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Leaching-Induced Ti Trapping Stabilizes Amorphous IrO, for Proton
Exchange Membrane Water Electrolysis
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Abstract: Transition metal nitrides are promising conductive support materials in oxygen evolution reaction (OER),
whereas it is unclear if their electrochemical oxidation during prolonged test would affect the OER catalysts. Herein,
we demonstrate that the leaching-induced Ti trapping effect from TiN supports effectively stabilizes the electrochemically
oxidized amorphous IrO, catalyst. Structural characterizations reveal that the TiN support experiences severe leaching
during OER test, leaving minor amounts of Ti-O species trapping on IrO, clusters, which mitigate the overoxidation of
Ir(IIT) species and elongate the Ir-O bonds. This leads to 70% reduction of lattice oxygen oxidation and the substantially
reduced Ir leaching. Additionally, self-thickening of the catalyst layers is found during proton exchange membrane water
electrolysis (PEMWE), enabling an ultralow catalyst loading of 87 pg; cm~2 to obtain a stable operation at 1.0 A cm~2 for

500 h. This work deepens the understanding of TiN-supported catalysts for long-term stable OER electrocatalysis.

Introduction

Proton exchange membrane water electrolysis (PEMWE)
technology is becoming a crucial role in renewable energy
conversion and storage, with the energy efficiency as the
key to its practical application.!'-*} However, the sluggish
kinetics of the four-electron-transferred oxygen evolution
reaction (OER) have restricted the overall efficiency of water
splitting.[**] Currently, iridium-based oxides, serving as the
benchmark catalysts for OER, are highly relied upon, whereas
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their limited resource becomes a bottleneck to the increasing
demand of electrolytic hydrogen.[57]

At present, there are two effective strategies to reduce
iridium loading amount: 1) enhancing the intrinsic activity
of Ir-based catalysts, for instance, by creating nanostructured
hierarchical and porous iridium oxides with ultrafine grains
and rich inter-granular boundaries,®° which enables the
PEMWE to operate at high current densities (>1.0 A cm™2)
and thereby reduces the electrode surface area and the overall
Ir usage; and 2) dispersing low-loading iridium oxides on
suitable support materials to meet the demand for sufficient
thickness, homogeneous composition, and structural integrity
of the catalyst layers, meanwhile reducing the overall Ir
content without sacrificing the in-plane conductivity and
structural mechanical stability of the electrode.[''"*] How-
ever, some practical issues should be noted. The nanosized
iridium oxides, whether are supported or not, are usually
accompanied by complex grain boundaries, lattice disloca-
tions, and defects, which are more active but prone to suffer
from Ir dissolution on the disordered surface than the highly
crystalline rutile IrO, during OER process.['>'"] Moreover,
the widely used corrosion-resistant transition metal oxide
(e.g., Ti, Nb, W-contained oxides) support materials exhibit
rather poor conductivity relative to precious metal oxides,
and therefore usually necessitate high loading of iridium
oxides to ensure sufficient interfacial contact and electron
transfer between the catalyst layers and porous transport
layers (PTLs) in practical PEMWE.

Recent studies have revealed promising potential
of transition metal nitrides as support materials for
electrocatalysts,['*2°] among which TiN has received
increasing attention for its metal-like conductivity.?1-25]
But in fact, these metal nitrides undergo gradual oxidation in
OER conditions. Previous researches were generally based
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Leaching-induced Ti trapping on IrO,

Scheme 1. Ti leaching from TiN support induces a trapping effect in
stabilizing amorphous 1rOy during OER. The pristine Ir/TiN undergoes
gradual Ti leaching under strong oxidative OER conditions. The Ti
leaching process is accompanied with Ti trapping on the surface of IrO,,
leading to mitigated overoxidation of Ir(lll) species and the elongated
Ir—O bonds. It aids to significantly suppress lattice oxygen oxidation and
the relevant Ir(l11) leaching, thereby effectively stabilizing the amorphous
IrOy. The severe Ti leaching also results in nanoporous agglomerates of
IrOy clusters, causing self-thickening of the catalyst layer, which benefit
to the high-performance PEMWE with ultrathin catalyst coatings.

on a conventional understanding that passive transition
metal oxide films would be formed on the metal nitride
surface and act as protective layers against further corrosion,
which was verified as electrochemically stable in fuel cell
conditions."2°2%1 However, when exposed to much more
oxidizing OER potentials during long-term operations, it
remains unclear if the partially or even fully oxidized metal
nitride support would influence the catalyst active centers.
This knowledge gap has impeded the accurate understanding
of structure—performance relationships of the OER catalysts
based on metal nitride support materials and additionally a
further rational catalyst design.

Here, we start from the investigations on the response of
electrochemical oxidation of bare TiN at OER potentials and
demonstrate its evolution into fragmented hollow TiO; shells
together with severe Ti leaching. Next, we load Ir on the TiN
support (Ir/TiN) as a model catalyst to assess the influence
of TiN degradation on the OER performance. The Ir/TiN
catalyst initially exhibits an optimal OER activity compared
to TiO, supported or unsupported iridium, with a mass
activity even 74 times higher than the commercial IrO,/TiO,
(Umicore). Remarkably, the amorphous IrO, electrochemi-
cally oxidized from Ir/TiN shows significantly improved OER
stability with suppressed Ir leaching, compared to those TiO,
supported or unsupported counterparts. It maintains stable
operation for over 1000 h at 10 mA cm~? with a decay rate
of only 42 pV h~!. Structural characterizations along with
theoretical calculations reveal that the TiN leaching-induced
Ti trapping on amorphous IrO, mitigates the overoxidation of
Ir(IIT) species and elongates Ir—O bonds, which aids to inhibit
the lattice oxygen from oxidation, thus effectively stabilizing
the amorphous IrO, (Scheme 1). The gradual leaching of
the TiN support from Ir/TiN during oxidization also results
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in the formation of much more nanoporous agglomerates
of IrO, clusters, contributing to self-thickening of the cat-
alyst layers during operation of PEMWE. This allows for
an electrode architecture featuring ultrathin catalyst layers
without sacrificing structural integrity or interfacial contact.
Consequently, the resulting PEMWE using the Ir/TiN anode
catalyst, with an ultralow loading of 87 pg;, cm—2, achieves low
voltages of 1.60 and 1.80 V at 1.0 and 2.0 A cm 2, respectively,
while maintaining stable operation at 1.0 A cm~2 for 500 h.
This work unveils the structural evolution of TiN support
for OER catalysts and emphasizes its leaching-induced Ti
trapping effect in stabilizing the active amorphous iridium
oxides compared to the conventional stable support materials.

Results and Discussion

Characterizations of Electrochemically Oxidized TiN

To evaluate the corrosion resistance of TiN as the support
material for acidic OER, first it was immersed in 0.5 M
H,SO, for 24 h. The inductively coupled plasma optical
emission spectroscopy (ICP-OES) result showed 2.9% Ti
leached out in the acidic solution. Then the prepared carbon
paper electrode sprayed with TiN was applied as the anode
under a potentiostatic test at 1.6 V versus the reversible
hydrogen electrode (versus RHE) for 100 h (denoted as TiN-
derived TiO,) (Figure Sla). Different from the conventional
understanding that the bulk TiN could be well retained except
slight surface oxidation, it was found 54% Ti species leached
from TiN into the electrolyte (Figure S1b). The Ti leaching
would be more severe at high OER current densities (e.g., in
the case of Ir loading on TiN) as the Ti species are prone to
diffuse into the electrolyte before being oxidized to TiO, for
the collapse and detachment of oxygen bubbles from the cata-
lyst surface.l?’] It was also consistent with the X-ray diffraction
(XRD) patterns (Figure la) that the diffraction peaks of
pristine TiN disappeared after electrochemical oxidization.
The transmission electron microscopy (TEM) images of TiN-
derived TiO, exhibited a weak contrast, as compared to the
pristine TiN particles (Figure 1b), revealing only flocculent
and fragmented hollow shells were retained. High resolution
TEM (HRTEM) images and the corresponding fast Fourier
transform (FFT) patterns (Figure 1c,d) further demonstrated
the evolution of TiN particles into TiO, fragments, which
was consistent with the energy-dispersive X-ray spectroscopy
(EDS) elemental maps (Figure le). In addition, electron
energy loss spectroscopy (EELS) was applied to investigate
the variations of electronic structure (Figure 1f). First, N sig-
nals disappeared in the TiN-derived TiO, spectrum, whereas
O signals were observed, indicating the transformation from
metal nitrides to oxides. It agreed with the EDS elemental
analyses, as shown in Figure 1g. Second, Ti-L,; edges of
TiN-derived TiO, (Figure 1f) were double split similarly to
the most Ti(IV) compounds!®! and shifted toward higher
energy region compared with the pristine TiN, suggesting
an increased valence state of Ti.[”’l On the basis of these
results, next, Ir clusters were loaded on TiN support to study
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Figure 1. Structural characterizations of bare TiN support before and after electrochemical oxidization. a) XRD patterns of pristine TiN and TiN after
100 h at 1.6 V (denoted as TiN-derived TiO3). b) TEM images of TiN and TiN-derived TiO;. c¢) HRTEM image of TiN. Inset is the corresponding FFT
pattern. d) HRTEM image of TiN-derived TiO;. Inset is the corresponding FFT pattern. ) HAADF-STEM and the corresponding EDS elemental maps
of TiN-derived TiO;. f) EELS results of TiN and TiN-derived TiO,. g) EDS elemental analyses of TiN and TiN-derived TiO,. C and Cu signals were

from the Cu grids of the TEM samples.

how the TiN leaching-induced Ti trapping would affect the
electrochemically oxidized amorphous IrO,.

Synthesis and Characterization of Ir/TiN

The xIr/TiN samples were prepared with different H,IrClg
feeding (x = 0.1, 0.2, 0.3, and 0.4, corresponding to x
mmol feeding of H,IrClg) by an ethylene glycol (EG)
reduction method. TiO; supported Ir (Ir/TiO,) and Ir black
without support (Ir-EG) were also prepared as comparisons.
Considering its best OER performance, 0.31r/TiN was focused
on the study and marked as Ir/TiN for simplicity. The XRD
patterns (Figure S2) showed that the diffraction peaks of
TiN supports dominate the XRD patterns of Ir/TiN with
different Ir loadings. Broadened peaks at ~41° can be
ascribed to the Ir clusters with small grain size supported
on TiN. High-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) image (Figure 2a)
evidenced that Ir clusters with an average size of 1.5 nm
(Figure 2b) were highly dispersed on the surface of TiN.
EDS elemental analyses (Figure 2c and Table S1) further
exhibited the Ir clusters on TiN with a 30.5 wt% content of Ir,
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well consistent with the ICP-OES result (31 wt%). The FFT
pattern (Figure 2d) derived from the selected area in Figure 2a
also demonstrated the phases of Ir and TiN, respectively.
Atomic-resolution HAADF-STEM image (Figure 2¢) and the
3D surface plot (Figure S3) further showed the Ir cluster on
TiN, highlighting the interaction between Ir and Ti atoms at
the interface. Characterizations on Ir/TiO, and Ir-EG were
also conducted through XRD, TEM, and EDS, verifying their
successful synthesis (Figures S4-S6).

Then X-ray absorption fine structure (XAFS) and X-ray
photoelectron spectroscopy (XPS) were employed to examine
the chemical state and coordination environment of Ir/TiN.
The Ir valence state can be compared from the Ir L;-edge
white line position determined by the minimum of the second
derivative of X-ray absorption near-edge structure (XANES)
spectra (Figure 2f).[3%3!1 It showed that the white line position
of Ir/TiN was between that of Ir foil and IrO,, suggesting the
mixture of metallic and oxidized Ir species, consistent with the
Ir 4f XPS results (Figure S7). Moreover, the positive shift of
the white line position for Ir/TiN and Ir/TiO, compared with
the unsupported Ir-EG indicated their increased Ir oxidation
states, implying the possible electronic interaction between
the Ir-anchored support interface.!l Extended X-ray

© 2025 Wiley-VCH GmbH

351907 SUOILLOD BAIERID 3|edl dde a1 Ag pauenob a2 s3o1e YO B8N J0 S3|NJ o AIq1TaUIIUO 8|1 U (SUORIPLOD-PUE-SLLLBIODAS | 1M Aled BUI|UO//SHNY) SUORIPUOD PUe S L 84} 855 *[GZ02/90/E2] U0 ARiqITauluo A8|IM ‘YIBL B 19S JO uNBUID 1583 AQ ZT2y0SZ0Z 3IUe/Z00T OT/I0p/L0d A8 | M ALeId |[BUI|UO//SANY LWOI) PBPEOIUMOQ ‘9E 'SZ0C ‘ELLETEST



O
~

Research Article

(2]
o

Frequency (%)
N
o

[
o

0
0.8 1.2 1.6 2.0 24

Angewandte
intematianalEdition’y Chemie

Ir clusters average size: 1.5 nm

Particle size (nm)

*
¥

0.248 nm;
TiN (111)

/ Ircluster

f
) ——Ir/TiN
——InTiO, 3 Ir-0
S| —Ir-EG L% Ir-Ir(Ti) —Ir-EG
@‘, ........ -;lE
e o —
= © & =
é “5(:/ -0 Ir-Ir =
S z - =
o T T T = IrO, =
f: 11215 11220 11225 < It foil %
[l S . N Energy (eV) ) ui:_ £
S| E M
z
T T T T T T T T T S
11200 11220 11240 11260 0 2 4 6 404 402 400 398 396 394
Energy (eV) Radial distance (A) Binding energy (eV)

Figure 2. Structural characterizations of pristine Ir/TiN catalyst. a) HAADF-STEM image of Ir/TiN. b) Cluster size distribution of Ir clusters on Ir/TiN.
c) HAADF-STEM image and the corresponding EDS elemental maps of Ir/TiN. d) FFT pattern of the orange square area in (a). e) Atomic-scale
HAADF-STEM image of Ir/TiN. f) Normalized Ir L3-edge XANES spectra of Ir/TiN, Ir/TiOy, Ir-EG, Ir foil, and IrO;. Inset shows the corresponding
second derivative curves. g) Fourier-transforms of k?-weight Ir L3-edge EXAFS spectra of Ir/TiN, Ir/TiOs, Ir-EG, IrO,, and Ir foil. h) XPS spectra of Ti

2p and N 1s for Ir/TiN.

absorption fine structure (EXAFS) spectra (Figure 2g) and
wavelet transformations (Figure S8) showed the coexistence
of Ir-O and Ir-Ir(Ti) coordination in Ir/TiN,[*?] corresponding
to its mixed oxidation state. The Ti 2p and N 1s XPS spectra
of Ir/TiN (Figure 2h) suggested the surface partially oxidized
TiN support with Ti-O, Ti-O-N, and Ti-N species, which was
probably due to the surface adsorbed oxygen species during
catalyst preparation.[?!33]

Electrocatalytic Performance

The OER performance of Ir/TiN was evaluated in a
typical three-electrode H-type cell separated by Nafion 117
membrane, with Ir/TiO,, Ir-EG, commercial IrO, (Adamas-
beta), and IrO,/TiO, (Umicore) as comparisons. The samples
were activated and stabilized by cyclic voltammetry (CV)
before collecting polarization curves. First, the bare TiN was
evidenced ineffective with almost no OER current response
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(Figure 3a). Then Ir/TiN catalyst prepared with different
H,IrCly feeding were evaluated (Figures S9 and S10), among
which 0.3Ir/TiN presented an optimal OER activity with
an overpotential of 277 mV at 10 mA cm™2. Deteriorative
performance was obtained on 0.4Ir/TiN, probably owing to
the agglomeration of Ir clusters under excessive loading and
the resultant weakened Ir-Ti interaction in the interface. It
also agreed with a relatively low OER activity (299 mV at
10 mA cm™2) for the Ir-EG catalyst without Ir—Ti interaction.
The activity of Ir/TiN also outperformed Ir/TiO, (296 mV
at 10 mA cm™?), demonstrating a more competitive role
of TiN support. In addition, comparisons with commercial
IrO, (Adamas-beta, 334 mV at 10 mA cm~?) and IrO,/TiO,
(Umicore, 371 mV at 10 mA cm™2) also indicated its
excellent performance. Furthermore, much lower Tafel slope
(Figure 3b) of 43 mV dec™! corroborated the accelerated
OER kinetics on Ir/TiN. It also manifested the highest mass
activity of 1472 mA mg;,~! for Ir/TiN at 1.58 V (Figures 3c and
S11) and was 74 times higher than the commercial IrO,/TiO,
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Figure 3. Electrocatalytic OER performance in three-electrode system. a) Representative LSV curves. b) Tafel plots derived from (a). c) Calculated
mass activity at 1.58 V. d) OER polarization curves of Ir/TiN and Ir/TiO, before and after 5000 CV cycles. e) Long-term OER chronopotentiometry test
for Ir/TiN at 10 mA cm™2. f) Dissolved Ir after 100 h test at 10 mA cm™2 and the calculated S-number for Ir/TiN, Ir/TiO,, and Ir-EG.

(Umicore). The specific activity normalized by electrochem-
ical surface area (ECSA) was further estimated to reveal
the intrinsic activity of Ir/TiN, which outperformed those of
TiO,-supported and unsupported Ir catalysts (Figure S12).

The OER durability was evaluated by CV and chronopo-
tentiometry techniques. As shown in Figure 3d, Ir/TiN
exhibited a robust stability and retained its initial activity
after 5000 CV cycles. In contrast, Ir/TiO, showed a 22 mV
increase of the potential. It can be also reflected from the
potential degradations during chronopotentiometry tests at
10 mA cm~2. Ir/TiN operated steadily during 1000 h test with
a decay rate of only 42 uV h™! (Figure 3e), much less than
that of 220 and 250 pV h™! for Ir-EG and Ir/TiO, catalysts
(Figure S13), respectively. Additionally, Ir dissolutions in the
electrolyte from the catalysts were further detected by ICP-
OES after 100 h OER tests. Specifically, only 4.8 pg;, (i.e.,
1.2% of Ir) dissolved from Ir/TiN (Figure 3f), which was
reduced by 84% and 89% that of Ir-EG (30 pgy,) and Ir/TiO,
(42 pgr). The corresponding stability number (S-number)
of Ir/TiN was calculated to be 3.7 x 10°, 8.6 and 6.2 times
that of Ir/TiO, and Ir-EG, indicating the prolonged lifetime
of Ir/TiN.
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Leaching-Induced Ti trapping Stabilized Amorphous IrO,

Apart from the Ir dissolution during OER, much more
intense Ti leaching was found from It/TiN (Figures S14-S16).
There were 88% Ti species leached out into the electrolyte
for the oxidized Ir/TiN catalyst (Ir/TiN after 100 h OER
test at 10 mA cm™2) evaluated by ICP-OES, which was
also supported by the XRD results of the disappeared
diffraction peaks of pristine TiN support (Figure S15).
According to the EDS results, Ti/(Ti + Ir) atomic ratio
for the Ir/TiN sample decreased from 85% in pristine
to 74% after 24 h test, and it further decreased to 18%
after 100 h test (Table S2). By contrast, negligible Ti
dissolution was detected from oxidized Ir/TiO, (Ir/TiO,
after 100 h OER test at 10 mA cm~2), and the XRD and
TEM characterizations confirmed the well maintained TiO,
support (Figure S17), indicating the completely different
role of TiN from TiO, support (Figure 4a). The dissolution
of Ti from oxidized Ir/TiN also resulted in the spatially
interconnected but much more nanoporous IrO, clusters
(Figures 4b, S18, and S19) than that of oxidized Ir-EG
(Ir-EG after 100 h OER test at 10 mA cm™2) featuring
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Figure 4. Atomic structure of Ti-trapped IrOy in oxidized Ir/TiN catalyst induced by Ti leaching. a) Schematic illustration of the structural evolution for
Ir/TiO, and Ir/TiN during OER. The conventional stable support materials like TiO, could hardly protect the surface Ir sites on the electrochemically
oxidized amorphous IrO,. By contrast, Ti trapping induced by TiN leaching could effectively stabilize the amorphous 1rO, against Ir leaching.

b) HAADF-STEM image of Ir/TiN after 100 h test at 10 mA cm~2. Inset is the corresponding FFT pattern. c) Overlap image of the Ti and Ir EDS
elemental maps. d) Representative high-resolution HAADF-STEM image of oxidized Ir/TiN. e) Magnified HAADF-STEM image obtained from the
area marked with red dashed rectangles in (d). f) iDPC-STEM image in the area marked with red dashed rectangles in (d). HAADF- and iDPC-STEM
images were recorded simultaneously in both cases. g) EELS results of the oxidized Ir/TiN. h) Intensity profiles obtained from the areas labeled in

yellow dashed rectangles in (e) and (f).

close-packed structures (Figure S20). Furthermore, the
HAADF-STEM image and the corresponding EDS elemental
maps (Figures 4b,c and S21) suggested that the intensive TiN
leaching induced partial Ti species trapping on amorphous
IrO, clusters after prolonged OER test, which differed
from the conventional understanding that the bulk TiN
support could be well retained except the electrochemically
formed TiO, passive film on the surface.'8! Such leaching-
induced trapping effect was also found different from other
transition metal nitride supported catalysts, e.g., Ir/NbN
(Figures S22-S24). Atomic-scale structures of the oxidized
Ir/TiN were further investigated via aberration-corrected

Angew. Chem. Int. Ed. 2025, 64, 202504212 (6 of 12)

scanning transmission electron microscopy (AC-STEM). In
addition to HAADF-STEM imaging (Figure 4d,e), integrated
differential phase contrast (iDPC)-STEM imaging (Figure 4f)
was also applied to visualize the Ir (high Z number) and
Ti (low Z number) atoms simultaneously as contrast in
HAADF-STEM is roughly proportional to the square of
the atomic number (Z?), whereas that in iDPC-STEM is
roughly linear to Z.’*l Hence, the Ir and Ti sites can be
identified clearly in HAADF-STEM and iDPC-STEM,
respectively, and, particularly, Ti were also confirmed by
EELS (Figure 4¢g). As shown in the contrast analysis in
Figure 4h, adjacent Ti and Ir atoms are clearly identified,
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evidencing the dispersed Ti—O species trapping on amorphous
IrO, during Ti leaching from TiN support inside to outside.
Inspired by the previously reported stabilized IrO, catalysts
by atomic layer depositing TiO, coatings on the surface of
Ir0,,1353¢] probably the significantly enhanced OER stability
of Ir/TiN was contributed by the surface Ti—O species.

Given that the electrochemically oxidized iridium exhibits
superior OER activity but inferior stability over the thermally
oxidized ones (Figure S25), owing to the strong amorphization
and the participation of activated lattice oxygen,*1 it will
be of great importance to stabilize the iridium active sites
against severe dissolution and thereby utilize its exceptional
high activity.['74%41] For the catalysts of Ir/TiN, Ir/TiO,, and
Ir-EG, amorphization on the active Ir sites occurred when
applied with OER potentials, whereas different responses
of OER activity and stability were revealed. First, in situ
synchrotron radiation infrared (SRIR) spectroscopy measure-
ments were conducted to detect the evolution of oxygen-
containing intermediates and explain the origin of different
OER activity. As shown in Figure S26, the vibration band at
~1080 cm~! emerged on Ir/TiN, Ir/TiO,, and Ir-EG samples
with the increased OER potentials, which can be assigned
to the OO* intermediates.[?'??] Notably, for Ir/TiN, the OO*
signals appeared at a much lower potential of 1.2 V and
the intensity increased much more intensively than that of
Ir/TiO; and Ir-EG, probably due to the weakened adsorption
energy between oxygen species that contributed by the
strong Ir-Ti interaction in Ir/TiN and the resulted downshift
of d band center from the Fermi level.?'22 Furthermore,
in situ electrochemical impedance spectroscopy (EIS) tests
(Figure S27a,b) were performed at different applied poten-
tials (1.45-1.60 V) to detect the adsorption and desorption
kinetics of the reactants on the electrode interface.[*>*] As
shown in Figure S27c, the lower impedance (R) of the OER
process on oxidized Ir/TiN compared to oxidized Ir/TiO, at
each applied potential implied the fast evolution of reactants
with increased potentials. Hence, Ir/TiN exhibited much more
efficient and faster four-electron-transferred OER process
with higher OER performance.

Despite the composition of amorphous IrO, in the
electrochemically oxidized Ir/TiN and Ir/TiO,, the trapping
of Ti-O species on the oxidized Ir/TiN presented much
more enhanced stabilization. High-resolution Ti 2p XPS
spectra (Figure S28) exhibited low signals of oxidized Ir/TiN,
together with a positive shift of the binding energy, further
confirming that the Ti species were oxidized and very little
was remained and stabilized. Ir L;-edge XANES spectra
and the corresponding second derivative curves (Figure 5a)
showed lower energy of the white line position for the
oxidized Ir/TiN and oxidized Ir/TiO, than IrO,, indicating
the existence of mixed Ir**** species and the involvement
of Ir(II) active sites toward OER in the electrochemically
oxidized Ir-based samples. Moreover, the white line position
of the oxidized Ir/TiN was more negative than that in
oxidized Ir/TiO,, inferring higher electronic density of Ir in
oxidized Ir/TiN and thereby a higher fraction of the sustained
Ir(IIT) sites. It is conductive to protect the highly active
but unstable Ir(III) sites in the electrochemically oxidized
amorphous IrO, against overoxidation and crystallization
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into its less active crystalline counterpart.[*>#¢1 The EXAFS
spectra (Figure 5b) probed the elongated Ir—O bonds in
oxidized Ir/TiN compared with oxidized Ir/TiO,. It could
be associated with the weakened Ir-O covalency resulted
by the bonded Ti—O-Ir motifs, which makes it difficult for
lattice oxygen oxidation, thereby increasing the stability of Ir
active sites and prevent Ir dissolution.[*7*°] The results agree
well with the enhanced intrinsic activity and stability of the
previously reported OER catalysts by depositing TiO, to tune
the binding environment of surface IrQ,.[3%3¢-0]

Density functional theory (DFT) calculations were further
conducted for atomic understanding. To explore the complex
surfaces of oxidized Ir/TiN featuring Ti-trapped IrO,, conven-
tional possible exposed crystal facets of IrO, were examined
to analyze as many different structural states as possible.
Meanwhile, both the Ti doping and loading configurations
were considered to characterize possible trapping of Ti-O
species on IrO, surface (Figure S29). First, the influence
on the Ir oxidation state was investigated according to
Bader charge analysis (Figures 5c and S30a). It demonstrated
that the Ti trapping would promote electron accumulation
around Ir sites in IrO, modified with surface Ti—O species,
implying the restricted overoxidation and protection of
Ir(III). Such electron-enriched environment can also provide
more electrons, which is beneficial to the activation of
the reaction intermediates and the consequent high OER
activity.?>>'>2]' Furthermore, the effect of Ti trapping on
the Ir-O bonding length at the catalyst surface was also
explored, with average bond length used as a measure
of the bonding change variation (Table S3). As shown in
Figures 5d and S30b, the Ir-O bonding length increased
in comparison with the catalyst without Ti introduction,
where the surrounding Ti species gave a pull on the O
atoms, leading to the elongated Ir—O bond and making it
different for lattice oxygen oxidation. Unambiguously, the
above calculation results revealed the consistent trend in line
with the experimental characterizations.

Operando Raman tests were also implemented to detect
the structure response of amorphous IrO, under applied OER
potentials (1.1-1.5 V). As shown in Figure Se.f, Raman peaks
at ~430 and 580 cm~! appeared in both samples of oxidized
Ir/TiN and oxidized Ir/TiO,, which can be identified as y
and & peaks of Ir-O stretching, respectively.?! With the
applied potential increased, the ¢ peaks of Ir-O stretching
for oxidized Ir/TiN exhibited negative shifts, whereas the
oxidized Ir/TiO, showed negligible change. According to a
mathematical correlation of v = 25823exp(—1.902d) between
metal-oxygen bond length (d) and the stretching frequencies
(v),’*] the negative shifts of the & peaks in oxidized Ir/TiN
can be related to the elongated Ir-O bonding during OER.
It is consistent with the EXAFS results that oxidized Ir/TiN
exhibited elongated Ir-O bonding owing to the surface Ti
trapping on amorphous IrO,, which is conductive to reducing
the Ir-O covalency, thus mitigating lattice oxygen oxidation
and the resulted Ir/O leaching.*"] Subsequently, online dif-
ferential electrochemical mass spectroscopy (DEMS) with
isotope labeling measurements were carried out to identify
the involvement of lattice oxygen in OER. The pristine
It/TiN and Ir/TiO, were first sufficiently electrochemically
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Figure 5. Mechanism of Ti trapping-stabilized amorphous IrOy catalyst. a) Normalized Ir L;-edge XANES spectra of oxidized Ir/TiN and oxidized
Ir/TiO, which experienced sufficient electrochemical oxidation and surface IrO, amorphization after 100 h OER test at 10 mA cm™2. Inset shows the
corresponding second derivative curves. b) Fourier-transforms of k2-weight Ir L3-edge EXAFS spectra of oxidized Ir/TiN and oxidized Ir/TiO,.
Calculated c) Bader charge difference and d) Ir—0O bond length difference of oxidized Ir/TiN (i.e., Ti-loaded 1rO; or Ti-doped IrO; models) versus
pure IrO; model. Distinctly, both the Ti doping and loading configurations of IrO, with various possible crystal facets showed promoted electron
accumulation around Ir sites and elongated Ir—O bond length compared with pure IrO;, implying the restricted overoxidation of Ir(Ill) and the
lowered Ir—O covalency that can protect the lattice oxygen from oxidation in oxidized Ir/TiN catalyst. Inset (c) is the charge density difference for
Ti-trapped 1rO;, showing electron accumulation around Ir sites with surrounding trapped Ti species. Gray, indigo blue, and red balls represent Ti, Ir,
and O atoms, respectively. The yellow area shows electron accumulation, whereas the blue area is meant for electron depletion. Inset (d) shows the
elongated Ir—O bonds by the surrounding introduced Ti species. Operando Raman spectra of e) oxidized Ir/TiN and f) oxidized Ir/TiO;. Raman
peaks at ~430 and 580 cm~' appeared in oxidized Ir/TiN, and oxidized Ir/TiO, can be identified as y and & peaks of Ir-O stretching, respectively.
With the applied potential increased, the ¢ peaks of Ir-O stretching shifted to lower Raman shifts for oxidized Ir/TiN, whereas the oxidized Ir/TiO;
showed negligible change. DEMS signals of 320,, 3*0,, and 30, gas products and the corresponding CV profiles for g) O labeled oxidized Ir/TiO,
and h) ™80 labeled oxidized Ir/TiN tested in 0.5 M H,SO4 with H,'®O as the solvent. i) KIE values of oxidized Ir/TiN and oxidized Ir/TiO,. It showed
that the KIE values (jn /jp) of oxidized Ir/TiN were distinctly lower than that of oxidized Ir/TiO; throughout the reaction potential interval, indicating
the superior proton transfer kinetics resulting from the Ti trapping on IrOy.

oxidized at 10 mA cm™2 for 100 h and then labeled with  (LOM) on both samples. Nevertheless, the proportion of the
180 during CV cycles in 0.5 M H,SO, with H,'80 as the evolved 3O, and *O, products was distinctively diminished
solvent. After thoroughly rinsed and dried, the '¥O-labeled  from 6.4% for oxidized Ir/TiO, to 1.9% for oxidized Ir/TiN,
catalysts were then tested in H,'°O electrolyte. The resultant  corresponding to 70% reduction of LOM process, which
30, and *°0, products (Figure 5g,h) containing '80 lattice ~ explained why the Ir leaching was remarkably reduced.
oxygen suggested the occurrence of lattice oxygen mechanism  Kinetic isotope effect (KIE) analyses were also carried
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Figure 6. PEMWE performance. a) Polarization curves (without iR compensation) of PEMWE using Ir/TiN and Ir/TiO; as anode catalysts,
respectively. b) Chronopotentiometry curve of the PEMWE using Ir/TiN as the anode catalyst operating at 1.0 A cm~2 at 80 °C and ambient pressure.
c) Comparisons of the PEMWE performance with recent reported works. Detailed information is shown in Tables S4-S7. False-colored SEM images of
cross-section of the CCM coated with 87 pg;, cm™2 Ir/TiN catalyst d) before and e) after PEMWE stability test. f) SEM image of cross-section of the
CCM coated with 87 pg;, cm™2 Ir/TiN catalyst after PEMWE stability test and EDS line scanning near the anode catalyst layer/membrane interface,
showing negligible Ti signals in the membrane and indicating there was no apparent precipitation of Ti species and the relevant structural damage to

the membrane after severe Ti leaching.

out to understand the origin of efficient and robust OER
performance for oxidized Ir/TiN. As is generally acknowl-
edged, the oxygen source for acidic OER derives from multi-
ple deprotonation process of H,O, thereby the proton transfer
properties are significant factors that affect the OER reaction
rate.¥] Therefore, polarization curves (Figure S31a,b) of
oxidized Ir/TiN and oxidized Ir/TiO, were collected in 0.5 M
H,S0,4/H;0 and 0.5 M D,S0O,/D;0, respectively. It showed
that the KIE values (ju/jp) of oxidized Ir/TiN were distinctly
lower than that of oxidized Ir/TiO, throughout the reaction
potential interval (Figure 5i), indicating the superior proton
transfer kinetics resulting from the Ti trapping on IrO,. It
agrees with the previously reported role of proton acceptors
for the Ti-O species, accelerating deprotonation of oxo-
intermediates and thus facilitating fast OER kinetics.[>®]
More importantly, according to the OER/dissolution cycle
for iridium-based catalysts proposed by Kasian et al.,[*!]
the accelerated deprotonation by the trapped Ti-O species
would also facilitate the OER recycle on the Ir(II) surface
sites while suppressing the competing dissolving reaction,

Angew. Chem. Int. Ed. 2025, 64, €202504212 (9 of 12)

thereby reducing Ir(III) dissolution and accounting for its
improved stability. In whole, these results gave insights into
the significant role of TiN leaching-induced Ti trapping effect
in stabilizing the active amorphous IrO,.

PEMWE Performance

The performance of the Ir/TiN as an anode catalyst was finally
evaluated in PEMWE. Catalyst coated membrane (CCM)
with a 5 cm? working area was prepared via a decal transfer
method. As analyzed by ICP-OES, the anode Ir loading for
Ir/TiN catalyst was as low as 87 pg; cm~2. Despite such
low Ir loading, the polarization curve of PEMWE operating
at 80 °C and ambient pressure showed low cell voltages
of 1.60 and 1.80 V to achieve the current density of 1.0
and 2.0 A cm™2, which were much lower than those of
Ir/TiO, (1.66 and 1.94 V at 1.0 and 2.0 A cm™2, respectively)
(Figure 6a). It was also competitive with the PEMWE using
commercial Ir black anode (Figure S32). Furthermore, the
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Ir/TiN catalyst exhibited a steady operation during 500 h
stability test at 1.0 A cm~? with a degradation of only 5%
in the cell voltage (Figure 6b), confirming the successful
stabilization of electrochemically oxidized amorphous IrO,
by Ti trapping even at practical harsh operating conditions.
The PEMWE performance was also compared with those
applying the advanced Ir-based anode catalysts (Figure 6¢
and Tables S4-S7). Impressively, the PEMWE using Ir/TiN
anode catalyst exhibited a powerful competitivity in high
performance together with low cost.

The cross-section and top view morphology of the CCM
before and after PEMWE stability test were further compared
via scanning electron microscope (SEM) to investigate the
influence of TiN leaching on the electrode architecture. The
pristine CCM exhibited a thickness of ~3 pm for the anode
Ir/TiN catalyst layer (Figure 6d), consistent with its relatively
low catalyst loading amount. Differently and impressively, it
was self-thickened with the thickness increasing to ~5 um
after PEMWE test (Figure 6e), probably due to the much
more nanoporous agglomerates of IrO, clusters in oxidized
Ir/TiN (Figures 4b and S18, as compared with the oxidized Ir-
EG shown in Figure S20) that resulted from gradual leached
TiN support, which simultaneously served as porogens.
Moreover, the top view morphology of the CCM showed the
Ir/TiN catalyst layers were composed of uniformly distributed
particles in pristine (Figure S33a), whereas, after stability test,
the TiN leaching turned the agglomerates into curly stacked
ones (Figure S33b), which may also lead to self-thickened
catalyst layers. As a contrast, there was no significant differ-
ence in the thickness of the Ir/TiO, catalyst layers before and
after test (Figure S34). Voltage distribution of the PEMWE
was analyzed to deduce the impact of self-thickening on the
resistance during electrolysis. The voltage can be divided into
kinetic overpotential (nginetic), ohmic overpotential (7onmic),
and mass transfer overpotential (9mass transter) (Figure S35). Tt
is noteworthy that the mass transfer overpotential for Ir/TiN
was effectively suppressed compared to that for Ir/TiO,,
particularly under high current densities (e.g., >2 A cm™2).
It may be attributed to the deduced gas transport resistance
due to the formation of nanoporous catalyst layer during
self-thickening process, which is essential to improve the
energy efficiency of the PEMWE at high-ampere-level current
densities in realistic devices. The SEM-EDS line scanning
(Figure 6f) was further conducted to confirm if the membrane
would be deteriorated by the severe Ti leaching. In fact,
negligible Ti signals were detected within the membrane,
indicating there was no apparent precipitation of Ti species
and the relevant structural damage to the membrane. The
findings unambiguously demonstrated its feasibility in prac-
tical application of PEMWE. It is also worth mentioning that
conventional ultrathin catalyst layers would result in a series
of problems such as the structural integrity, mechanical stabil-
ity, in-plane electrical connectivity, and so on.[>’! These issues
make it infeasible to decrease Ir loading directly by lowering
catalyst coating.['*] However, here the leachable TiN support
induced self-thickened catalyst layers enabled the availability
of ultrathin catalyst coatings without structural problems
mentioned above and thereby was instructive to the future
design of advanced electrode architectures for PEMWE.
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Conclusion

In summary, we have demonstrated the evolution of TiN
support materials at oxidative OER potentials with severe Ti
leaching and elucidated that the leaching-induced Ti trapping
effect stabilizes the electrochemically oxidized amorphous
IrO,. The synthesized Ir/TiN exhibits an optimal OER
activity compared with Ir/TiO, and Ir-EG, with a mass
activity 74 times higher than the commercial IrO,/TiO,
(Umicore). Notably, the amorphous IrO, derived from the
electrochemical oxidation of Ir/TiN shows enhanced OER
stability, resulting in 84% and 89% reduction in Ir leaching
compared to unsupported and TiO,-supported counterparts.
The Ir/TiN catalyst exhibits a stable operation over 1000 h
at 10 mA cm™ with a decay rate of only 42 pV h7l.
Structural characterizations together with DFT calculations
reveal that the trapped Ti—O species on amorphous IrO,
mitigate the overoxidation of Ir(III) species and elongate
Ir—O bonds, which contributes to 70% reduction of lattice
oxygen oxidation, effectively stabilizing the amorphous IrO,.
The gradual leaching of TiN support from Ir/TiN during
oxidization also results in porous interconnected IrO, clusters,
facilitating self-thickening of the catalyst layer during oper-
ation of PEMWE. This enables an ultralow Ir/TiN catalyst
loading of 87 ug;, cm~2 for PEMWE while yielding low cell
voltages of 1.60 and 1.80 V at 1.0 and 2.0 A cm~2, respectively,
together with a stable operation at 1.0 A cm™2 for 500 h.
Our findings deepen the understanding of the structure—
performance relationships of nonoxide support materials for
OER catalysts and pave a way toward the future design of
advanced electrode architectures with ultrathin catalyst layer
and thereby lowering Ir loading for PEMWE.
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