) was dissolved
into 4 mL ethylene glycol to form the solution-2. Then, the solution-1 was added dropwise to the
solution-2 under vigorous stirring and the resulting mixture was dried at 150 °C overnight to obtain
a brown solid product as the precursor. Then, the precursor was transferred to a crucible and heated
in air at 200 °C (6 h), 300 °C (6 h), 500 °C (3 h), and 700 °C (6 h). The heating rate was 1.7 °C
min~'. The addition of organic citric acid results in more heat released at elevated temperature,
which was thought to favor the generation of high-valent iridium species. But carbonate can be
formed, which leads to the formation of BaCOs impurity phase. The obtained solid product was
treated with 10 ml of 1 M HCI for 6 h to remove the BaCO3; impurity and to yield the targeted
catalyst material.

For the synthesis of 6H-SrlIrO3, the experimental procedures were almost the same as those for
the synthesis of IrOx/9R-BalrOs, except that Ba(NO3)2 was replaced by Sr(NO3)2 (280 mg).

Structure characterization
The powder X-ray diffraction (XRD) patterns were collected on a Philips X pert Pro Super
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diffractometer with Cu Kq radiation (A = 1.5418 A). The scanning electron microscopy (SEM)
images were obtained on a JSM-6700F scanning electron microscope operating at 5 kV.
Transmission electron microscopy (TEM), high resolution TEM (HRTEM) and energy dispersive
X-ray (EDX) spectral analysis were performed on a JEM-2100F microscope operating at an
acceleration voltage of 200 kV. Sub-A-resolution aberration-corrected high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM) imaging and the corresponding
EDX spectroscopy were conducted on a JEM-ARM 200F TEM at the accelerating voltage of 200
kV. The temperature dependent resistivity measurement was performed on pressed powder pellet
(~6 mm x 6 mm X% 0.5 mm) by a four-point probe resistance measurement using a Quantum Design
Physical Property Measurement System (PPMS). The various sample powders (IrO2, 6H-SrIrO3
and [rOx/9R-BalrOs3) were pressed into a cuboid pellet (~6 mm x 6 mm x 0.5 mm), which were
annealed at 500 °C (2 h) in air to eliminate the effect of particle contact geometry. XPS and UPS
were acquired at the BL10B beamline in the National Synchrotron Radiation Laboratory (NSRL),
China. The XPS spectra were recorded with Al Ka (1486.6 ¢V) as the excitation source and the
resolution of electron energy analyzer (Scienta R3000) is ~0.02 eV. The binding energies obtained
in the XPS spectral analysis were corrected for specimen charging by referencing C 1s to 284.5
eV. The Fermi level Eris located at E=0 which was measured from the Fermi edge of an evaporated
Au film. The sample was biased by —10.0 V in order to acquire distinct the secondary-electron
cutoff of the spectrum and valence band spectrum chosen for 170 eV of synchrotron radiation light
excitation energy. The Ir L3-edge XAFS data were collected at IWIB station in Beijing
Synchrotron Radiation Facility (BSRF) and BL14W1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF), China. The storage ring of BSRF and SSRF were operated at 2.5 and
3.5 GeV with a maximum current of 250 mA, respectively. The O K-edge X-ray absorption near-
edge (XANES) spectra were performed at the Beamlines MCD-A and MCD-B (Soochow
Beamline for Energy Materials) in NSRL, which were measured in the total electron yield mode
in a vacuum chamber (<5 x 1078 Pa).

Electrochemical measurements

All the electrochemical measurements were performed with a three-electrode system on a
CHI760E instrument (Chenhua, China). A graphite rod and an Ag/AgCl electrode (saturated KCI
solution) were used as the counter electrode and reference electrode, respectively. Typically, 4 mg
of catalysts were dispersed in 1 ml mixture solution of 4:1 v/v of water/ ethanol. Then, 30 pL
Nafion solution (Sigma Aldrich, 5 wt %) was added and subsequently sonicated to form a
homogeneous ink. 5 puL of the dispersion was loaded onto a glassy carbon electrode (GCE) of 3
mm in diameter. The polarization curves were measured in Oz-saturated 0.5 M H2SOs4 solution
with a scan rate of 5 mV s™'. The data were iR-corrected. Electrochemical impedance spectroscopy
measurements were made by applying an AC voltage with 5 mV amplitude in a frequency range
from 100 KHz to 100 mHz at overpotential of 300 mV, respectively. Carbon paper (1x1 cm?) was
used as the catalyst support for chronopotentiometric measurement. Mass loading on carbon paper
electrode is the same as that on GCE (0.283 mg cm™).
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Electrochemically active surface area (ECSA) and mass activity calculations
The ECSA for each catalyst was estimated from the electrochemical double-layer capacitance
(Ca), which is expected to be linearly proportional to the ECSA. The Ca was determined by
measuring the non-Faradic capacitive current associated with double-layer charging from the scan
rate dependence of CV. The current response was taking in the potential window (0.585-0.685 V
vs. RHE) for the CV with different scan rates (v: 40-200 mV s'). Moreover, the double-layer
charging current (ic) is equal to the product of the scan rate (v) and the Cal, as given by equation
(1):
ic = vCdi (1)
Thus, a plot of ic as a function of v obtains a straight line with a slope equal to Ca. The ECSA of
the samples is calculated from the Cai according to equation (2):
EASA = Cal/ Cs (2)
where Cs is the specific capacitance of the catalyst. The general specific capacitances of Cs = 0.035
mF cm 2 was used based on typical reported values. !
The mass activity (A g') values of the catalysts were calculated from the loading mass of
iridium (m) and the corresponding current (i) at 1.5 V vs. RHE:
Mass activity =i/ m 3)
With the catalyst loading mass of 0.02 mg under 1.5 V vs. RHE, the current density for [rOx/9R-
BalrOs is ~26.2 mA cm (range from 26.2 to 27.4 mA cm?). We considered the effect of leached
Ba (IrOx layer) when calculating the iridium mass activity of IrOx/9R-BalrOs following the
approximate method. The iridium mass activity we reported is the average value that is estimated
as 168 A gi L.

Supporting Information

Additional structural characterizations of the various catalysts, additional electrochemical
measurements of the various catalysts, the first and second derivatives of Ir L3-edge XANES
spectra, Raman spectra and additional XPS for I[rOx/9R-BalrOs after different cycles, XPS spectra
and O K-edge XANES for 6H-SrlrOs after different cycles, and the detailed discussion. The
Supporting Information is available free of charge on the ACS Publications website.
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