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ABSTRACT

Understanding the dynamic structural and chemical evolutions at the catalyst—electrolyte interfaces is crucial for the development
of active and stable electrocatalysts. In this work, B-Li,IrO; is employed as a model catalyst for the oxygen evolution reaction
(OER). Its elastic three-dimensional Ir-O framework enables us to investigate the Li* cation dissolution-induced structure
evolutions and the formation mechanism of amorphous IrO, species. Electrochemical measurements by rotating ring disk
electrode (RRDE) reveal that up to 60% of the measured OER current can be ascribed to catalyst degradation. A series of in-situ
X-ray diffraction spectroscopy (XRD), X-ray absorption spectroscopy (XAS), and Raman spectroscopy are conducted. Structure
vibration is observed with oxidation states of Ir being reduced abnormally during OER at high potentials. It's hypothesized that
the reversible proton intercalations are responsible for the Ir turn-over mechanism. Results of this work demonstrate a stable and

elastic iridate structure and reveal the initial catalyst degradation behaviors during OER in acid media.

KEYWORDS

oxygen evolution reaction, structure evolution, amorphization, acid media, catalyst degradation

1 Introduction

Hydrogen production by electrocatalytic water splitting has been
considered as one of the most promising technologies for green
fuel production and better utilization of renewable energies. The
oxygen evolution reaction (OER) at the anode is a key half-
reaction for water electrolysis, which however limits the overall
efficiency for the water electrolyzer, due to its sluggish reaction
kinetics involving four proton-coupled electron transfers [1,2].
Therefore, it is urgent to develop advanced catalysts with high
activity and stability to promote the anodic OER performance.
Unfortunately, only some Ir and/or Ru-based catalysts [3-6], such
as perovskite SrIrO; [7] and pyrochlore iridates (A,Ir,0,, A = Pb,
Bi, and Y) [8, 9], can tolerate the extreme pH condition and highly
oxidative environment during OER.

Most of the Ir-based catalysts still suffer surface corrosions to
different levels along with composition and morphology changes
during the OER in acidic media [10, 11]. This instability originates
from cation dissolution, which is triggered by lowering of their
coordination, resulting in rapid surface reconstruction and
subsequent formation of amorphous or low crystalline
(polycrystalline) species on the surface [12]. For example, Song et
al. [13] show that leaching of alkaline-earth atoms is almost
inevitable in acid electrolytes for the AIrO;-type iridates (A = Sr
and Ba). Suntivich’s group [14] demonstrated that the crystalline-

to-amorphous transformation of 3C-SrIrO; was triggered by
lattice oxygen activation followed by Sr** dissolution from the
structure. The deficient Sr** and O sites further reorganized the
surface structure. For developing stable OER catalysts, it is crucial
to identify some stable crystalline structures that can tolerate sever
cation dissolutions from the structure while maintaining its
crystallinity during OER.

In addition, such surface reconstruction process during OER is
so dynamic and uncontrollable. There is still limited knowledge
about the initial reconstruction process [15-17]. Considering that
the OER takes place on the outmost surface of catalyst particles,
the newly formed species function as the real catalytic phases for
water electrolysis. Zhang et al. [18] revealed that the amorphous
RuO,; shells were formed during electrochemical oxidation on the
surface of Ru-based alloys, which actually function as a passivation
layer to inhibit Ru dissolution. Similarly, a stable self-reconstructed
IrO,mH,0 was identified on the surface of Ir(V)-based
perovskites. The hydrous iridate was proposed to form via a
dissolution-reprecipitation mechanism [19]. Clearly, revealing the
dissolution-induced structure evolutions and associated reaction
intermediates formed on catalyst surface would bring more
insights into the interfacial degradation mechanisms.

In this work, the p-Li,IrO; oxide was employed as the model
catalysts to study the Li*-dissolution induced reconstruction and
degradation during the OER in acid. There are two reasons for us
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to select the B-Li,IrO; oxide as the model OER catalyst. Firstly,
delithiation starts before OER and continuously during OER,
which indeed mimics the alkaline cation dissolution process for
many ABO; perovskite-type oxide catalysts. Importantly, the
electrochemical potential for delithiation has been well determined
in Li-ion batteries, which enables us to identify the startup
potential of catalyst degradation and structure evolution. Secondly,
the interconnected [IrOg] octahedral units create a unique three-
dimensional (3D) Ir-O framework which is chemically stable in
strong acid. The sponge-like 3D structure consists of
transportation channels for fast Li/H* exchange at the interface,
thus provides a unique platform for us to investigate the structure
stability and proton dynamics on catalyst surface. A series of in-
situ characterization techniques were employed to investigate both
surface and bulk changes during OER, including X-ray diffraction
(XRD), Raman spectroscopy, and X-ray absorption fine structure
(XAFS) spectroscopy. These in-situ spectroscopic techniques
enable us to disclose the crucial structure and chemical
information of electrocatalysts under acidic OER working
conditions [20].

2 Experimental

2.1 Sample preparation

B-Li,IrO; oxide was synthesized by a conventional solid-state
reaction according to Refs. [21]. In a typical synthesis, commercial
rutile-type IrO, (> 99.9%, Maclin) was mixed with equivalent
Li,CO; (= 99.0%, Sigma-Aldrich) homogeneously by throughly
grinding in a mortar. The mixed precursor was then pressed into a
pellet and kept in a corundum crucible for further calcination. The
pellet was calcinated by heating at a ramping rate of 3 °C-min™ to
1050 °C and holding for 12 h. The final p-Li,IrO; product was
prepared by repeated calcination, while the intermediate was fully
ground for 20 min in a mortar.

2.2 Physical characterizations

XRD patterns were collected on an Empyrean diffractometer
(Malvern-Panalytical Instrument) with Cu K« radiations of
A (Kal) = 1.540598 A and A (Ka2) = 1.544426 A. Both ex-situ and
in-situ XRD were conducted in this work. For ex-situ XRD
measurements, the B-Li,IrO; oxide was casted on carbon paper
electrode with mass loading of 5 mgcm™ Potentiostatic
experiments were conducted at elevated potentials from open
circuit voltage (OCV) to 1.65 V vs. reversible hydrogen electrode
(RHE). Each potential of interest was held for 1 h in 0.5 M H,SO,
electrolyte. After rinsed by deionized (DI) water and dried in air,
the reacted catalyst powder was scratched from the carbon paper
electrode, and put in standard XRD sample holder for the
measurement. In-situ XRD experiments were conducted on a
home-designed electrochemical cell using Kapton® film as the
transmitting X-ray window. The carbon paper electrode with p-
Li,IrO; catalyst was held at 1.6 V vs. RHE in 0.5 M H,SO,
electrolyte. After OER operation for each one minutes, the
electrode was kept at open circuit potential, during which XRD
profiles were collected.

In-situ XAFS measurements were conducted on a XAFS
beamline (11B) in Shanghai Synchrotron Radiation Facility (SSRF)
by a fluorescence mode. The Ir Ly-edge was measured with a
beamline spot size of 250 um, and photon flux reaching
~ 5 x 10" photonss'@10 keV. A Lytle detector was used to collect
the fluorescence signals with a Zn plate as the filter. A home-
designed electrochemical cell with a three-electrode configuration
was constructed. The B-Li,IrO; oxide was casted on carbon paper
electrode with mass loading of 8 mg-cm™ Pt wire and Ag/AgCl
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(sat. KCI) electrode were adopted as the counter electrode and
reference electrode, respectively. The catalyst electrode was
holding at 1.6 V vs. RHE for water electrolysis. After OER
operation for certain minutes, the electrode was kept at open
circuit potential, during which XAFS spectra were collected.
According to the beamline setup, it takes 8 min to record each
XAFS spectrum. The corresponding potentiostatic curves were
plotted in Fig. S1 in the Electronic Supplementary Material (ESM).

In-situ Raman spectroscopy measurements were conducted in a
home-designed electrochemical cell using glassy carbon as
working electrode and Pt wire as counter electrode, following the
same electrochemical protocol as the in-situ XAFS measurement.
Ag/AgCl (sat. KCI) electrode was used as the reference electrode.
The B-Li,IrO; catalyst paste was casted on the glassy carbon
electrode. The working electrode was held at a potential of 1.6 V
vs. RHE for 10 min in 0.5 M H,SO, electrolyte. Raman spectra
were collected during OCV after OER operation for every 1 min
by using a 532 nm Laser source on the inVia Qontor spectrometer
from RENISHAW. The laser intensity was maintained at 45 mW
and the spectra were obtained by the accumulation of 3 spectral
acquisitions with an exposure for 20 s.

High-resolution transmission electron microscopy (HR-TEM)
was carried on a FEI Talos F200X microscope to check the surface
crystal structure. Soft X-ray absorption spectra (sXAS) at the O K-
edge were performed on the beamline BL11U station in Hefei
NSRL. The X-ray photoelectron spectroscopy (XPS) was operated
on the NEXSA instrument from Thermo Fisher.

2.3 Electrochemical measurements

All operando electrochemical measurements were carried out
using a CHI760 potentiostat (Chenhua Instrument). The rotating
ring disk electrode (RRDE) measurement was performed on a
rotating system from Pine Instrument. The catalyst ink was
dropcasted on the RRDE with a mass loading of 400 pg-cm™. The
catalyst ink was prepared by mixing 10 mg of iridate powder with
5 wt.% acetylene carbon black and 30 pL Nafion ionomer (5%
weight, Ion Power) in 1 mL of ethanol. A KCl-saturated Ag/AgCl
electrode and a Pt wire were used as the reference electrode and
counter electrode, respectively. The electrochemical setup of the
RRDE measurement followed Ref. [22]. For the potentiostatic
measurement, the disk electrode was held at 1.6 V vs. RHE at a
rotating speed of 1600 rpm, during which the applied potential on
the Pt ring electrode was set to 0.4 V vs. RHE for detecting O,
generation at the disk electrode. Similarly, the disk electrode was
also used for the cyclic voltammetry (CV) measurement at a scan
rate of 10 mV-s™ with rotation setting to 1600 rpm, and the Pt ring
electrode was held continuously at 0.4 V vs. RHE. Ar gas was
bubbled into the 0.5 M H,SO, electrolyte before and during the
RRDE measurements.

3 Results

3.1 Electrochemical behaviors

The B-Li,IrO; oxide is a promising cathode material for Li-ion
batteries [23], which demonstrated elastic structure evolutions
during charge and discharge due to the reversible intercalation
and deintercalation of Li* cations [21]. In order to confirm the
degradation behavior as induced by cation (Li*) dissolution during
OER in acidic media, we conducted the RRDE measurement in
0.5 M H,SO, solution as displayed in Fig. 1. The glassy carbon
working electrode loading with B-Li,IrO; oxide was used for the
electrocatalytic water oxidation, whereas the platinum ring disk
was kept at 0.4 V vs. RHE for the oxygen reduction reaction
(ORR) (Figs. 1(b) and 1(c)). Commercial IrO, catalyst was also
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Figure1 (a) The scheme of the RRDE measurements. (b) The potentiostatic measurement by holding the working electrode at 1.6 V vs. RHE for OER, while the Pt
ring electrode holding at 0.4 V vs. RHE for the ORR. (c) The measured i,;,,/iy efficiency. Right axis shows the current contributions which were estimated by taking
the maximum 17% i,/ iqq. efficiency as the system ability for O, detection. (d) The schematic illustration of the surface electrochemical processes involved during OER.
(e) Cyclic voltammetry measurement and its corresponding ring current. (f) i,/ i efficiency at 1.6 V vs. RHE.

tested to estimate the system efficiency in the same experimental
condition (Fig. S2 in the ESM). As for IrO,, the efficiency for the
platinum ring disc to capture the oxygen molecules
electrochemically produced from the central working electrode
was estimated to be 17%, which is in good agreement with Refs.
[22, 24, 25]. Surprisingly, the B-Li,IrO; catalyst exhibited very poor
fing/igis efficiency, which achieved a maximum efficiency of 12%,
then drastically decreased to ~ 6%. These values are much lower
than that of commercial IrO, catalyst, suggesting the measured
OER current indeed includes two contributions. If taking the 17%
as the ideal system capability for O, detection, 60% of the
measured OER current could come from the catalyst degradation,
whereas only 40% was used for water oxidation. To confirm this
conclusion, we further conducted cyclic voltammetry
measurement (Figs. 1(e) and 1(f)). The measured i;g/igik
efficiency at 16 V vs. RHE was surprisingly low, which
continuously decreased from 8% to about 3% along with cycling,

3.2 Bulk structure evolution

It is then essential to understand the current for catalyst
degradation in the early stage which is ascribed to the delithiation
process. A series of ex-situ XRD measurements were conducted to
probe the possibly involved structure evolutions during OER. The
B-Li,IrO; electrode was treated at elevated potentials stepwise
increased from OCV to 1.65 V vs. RHE in sulfuric acid by
potentiostatic treatment for 1 h. As shown in Fig. 2(a), the
structure starts to change since 0.92 V vs. RHE, which is equal to
3.95 V in the Li*/Li scale. It is reasonable since at this potential,
one equivalent of Li* would be delithiated from the bulk structure
of the PB-Li,IrO; cathode in Li-ion battery. The structure
transformation finished at 1.55 V vs. RHE. It is noted that the
intensity of the diffraction peak centered at 20° as indexed to (004)
crystal plane was drastically increased. But interestingly, the peak
position was initially shifted to 19.2° and then to a higher degree of
19.5° beyond 1.4 V vs. RHE. The final structure is well maintained
thereafter the OER operations over 1.55 V vs. RHE (Fig. 2(b)).

The B-Li,IrO; possessed unique hyperhoneycomb structure
with interconnected edge-sharing IrO4 octahedra units forming a
3D Ir-O framework (Fig.S4 in the ESM). The 3D structure is
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indeed very stable, which can be thermally treated in 1 M H,SO,
acidic solution at 120 °C for complete Li’/H* exchange [21].
Rietveld refinement was therefore conducted for these XRD
profiles as shown in Fig. S5 in the ESM. The ex-situ XRD patterns
measured at each interesting potential retain the hyperhoneycomb
structure and can be indexed by the same Fddd space group. As
Pearce et al. reported [23], B-Li,IrO; could undergo symmetry
structural evolution to the C2/c space group due to delithiation
and formation of LiysIrO; when increasing the electrochemical
potential to 4.40 V vs. Li*/Li. However, we did not observe such
structure transformation during OER even at high potentials.

According to our Rietveld refinement, the estimated lattice
distances of the (004), (220), and (111) facets were plotted versus
electrode potentials (Fig. 2(c)). As shown in Fig. 2(d), the (004)
crystal plane is perpendicular to the C-axis, while the (220) crystal
plane is parallel to the C-axis. It is noted that the expansion of the
[IrOg]-[IrOg] octahedral cluster between (004) crystal plane as well
as the shrinkage of its perpendicular direction initiated at 0.92 V
vs. RHE immediately. Further delithiation of B-Li,IrO; above
140 V vs. RHE caused tight [IrOg]-[IrO4] connection. Overall,
with increasing strain in the structure under the function of
applied potentials, pronounced shrinkage of the channel space was
observed. The B-Li,IrO; demonstrated superior structure flexibility
during the OER process.

When applying a high electrochemical potential directly on the
catalyst, cation dissolution/catalyst oxidation would take place
simultaneously along with the electrocatalytic OER process. In-situ
XRD measurement was therefore conducted in a potentiostatic
mode. As shown in Figs. 3(a)-3(c), we observed a fast structure
change occurring within 1 min. Upon the electrooxidation, the -
Li,IrO; might be dominated by the delithiation process in the
early stage, which causes the structure self-regulation of the whole
3D framework to respond to oxidation. The B-LiIrO; (ICSD
database code: 193972) and B-H,IrO; [21] were employed for
Rietveld fitting of the XRD patterns during structure
transformation, so to identify the structure of those reacted oxides
under working condition. Dramatic shifts of (111) and (004) peaks
were observed on pristine -Li,IrO; and reacted oxides. During
the OER operation, the intensity of (111) diffraction peak
decreased rapidly while the (004) diffraction peak enhanced
drastically.
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Figure2 (a) The XRD profiles of the B-Li,IrO; under stepwise increased potentials; (b) the local magnification of XRD profiles; (c) the potential dependent of local
structure parameters of the -Li,IrOs; and (d) different crystal facets of the 3D [IrO4] framework.

To further gain the atomic arrangement and chemical states of
Ir sites, we conducted the in-situ XAFS measurement at Ir
Ly-edge by holding the electrode at 1.6 V vs. RHE. The
corresponding X-ray absorption near-edge structure (XANES)
spectra are plotted in Fig. 3(d). In general, the absorption peaks
gradually shifted to higher energies along with OER, indicating the
integral oxidation of Ir sites. We further analyzed the absorption
peak positions versus the time in Fig. 3(e). According to the
evolution of Ir chemical states, the structure evolution of 3-Li,IrO;
during OER may involve two stages. In the initial 5 min, the
absorption peaks shifted to higher energy positions, suggesting
that the B-Li)IrO; oxide undergoes a rapid oxidation probably
accompanied by bulk delithiation from the structure. Afterwards,
the absorption peak positions descended slightly in spite of the
same operation condition, indicating the reduction of the Ir sites.
After holding at 1.6 V vs. RHE for 20 min, the absorption peak
stabilized at ~ 11,220 eV (Fig.S6 in the ESM). To analyze the
changes in the local coordination environment, the R space was
evaluated by the Fourier transform of the extended XAFS
(EXAFS) spectra as plotted in Fig. 3(f). The B-Li,IrO; catalyst at
OCV demonstrated three major peaks located at 1.87, 2.87, and
343 A, which are ascribed to the bond lengths of Ir-O, short
Ir-Ir, and long Ir-Ir bonds, respectively. In our previous
investigation, the pristine B-Li,IrO;. oxide possesses uniform Ir-O
bond lengths throughout the whole bulk structure. Thus, it is
therefore to hypothesize that the structure distortion starts when
soaking the catalyst in sulfuric acid, which is in good agreement
with the ex-situ XRD observations. The Ir-O bond lengths vary
over time during OER operations, which firstly shrank, but
eventually extended from 1.85 to 1.88 A, revealing the dynamic
oxidation/reduction behaviors of Ir sites during OER.

The turnover mechanism of Ir sites was firstly proposed by
Minguzzi et al. [26]. By using in-situ X-ray absorption
spectroscopy (XAS) measurement and proper XANES fittings,

they identified that the high valence of Ir(V) can accumulate
below the potential of OER onset, which further gets into fast
Ir(V)/Ir(IIl) redox due to water oxidation. This is in line with the
participation of the Ir sites in the heterogeneous Ir oxide catalyst
in the catalytic cycle. For E > 1.3 V, Ir sites were presented in form
of two distinct oxidation states, namely Ir(III) and Ir(V). Further
increasing the potential to 1.5 and 1.6 V leads to the possibility of
Ir(IV) in the catalytic cycle, which is proposed as a parenthesis of
the Ir(V)/Ir(IIT) couple. The B-Li,IrO; oxide demonstrated similar
chemical reduction behavior due to chemical oxidation of water
and simultaneous reduction of high-valence Ir species. According
to Nong’s research, the applied bias can accumulate the charge in
the catalyst instead of directly acting on the reaction coordinate
[1]. Considering that the XAFS measurement can be a bulk
characterization technique, it is believed that the proton transfer
promotes the bulk reduction of Ir site. We thus proposed the
dynamic evolutions of Ir catalysts in Fig. 3(g).

3.3 Surface evolutions by Raman spectroscopy

The above in-situ XRD and XAFS measurements revealed the
structure evolutions in the bulk catalyst. To gain more
information of the reaction intermediates formed on catalyst
surface, in-situ Raman spectroscopy was conducted at the same
potentiostatic reaction condition. As shown in Fig. 4, the Raman
spectrum of the B-Li,IrO; oxide at OCV shows the typical
vibration modes at 518 and 596 cm™. The lower band can be
assigned to the out-of-phase vibrations of Li atoms along the C-
axis [27]. According to the Raman analyses of the high-pressure
experiment by Choi and his coworkers [28], the later band at
596 cm™ is originated from the stretching vibrations of Ir-p-oxo
species, denoted as the A,(O) vibration. In addition, three
consecutive peaks featured at 724, 803, and 896 cm™ are stemmed
from the adventitious Nafion species, which are respectively
assigned to the F-C-F symmetric stretching vibrations [29], the
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400

C-S stretching vibration [30], and C-O-C ring stretching
vibration [31] according to literatures. The bands with larger shifts
centering at 980 and 1052 cm™ are characteristics of the SO,
anions in the electrolyte.

With no surprise, after 1 min of OER operation at 1.6 V vs.
RHE, the band of the Li-O vibration completely disappeared,
indicating a rapid delithiation process occurring on catalyst
surface. The Ir-p-oxo band shifted to higher positions of 620 cm™

\NEZS L
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and vibrated between 605 and 620 cm™ along with the OER test,
which reflected the atomic vibrations on catalyst surface during
OER. Since this A,(O) band is ascribed to the Ir-p-oxo species, the
vibrations reflected the dynamic feature of the oxygen species on
surface structure [28]. Pavlovic et al. [32] reported that a bule shift
of the Ir-p-oxo stretching vibration occurred from Ir(II)-Ir(IV)
dimer to Ir(IV)-Ir(IV) dimer in the iridium oxo-hydroxo dimer
complex. We claim that the shift of A,(O) vibration to 605 cm™ is
probably owing to the electrooxidation of surface Ir-O species,
while a blue shift to 620 cm™ occurring at high potentials could be
a strong indication for the turnover mechanism due to efficient
reduction of oxidative Ir-O species at surface.

34 Surface degradation behaviors

The surface intermediates and chemical states were further
analyzed by XPS and soft XAS. As shown in Fig. 5(a), there is no
significant change on the Ir 4f spectra before and after the OER
reaction. We fitted these XPS peaks by a doublet of the Ir 4f,, and
Ir 4f;;, peaks, together with a doublet of their satellite peaks and a
second satellite of Ir 4f;;, peak as shown in Fig. S7 in the ESM. The
Ir 4f,, and Ir 4f;, peaks are located at 62.7 and 65.7 eV,
respectively, which are identical to the values reported for iridium
oxide nanoparticles by Minguzzi et al. [33]. Results suggested that
the surface Ir sites maintained a relatively lower oxidation states
(Ir(IV)) even after severe delithiation and oxidation. The O K-
edge spectrum was also measured for the pristine and reacted f-
Li,IrO; (Fig. 5(b)), as well as rutile IrO, for a reference. The two

@ Springer | www.editorialmanager.com/nare/default.asp
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Li,IrO; and (e) potentiostatic reacted catalyst and corresponding SAED patterns are shown in (d) and (f), respectively. (g) Schematics of the electrochemical processes
involved on the particles of B-Li,IrO; during the potentiostatic OER measurement in acid.

pronounced resonances at 530.8 and 532.6 eV are ascribed to the
ty; and e, states of Ir 5d bands hybridizing with the O 2p state,
respectively. A crystal field of 1.8 eV is therefore estimated for
pristine B-Li)IrO; [34]. After the OER test, the reacted material
shows weakening of the t,, peak, whereas two distinctive y1,-O and
k3-O peaks appeared, which agrees with the observations on
semicrystalline IrO, by Mom and coworkers [35]. The formation
of two O species indicates the inferior connectivity of distorted
IrO; octahedron units on surface structure.

HR-TEM was employed to characterize the surface
morphology and crystallinity of the degraded catalyst. As shown
in Figs. 5(c)-5(f), the initial p-Li,IrO; oxide particle shows a clean
surface with well crystalized structure. The surface structure was
also confirmed by the corresponding selected area electron
diffraction (SAED) pattern along the [242] crystal zone axis. After
the potentiostatic process at 1.6 V vs. RHE for 10 min, ordered

atomic arrangement can be clearly observed on the exposed
surface of reacted oxide particles, suggesting that the interface
maintained a well crystallinity after structure transformation and
cation exchanges. The corresponding SAED in Fig. 5(f) displays
the annular diffraction spots which also proved the polycrystalline
feature. Interestingly, distorted atomic arrangement can be
observed at some regions at subsurface, as highlighted in Fig. 5(e).
The amorphization seems to be initiated from the inner part of the
catalyst. After a long-term OER operation, surface amorphization
became serious as observed in most degraded OER catalysts with
multiple small nanocrystals berried in the amorphous phases (Fig.
S9 in the ESM). According to the CV curves of the B-Li,IrO; as
shown in Fig. S3 in the ESM, the OER activities of the catalyst
gradually decrease along with cycling, whereas the electrochemical
active surface area (ECSA) was observed to slightly decrease also,
which is mainly due to surface amorphization and dissolution of
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Ir metal sites. But basically, the existence of amorphization could
not improve the intrinsic OER activity for the catalyst.

4 Discussion

So far, we have conducted a series of in-situ characterizations to
probe the bulk and surface evolutions during OER on B-Li,IrO;
model catalyst. TEM revealed unique corrosion behaviors on
catalyst surface. Three major findings are summarized and
discussed here.

The 3D sponge-like Ir-O framework. The interconnected
[IrO4] octahedra units in B-Li,IrO; form a very stable 3D [IrOg]
framework, which demonstrates stark elasticity during OER.
According to our in-situ XRD measurements, delithiation from
the bulk structure starts at low potentials (such as 0.92 V vs. RHE),
suggesting that the cation leaching is unavoidable in sulfuric acid
solution. During the OER operation, delithiation further induced
slight structure distortion, but the strong edge- and face-sharing
[IrOy] connectivity appears to be maintained even after Li*
leaching. The catalyst retained the Fddd space group within a
broad potential range between 0.92-1.65 V vs. RHE. As
demonstrated by Chang Woo et al. [36] on eleven different
A,Ir O -type oxides (A = Ca, Sr, Ba, Y, Pr, and Nd), the intrinsic
structure—property relationship in iridates was closely related to
the [IrOq] connection geometry and significantly affected the
catalytic activity and stability during the OER. Interestingly, in-situ
XRD measurements further revealed that it took about 5-7 min
for the catalyst to completely transform to the final phase, whereas
the surface delithiation completes within 1 min according to the in-
situ Raman test. Clearly, the observed time discrepancy for
delithiation is due to the diffusion limitation for Li* cations to
transport from the bulk to the catalyst/electrolyte interfaces.

Measured OER current contains significant contribution
from catalyst degradation. We previously [24] employed the
electrochemical quartz microbalance microscopy (EQCM) to
reveal the significant amount of cation leaching on Ni-based
crystalline oxides, which leads to quick surface degradation and
amorphization, resulting in amorphous Ni oxyhydroxide
formation on oxide surface. Chang Woo et al. [13] studied the
elemental dissolution of various ABO; perovskite oxides through
atomic-scale direct probing by using high-resolution TEM. They
identified that the surface structure could transform into
metastable nanocrystallites or an amorphous state with substantial
surface roughening induced by serious alkaline-earth elemental
leaching. As a consequence, it has been generally agreed that the
cation leaching would contribute to the OER current. In this work,
the RRDE measurement further probed that there could be
significant amount of current contribution (up to 60%) coming
from the catalyst oxidation process, including the cation
dissolution (as mimic the degradation process) and
electrochemical oxidation of the bulk catalyst material. In an
extreme condition, only less than 40% of the measured OER
current was used to drive the “real” electrocatalytic reaction.
Therefore, we would like to deliver a very important message to
the community that the measured OER current may not be that
accurate for evaluating the intrinsic catalytic activity of various
OER catalysts, although it has been widely used so far.

Turnover mechanism associated with proton back-
intercalation during OER. Interestingly, the in-situ XAFS
measurement shows that the Ir sites were firstly oxidized followed
by slightly reduction along with the OER operation. This
phenomenon is similar to the turnover mechanism as discussed
by Minguzzi et al. on the nanosized IrO, catalysts [26,37]. By
means of in-situ XAS, they clearly revealed the co-existence of
Ir(1II) and Ir(V) at the electrode potentials where OER occurs. At
1.3 V, Ir reaches the highest oxidation state (V), whereas at higher

Nano Res. 2023,16(7): 9022-9030

potentials, ie., for E > 1.5 and 1.6 V, Ir assumes two distinct
oxidation states, namely (III) and (V). Yang et al. [38] employed a
hydrated birnessite phase as the model catalyst, and discussed the
electrochemical-chemical oxidation mechanism (EC mechanism)
for OER. It is found that the reversible intercalations K* cations
from the alkaline KOH solution into and out of the layer structure
could promote the chemical oxidation of water and suppress the
formation of Ir(V) oxide on catalyst surface. In our case, the Ir
oxidation states were dominated by Ir(IV) as probed by our in-situ
XANES and XPS analyses, whereas the bulk sites could be
relatively higher. The electrochemical processes taking place on
the particles of B-Li,IrO; oxide were schematically illustrated in
Fig. 5(g). When holding the catalyst at OER potentials for water
oxidation, delithiation occurs immediately on catalyst surface,
which is associated to the OER process. With more Li* leaching
from the bulk structure, the average oxidation states of Ir gradually
increase. We hypothesized that with the accumulation of high-
valence Ir(V) sites on catalyst surface, the turnover mechanism
and redox of Ir sites were triggered eventually via proton back-
intercalation at the solid-liquid interfaces. In addition, we
observed O-Ir-O vibrations shift up and down, corresponding to
the expansion and shortage of the bond lengths, as characterized
by in-situ Raman. The surface dynamics are probably involved
with the rapid and reversible H" de-/intercalation. At extreme pH
conditions, sufficient proton dynamics indeed stabilize the surface
structure and suppress the formation of high-valence Ir species on
catalyst surface, which may also contribute to maintain a well-
crystallized interface of the hydrated catalyst during OER. Clearly,
understanding the underlying mechanism could be significant for
advancing stable OER catalysts in acid.

5 Conclusions

In summary, we have systematically investigated electrochemical
properties and initial degradation behaviors of the B-Li,IrO; oxide
catalyst during OER in acid media. Its unique 3D interconnected
Ir-O framework enabled us to investigate the cation leaching and
initial structure evolutions at the early degradation stage during
OER. Very importantly, we demonstrated that the degradation
current could contribute for up to 60% of the measured OER
current by using the RRDE measurement. Extra cautions should
be taken when evaluating the intrinsic catalytic activity or activity
benchmark for various catalysts by using the measured OER
currents, either by cyclic voltammetry or potentiostatic
measurement.

In addition, in-situ XAS measurement suggested a Ir turnover
mechanism during OER, which is triggered by reversible
intercalation and deintercalation of protons at the surface. It is also
observed the O-Ir-O vibration mode shifting up and down by the
in-situ Raman spectroscopy, which indicated the expansion and
shortage of the Ir-O bond lengths as induced by proton dynamics
at the catalyst surface. Overall, our results provide new insights
into the understandings of the initial degradation processes and
the vibrations of Ir chemical states and surface intermediates
during OER.
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