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ABSTRACT: As the demand for hydrogen production increases, the
economic viability and stability of Ir-based catalysts are crucial in proton
exchange membrane water electrolysis (PEMWE). In this study, stable low-
loading Ir electrodes (0.2 mg;, cm™2) with nanometer-thick electrodeposited
layers are prepared on Pt-deposited Ti felts. State-of-the-art techniques, such
as operando quick extended X-ray absorption fine structure spectroscopy 14d i i i i i i i __ 02mg,em?
(QEXAFS) and identical-location transmission electron microscopy (IL- R 7
TEM) employing an ultramicroelectrode (UME), were used to demonstrate ) .

the structural transformation of surface Ir during oxygen evolution reaction comot of i on PTL ot e/ core over.
(OER) and the pivotal role of catalyst film thickness control on the self- After OER — 1o,
terminated growth of crystalline IrO,, which enhances catalyst stability. A g ,,m,,ys,.,? &""2

lack of a stabilizing IrO, sublayer in thin electrodeposited Ir layers (<10 nm) it state ;ﬁ’{%&%ﬁ{‘?}?ﬁm Stabilzed state

leads to a fully amorphous catalyst structure, directly impacting its durability.

The obtained Ir/IrO,/IrO, electrodes achieve catalytic activities of 1.8—12 A mg™" at 1.6 V; while maintaining a degradation rate
of 8.7 uV h™ @ 2 A cm™ during accelerated stress tests (>1000 h) and 1.6 times greater stability (corresponding to a lifespan of
55,000 h) and 3.6 times higher mass activity compared to commercial Ir oxide electrodes.
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1. INTRODUCTION instance, Park et al. reported an Ir-based electrode with an
inverse opal structure electrode, current density of 0.9 A cm™
at 1.6 V¢, and loading of only 0.02 mg;, cm™ for enhanced
mass transport in OER catalysis.” Kim et al. described a three-

The urgent task of developing decarbonized industries must be
accomplished to mitigate the current environmental crisis
related to global warming, which is caused by the increased

greenhouse gas emissions in the fossil fuel-based economy.' In dimensional (3D) electrode with a woodpile structure
this context, green hydrogen produced via water electrolysis is consisting of Ir nanowires, which exhibited not only high
a promising carbon-free energy carrier with a high energy surface areas but also facile mass transport through a controlled
density (lower heating value: 33.3 kWh kg™'). Among the void volume, resulting in a high activity of 0.4 A cm™ at 1.6
different electrolysis techniques involving the hydrogen Vo and a loading of 0.01 mg;, cm™* Oh et al. fabricated self-
evolution reaction (HER) and oxygen evolution reaction supported Ir electrodes through the galvanic replacement of an
(OER), proton exchange membrane water electrolysis electrodeposited Ni support with Ir, which demonstrated an
(PEMWE) has many advantages, such as high efficiency, activity of 0.4 A cm™” at 1.6 V¢ and a loading of 0.05 mg;,
compact design, quick start-up, pressurized hydrogen produc- cm™% However, none of these highly efficient electrodes with

tion, and wide load range. However, the limited selection of
material components, such as expensive noble iridium-based
OER catalysts, which are required to achieve sufficient stability
under harsh acidic conditions at high-current loads, remains a
prominent challenge for reducing the PEMWE capital cost. ‘
Surmounting these obstacles and scaling up the commercial Revised: ~ March 21, 2025

PEMWE process depend on the enhanced utilization efficiency AccePted: March 24, 2025
of Ir in OER catalysis.z Published: March 31, 2025

extremely low Ir loading demonstrated stable operation for
more than SO h at current densities higher than 1.0 A cm™ in

Received: December 20, 2024

Several strategies have been proposed to produce efficient
and durable OER electrodes with reduced Ir contents. For
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Figure 1. (a) CV profiles (scan rate: 5 mV s™') recorded during a single cycle of Ir electrodeposition on a Pt disk electrode (inset: an Au disk
electrode) without rotation. (b) Electrodeposited Ir amounts on a Ti-felt porous transport layer determined via ICP—OES. XPS profiles of the (c)
Pt and (d) Ir 4f,,, and 4f;, states obtained at different number of electrodeposition cycles (2, 6, 10, 20, 50, and 80).

PEMWE.’"°® The degradation rate of the low-Ir anode was
often unacceptably high during practical operation, e.g., 15 mV
h™ at 1.0 A cm™ during 12 h of operation for the electrode
with an Ir loading of 0.05 mg;, cm™2?

The stability of OER catalysts and electrodes is affected by
multiple factors, such as the crystallinity and chemical stability
of the catalysts, the physical strength of agglomerated catalytic
nanoparticles (NPs),”~"" degradation of catalyst layer bind-
ers,'”'? and deterioration of catalyst—porous transport layer
(PTL) interfaces,”>™"" in the continuous PEMWE process.
Most stable OER electrodes for PEMWE contain thick catalyst
layers composed of large amounts of Ir NPs exceedinsg 1.5 mg;,

m™2'°7>* The thick and porous catalyst layer’>*° contains
longer discharge pathways for the chemically dissolved and
physically detached IrO, catalysts, which allows the redeposi-
tion and encapsulation of the catalyst within the active catalyst
layer.”” This makes the high Ir loading on the anode surface a
possible reason for the stable PEMWE process.”” It also
implies that a high utilization efficiency of the precious catalyst
can be achieved at the initial PEMWE stage using low-loading
Ir electrodes; however, the utilization efficiency is quickly and
significantly reduced during long-term operation owing to the
limited stability of low-loading Ir anodes. For example,
approximately 50% of the performance loss was reported for
an Ir electrode with a low loading of 0.1 mg;, cm™? after 23,000
potential cycles from 1.45 to 2.0 Vg (ca. 383 h) during the
single cell operation, whereas the degradation rate of a
commercial device with an Ir loading of 1—2 mg;, cm™> was
less than few tens of 4V h™", which corresponded to a lifetime
of 40,000—80,000 h."!

Herein, to overcome challenges that prevent high mass
activity and stability of OER anodes, ultrathin Ir layers of
nanoscale thickness were sequentially electrodeposited on
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previously Pt-coated Ti PTL electrodes through a simple
sequential electrochemical method developed by Ahn et al. in
2015.% However, for the first time, this electrochemical
method is used to prepare low-loading Ir electrodes used in
PEMWE. The controlled thickness of the deposited Ir catalyst
makes these catalysts ideal for ex situ and operando
investigation of their structural characteristics, activity, and
stability during OER to better understand the structure
transformation dynamics of Ir-based electrocatalysts for
PEMWE. The iridium structure transformation was monitored
operando via quick extended X-ray absorption fine structure
(QEXAFS) spectroscopy and compared to amorphous IrO,
and crystalline iridium metal powder catalysts up to potentials
Of 1.8 VR, reversible hydrogen electrode 111 @ 3-electrode configuration.
X-ray photoelectron spectroscopy (XPS), inductively coupled
plasma optical emission spectroscopy (ICP—OES), and
identical-location transmission electron microscopy (IL—
TEM) on Ir-loaded ultramicroelectrodes (UMEs) were
performed to investigate the layer-by-layer structure, revealing
a self-terminated growth of catalytically active IrO, and IrO,
layers on the metallic Ir surface of the PEMWE anode. This
was further complemented by accelerated stress test operation
for more than 1000 h without compromising the high activity
of the PEMWE catalysts.

2. RESULTS AND DISCUSSION

2.1. Electrode Fabrication and Ex Situ Character-
ization. Pt particles were first electrodeposited on a Ti PTL as
a catalyst support to achieve high conductivity and electro-
chemical surface area (ECSA) for the OER catalysis, followed
by the electrodeposition of Ir shells on Pt particles (details of
this procedure are provided in the Section 4). The applied
potentials for Ir electrodeposition were accurately determined

https://doi.org/10.1021/acscatal.4c07864
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Figure 2. (a) FE-SEM image of Ir20/Pt on a Ti-felt PTL (Ir20/Pt/Ti). (b) TEM image and (c) elemental map of the Ir20/Pt/Ti cross section
obtained after FIB cutting. (d) Enlarged TEM image of the marked range in panel (b) and its EDS (e) Ir and (f) Pt maps.
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Figure 3. XANES spectra for (a) commercial IrO, NPs (c-IrO,), (b) Ir metal NPs, and (c) electrodeposited Ir (ED Ir) at the OCP, 1.2, 1.3, 1.4,
1.5, and 1.6 Vi complemented by an ex situ spectrum recorded in air before assembling the cell (dashed blue line serves as a guide to the eye for
the white line shift). Panels (d—f) show contour plots of the k*-weighted Fourier transformed operando QEXAFS spectra of the respective catalysts
at the denoted potentials. The color code indicates the relative intensities of the FT-EXAFS. Panel (g) shows the energy position of the falling edge
inflection point indicated by the gray arrows in panels (a—c) of the white line features for all catalysts and conditions (cf. Figure S6) with an
estimated error of + 250 meV. (h) Fourier transformed EXAFS spectra of ED Ir obtained at 1.2, 1.3, 1.4, and 1.5 Vg before (additionally
including the initial OCP state) and (i) after 6 h of chronoamperometric (CA) operation at 1.8 Vpyy.
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to control the amount of the deposited catalyst on a well-
defined Pt disc electrode in a separate experiment. Cyclic
voltammetry (CV) experiments conducted on a Pt disk
electrode in an Ir precursor solution”® (pH = 4, Figure la)
revealed that the reduction current of Ir(III) started to flow
from —0.30 VSCE, standard calomel electrode (018 VRHE) with a Peak
current at —0.40 Ve (0.08 Viyyp). This reduction was rapidly
decreased and ultimately quenched at negative potentials lower
than —0.55 Vgcg (—0.07 Viye) as the electrode surface was
passivated by the adsorbed protons for the HER, as reported
by Ahn et al.*® The reduction reaction of Ir(Ill) can be
reactivated after proton desorption by applying sufficiently
high positive potentials to the electrode. A similar CV profile
was observed on the Au disk electrode (inset, Figure la).
During electrode preparation, a controlled amount of metallic
Ir was deposited on the Pt/Ti PTL surface by conducting
square wave voltammetry (SWV) for the Ir(IlI) reduction—
proton desorption reactions. Specifically, a single SWV cycle
consisted of three potentials at 0.40 Ve (0.88 Viyg) for the
rest stage, —0.65 Vgcp (—0.17 Vyyg) for Ir(III) reduction, and
0.0 Vg (0.48 Vyyg) for proton desorption with durations of
2, 10, and 2 s, respectively (Figure S1).”* In the repeated SWV
cycles, the amount of Ir loading on the Pt/Ti—TPL surface was
maintained at an average value of 2.7 ug cm™ per cycle, as
determined via ICP—OES (see Section 4 and Figure 1b). For
instance, an Ir amount of 220 ug cm™> was deposited after 80
cycles. Hereafter, the electrodes are named according to the
number of deposition cycles applied during preparation; for
example, Ir20 denotes the electrode subjected to 20 SWV
cycles of Ir(IlI) reduction, and ED Ir describes the
electrochemically prepared catalyst.

XPS analysis was performed to identify the chemical states
of the thin Ir catalysts formed on Pt/Ti PTLs with different
thicknesses. For Ir2, two distinct peaks detected at 71.0 and
74.3 eV were assigned to the binding energies of the 4f,/, and
4f;,, states of metallic Pt, respectively (Figure 1lc). As the
amount of electrodeposited Ir increased to Irl0, the intensity
of the peak obtained for the area underneath the metallic Pt
layer in the Ir/Pt/Ti PTL decreased. This indicates that the Ir
layer in Ir10 was thicker than the maximum probing depth of
XPS, ie, approximately 4—5 nm (Al Ka radiation);”’
therefore, the Ir layer fully covered the Pt layer in Ir10. As
reported previously, the self-terminating electrodeposition
method produces compact Ir layers with controlled thicknesses
at nanometer resolution. The 4f;,, and 4f;, states of metallic Ir
with XPS peaks at 60.8 and 63.8 eV, respectively, were
detected for all electrodes from Ir2 to Ir80, yielding visually
identical spectra, as expected for the reductive electro-
deposition of Ir (Figure 1d).

The morphology of the Ir layers in Pt/Ti PTL was
confirmed through electron microscopy (Figures 2a, S2, and
S3(a)—(c)). The cross-sectional image of catalyst particles in
Ir20 revealed the Ir layer with a thickness of approximately 30
nm covering the 0.5—1.5 ym Pt particles on the Ti PTL (see
the field emission scanning electron microscopy (FE—SEM)
and focused ion beam (FIB)—TEM/energy-dispersive X-ray
spectroscopy (EDS) images presented in Figure 2).”° The Ir
film on the Pt support was actually an agglomerated layer
composed of small Ir NPs with sizes of 2—4 nm (Figure
S3(d)). However, the electrochemically deposited thin film of
Ir NPs was connected to the Pt microparticle interlayer, which
differed from the standard porous catalyst layer with a
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micrometer thickness incorporating ionomers fabricated by a
spray or decal process.”

2.2. Operando XAS Studies. Detailed insights into the Ir
structure and its changes during the OER at the atomic level
were obtained using operando QEXAFS spectroscopy. X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) measurements were
performed at the Ir Ly-edge (Figure 3). In previous studies,
XANES and EXAFS were, e.g, utilized to explain the OER
activity of Ir by relating it to the Ir oxidation state and Ir—Ir
(Ir—0) bond length.” ~** Importantly, in contrast to XPS,
XAS in the hard X-ray regime has a probing depth in the
micrometer range (the attenuation length across the Ir L;-edge
is 2—5 um).** Therefore, the hard X-ray spectra reflect the
entire structure, comprising surface and bulk phases. This
means, in case of surface oxidation of a compact film with a
low surface-to-bulk ratio, the spectra will be dominated by the
not oxidized bulk, while systems with a high surface-to-bulk
ratio, such as nanoparticles, can be expected to yield a clear
response in the spectra when the surface is oxidized.” As
discussed before, the electrodeposited Ir layers possess the
characteristics of a compact layer composed of agglomerated
nanoparticles. Therefore, the operando QEXAFS measure-
ments can shed light on how this catalyst structure affects the
ED Ir oxidation behavior.

The experiments were performed using a speciallz designed
hard X-ray transmission flow cell (Figure $4)*° and the
QEXAFS setup at beamline P64 in PETRA IIL*"** Au-coated
Kapton tape was used as the working electrode to support the
Ir catalyst (details are provided in the Section 4) instead of Ti
felt to acquire a sufficiently strong Ir transmittance signal and
inhibit a pinhole effect, which can lead to spectrum distortion.
First, the catalyst layer was analyzed under open-circuit
potential (OCP) conditions. Subsequently, 1.2 Vgpyp was
applied and iteratively increased to 1.6 Vyyp in 0.1 V
increments. Compared with conventional XAS experiments,
in which the collection of a single spectrum can take several
minutes, the QEXAFS mode enables a significantly shorter
detection time. In this study, a single spectrum was collected
across the Ir L edge in 0.5 s, together with the Pt L; edge of a
Pt reference foil for energy calibration. A collection time of 10
min per potential yielded 1200 single spectra. By averaging
these spectra, the signal-to-noise level was improved, and, more
importantly, the distortions of individual spectra caused by
evolving O, gas bubbles at high anodic potentials during
operando experiments were averaged out.”

Prior to the operando experiments, the initial states of
commercial Ir oxide NPs (c-IrO,), Ir metal NPs (Ir NPs), and
ED Ir were compared under ex situ conditions. The XANES
spectra of ¢-IrO, exhibit a notably higher white line intensity as
compared with those of Ir NPs and ED Ir, indicating a lower
Sd orbital occupancy related to the Ir oxidation state around
Ir(1I1) and Ir(IV) (Figures 3a—c and $5(a)).*>*! In addition,
the white line position of c-IrO, (ca. 11218 eV) is positively
shifted compared to Ir NPs and ED Ir (ca. 11214 eV), as
would be expected for Ir in a higher oxidation state.”” The ex
situ EXAFS spectra recorded for the three catalysts show that
only IrO, NPs exhibit a predominant first-shell Ir—O feature
around R = 1.6 A, while Ir NPs and ED Ir show a strong peak
at around R = 2.5 A related to the first Ir shell (Figures 3d—f
and S5(b)). The broad peaks in the R-scale at 4.5 and 5.5 A
obtained for Ir NPs and the ED Ir indicate the second and
third shells of Ir atoms. This corroborates the XPS results,
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Figure 4. (a) IV curves of the fabricated anodes recorded during the PEMWE. (b) Mass activities measured for different anodes during PEMWE at
1.6 V. (c) Cell voltages and HFRs (10 kHz) of Ir20 obtained at 0.1 and 2.0 A cm™2 during 204 h of operation. (d) Degradation rates of different
anodes measured at 0.1 and 2.0 A cm ™2 during the long-term PEMWE operation (iR-corrected voltage, 204 h, except for Ir80, which operated for
1020 h). (e) Cell voltages and HFRs (10 kHz) of Ir80 measured during 1020 h of operation.

indicating that ED Ir was composed of an Ir metallic phase
similar to that of Ir NPs.

To investigate changes in the catalyst structure as compared
to the ex situ state upon increasing the potential from the OCP
to the OER conditions, operando XAS experiments were
performed, and the obtained XANES and EXAFS spectra were
compared for all specimens. In the operando XANES (Figures
3a—c and S6 a,c,e), clear shifts in the white line position with
increasing applied potential were observed for all Ir catalysts
owing to the Ir oxidation reaction (Figure S6(g)).””** The
white line shift appears most pronounced for the c-IrO,;
however, also the Ir NPs show a clear shift of the white line of
almost 1 eV, indicating that a discernible fraction of the Ir NP
is oxidized. In both catalysts, the change in the white line
position is most pronounced upon application of the first
potential step. On the other hand, the shift in the white line of
ED Ir appeared smaller, even when the first potential step was
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applied, indicating that the ED Ir maintained an overall lower
Ir oxidation state. These potential induced changes in the
XANES spectra, related to the catalyst oxidation, become even
clearer when plotting the energy position of the white line
falling edge inflection point (Figure 3g), showing the same
trends. Finally, the spectral feature in the energy region from
ca. 11225—11255 eV also appears more affected by the applied
potential for the Ir NP, compared to the ED Ir, with the latter
appearing almost unaffected when applying increasing
potential steps. To obtain more information about the
coordination geometry, an additional EXAFS analysis was
performed. operando EXAFS spectra are displayed as contour
maps in Figure 3d—f, in which the intensities are distinguished
by color (from blue = low to red = high). Upon applying more
positive potentials, c-IrO, underwent a reduction of the Ir—O
bond length (d = 2.01 A > 1.96 A, Tables S2—S4) owing to
the change in the oxygen environment according to the OER
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mechanism.*” Ir(III) species in c-IrO, are partially oxidized to
Ir(IV) when the potential changes from OCP to 1.2 Vg, and
they are expected to further oxidize to Ir(V) species or form
coordinatively unsaturated metal sites on the surface such as
u1-O species above 1.2 Viyyp (1.2 = 1.6 V).~ This may
contribute to the continuous reduction of the Ir—O bond
length when approaching the OER relevant potentials. The
operando EXAFS spectrum of Ir NPs (Figure 3e) shows two
distinctive changes: (1) a significant decay of the Ir—Ir peak (R
= 2.4 A) intensity upon the application of potentials and (2)
the formation of a broad feature at R < 2.0 A that is related to
the Ir—O bond length* at positive potentials, especially at 1.6
Vyue Interestingly, ED Ir (Figure 3f) exhibits a more stable
Ir—Ir peak as compared with that of Ir NPs regardless of the
applied potential, showing a peak intensity comparable to that
acquired under the OCP condition, whereas Ir NPs
demonstrate an abrupt change when 1.2 Vyygp is applied
instead of the OCP.

To elucidate this discrepancy between Ir NPs and ED Ir in
more detail, the coordination numbers of the Ir—Ir (CNy,_,)
and Ir—O (CNj,_g) bonds were determined as functions of the
applied potential (Figure S6(h)) for all three catalyst types.
Note again that these data represent an average over the
catalyst surface and the bulk. In the case of c-IrO,, the material
retained the CNy_o of around 6 despite its distorted
amorphous structure with reduced Ir(III) species, which was
attributed to the rutile motif that inherently possessed an IrOg4
coordination geometry. For Ir NPs and ED Ir, on the other
hand, both materials exhibit a simultaneous decrease in CNj,_;,
and increase in CNy_o with increasing potential up to 1.6
Viup suggesting the formation of Ir oxide. This is consistent
with the results of other studies, in which Ir oxide was detected
on the Ir metal surface near the OER potential *>***>>°
However, ED Ir shows only minor changes in CNy_o,
suggesting that a minimal fraction of the catalyst surface is
oxidized. Figure S6(h) indicates that ED Ir maintains higher
CNy,_y, and lower CNy,_q values compared with those of Ir
NPs. It has to be noted that since the ED Ir appears to
predominantly maintain its initial structure, indicating only a
small fraction to be redox active, a quantitative analysis of the
bulk-dominated EXAFS signal with respect to changes in Ir—Ir
or Ir—O distances at the surface would be too speculative at
this point. As discussed above, the different morphologies of
the two catalyst layers can be attributed to the different degrees
of oxidation in Ir NPs and ED Ir, which likely originate from
the different dispersions of catalyst particles on the Ti PTL
surface. Importantly, this strongly indicates that the catalyst
NPs of ED Ir form an electrochemically bonded compact thin
film, in which the oxidation process is restricted to the film
surface, whereas Ir NPs form a porous catalyst layer with a
higher extent of surface exposure to water and its oxidation.

Finally, operando EXAFS spectra were recorded at different
potentials up to 1.5 Vyyg after 6 h of operation at 1.8 Vyyg to
obtain more information on the structural stability of ED Ir
(Figure 3h,i). During the stability test, the Ir—O bond feature
(R < 2.0 A)* was more pronounced owing to the highly
oxidative environment; however, the first Ir—Ir shell at R = 2.4
A was maintained (Figure S7). After the stability test, the
EXAFS intensity assigned to Ir—O increased slightly; however,
the first Ir—Ir shell was surprisingly dominant without losing its
intensity even after 6 h of operation in 0.1 M H,SO, (Figure 3i
and Table SS). Unlike the Ir NPs, the stable Ir—Ir peak
observed in the case of ED Ir may serve as a key factor
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contributing to the overall stability. Based on these findings, it
was concluded that ED Ir formed a stable and compact layer
that maintained its metallic nature even throughout prolonged
electrochemical measurements. However, the topmost surface
layers participate in the OER. Thus, we anticipate that surface
oxidation takes place only at the topmost layers, activating the
OER for the ED Ir and keeping the Ir sublayer itself stable.

Analyzing the electrode in a PEM cell after long-term
operation would contribute to a better understanding of
degradation phenomena in a single cell. However, the direct
analysis of Ir/Pt/Ti electrodes is not facile for several reasons.
First, when using Ti substrates, Ir transmission signals cannot
be adequately obtained and pinhole effects could disturb
obtained spectra. Second, analyzing an Ir/Pt/Ti electrode
reveals overlapping regions of Pt and Ir signals in EXAFS
analysis, complicating the analysis of the Ir spectra.

The degradation and dissolution rates of catalysts in half-cell
operation are orders of magnitude faster than those in single
cell operation.”" Therefore, we believe that the results obtained
from 6 h of long-term operation in a half-cell configuration can
provide meaningful data and insights into elucidating the
behavior observed during hundreds or thousands of hours of
operation in a single cell configuration.

2.3. Evaluation of Performance and Durability of
PEMWE Catalysts. The initial performances of the different
ED Ir electrodes after 10—80 deposition cycles during single
cell operation (Figure S8) were practically identical regardless
of the electrodeposited Ir amount (Figure 4a). Accordingly,
the utilization efficiency of the catalysts increased with
decreasing layer thickness, increasing the mass activity from
Ir80 to Ir10 by approximately a factor of 7 at the beginning of
the PEMWE operation (Figure 4b). Although the estimated
ECSA of Ir80 (calculated from Hypp in PEMWE, details in the
Section 4) was 3.6 times higher than that of Ir10, the apparent
performances of Ir80 and Irl0 were similar. It was
hypothesized that mass transport-related phenomena due to
high oxygen production and inefficient electrolyte transport
through the inner Ir80 layers blocked significant parts of the Ir
active sites during OER.”” ¢-IrO, also exhibited higher single
cell performance than that of ED Ir with an approximately 0.1
V lower onset voltage at around 1.35 V, as compared with
the value of 1.45 Vi obtained for ED Ir.”” However, the ED
Ir electrodes demonstrated significantly higher catalyst
utilization efficiency, i.e, mass activities of 12.3 and 1.8 A
mg~" at 1.6 Vg for Ir10 and Ir80, respectively, compared to
the 0.5 A mg™" for the c-IrO,, due to the 7—48 times lower Ir
amount in ED Ir compared to ¢-IrO,.

In order to understand the effect of electrodeposited Pt on Ir
performance, 0.07—0.08 mg;, cm™> of commercial Ir catalyst
was spray-coated on two Ti-felt electrodes with (denoted as
ED-Pt/Ti) and without Pt (denoted as pristine-Ti), since the
ED Ir cannot be deposited directly on the Ti felt.”® The lower
R, and R, values of the ED-Pt/Ti electrode compared to the
pristine-Ti measured by electrochemical impedance spectros-
copy (EIS) indicated that the ED-Pt/Ti electrode has a higher
surface area compared to the pristine-Ti and improved
interfacial contact between the spray-coated Ir catalyst and
the Ti substrate (Figure S9). Furthermore, the 4.7 and 2.9
times lower ohmic and charge transfer resistance of ED Ir,
respectively, were observed at 1.5 V when compared to
commercial Ir under similar low Ir loading conditions (0.07 to
0.08 mg;, cm~?, Figure S10). The enhanced ionic/electrical
conductivity of the catalyst layer and the high utilization
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V. eudo-re- XPS profiles of the Ir 4f,/, and 4f;,, states recorded for Ir20 (c) before and (d) after 204 h of long-term PEMWE operation.

efficiency of the Ir ED catalyst, even at low Ir concentration
without ionomers, were primarily due to the evenly distributed
nm scale thin Ir layer without agglomeration and better contact
between the catalyst active sites and the membrane. Although
Pt is recognized as being active for the OER, the probability of
its direct participation in the OER or its influence on the
intrinsic OER activity of Ir is minimal due to the coverage
(Figure 1c) and thickness (Figure 2e) of Ir on Pt (details in the
Supporting Information).

To investigate the catalyst stability, current swing operations
with high and low current densities were employed as a long-
term operation protocol (>200 h) to simulate the fluctuating
operating conditions of industrial green hydrogen production.
To achieve a low current density during long-term measure-
ments, the open-circuit voltage (OCV) condition was
deliberately excluded to avoid unintended polymer degrada-
tion from the excess hydroxyl radical formation by the
permeated hydrogen and oxygen species near the equilibrium
potentials of water electrolysis.””>* Rakousky et al. also
reported that the dynamic operation mitigated the perform-
ance loss from the ohmic resistance (R,y,,); however, catalytic
degradation was clearly induced by the high-current operation
at 2 A cm™? around 1.9 V; as compared with the moderate
operation at 1 A em 2" In this context, dynamic measure-
ments were conducted at 0.1 Acm™ (6 h) and 2 A cm™ (6 h)
to investigate the stability of the Ir electrodes, including short
chronopotentiometry measurements performed between 2 and
0.1 A cm™2 for 17 s (details are provided in the Section 4). In
addition, thicker membranes (including N115) were selected
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to avoid membrane failure during the long-term operation of
the PEMWE catalysts, although higher device performance can
be achieved by using thinner membranes with lower ion
transport resistances (Figure S10).

At the beginning of the long-term stability measurements,
both the ohmic and kinetic resistances decreased, as indicated
by comparing the average cell voltages for 0—6 and 12—18 h of
operation (Figures 4c and S11). The ohmic resistance (Rpm),
i.e., the high-frequency resistance (HFR) at 10 kHz measured
every 10 min during operation, decreased from 0.14 to 0.12—
0.13 Q cm?® at 2.0 A cm™?, which was likely caused by the
thinning or activation of membranes for all samples.'”>
Considering that there is no ionomer in the ED Ir electrodes in
this study and previous studies reported a reduction in
membrane thickness at a rate of 15—25 nm h™' during
electrolysis operations, the observed ohmic loss during long-
term operation due to membrane thinning is considered
plausible.”®*” Interestingly, catalyst activation was also
observed for the ED Ir electrodes during the initial operation
with a decrease in the kinetic overvoltage, i.e., approximately
16 mV at 0.1 A cm 2 Because oxidation catalysts in
electrochemistry are usually activated through surface
oxidation, including the OER at the IrO, electrode with
*OH or *OOH adsorption, the gradual oxidation of the Ir
surface of the ED Ir electrodes was attributed to the initial
voltage decrease in this study, consistent with the results of
previous EXAFS investigations.”” Activation of the ED Ir
electrodes was observed even after 204 h of operation (or 1020
h of operation for Ir80), except for Ir10, which contained the
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lowest amount of Ir among the ED Ir electrodes, for both the
apparent and iR-corrected I—V curves (Figure S12). As a
result, the initial catalyst activation compensated for the
voltage increase caused by other degradation processes during
the long-term operation of the ED Ir electrodes. However,
initial activation was not observed for c-IrO, because the
surface was fully oxidized from the beginning of the
measurement process. The average increase rates of the
apparent cell voltage obtained at 0.1 and 2.0 A cm™ for each
separate 6 h period of the current swing operation were 1.3 +
0.7 and 3.8 + 1.5 mV h™}, respectively. In the 6 h short-current
steps, significant reversible degradation was dominant during
the device operation, which prohibited the long-time
operation. However, by repeated changes of the operating
current, the fluid stream of the electrodes can be perturbed to
discharge the trapped gas bubbles, and the cell voltage can be
recovered at the beginning of the next operation cycle (Figure
4c). Suermann et al. reported similar results in their dynamic
protocol for the low and high current densities (1 < 4 A
cm2).1923

The durability of the different electrodes was evaluated by
the variance in the iR-corrected cell voltage after 12 h of
operation, thereby excluding the effects of initial electrode
activation or reduction in R, during the long-term current
swing operation (Figure S11(c)). In general, an inverted
relationship between the mass activity of the OER catalyst and
stability was established by comparing the degradation rates of
the ED Ir electrodes with different catalyst loadings (Figure
4b—d). This also implies that the stability of the ED Ir
electrode can be closely related to the thickness of the
reductively prepared Ir film on the electrode surface, as
concluded from the similar apparent PEMWE performances;
the ECSA is less affected by the Ir loading, whereas the film
thickness can be increased with increasing Ir usage. However,
significant degradation rates of 93 and 139 uV h™' were
observed for Ir20 at 0.1 and 2.0 A cm™2, respectively, whereas
Ir80 exhibited a significantly lower degradation rate of 34 + 1
UV h™' at 2.0 A cm™ The stability of Ir80 was even higher
than that of ¢-IrO,, which corresponded to a degradation rate
of 54+ 1 4Vh™ at 20 A cm™.

The lower degradation rate of Ir80 than that of ¢-IrO, was
particularly interesting, considering the higher cell voltage of
Ir80 than that of c-IrO,; the iR-corrected voltages applied to
Ir80 and c¢-IrO, were approximately 1.65 and 1.57 V at 2.0 A
cm™?, respectively (discussion in Supporting Information,
Figures 4e and S11). The inverse relationship between the
amount of Ir used and electrode stability was also not
applicable to Ir80 and c-IrO,, as the Ir loading of the more
stable Ir80 electrode was 6.8 times lower than that of c¢-IrO,.
The apparent stability of Ir80 before applying an iR correction
was even higher than the iR-corrected stability because the
reduced Ry, due to membrane thinning partially compensated
for the PEMWE catalytic degradation in the long-term
operation.'” For instance, an apparent degradation rate of
8.7 uV h™! obtained for Ir80 at 2.0 A cm™ was calculated over
a period from 12 to 1020 h during stability testing, considering
the Ry, decrease of 9.8% observed after 1000 h of
measurements. In other words, the lifespan of Ir80 until
reaching 2.4 Vg at 2.0 A cm™ can be extrapolated to 55,000
h (6.3 years) if only the catalyst degradation rate obtained for
the initial 1000 h period is maintained for several years without
other significant stack failures.
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2.4. Ir Catalyst State after OER. To verify the high
stability of the ED Ir electrodes during long-term operation,
their surface state and material dissolution were characterized
via CV, linear sweep voltammetry (LSV), XPS, and ICP—OES
before and after 204 h of PEMWE (Figure S). For the CV and
LSV measurements conducted during PEMWE, a Pt-coated
cathode was used as a pseudoreference electrode (pseudo-
RHE) purged with fully humidified H, gas, while the ED Ir
electrodes were examined. During the measurements, no
significant membrane degradation or gas crossover was
observed (Figure S13).

Starting with Ir20, the double-layer capacitance and
pseudocapacitive Ir(III)/Ir(IV) redox peaks developed in the
CV curves owing to the surface Ir oxidation after 204 h of the
stability test (Figure Sa). Distinct Hypp peaks between 0.05
and 0.6 Viudo-rup were detected after the stability test,
indicating the presence of metallic Ir exposed during long-term
operation (Figure 5a).” The observed increase in the double-
layer capacitance and reduction of Hypp peaks implied that the
ED Ir surfaces were roughened, while metallic Ir oxidized to
IrO, in the long-term stability test. Ir(III/IV) and O(II—/I-)
redox peaks were also clearly observed at around 0.75 and 1.25
Viseudo-rug in Figure 52.7%%%% The reduction peak of Ir20
developed around 0.35 V.u40rur Was detected only after CV
scanning to 1.4 V and was not observed when the CV curve
was vortexed at the 1.1 Viuq0-rue upper limit (Figures Sa and
S14). The reduction peak at 0.35 Viseudo-rue developed after
changing the CV scan window can be attributed to the
desorption of adsorbates (possibly hydroxyl ions), which are
adsorbed at the IrO, electrode in the 1.1—-1.4 V. 4o.rup Scan
window. The desorption current at 0.35 Viugo-rup also
decreased after the long-term stability test; therefore, the
adsorbed hydroxyl density on the ED Ir surfaces decreased
along with surface oxidation in the prolonged OER reactions.
The desorption peak potential and hydroxyl binding energy
were not significantly changed during the stability test.

The O 1s spectra recorded by XPS further corroborated the
increased amounts of §1-O(H) and p,-O(H) species on the
surface after operation (Figure S15(a)—(c)). #;-O(H) and p,-
O(H) species, including hydroxyl coverage, were previously
suggested as an OER activity descriptor (details in the
Supporting Information).***”**~%" The obtained CV curves
and O 1s XPS analysis results confirm that ED—Ir possesses
highly conductive surfaces with facile hydroxyl adsorption/
desorption processes. However, for c-IrO,, the Hypp, Ir(II1)/
Ir(IV) redox and hydroxyl peaks were not clearly visible in the
CV curves owing to the low conductivity and high capacitive
current of the oxide films even before the stability test (Figure
S14(a)).

To further elucidate the catalyst stability, the amount of Ir
dissolved from the electrodes during the OER was quantified
in a half-cell configuration. To replicate the operational
conditions of PEMWE devices, the electrode potential of ED
Ir and cIrO, was repeatably switched between 1.6 and 1.9
Ve every 15 min during 6 h of operation. The surface
oxidation of ED Ir was confirmed via high-angle annular dark-
field scanning transmission electron microscopy (HAADF—
STEM) and EDS mapping after the operation (Figure S16).
For the ICP—OES results, a discernible trend was observed,
wherein the dissolution rate of ED Ir decreased over time for
all electrodes, ultimately reaching a constant level correspond-
ing to an Ir/e” ratio of 1.2—2.0 X 107° for Ir20 to Ir80 and
approximately 3.3 X 107° of Ir/e” for c-IrO,, (Figure 5b). The
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Figure 6. Cyclic voltammograms of the (a) Ir10 and (b) Ir20 Au@CNE UMEs. Measurements were performed in a 0.1 M H,SO, solution at a

scan rate of 10 mV s

using an Ag/AgCl 3 M KClI electrode as the reference/counter electrode. HR—TEM images of the Ir50 Au@CNE UME

obtained at different stages of the applied electrochemical stress after the (c) initial 3 CV cycles, (d) 3 min, and (e) 6 min at an applied potential of
1.715 Vg The green line indicates the border between the amorphous IrO, species on the surface and the crystalline IrO, phase.

twice as high Ir dissolution rate of Ir10 as compared with those
of the other ED Ir electrodes with thicker Ir films may be due
to the loss of the metallic Ir support and the physical integrity
of the film during the OER (see Section 2.5). From the ICP—
OES results, it was concluded that there is a critical Ir layer
thickness, which is necessary to maintain the stability of ED Ir.
We relate this to the necessity for a remaining metallic sublayer
unaffected by surface oxidation.*”**~%* In contrast, the c-IrO,
electrode exhibited a rapid increase in the Ir degradation rate,
which subsequently stabilized at levels 15—30 times higher
than those of the ED Ir electrodes, confirming the effect of the
robust film structure on the stability of the OER electrode
(Figure Sb).

The XPS profiles of pristine Ir20 contain two main
photoemission peaks at 60.8 eV (Ir(0) 4f,,) and 63.8 eV
(1r(0) 4f5/,) (Figure Sc). However, after the durability test, the
Ir 4f core level spectrum exhibited an overall shift of 1.5 eV
toward higher binding energies and an asymmetric line shape,
indicating surface oxidation into a mixture of Ir(III) and Ir(IV)
(Figure Sd and Table S1). In comparison to the operando
XANES measurements, which suggested no significant
oxidation on average across the complete catalyst, this
indicated the oxidation clearly detectable by XPS is limited
to the very surface of the catalyst layer (<10 nm). The
formation of the surface oxide layer in single cell operation was
further elucidated by TEM and electron energy loss spectros-
copy (EELS). It was observed that oxide layer formation on a
catalyst coated Ti felt, operated for 120 h at 3 mA/cm™>, was
restricted to a surface layer in the range of approximately 6 nm,
while the rest of the Ir film retained its metallic character. This
is in alignment with ex situ XPS results as well as with
operando results obtained with hard X-ray spectroscopy in a
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half-cell configuration. This is discussed in more detail in the
Supporting Information (Figure S15(d)—(g)). The high ratio
of the Ir(IIl) state compared to the Ir(IV) state under ex situ
conditions following the electrolysis operation indicates that
the surface of Ir oxide is amorphous, composed of primarily
electrophilic y#,—OH and u,—OH, while also suggesting that
the oxidation state is flexible (details of peak positions in the
Supporting Information). Recently, Lee et al. investigated the
effects of the mixed oxidation states of layered Ir/IrO, catalysts
on the OER activity and stability for PEMWE.®® In this study,
the higher Ir(III) ratio of the IrO, catalysts exerted a positive
effect on their activity but adversely affected the stability with
material dissolution, whereas the higher Ir(IV) ratio resulted in
higher durability but lower activity. By minimizing the Ir(III)
exposure on the surface with Ir(IV) and maintaining the
average oxidation state of 2.98 for the Ir/IrO, catalysts, a trade-
off relationship between the activity and stability of the OER
catalysts was partially avoided; the Ir/IrO, catalyst contained
approximately 43% of Ir(IV) on the surface, which
corresponded to [Ir(IV)]/[Ir(III) + Ir(IV)] = ~41% (Table
$1).°’ In other words, for the ED Ir catalysts consisting of the
surface oxide and subsurface metallic layers with the balanced
Ir(IlI) and Ir(IV) species, the dissolution process was
minimized without compromising the OER activity.

2.5. TEM Analysis of the Ir Catalyst Transformation
during OER. To corroborate the previous findings and to
better understand the previously observed changes in the
crystal structure of the deposited Ir layer, depending on
electrochemical stress and ICP—OES data, an ultramicroelec-
trode (UME)-based analysis was performed. According to
Figure S17, the unit structure of ED Ir was loaded at the UME
to investigate the Ir crystal structure at different stages of the
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OER process via identical-location HR—TEM. In this
approach, carbon nanoelectrodes (CNEs) were used as the
UME platform to load micrometer-sized Au particles as the
support for ED Ir (for more details, see Figure S17). Due to
the fact that Pt tends to grow in thick, rounded layers on CNEs
due to its tendency to agglomerate, it becomes challenging to
perform HR-TEM analysis, as the overlapped layers may
obscure the image. For this reason, Au was used instead
(Figure S18), which we expect to have no significant impact on
the electrochemistry applied and the resulting reaction
mechanisms investigated (further discussion in Supporting
Information, Part V. Identical Location TEM Analysis).
Subsequently, the procedure employed for depositing different
amounts of Ir onto the Au surface, corresponding to 10, 20,
and 50 deposition cycles (Figure S19), was used.

TEM results demonstrated that 10 deposition cycles led to
the formation of a thin Ir film on the Au@CNE UME surface
with a thickness of 2—4 nm (Figure S20(a)—(c)). In contrast,
after 20 Ir deposition cycles, a significantly higher Ir amount
was deposited, indicating dendritic growth (Figure $20(d)—
(f)). The prepared electrodes were electrochemically tested, as
shown by the CV responses of the Ir10/1r20 Au@CNE UMEs
(Figure 6a,b); the results of CA measurements conducted
between CV series are displayed in Figure S21. The Ir10 Au@
CNE UME exhibited not only a lower initial current but also a
faster activity decay as compared with those of the Ir20 Au@
CNE UME. The rapid decay in activity is attributed to the
dissolution of Ir from the Au surface, which can be directly
observed by SEM (Figure S22) and verified by the larger Au
redox peaks obtained for the increasingly accessible Au surface
during the repeated CV measurements (Figure 6a). The Ir20
Au@CNE UME also revealed the initial loss of activity;
however, no large redox features of the underlying Au layer
were detected during the repeated CV measurements. These
results support the ICP—OES data obtained for the stable IrO,,
layers of the thicker ED Ir electrodes (Figure Sb). The STEM
image of the Ir20 Au@CNE UME demonstrates fewer changes
in the Ir structure than the STEM image of the Ir10 Au@CNE
UME (Figure S23(a,b)). Using HR—TEM (Figure S23(c,d)),
the amorphization of the crystal surface with an amorphous
layer thickness of approximately 2—5 nm was observed, and
only lattice spacings from IrO, were detected in the near-
surface region of the Ir20 Au@CNE UME.

To investigate the evolution of the amorphous layer and
crystal structure, the prepared IrSO0 Au@CNE UME was

exposed to different levels of electrochemical stress (Figure
S24), and HR—TEM images were obtained between different
steps. Figure 6¢ shows the HR—TEM image of the Ir50 Au@
CNE UME subjected to three CV cycles up to 1.715 Vpyg
(Figure S24(a)). The crystal lattice spacing of IrO, was
detected close to the surface; however, the Ir crystal lattice
spacings were still visible, indicating limited changes in the
crystal structure induced by CV. After 1.715 Vyy was applied
for 3 min, the obtained HR—TEM image (Figure 6d) reveals
the presence of an amorphous layer on the Ir50 Au@CNE
UME surface along with the crystal lattice spacings of IrO,,
indicating a fully oxidized catalyst surface. After applying
another 3 CV cycles, the structure is slightly decayed but still
stable, as evidenced by the OER current (Figure S24(b)). After
1.715 Vyyg was applied for another 3 min, the corresponding
identical-location HR—TEM image shows stabilization of the
amorphous region (Figures 6e and S24(b,d)). In Figure
$25(b), the corresponding EDS elemental analysis of the HR—
TEM region (Figure S25(2)) indicates a slight enrichment of
oxygen on the surface. The amorphization and oxygen
enrichment of the near-surface oxide observed (Figure
S25(c)—(d)) are in good agreement with the QEXAFS
findings, where limited ED Ir oxidation was observed (Figure
3). The stabilized thickness of the amorphous layer after the
OER matches the Ir thickness of Ir10, which can explain why a
thin layer of Ir10 was significantly less stable than the thicker Ir
layers of the ED Ir electrodes (it lacks underlying metallic Ir
and crystalline IrO, layers, which stabilize the amorphous
region and thereby the catalytically active surface). Although
the catalyst growth during Ir electrodeposition and dissolution
depends on the substrate and type of operation, the UME data
demonstrate that the Ir/IrO, sublayer formed beneath the
amorphous Ir oxide layer with a certain thickness is the main
factor affecting the stability of the OER catalysts; therefore, the
control over the Ir thickness is important for maintaining the
catalyst stability.

2.6. States of Ir/Ir Oxide Catalysts for PEMWE. In
Figure 7 and Table S6, the results of this study are compared
with the previously reported data, which were obtained by
performing long-term electrolysis tests to investigate the mass
activity of Ir catalysts and plotting the device degradation rate
during PEMWE as a function of the Ir load-
ing,' V1S T2¥A9030577L 1y general, device stability is enhanced
with increasing Ir loading. For instance, Rakousky et al.
demonstrated a highly stable PEMWE process with a
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degradation rate of 12 4V h™' and high Ir loading of 2.25 mg
cm™2"'® On the contrary, the PEMWE conducted using highly
conductive and efficient nanoporous Ir nanosheets with an Ir
loading of only 0.06 mg cm ™ resulted in a degradation rate of
approximately 100 4V h™' and limited 200 h of operation.’® A
stable operation (degradation rate: <25 uV h™"') for 1000 h was
achieved at an Ir loading of 0.4 mg;, cm™? by Siracusano et al;
however, the operation current density was moderate (1 A
cm™?), and no data at high current densities were obtained.*
Yu et al. successfully fabricated an efficient IrO,/Nafion
catalyst layer via reactive spray deposition with an Ir loading of
only 0.08 mg;, cm™* during PEMWE operation, demonstrating
both high performance and stability with a degradation rate of
36.5 uV h™'*' However, the effect of R, changes on the
device stability remains unclear. In this study, variations of
R were also considered via HFR measurements during
stability tests (Figure 4), and degradation rates were calculated
based on iR-corrected voltage to focus on the electrode
degradation (Figure 7b).

In ED Ir electrodes, both the activity and stability of the
PEMWE catalysts were maximized at a minimum Ir loading of
0.2 mg;, cm™2 (Figure 7).""** While the trade-off relationship
between the activity and stability of the ED Ir OER electrodes
was established, all electrodes investigated in this work
contained relatively low Ir amounts ranging from 0.03 (Ir10)
to 0.2 (Ir80) mg, cm . No degradation in the PEMWE
performance was observed during LSV measurements
conducted after 204 h (or 1020 h for Ir80) of stability testing
when the active IrO, catalyst was formed on the reductively
prepared Ir films with thicknesses larger than 30 nm (Figure
S12). For 1r80, the device operated steadily with an apparent
degradation rate of 8.7 uV h™' at 2 A cm™* during 1020 h of
the current swing operation, corresponding to a lifespan of
55,000 h. Importantly, the amount of Ir used per power
consumption was approximately 0.06 g,/kW at 2 A cm™?,
which was 8—9 times lower than those of commercial PEMWE
devices.”” The degradation rate of Ir80 determined without
considering the effect of R, reduction on the long-time
stability was only 35 4V h™!, with a mass activity 3.6 times
higher than that of ¢-IrO,.

3. CONCLUSIONS

This study highlights the critical importance of controlling the
thickness and compactness of a low-loading iridium thin-film
catalyst layer prepared via a simple sequential electrodeposition
method of Pt and Ir on Ti felt for ensuring the stability in
PEMWE. The prepared ultrathin Ir catalyst layers were
investigated operando and demonstrated high mass activity
and durability during long-term operation for PEMWE. Strong
binding between the Pt-deposited Ti PTL and Ir catalyst layer,
achieved without additional ionomers, significantly enhances
the electrical conductivity and utilization efficiency of the Ir
catalysts during the OER at ultralow Ir loadings. The operando
QEXAFS data obtained at the Ir L;-edge, alongside the ex situ
XPS profiles of the O 1s and Ir 4f;,, and 45, states, confirmed
only a surface oxidation of the ED Ir catalyst without changing
the coordination environment of Ir sublayers. Importantly, the
identical-location HR—TEM analysis of the Ir UMEs further
revealed the formation of a stabilized and self-terminated
amorphous IrO, layer (2—S nm) on top of the crystalline Ir/
IrO, sublayers following the OER operation. These results
underscore that crystalline Ir/IrO, sublayers are critical for
maintaining catalyst stability, while the high OER activity is

attributed to a thin amorphous IrO,, surface layer. It was shown
that precise control of the Ir thickness, particularly at loadings
exceeding 30 nm in thickness, is crucial. A balanced oxidation
state of (Ir(II1)/Ir(IV)) of the top Ir layers was observed via
XPS after the long-term PEMWE operation, including the
formation of crystalline IrO, layers between the Ir sublayer and
top IrO, layer during the OER. The limited growth of IrO, on
the ED Ir surface promoted catalyst stabilization, as indicated
by the reduced dissolution of Ir detected by ICP—OES without
compromising the OER. Additionally, the mass activity was 4—
25 times higher than that of c-IrO, used as the PEMWE anode,
while a high device stability corresponding to a degradation
rate of just 8.7 uV h™" was reached at 2 A cm ™ for >1000 h of
operation. We demonstrate that the produced low-loading Ir
thin-film electrodes are sufficiently stable for commercializa-
tion without the use of ionomer. A limitation of electro-
deposition is its restricted applicability to the continuous
fabrication process of electrodes, as it often requires a batch
process, which can be slow for the mass production of large
electrodes. Compared to existing low-loading electrodes, our
focus has primarily been on stability. By elucidating the
phenomenon of the Ir/IrO,/IrO, structure transformation and
stabilization during the OER within the Ir film layers, through
operando QEXAFS and identical-location TEM analysis, we
were able to identify the conditions necessary for achieving
stable Ir catalyst layers devoid of ionomers. We believe this
electrodeposition technique can be used for fundamental
research as the thickness of the catalyst layer can be easily
controlled and observed on the nm scale.

Our work breaks the general concept of the instability for
low-loading catalysts during PEMWE. The feasibility of
manufacturing highly efficient and stable Ir catalyst layers
enables the mass production and commercialization of
PEMWE catalysts via their microscale loading on the oxygen
electrode.

4. METHODS AND MATERIALS

4.1. Electrodeposition. In the first step, the Ti PTL (250
um, Bekaert) was electrochemically coated with Pt. The
precursor solution consisted of H,PtCl; (20 mM, >99.9%,
Sigma—Aldrich) in an H,SO, solution (0.5 M). The Ti PTL
was immersed in C,H,0, (5 wt %, oxalic acid, DAEJUNG) at
65 °C for 30 min to remove an oxide layer from the surface
and rinsed with deionized water. Subsequently, the Ti PTL was
immersed into the precursor solution, and a potential was
applied to the reaction system to maintain the current density
of — 10 mA cm™* (galvanostatic apgroach) for 5 min to
electrodeposit Pt (~0.37 mgp, cm™2). ® For this purpose, a
three-electrode setup was used with Ti mesh and a saturated
calomel electrode (SCE) serving as the counter and reference
electrodes, respectively. In this Pt electrodeposition process,
the Pt(IV)Cls*~ complex was reduced to Pt(I1)Cl,>~ complex
(1) and then to Pt(I1)Cl,>~ complex to obtain metallic Pt as
the final product (5).

Pt(IV)Cl>™ + 2e~ = Pt(I1)CI,>” + 2CI”
E® = 0.68 Vo (1)

Pt(0)— CI” + Pt(I)CL,>™ + 2¢~ = Pt(0)— Pt(0)— CI”
+4CI7 E° = 0.76 Vg )
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Ir was deposited on the prepared Pt/Ti substrates via a
pulsed electrodeposition sequence: 0.4 Vgcp (2's) — —0.65
Vgcg (10 s) = 0.0 Vgcg (2 s) as one cycle in the Ir precursor
solution at 70 °C. The Ir precursor solution was composed of
K;IrClg (3 mmol), Na,SO, (0.5 M), and H,SO,, adjusting the
pH to 4.°° The amount and thickness of the Ir layer were
controlled by increasing the number of electrodeposition
cycles from 2 to 80.

4.2. Physicochemical Characterization. XPS (Thermo
Fisher, Al K-a) was utilized to characterize surface chemical
compositions and oxidation states. FE-SEM and EDS
employing a Teneo VolumeScope scanning electron micro-
scope (Thermo Fisher) were used to analyze the sample
morphology and catalyst distribution on the electrode surface.
Cross-sectional examinations of the ED Ir catalysts were
performed using TEM (Thermo Fisher Talos) after preparing
vertical cuts by an FIB. The amounts of Pt and Ir in the
electrodeposited catalysts were determined via ICP—OES
(Optima 7300DV&Avio500, PerkinElmer). Samples were
treated in aqua regia, a microwave digestion system, and
sequentially diluted in 6 wt % hydrochloric acid before the
ICP—OES analysis as a pretreatment.

4.3. Operando QEXAFS. XANES and EXAFS measure-
ments were performed at the P64 beamline of the PETRA III
storage ring at the DESY, Hamburg, utilizing a QEXAFS setup.
For the operando measurements, an electrochemical flow cell
setup designed by Binninger et al. was used.”® The electrode
was composed of an Au-coated Kapton tape (containing a 100
nm Au layer on a SS ym Kapton support) serving as a working
electrode, a carbon paper (TGP-H-060, Toray) used as a
counter electrode, and an AglAgCl reference electrode (for a
representative sketch, see Figure S4). The ED Ir layer was
directly electrodeposited onto the Au-coated Kapton tape. To
achieve a sufficiently high Ir thickness for absorption, 160
electrodeposition cycles were performed. Ir NPs and ¢-IrO,
were loaded onto the Au-coated Kapton tape by spray coating
a thin layer from a slurry comprising the catalyst, a Nafion
ionomer solution (10 wt % with respect to the catalyst
amount), and ethanol. The loadings were 1.2 mg cm™ for Ir
NPs and 1.0 mg cm ™ for c¢-IrO,. The electrolyte used in the
experiments was 0.1 M of H,SO, applied in a continuous flow
at a rate of S mL min~' using a peristaltic pump. The total
detection time of the averaged X-ray spectrum was 10 min at
each potential (1.2 to 1.6 Vgyg), including the OCP for Ir NPs
and ¢-IrO,, and 20 min for ED Ir160. The QEXAFS technique
allowed the collection of two full spectra in the energy range
from 11.0 to 12.2 keV per second (monochromator oscillation
frequency: 1 Hz), resulting in 1200 (2400 for ED Ir160)
spectra at each applied potential. All spectra were collected in
the transmission mode utilizing an ionization chamber. A piece
of Pt foil for energy calibration (Pt Ly-edge at 11543 eV) was
installed in the downstream path of the beam and measured
during transmission simultaneously to each Ir spectrum with a
second ionization chamber. Individual samples and reference
spectra were processed with the program JAQ.”” The average
spectra were calculated from the extracted individual spectra
using a Python script. Energy calibration was performed with
the Athena application of the software package Demeter’" using
the second derivative of the spectra to align the energy of the
Pt reference foil. The XANES and EXAFS data were also
extracted by Athena. For normalization and background
removal from absorption spectra, the pre-edge was in a range
from —150 to —30 eV relative to E° of Ir L, edge, and the
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postedge was from 150 to 680 eV relative to E°. To prevent
signal interference from the Au substrate, we restricted the
postedge range to values below 680 eV. The k-weight is 2.
EXAFS interpretation was conducted by using the Artemis
application of the Demeter software package. Ex situ measure-
ments of the samples were performed in transmission mode for
10 s, and the obtained results were analyzed according to a
previously described procedure. To get the initiall EXAFS
fitting parameter, standard chemicals such as Ir black and IrO,
(Rautile structure) from Sigma-Aldrich were utilized. The
EXAFS fitting parameters are described in Tables S2—S85.

For the short-term stability test, a constant potential of 1.8
Vyug over a period of 6 h was applied. To track changes in the
Ir structure, seven operando QEXAFS spectra were acquired
during the stability test at 1.8 Vyyy while averaging every 30
min to enhance the signal-to-noise ratio. In addition, spectra
were obtained from 1.2 to 1.5 Vyyg (in 0.1 Vi intervals) for
20 min at each potential after completing the stability test
(further discussion in Supporting Information, Part V.
Identical Location TEM Analysis: Preparation of Ir films
with different thicknesses).

4.4. Electron Energy Loss Spectroscopy. The EELS
map and corresponding spectra were acquired on a Thermo
Fisher Talos F200X TEM using a Gatan Continuum S
spectrometer. The TEM was operated at 200 kV acceleration
voltage, and EELS maps were generated from spectrum images
recorded using an energy dispersion of 1.5 eV to include the Ti
L,3 O K, and Ir M, 5 edges in one spectrum. The EEL spectra
for investigation of the fine structure of the Ti L, ; and the O K
edge were recorded using an energy dispersion of 0.15 eV,
leading to an energy resolution of 1.2 eV.

4.5. Quantification of Dissolved Catalysts in Half-
Cells. The electrochemical measurements were performed for
each ED Ir/Pt/Ti electrode at potentials of 1.6 and 1.9 Vg in
an H,S0, solution (0.1 M, 120 mL). Pt wire and an AglAgCl
electrode were used as the counter and reference electrodes,
respectively. Repetitive and sequential operations for 15 min at
each potential (1.6 and 1.9 Vyy;) were performed for 6 h.
Every 1 h, 12 mL of the solution was extracted from the reactor
and stored in a test tube, and 12 mL of the fresh H,SO,
solution (0.1 M) was added to the reactor to replenish the
extracted electrolyte. The amount of Ir dissolved in 12 mL of
the extracted solution was measured by using a SpectroBlue
ICP—OES instrument (Ametek).

4.6. Analysis of Ir Catalysts on CNEs. 4.6.1. Preparation
of CNEs. To prepare the CNEs, quartz capillaries (inner
diameter: 0.9 mm; outer diameter: 1.2 mm) were pulled using
a P-2000 laser puller (Sutter Instruments) at the following
parameters: heat: 740; filament: 4; velocity: 45; delay: 130;
pull: 100. The obtained nanocapillaries were filled with carbon
using a fully automatized setup to obtain the CNEs, as
reported earlier.”> The nanometer-sized tips of the capillaries
were inserted into a ceramic capillary under an argon counter
flow (AirLiquide, 99.999%) of 50 mL min~". The capillaries
were filled with a carbon precursor (1 bar of butane
(AirLiquide, 99.5%) and propane (3 bar, AirLiquide, technical
grade)), which was thermally decomposed to yield a
conductive carbon film covering the inside of the capillary.
The heating coil was moved twice along the CNE by using a
computer. In this process, a two-step temperature profile was
used, where a peak temperature of 990 + 5 °C was reached in
the first step, followed by a second step with a peak
temperature of 800 + 5 °C, followed by a 35 s cooldown
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period to 450 + 5 °C until the heating coil was switched off.
The as-obtained CNEs were subsequently processed inside the
SEM instrument using a Ga* ion-based FIB, resulting in the
disk-shaped CNEs.

4.6.2. Preparation of CNE-Based Au Electrodes. An
electrochemical deposition approach was used to prepare the
CNE-based Au electrodes. The FIB-processed CNEs were
slightly recessed by exposing the tips to 650 °C in air for 5—10
s, thereby burning the excess carbon and creating a recession
depth up to 4 yum (at a duration of 10 s), as shown in Figure
S17(a). A nanoelectrode recession was made to enhance the
stability of the Au deposition on the carbon surface because
the Au deposit was additionally stabilized inside the conical
quartz capillary. Au was electrodeposited onto the recessed
CNE by immersing the CNE into a 10 mM H[AuCl,] solution
(Sigma—Aldrich) and then applying a constant potential of 0.7
V vs Ag/AgCl/3 M KCl while monitoring the current (Figure
S17(b)). The observed current during Au deposition followed
a well-defined trend in which most of the Au precursor was
consumed inside the cavity, decreasing the reduction current.
Subsequently, the current stabilized for a short time because of
the limited diffusion of the precursor inside the cavity.
Afterward, the current increased while the deposited Au
layer grew toward the capillary opening, owing to the reduced
diftusion length. Finally, the slope of the current increased after
reaching the capillary opening, while the Au layer was
constantly increasing its size during spherical growth. The
Au deposition stopped shortly after the second change in the
slope of the monitored current, which limited the deposition
size to approximately 1—2 ym. As shown in Figure S17(c), the
Au deposition undergoes dendrite-type growth. The produced
dendrites are important because their sizes are below the
critical size of 60 nm for HR—TEM. Limiting the overall
deposition to a size below 60 nm was also attempted; however,
it was not feasible to obtain such small deposits at the CNEs.
Therefore, the Au dendrite structure was selected for the HR—
TEM thickness-dependent stability studies of electrodeposited
Ir. In Figure S17(d), the electrochemical response of the Au
UME exhibits typical Au UME characteristics, such as the Au
oxidation and Au,, reduction peaks (further discussion in
Supporting Information, Part V. Identical Location TEM
Analysis: Preparation of Ir films with different thicknesses).

4.6.3. Single Cell Operation. Multielectrode arrays (MEAs)
were fabricated by sandwiching the ED Ir/Pt/Ti electrode, a
Nafion membrane coated with Pt/C on the other side, and a C
PTL (10 BC, SIGRACET) in sequence. Nafion 115 with 0.4
mgp, cm™> Pt/C was used as a membrane and cathode catalyst
for the evaluation of the performance and stability during the
long-term single cell tests. Pt/C was spray-coated onto the
membrane surface from a slurry composed of Pt/C (46.9 wt %,
Tanaka), a Nafion ionomer solution, isopropyl alcohol, and
deionized water. The ionomer content of the Pt catalyst layer
was 30 wt %. The MEAs were hot-pressed at 43.6 MPa for 1
min and assembled between Ti and C bipolar plates
(serpentine flow-field, torque: 9.0 N m). Spray-coated Ir(IV)
oxide (99.99% (metals basis), Alfa—Aesar) on the anode side
of the membrane (1.5 mg, cm™ 10 wt % of the Nafion
ionomer) assembled with a Ti PTL (c-IrO,) was used for a
comparison with the ED Ir electrodes. The cells used in this
study resembled cells reported elsewhere;”®”” however, instead
of using a current collector, the bipolar plates were directly
connected (see also Figure S8).

During the single cell measurements, deionized water was
supplied (flow rate: 15 mL min~") only through the anode.
The temperature of both the water and cell during the
operation was 80 °C. IV curves were obtained in a voltage
range from 1.25 to 2.0 V at a scan rate of 10 mV s using a
high-current potentiostat (HCP-803; Bio-Logic). To conduct
IV measurements before and after long-term operation
including iR correction, the current was measured at each
voltage for 1 min from 1.25 to 2.0 V with an interval of 0.05 V.
During the long-term operation, the following measurements
were repeated from (i) to (iii): (i) from 0.1 and 0.2 to 2.0 A
cm ™2 with an 0.2 A cm™2 interval during 1.5 s at each current,
(ii) 0.1 A cm™ for 6.0 h, and (jii) 2.0 A cm™ for 6.0 h. During
6 h of each constant-current operation, the HFR value was
measured at 10 kHz every 10 min to obtain the iR-corrected
voltage for the long-term operation. Before and after the long-
term operation, LSV (from 0.0 to 0.8 V, scan rate: 2 mV s™")
and CV (from 0.05 to 0.6, 1.1, and 1.4 V, scan rate: 20 mV s™")
measurements were conducted in a fully humidified environ-
ment, with N, purged at the anode and H, purged at the
anode, respectively (further discussion in Supporting Informa-
tion, Part III: Proton-exchange Membrane Water Electrolysis).
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