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ABSTRACT: The enhanced utilization of noble metal catalysts - -
through highly porous nanostructures is crucial to advancing the Aoty Stapilly
commercialization prospects of proton exchange membrane water

electrolysis (PEMWE). In this study, hierarchically structured IrO,-

based nanofiber catalyst materials for acidic water electrolysis are v PURE
synthesized by electrospinning, a process known for its scalability ¢ ¢ ®
and ease of operation. A calcination study at various temperatures

from 400 to 800 °C is employed to find the best candidates for \ -

both electrocatalytic activity and stability. Morphology, structure,

phase, and chemical composition are investigated using a scale- 0 = *@
bridging approach by SEM, TEM, XRD, and XPS to shed light on 400°C 800°C

the structure—function relationship of the thermally prepared

nanofibers. Activity and stability are monitored by a scanning flow cell (SFC) coupled with an inductively coupled plasma mass
spectrometer (ICP-MS). We evaluate the dissolution of all metals potentially incorporated into the final catalyst material throughout
the synthesis pathway. Despite the opposite trend of performance and stability, the present study demonstrates that an optimum
between these two aspects can be achieved at 600 °C, exhibiting values that are 1.4 and 2.4 times higher than those of the
commercial reference material, respectively. The dissolution of metal contaminations such as Ni, Fe, and Cr remains minimal,
exhibiting no correlation with the steps of the electrochemical protocol applied, thus exerting a negligible influence on the stability of
the nanofibrous catalyst materials. This work demonstrates the scalability of electrospinning to produce nanofibers with enhanced
catalyst utilization and their testing by SEC-ICP-MS. Moreover, it illustrates the influence of calcination temperature on the structure
and chemical composition of the nanofibers, resulting in outstanding electrocatalytic performance and stability compared to
commercial catalyst materials for PEMWE.

KEYWORDS: Acidic water electrolysis, Enhanced catalyst utilization, Electrospinning, Temperature-controlled synthesis,
Catalyst morphology, Iridium oxide

B INTRODUCTION OER poses the main obstacle to the widespread deployment
of PEMWE due to its low intrinsic reaction rate and harsh
environment. To overcome this, a loading of 1-2 g, cm™ per
cell is required. This has prompted concerted efforts to
decrease the amount of Ir applied.”™* The amount of Ir used is
perceived as too high to satisfy the criteria of a global energy
transition.”® Recent techno-economic studies reveal a need to
reduce Ir loading substantially to meet the requirements of
water electrolysis in the gigawatt scale.”® The two basic factors
that make PEMWE technology more affordable are enhanced
kinetics and the low loading of noble metals. Iridium oxide

The need for electricity conversion and energy storage from
sustainable resources has fostered a climate of innovation,
prompting diverse approaches to address the requirements of
the energy transition. Recently, water electrolysis has become a
key approach to converting excess electrical energy into
hydrogen, although the reaction itself has been known for
centuries. Proton exchange membrane water electrolysis
(PEMWE) has attracted a lot of attention lately and is
considered a promising technology for industrial-scale hydro-
gen production. Despite the use of scarce and expensive noble
metals, PEMWE technology has been thoroughly investigated

worldwide, as it can be operated with renewable energy Received: May 15, 2024 ?‘Dﬁ/
resources of an intermittent nature.’ In the electrodes of a Revised:  September 2, 2024 )53"«3:3;%/\
single electrolyzer cell, the feedstocks of the catalyst materials Accepted:  September 8, 2024 aes g
are platinum for the cathodic hydrogen evolution reaction Published: September 18, 2024 / /
(HER) and iridium for the anodic oxygen evolution reaction -

(OER).
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Figure 1. Complete workflow of the synthesis of 1D IrO, nanofibers. Calcination takes place in a tube furnace for t = 2 h at temperatures of T =
400 °C, 500 °C, 600 °C, 700 °C, and 800 °C. Photo of the NEU Nanofiber Electrospinning Unit is adapted with permission from the producer

Kato Tech Co.

(IrO,) is considered to be a state-of-the-art material for OER
in acidic water electrolysis, creating a compromise between
electrocatalytic activity to OER and stability during cell
operation.”'® Although Ir as a pure metal is also used as a
benchmark catalyst material for OER, the actual catalyst
material remains IrO,, since the high anodic potentials
required for OER inevitably lead to the oxidation of the
electrode material.'"'*

Multiple structural chemical formulas have been investigated
due to diverse oxidation states of Ir, including amorphous and
crystalline IrO,."*~'° Previous operando X-ray absorption
spectroscopy (XAS) and X-ray photoelectron spectroscopy
(XPS) experiments have suggested that the activation of
amorphous IrO, predominantly takes place within the deeper
layers of the material’s surface, leading to a lower energetic
barrier for the OER through an electronic doping effect.'”'” A
high number of defects, the presence of I'"OOH groups, and
the porosity in the hydrous IrO, thus ensure that more lattice
oxygen atoms are available for OER, resulting in higher OER
activity."® Nevertheless, amorphous IrO, exhibits a major
drawback in terms of durability compared with its crystalline
counterpart.'”*” Tridium oxide with an ordered rutile structure
is one of the most stable catalysts for the OER in terms of
dissolution. In fact, calcination at elevated temperatures
enables, alongside sintering, the transition of amorphous
structures to more crystalline structures. However, this entails
a decrease in the catalyst surface area, thus reducing OER
activity.'>*"** Multiple calcination studies have been proposed
to benchmark the electrocatalytic activity and stability of IrO,-
based catalyst materials.”>** Cherevko et al. found that there
was not necessarily a trade-off between activity and stability for
IrO, films on a Ti substrate in the calcination range of 250—
550 °C.

The modification of the catalyst nanostructure is one of the
approaches used to mitigate performance losses and improve
the durability of low-loaded anodes. Several morphologies have
been reported to serve as high-performance IrO,-based
catalysts including nanoparticles,”* ™" nanoflowers,”*’ or
dendrites.”” The most promising approaches to catalyst design
involve augmenting the aspect ratio, determining the relation-
ship between the shortest and longest dimensions of the
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catalyst particles.”’~>* Particles possessing the highest aspect
ratios are commonly classified as one-dimensional (1D)
nanostructures, or simply referred to as nanofibers (NFs),
which have attracted increasing attention in catalyst research
efforts related to acidic water electrolysis.”* ™" If the fiber
diameter is below 100 nm, electron confinement occurs,
yielding high electric conductivity which is accompanied by
high surface energy and high catalytic surface activity.””

Electrospinning is an easy and reliable way of generating
nanofibers.””~** Moreover, as a synthesis tool in fuel cell and
electrolysis applications, it has advantages such as being easy to
handle, scalable, and versatile in terms of composition and
morphology.”*>*® Due to their unique nanofibrous hetero-
structure, which gives them a large specific surface area and
high porosity, the synthesized IrO, NFs exhibit improved OER
properties in acidic media assuring enhanced ion transport.””**
However, high porosity, which indicates a larger surface area,
often corresponds to a higher dissolution rate in electro-
chemical reactions.'” ™% A significant scientific challenge is,
therefore, to enhance intrinsic stability while also promoting
the formation of an extended surface structure.

In this study, we synthesized IrO,-based NFs at various
calcination temperatures by means of electrospinning. The
electrocatalytic activity and stability of IrO, NFs are compared
in an acidic electrolyte (0.1 M HCIO,,) with IrO, nanoparticles
(NPs) from Alfa Aesar as the reference material. Changes of
the crystal lattice across macro- and microscales and the
electronic structure during calcination are investigated by X-ray
diffraction (XRD), selected area electron diffraction (SAED),
and X-ray photoelectron spectroscopy (XPS), respectively.
Geometry and morphological stability are studied by high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and high-resolution transmis-
sion electron microscopy (HR-TEM). The dispersion of
iridium and oxygen within NFs is observed by scanning
transmission electron microscopy coupled with energy-
dispersive X-ray spectroscopy (STEM-EDXS). Electrocatalytic
activity toward the OER as well as the dissolution rate are
recorded by an operando scanning flow cell coupled to an
inductively coupled plasma mass spectrometer (SFC-ICP-MS).
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ACS Appl. Mater. Interfaces 2024, 16, 52179—52190


https://pubs.acs.org/doi/10.1021/acsami.4c07831?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c07831?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c07831?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c07831?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c07831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

The dissolution rate is quantified using the stability number
(S) as a key figure of merit.*’

This study provides a thorough analysis of the effect of the
calcination temperature on the structure and chemical
composition of the IrO, NFs as well as their function in the
electrochemical OER in acidic water electrolysis in a dynamic
real-time assessment.

B RESULTS AND DISCUSSION

Physical Characterization. To increase the accessibility of
catalyst active centers consisting of iridium oxide, high-aspect-
ratio nanofibers are electrospun and calcined at various
temperatures. The complete workflow for the nanofiber
synthesis process can be found in Figure 1. The morphology
and thickness of the nanofibers are determined before and after
calcination by scanning electron microscopy (SEM). In Figure
Sl.a, SEM images of each catalyst material are depicted before
and after calcination. Mean values of fiber diameters are
summarized in Figure S1.b. Before calcination, the fiber
thickness varies significantly from 88 + 23 nm to
approximately 413 + 125 nm, which might be a result of the
polymer content of the precursor solution.

During calcination, we observe a considerable decrease in
the nanofiber diameter and its standard deviation due to the
removal of chloride from the precursor salt IrCly; and the
oxidation of PVP into gaseous products, for example CO,.
After calcination, the nanofibers exhibit a similar thickness
(from 44 + 8 nm to 57 + 9 nm). The negligible increase in the
fiber diameter is attributed to the oxidation of iridium
depending on the final temperature and the duration of
calcination. A preliminary elemental study was also conducted
by SEM-EDXS at least three times for every sample calcined at
400 °C, 500 °C, 600 °C, 700 °C, and 800 °C (Figure S1.c for
the example of IrO, 600) to ensure that Cl had been
substantially removed.

To gain an understanding about the individual steps of
temperature-dependent mass loss, thermogravimetric analysis
(TGA) is carried out with the samples before and after
calcination. Due to calcination under a synthetic air
atmosphere, the nanofibers containing IrCl; and PVP trans-
form to iridium oxide (Figure S2). As for the samples before
calcination, chemisorbed water is released in the first step at
around 100 °C. Second, the carrier polymer PVP is entirely
removed at its decomposition temperature of 350 °C, as was
reported in the literature.”” Beyond this temperature, we
observe no notable decrease in mass for both noncalcined and
calcined samples. In fact, they exhibit a slight gain in mass at
high temperatures due to further oxidation except for the IrO,
sample calcined at 800 °C, indicating that the nanofibers are
fully oxidized (IrO,). Above 900 °C, the decomposition of
IrO, to metallic Ir may result in a mass loss of about 5.6%.
Based on our observations, a lower calcination temperature
leads to a greater mass gain, primarily as a result of further
oxidation.

The physicochemical characterization of IrO, based nano-
fibers involves ex situ HAADF-STEM, HR-STEM coupled with
EDXS (Figures 2, 3 and S3), and SAED (Figure 4)
experiments to determine morphology, crystallinity, and the
oxidation grade of the nanofibers at each calcination
temperature. In Figure 2, we add SEM images for comparison,
which — alongside HAADF-STEM — demonstrate that the
fibrous mat structure is preserved after the calcination process.
Nevertheless, the fibers undergo sintering at temperatures of

Figure 2. Influence of calcination on the composition of IrO, NFs at
T = (a) 400 °C, (b) 500 °C, (c) 600 °C, (d) 700 °C, and (e) 800 °C:
SEM, HAADF-STEM and STEM-EDX spectrum images of the Ir
(orange) and O (blue) content. HR-STEM shows the degree of
oxidation throughout the nanofibers.
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Figure 3. Atomic proportion of O (blue) and Ir (orange) calculated
in relation to the overall composition in the temperature range of 400
to 800 °C in a large and a small field of view (FOV) of (290.3 nm)*
and (580.7 nm)?, respectively. The standard deviation is determined
in three FOVs within a sample.

700 and 800 °C, resulting in the decrease of the specific surface
area.

In order to unfold the chemical composition of the
nanofibers, elemental mapping is applied by STEM-EDXS. In
Figure 3, the atomic proportions of oxygen (blue) and iridium
(orange) are depicted, as calculated from the STEM-EDXS
measurements. The lowest O:Ir ratio (approximately 1:4) is
observed in IrO, calcined at 400 °C. HR-STEM sheds light on
the predominant presence of face-centered cubic (fcc) Ir at
400 °C throughout a single nanofiber, as confirmed by SAED
analysis below (Figure 4). At S00 and 600 °C, a core—shell
nanofiber structure is identified in which the core comprises
fcc Ir, while overlapping fcc Ir 111 and rutile IrO, 111/020
reflections can be observed in the shell. This phenomenon
results in an increase in the overall O:Ir ratio (approximately
1:2 and 2:3, respectively). Over the course of the calcination
study, the proportion of incorporated oxygen increases, and
rutile IrO, becomes prevalent at 700 °C (O:Ir = 3:2). The
stoichiometric composition of IrO, (O:Ir = 2:1, Figure 3) is
attained at 800 °C, which is in good agreement with TGA

https://doi.org/10.1021/acsami.4c07831
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Figure 4. SAED patterns and the selected areas of IrO, nanofibers
calcined at (a) 400 °C, (b) 500 °C, (c) 600 °C, (d) 700 °C, and (e)
800 °C to determine the crystallinity of the samples. (f) The effect of
calcination on structure: Normalized intensity vs reciprocal lattice
vector q (nm™) of SAED patterns of rutile IrO, (asterisk) and fcc Ir
metal (diamond) morphologies in IrO, nanofibers. q is the reciprocal
lattice vector where 1/q corresponds to lattice plane distances in real
space.

results (Figure S2). As for chlorine content of the precursor
salt IrCl;, STEM-EDXS reveals that 1—2 at. % of residual Cl
can be found in all nanofibrous samples which is in accordance
with SEM-EDX results of Figure Sl.c.

In Figure 4, SAED results confirm the crystalline nature of
all samples throughout the calcination study. According to the
lattice spacing, the diffraction pattern of IrO, calcined at 400
°C is found to correspond to the overlapping of predominant
fcc Ir 111 (metallic Ir) and a small amount of rutile IrO, 111/
020. By increasing the calcination temperature, additional
diffraction rings appear that correspond to rutile IrO,.
Analyzing the distortion-corrected radial profile (Figure SS)
reveals that the intensities of the rutile peaks gradually increase
at the expense of the fcc signal. Nonetheless, we note that all
calcined specimens contain fcc grains, as depicted in Figure 4f.

To establish scale-bridging between SAED and X-ray
diffraction (XRD), profiles from the latter technique are
acquired to comprehensively understand the crystallinity of the
IrO,-based nanofibers (Figure S). The peaks at 40.8°, 47.4°,
and 69° are attributed to the 111, 200, and 220 reflection from
the metallic iridium phase,”® which is predominant in the
reference material IrO, AA as well as IrO,, calcined at 400 and
500 °C. The diffraction pattern of IrO, AA nanoparticles is in
accordance with the work of Moon et al.** and Hegge et al.*
Crystalline morphologies of each diffraction pattern are
determined in accordance with the previous study of Pfeifer
et al.’' By increasing the calcination temperature, the reflection
peaks 110, 101, and 211 of rutile IrO, appear and reach a
maximum IrO,/Ir ratio at 800 °C. At the same time, the
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Figure S. X-ray diffraction patterns of the IrO, and IrO, nanofibers
(NF) as well as commercial IrO, Alfa Aesar nanoparticles (IrO, AA).
Characteristic locations of the Bragg diffraction of fcc Ir (diamond)
and rutile IrO, (asterisk) are indicated at the bottom.’’ Diffraction
patterns of previous reports are reproduced and adapted with
permission from refs 35 and 36.

intensity of metallic iridium decreases substantially. This
observation corroborates the results of STEM-EDXS and
HR-STEM depicted in Figures 2 and 3.

To determine the chemical state of the topmost surface
layers and validate STEM-EDXS results by scale-bridging, ex
situ XPS measurements of particular samples (IrO, 400, 600,
and 800 as well as the reference material IrO, AA) are
performed. Figure 6a shows the narrow scan of the Ir 4f level,
featuring a peak with splitting to Ir 4f,, and Ir 4f;,.>>>* The
XP spectra of the benchmark IrO, AA feature two main
contributions at 61.7 and 62.3 eV, which correspond to Ir
and Ir*3, respectively. Moreover, a small contribution from
metallic Ir is identified at 60.9 eV. This data are in line with
numerous literature reports confirming that the Alfa Aesar
catalyst is a mixture of crystalline rutile and amorphous
hydrous oxides of Ir.>"*>%*

The deconvolution of the Ir 4f spectra for IrO, calcined at
400 °C comprises two components. The first component,
observed at 61.0 €V, can be assigned to metallic Ir (Ir"); the
second one at 61.8 €V corresponds to Ir** in an oxide lattice,
for example IrO,.°”>> These results indicate incomplete
oxidation during calcination at 400 °C. According to the
XPS data, the ratio between oxidized and metallic Ir is 0.3
(Table S3), which is in good agreement with the STEM-EDXS
results. With increasing calcination temperature up to 600 °C,
there is no observable shift in peak positions. Nevertheless, the
content of Ir’ diminishes to 15.3 at. %, and the ratio between
oxidized and metallic Ir rises to 5.5. The Ir 4f spectrum of the
catalyst calcined at 800 °C features a single contribution, which
corresponds to the Ir** oxidation state in IrO,. In contrast to
the benchmark catalyst IrO, AA, we observe no traces of
hydrated Ir (Ir*® in the calcined samples), which is likely due
to the precise temperature control during the calcination
program. This approach resulted in enhanced stability of the
nanofibrous materials.
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Figure 6. XPS analysis (a) Ir 4f core-level spectra and (b) O 1s core-level spectra of IrO,, nanofibers calcined at T = 400 °C, 600 °C, and 800 °C as
well as the commercial reference material. C 1s and survey spectra of the samples can be found in Figure S6.

2
. . . . . . 10
a % IrOx 600°C LSV | b = Current density at £=1.55V vs. RHE
—— IrOx 600°C LSV II wam Current density at £=1.60 V vs. RHE
20— rOx 600°C LSV Il 1 =
5 £10'F
e 15¢ 1 <
5 S
T 10f 1 =
= 1.55 V vs. RHE 10°
| N '
& O O O O O
of | 1 & S S & o o
08 10 12 T4 16 s ¥ & & ~ &
. . . . . < ok o)c Ok ok o—\(
E/Vvs. RHE oM < < < < <
£
c d
w =11V s, ' i={mAcm? | E=11Vvs RHE i i
i 15 E=11Vyvs RHE’k i mA cm Vs, ] 106 L w11 dissolution
¢ - . ,
> 10} 1=
w £10°}
8 05 . . . . . L1 3
|gm T T T T T T T (D
- 001 i 4|
' 10
(=]
: AN e o o o o
= 0.00 | f S number , 1 & S S o o o
3 . . . . . . . s ¥ 8 & 0~ 08
g 0 200 400 600 800 1000 1200 < o g o o o
t/s 9*

Figure 7. (a) Linear sweep voltammetry (iR corrected) in the entire potential region of 0.80 to 1.70 V vs RHE in 0.1 M HCIO, for the example of
IrO, nanofibers calcined at 600 °C. (b) OER activity for all IrO, nanofibers and the reference material at 1.55 and 1.60 V vs RHE. Scan rate was 20
mV s™'. The data are based on at least three measurements of each specimen. (c) Definition of the stability number S determined by dissolution
measurements during a galvanostatic hold at j = 1 mA cm ™2 of IrO,, nanofibers after calcination at T = 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C
and the benchmark catalyst in 0.1 M HCIO,,. The experiments were conducted in an SFC-ICP-MS setup. (d) Dissolution of Ir quantified with the
stability nélomber S for all IrO,-based catalyst materials investigated. The stability number is calculated from the ratio of oxygen evolved and iridium
dissolved.

The O 1s spectra feature three main contributions, broad O 1s peaks (Figure 6b) reveal substantial contributions
corresponding to lattice oxygen (530.0 eV), oxygen in the from the hydroxyl groups. With increasing temperature, the
OH groups (531.1 eV), and water molecules (533.2 eV). The contribution from lattice oxygen increases and ultimately
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dominates the shape of the O 1s peak measured on the sample
calcined at 800 °C. This result indicates the presence of lattice
oxygen on the surface. In all spectra, we observe the
contribution of hydroxyl groups which rather result from the
exposure to atmospheric conditions during the measurement
and not from a replacement by lattice oxygen.'”***” An
additional contribution to the O 1s peak is at 533.2 eV, which
is attributed to adsorbed water, albeit with a slightly decreasing
ratio with increasing temperature. This peak can originate from
the sample preparation for XPS in a mixed aqueous medium
and from air exposure.

Electrochemical Characterization. The electrocatalytic
activity toward the OER is characterized by the electrochemi-
cally active surface area (ECSA), which is determined by cyclic
voltammetry (CV) measurements of the drop-cast catalyst
spots. Hereby, we calculate the ECSA by taking the average of
the cathodic and the anodic charge of IrO, thin films with CV
data between 0.4 and 1.3 V vs RHE as suggested in the
literature.' >® As for the specific charge, 396 (+21) uC cm™ is
applied for IrO,.”” We experienced the largest ECSA for IrO,
AA nanoparticles, which is the result of the porous mixed oxide
structure of the surface (Figure 6). IrO, calcined at 600 °C
exhibit the largest ECSA value among the nanofibrous catalysts,
whereas the other four materials show similarly large active
surface areas. The summarized data with the respective CV
curves can be found in Figure S7a and in Table SS.

A larger surface area of the reference material is also
observed in BET measurements compared to the selected IrO,,
nanofibers (calcined at 400 °C, 600 °C, and 800 °C); however,
the predominantly metallic Ir nanofibers calcined at 400 °C
outperform IrO, AA and has the largest BET surface area
(29.81 m* ¢!, and 33.57 m® g',, respectively). The
difference between CV and BET results of active surface area
could stem from the influence of the calcination temperature
on the pseudocapacitance.”

To shed light on the structure—function relationship of the
nanofibers with their electrochemical performance and
durability, polarization curves of IrO, specimens are recorded
by linear sweep voltammetry (LSV) to determine the
electrocatalytic activity at both 1.55 and 1.60 V vs RHE, as
depicted in Figure 7a with the example of IrO, calcined at 600
°C in three distinct measurements. LSVs are recorded up to
1.70 V vs RHE to avoid intense macroscopic bubble
accumulation on the catalyst surface and artifacts in higher
dissolution rates.”” The results are normalized to the geometric
surface area of each catalyst spot and are summarized for all
specimens examined in Figure 7b. We also provide a short
overview of LSVs, which are recorded after sample
conditioning by cyclic voltammetry and compared to the
results obtained without conditioning (CVs in Figure S7.a; a
summary can be found in Table S4).

At 1.55 V vs RHE, the IrO, nanofibers calcined at 400 and
500 °C exhibit similar OER activity (6 = 3 and 4 + 2 mA
cm™?, respectively). Both specimens significantly surpass the
electrocatalytic activity of the reference material (1.2 + 0.4 mA
cm™?), whereas the current densities of IrO, NFs calcined at
400 and 500 °C are in the same range at 1.60 V vs RHE ((1.5
+ 0.9)10' mA cm™? and (1.6 + 0.4)-10' mA cm™?
respectively, compared to 4 + 2 mA cm > of IrO, AA).
OER activity for all materials can be found in Table S4. This
might be the result of the larger specific surface area of
nanofibers and their chemical composition, as discussed in the
STEM-EDXS records of Figures 2 and 313380162 Other

factors might include the relative uncertainty of the catalyst
loading in the spots and the 3passivation of the GC backing
electrode in the OER region.*

The incorporation of oxygen into the nanofibers creates a
core—shell structure already at S00 °C (core: metallic Ir, shell:
IrO,), resulting in an enlarged number of defects in the
topmost surface layers, ie. higher porosity. Despite the
observation of no hydrous IrO, in the nanofibrous specimens
(Figure 6a), this mixed porous structure of polycrystalline Ir
and IrO, exhibits higher electrocatalytic activity than the
reference material. Mass activity (MA) results also support this
trend of the OER activity among the catalyst materials
investigated. The values of the specific activity (SA) are
selected for the samples IrO, AA and the NFs calcined at 400
°C, 600 °C, and 800 °C. By means of BET measurements, we
calculated the highest SA for IrO, NFs calcined at 400 °C
(4.36 mA cm2ggy which appears to be almost twice as large as
the SA of the complete rutile IrO, nanofibers (calcined at 800
°C). All three nanofibrous materials outperform the reference
of Alfa Aesar nanoparticles at E = 1.60 V vs RHE. The results
are summarized in Table SS.

An established core—shell structure is obtained at 600 °C, in
which the shell thickness of rutile IrO, is estimated to be
approximately 10 nm (HR-STEM record in Figure 2). This
results in a marked reduction of the OER activity in
comparison with the IrO, samples calcined at 400 and 500
°C, accounting for 0.98 mA cm™? and 5.33 mA cm™? at 1.55
and 1.60 V vs RHE, respectively. The Ir core fully oxidizes at
elevated calcination temperatures achieving the stoichiometric
composition of rutile IrO, at 800 °C, leading to a further
decline in the OER activity by 55% and 49% compared to IrO,
calcined at 600 and 700 °C, respectively. Besides, we take
electrochemical control measurements with IrO, calcined at
600 °C for 10 h to obtain evidence that the morphology —
and with that, the electrochemical behavior, is not dependent
on the calcination time but on the temperature applied.
Hereby, we obtain CV curves similar to IrO, calcined at 600
°C for 2 h and we can not observe an electrochemical character
of the complete rutile IrO,. Therefore, a five times longer
calcination time does not appear to be sufficient to achieve the
same morphology as at 800 °C for 2 h.*"**

As depicted in Figure 2 (STEM-EDXS and HR-STEM) and
summarized in Figure 3, the ratio of O:Ir throughout a single
nanofiber increases; i.e., fcc Ir sites are oxidized to rutile IrO,
to a larger extent. We find a similar explanation when the
oxidation process is investigated by ex situ XPS on thin films of
IrO, NFs (Figure 6). In this scale-bridging approach, we
observe a decrease in the ratio of Ir’/Ir** when the calcination
temperature is set higher. We thus obtain the same outcome of
Ir** accounting for 100 at. % of the Ir content, confirming the
rutile structure of IrO, calcined at 800 °C. For more details on
the fiber compositions, please refer to Table S3.

However, we experience an inverse trend, as we gain insight
into the relationship between calcination temperature and
electrochemical stability. We insert a current-controlled step
into the characterization protocol at 1 mA cm™ for t = 600 s in
order to model the OER. The dissolution is quantified by
determining the stability number S.”° This figure of merit
quantifies the direct relationship between the amount of
oxygen evolved and the quantity of metallic iridium dissolved
during the OER (Figure 7c). IrO,, calcined at 800 °C exhibits
the highest intrinsic stability as depicted in Figure 7d. It is
more than 1 order of magnitude higher than IrO, calcined at
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400 °C and approximately three times higher than the
reference material. In previous studies, the outstanding stability
of IrO, calcined at higher temperatures was related to low
fooroszi(;c}zr3and the lack of oxygen vacancies of absent amorphous
rO,.””

Nevertheless, the modest stability of IrO, calcined at 400 °C
can be ascribed to the subsurface deprotonation, lowering the
barrier for the dissolution of Ir species. Together with the
lower oxygen connectivity for less crystalline oxides, this might
explain the correlation between crystallinity and stability. As
for IrO, calcined at 600 °C, we obtain a balance of good
electrocatalytic activity and enhanced stability compared to the
reference IrO, AA. We believe that the morphology of the
core—shell nanofibers (shown in Figure 2) has an impact on
the electrocatalytic behavior of the sample, namely the
improved stability number of IrO, 600 compared to IrO,
700. The oxidized outer layer of Ir may act as a passivation
layer, protecting the metallic Ir core from extended dissolution
but still exhibiting high activity toward OER."” Overall, we
observe an inverse correlation between electrocatalytic activity
and stability of the IrO, nanofibrous catalyst materials
highlighting the impact of the structure and chemical
composition of the surface on these properties.”*®

Besides the dissolution of Ir, we also monitor the dissolved
amounts of Ni, Cr, Fe, and Al to ensure that these elements do
not contaminate the final catalyst material throughout the
synthesis route. In the first step, a needle made of a stainless
steel alloy consisting of Ni, Cr, and Fe, is used to produce
nanofibers. The dissolution of these metals in stainless steel has
been reported in an SFC-ICP-MS setup for the near-neutral
pH range.66 Moreover, the fibers are collected on an Al foil and
calcined in an alumina combustion boat (Coors Al,O;). The
real-time dissolution profiles of Ir are depicted in Figure 8 for
all calcined specimens. The dissolution profiles of all metals
can be found in Figure S8 with the example of IrO,, calcined at
600 °C as well as the other metals investigated in Figures S9—
S12. The electrochemical protocol is added at the top of each
figure, where the dissolution of those species is predominantly
due to the establishment of contact between the materials and
the flowing electrolyte through the electrochemical cell.

Furthermore, dissolution peaks can be observed in IrO,
calcined at 400 and S00 °C at the beginning of the
galvanostatic step at 1 mA cm™> due to a rapid increase in
the potential from 1.10 V up to the OER region of 1.50—1.60
V vs RHE (the exact values for each specimen are summarized
in Figure S7.b). The degree of this rapid increase in the
dissolution rates noticeably declines when the calcination
temperature is set higher. As for the accompanying metals Nij,
Cr, Fe, and Al, however, we experience no dissolution over the
entire galvanostatic hold, questioning the electrochemical
nature of those peaks. Still, the influence of these metals on
the iridium dissolution needs to be further investigated.

B CONCLUSION

In summary, an unconventional synthesis route is demon-
strated with the comprehensive characterization of hierarchi-
cally structured IrO, nanofibers. We apply a scalable method
for the production of nanofiber-based catalyst materials for
acidic water electrolysis. Through the combination of electro-
spinning and calcination in a following step, we create catalyst
materials of 1D geometry for OER, which fully expose the
active sites on the catalyst surface. We show that the nanofibers
remain unaffected during the calcination study of 400 to 800

Evs. RHE/V

dm, dt=* 83k, /ng s~ cm~2

0 200 400 600 800 1000 1200 1400 1600
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Figure 8. Overall electrochemical characterization protocol (top axis)
as well as the dissolution rates of Ir in the IrO, nanofibers calcined at
400 °C, 500 °C, 600 °C, 700 °C, and 800 °C. Three separate catalyst
spots are analyzed at each temperature as depicted by color shading.
The experiments are conducted by an SFC instrument coupled to
ICP-MS in 0.1 M HCIO,. The characterization protocol consisted of
1. OCP, 2. LSV from E = 0.80 or 1.10 V to 1.70 V, 3. potentiostatic
hold at E = 1.10 V, 4. galvanostatic hold at j = 1 mA cm™, 5.
potentiostatic hold at E = 1.10 V, 6. OCP, and 7. EIS was used to
determine the real component of the impedance stemming from the
electrolyte. All potentials are defined vs RHE.

°C in terms of morphology, although the fiber diameter
remains constant at about 0.06 + 0.01 um. Using a scale-
bridging approach, we shed light on the oxidation mechanism
of the nanofibers throughout the calcination study and
determined their chemical composition by STEM-EDXS, as
confirmed by XPS data. We applied distortion-corrected SAED
to reveal the relationship between the structure (crystallinity)
and function (electrocatalytic activity and stability) of a single
nanofiber. We confirm this relationship by X-ray diffraction
patterns and thorough electrocatalytic characterization. We
demonstrate the improved OER activity and stability of IrO,-
based nanofibers during OER compared to our benchmark
material measured by the SFC-ICP-MS setup. Specific activity
values were found to exceed that of the reference material for
all nanofibrous samples investigated at 1.60 V vs RHE. Indeed,
all nanofibers calcined at T > 400 °C outperformed the
reference IrO, AA in terms of stability (S numbers are larger by
31%, 137%, 13%, and 360% for IrO, calcined at 500 °C, 600
°C, 700 °C, and 800 °C, respectively). A good trade-off
between the OER activity and stability is achieved at 500 and
600 °C due to their nanofibrous core—shell structure (4.2 and
1.4 times higher at E = 1.60 V vs RHE as well as 1.3 and 2.4
times higher than the reference material, respectively).
However, the synthesis method presented can thus lead to
artifacts in the dissolution rate of accompanying metals such as
Ni, Cr, Fe, and Al
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These results highlight the potential application of nano-
fibers in PEM water electrolysis after scaling up electrospinning
technology. Moreover, we confirm that the electrocatalytic
activity and S number can also be optimized for these special
nanofibers by the calcination temperature. IrO, calcined at 600
°C can be the primary nanofiber material to lower the Ir
content further by applying alternative electrospinning
techniques. Catalyst utilization can thus be further enhanced,
and the price of acidic water electrolysis can be decreased.
These results provide complex insight into the catalytic
behavior of novel electrospun nanofibers and pave the way
for an alternative morphology to increase the accessibility of
catalyst active centers and to enhance catalyst utilization.

B EXPERIMENTAL SECTION

Chemicals. Iridium chloride hydrate (IrClyxH,O, 99.8% metal
basis) and iridium oxide (IrO, Premion Alfa Aesar 99.99%, Ir 84.5%
min.) were purchased from Thermo Fisher; poly(vinylpyrrolidone)
(PVP, M,, = 1.300.000), isopropyl alcohol (IPA Emsure, >99.8%),
acetone (ACN Emsure, >99.8%), Nafion (1100W dispersion, S wt
%), and perchloric acid (HCIO,, Suprapur, 70%) were purchased from
Sigma-Aldrich. Glassy carbon plates (GC, 5 X 5 cm? HTW Sigradur
G) were supplied by HTW, and potassium hydroxide (KOH, 99.98%)
was obtained from Carl Roth. Nitric acid (HNO; Suprapur, 60%) was
purchased from Merck. Deionized water (Millipore, 18.2 MQ cm at
25 °C, TOC < 3 ppb) was used to prepare the aqueous solutions.

Nanofiber Synthesis. For the calcination study, a total of 1.65 g
of IrCl;-xH,0 was dissolved in deionized water, and the precursor
solution was homogenized in an ultrasonic bath for 15 min. The
solution was heated to 80 °C on a hot plate and constantly stirred for
12 h, while PVP was gradually added to reach 15 wt % with respect to
the polymer and 3.3 wt % to the precursor salt. The solution was
cooled to ambient temperature before the electrospinning process.
Electrospinning was performed on a Nanofiber Electrospinning Unit
(Kato Tech Co.) with a rotating drum collector and climate chamber.
The precursor nanofibers were electrospun in a strong electric field
with an applied voltage of E = 20 kV. An aluminum foil was placed on
the drum collector at a distance of d = 10 cm from the needle tip to
the collector. The flow rate of the solution was set at 80 uL h™". After
electrospinning, the total amount of the nanofiber mat was divided
into six fractions and placed in an oven under synthetic air (the flow
rate was set at ¥/ = 100 mL min~"). Calcination took place at various
temperatures (T = 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C) for
2 h each. The heating rate was set to 1 K min~". This resulted in an
IrO, nanofiber mat that could be used directly for ink preparation, as
it tuglgs into individual fibers during the subsequent ultrasonication
step.”

Ink Preparation. Both IrO, nanofibers and the reference IrO, Alfa
Aesar (AA) were dispersed in a mixture of IPA:H,0 (7:1). A Nafion
ionomer solution was added as a binder to suppress catalyst
detachment (ionomer—to-catalyst weight ratio I/C = 4.5:1). The
dispersion was homogenized in an ice bath through the application of
an ultrasonic horn (Branson Ultrasonics SFX150). The ultra-
sonication process took 15 min involving the constant repetition of
steps in which the sonicator was on for 4 s and then off for 25. 0.1 M
KOH was then added to the dispersion to adjust to pH = 11 with an
HISS21 benchtop meter (Hanna Instruments) after calibration.
Before drop-casting, the glassy carbon (GC) plate was polished
using the Struers LaboForce-100 polishing machine to obtain a
smooth surface and subsequently rinsed with water and ACN.
Catalyst spots were then deposited from the as-prepared ink onto the
GC surface in a single aliquot of 0.2 uL."" The catalyst loading of a
single spot was approximately 10 ug;, cm™> depending on its size. The
latter was determined with a Keyence VK-X250 profilometer.

Physical Characterization. XPS. X-ray photoelectron spectros-
copy measurements were carried out on a Quantera II (Physical
Electronics) device equipped with a monochromatic Al K,-X-ray
source (1486.6 eV), which was operated at 15 kV and 25 W. Spectra

were acquired over a circular area with a diameter of 100 ym from
drop-cast samples on Pt-sputtered Si wafer substrates. Automatic
charge neutralization was used for all measurements. The spectra were
analyzed using the software Casa XPS (v2.3.24). A Gaussian—
Lorentzian function was used to fit the contributions of lattice oxygen,
OH-groups, and H,O molecules in the O 1s spectra. To deconvolve
the Ir 4f peak, we adapted the approach of Freakley et al.>* and used
asymmetric line shapes with a damped tail to separately fit the
contributions of Ir°, Ir**, and Ir* species and a Gaussian—Lorentzian
function to fit satellite structures. The parameters used for the
deconvolution of all spectra can be found in Tables S1—S3.

XRD. All samples were measured as drop-cast films on a silicon
sample holder in a Bruker Advance D8 diffractometer (Cu K,: 1 =
1.5418 A). Measurements were conducted with grazing incidence in a
range of 26 of 20° to 80° with an increment of 0.02° and a measuring
time of 7 s per step where @ is the angle between the outgoing
electromagnetic wave and the crystallographic reflecting plane.

BET. Nitrogen adsorption analysis was conducted by obtaining
physisorption isotherms at 77 K with a Micromeritics TriStar II Plus
instrument to determine the specific activity of the IrO, catalyst
materials. The powder samples were degassed in a glass tube at 250
°C for 12 h. The isotherms were recorded between p/ po = 0.0S and
0.90 (p: gas pressure, p: saturation pressure). The evaluation was
done by the Brunauer—Emmett—Teller method (BET) between p/p°
= 0.20 and 0.60.”

SEM. The morphology of the fibers was examined before and after
calcination using a Tescan Vega 3 (MIRA 3) scanning electron
microscope (SEM) operated with a primary electron energy of 20 keV
coupled with an EDXS (EDAX Octane Elect EDS detector). All
samples were immobilized on a sample holder stub with double-sided
adhesive carbon tape. Before calcination, the samples were sputter-
coated with gold prior to imaging.

TEM. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and selected area electron diffraction
(SAED) were performed using a Thermo Fisher Scientific Talos
F200i instrument operated at an acceleration voltage of 200 kV, a
beam current of 40 pA, and a convergence angle of 10 mrad. The
microscope was equipped with two Bruker XFlash 6 | 100 detectors
for energy-dispersive X-ray spectroscopy (EDXS) mapping. For
SAED, an aperture with a diameter of 200 ym and a camera length of
1.1 m was used. Patterns were acquired using a Ceta-S CMOS camera
with 4k X 4k pixels. The radial profile of SAED patterns was obtained
by polar transformation around the radial center of the patterns and
distortion-corrected up to the fourth order using a Python code
introduced elsewhere.”® The background signal was subtracted based
on a power law intensity decay, as described in the Supporting
Information (SI).

Electrochemical Characterization and Stability Measure-
ments (SFC-ICP-MS). All electrochemical measurements were
conducted in a scanning flow cell (SFC) designed in-house, which
has been described elsewhere.®” In order to obtain online data about
elemental dissolution, the outlet channel of the SFC was coupled to
an inductively coupled plasma mass spectrometer (Agilent 7900 ICP-
MS, Agilent). 0.1 M HCIO, was prepared and purged with Ar prior to
each measurement. The electrolyte was pumped through the SFC
from a reservoir by the peristaltic pump of the ICP-MS and mixed
with the proper internal standard solution (ratio 2:1) before reaching
the mass spectrometer. The device was calibrated on a daily basis with
standard solutions of 0.5, 1, and 5 ppb. The flow rate was kept at a
constant level of 341 yL min~". The opening of the SFC was 0.036
cm’. We measured '*Ir (ISTD: 3 pug I7' '®Re), Al (ISTD: 10 ug
171 %Sc). For ®Ni, °Fe, and %Cr, we used 50 ug 17 *Ge as the
ISTD.

All electrochemical measurements were conducted with a
potentiostat/galvanostat (Reference 620, Gamry Instruments). As
for the counter and reference electrodes, a reversible hydrogen
electrode (Hydroflex Mini, Gaskatel) and a GC rod (d = 1.6 mm,
HTW Sigradur G) were selected and placed into the inlet and outlet
channels of the SFC, respectively. The standard potential of the RHE
was regularly determined in a conventional benchmark cell against Pt
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in 0.1 M HCIO, solution and continuous H, bubbling before the
experiments. In this study, all potentials are presented vs RHE at 25
°C. As mentioned above, drop-cast IrO,, catalyst spots on the backing
electrode were tested as the working electrode. Potentiostatic
electrochemical impedance spectroscopy (PEIS) measurements were
used to assess the impedance of the electrolyte. Impedance spectra
were recorded in the frequency range of 100 kHz—1 kHz using a
sinusoidal excitation signal with an amplitude of +10 mV vs the
previously measured OCP. Linear sweep voltammetry (LSV) was
conducted from 0.80 or 1.10 V to 1.70 V vs RHE to gain first-hand
information on catalyst activity. Cyclic voltammetry (CV) was also
applied between 0.05 and 1.30 V vs RHE with a scan rate of 20 mV
s™'. At least three repeated measurements were performed for each
catalyst material. Data evaluation and visualization of electrochemistry
results took place via integrated database communication to bring
about accelerated materials research.”®

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c07831.

SEM data, TGA results, STEM and distortion-corrected
SAED profiles, summary of XPS data in tables,
supporting data of electrochemical characterization
(CVs and electrocatalytic activity during galvanostatic
hold protocol), dissolution study of coexisting metals
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Mikl6s Mérton Kovacs — Forschungszentrum Jilich GmbH,
Helmholtz Institute Erlangen-Niirnberg for Renewable Energy
(IET-2), 91058 Erlangen, Germany; Friedrich-Alexander-
Universitit Erlangen-Niirnberg, Department of Chemical
and Biological Engineering, 91058 Erlangen, Germany;

orcid.org/0000-0001-8653-7906; Email: m.kovacs@fz-

juelich.de

Dominik Dworschak — Forschungszentrum Julich GmbH,
Helmholtz Institute Erlangen-Niirnberg for Renewable Energy
(IET-2), 91058 Erlangen, Germany; © orcid.org/0000-
0002-7585-767X; Email: d.dworschak@fz-juelich.de

Authors

Birk Fritsch — Forschungszentrum Julich GmbH, Helmholtz
Institute Erlangen-Niirnberg for Renewable Energy (IET-2),
91058 Erlangen, Germany; © orcid.org/0000-0001-7935-
2188

Leopold Lahn — Forschungszentrum Jiilich GmbH, Helmholtz
Institute Erlangen-Niirnberg for Renewable Energy (IET-2),
91058 Erlangen, Germany; Helmholtz-Zentrum Berlin fiir
Materialien und Energie GmbH,, Dynamic Electrocatalytic
Interfaces, 14109 Berlin, Germany; Friedrich-Alexander-
Universitit Erlangen-Niirnberg, Department of Materials
Science and Engineering, 91058 Erlangen, Germany

Julien Bachmann — Friedrich-Alexander-Universitit Erlangen-
Niirnberg, Chemistry of Thin Film Materials, IZNF, 91058
Erlangen, Germany; ® orcid.org/0000-0001-6480-6212

Olga Kasian — Forschungszentrum Julich GmbH, Helmholtz
Institute Erlangen-Niirnberg for Renewable Energy (IET-2),
91058 Erlangen, Germany; Helmholtz-Zentrum Berlin fiir
Materialien und Energie GmbH, Dynamic Electrocatalytic
Interfaces, 14109 Berlin, Germany; Friedrich-Alexander-
Universitit Erlangen-Niirnberg, Department of Materials

Science and Engineering, 91058 Erlangen, Germany;
0rcid.0rg/0000—0001-6315—0637
Karl J. J. Mayrhofer — Forschungszentrum Jiilich GmbH,
Helmbholtz Institute Erlangen-Niirnberg for Renewable Energy
(IET-2), 91058 Erlangen, Germany; Friedrich-Alexander-
Universitit Erlangen-Niirnberg, Department of Chemical
and Biological Engineering, 91058 Erlangen, Germany;
orcid.org/0000-0002-4248-0431
Andreas Hutzler — Forschungszentrum Jiilich GmbH,
Helmbholtz Institute Erlangen-Niirnberg for Renewable Energy
(IET-2), 91058 Erlangen, Germany; ® orcid.org/0000-
0001-5484-707X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c07831

Author Contributions

Miklos Marton Kovacs: Conceptualization (lead), Method-
ology, Validation (lead), Investigation (electrospinning, SEM,
TGA, SFC-ICP-MS), Formal analysis (electrospinning, SEM,
TGA, XRD, SEC-ICP-MS: lead; HAADF-(HR)STEM, STEM-
EDXS, SAED, XPS: equal), Writing - original draft (lead),
Writing - review and editing (lead), Visualization (lead). Birk
Fritsch: Investigation (SAED), Formal analysis (SAED: equal),
Writing - original draft (SAED: supporting), Writing - review
and editing (supporting), Modeling, Visualization (support-
ing). Leopold Lahn: Investigation (XPS), Formal analysis
(supporting), Writing - review and editing (supporting). Julien
Bachmann: Resources, Formal analysis (supporting), Writing -
review and editing (supporting). Olga Kasian: Investigation
(XPS), Resources, Formal analysis (supporting), Writing -
review and editing (supporting). Karl J. J. Mayrhofer:
Resources, Funding acquisition, Writing—review and editing
(supporting), Supervision (supporting). Andreas Hutzler:
Investigation (HAADF-(HR)STEM, STEM-EDXS, SAED),
Formal analysis (HAADF-(HR)STEM, STEM-EDXS, SAED:
equal), Writing - review and editing (supporting), Validation
(supporting), Imaging. Dominik Dworschak: Conceptualiza-
tion (supporting), Formal analysis (supporting), Writing -
review and editing (supporting), Supervision (lead), Project
administration.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

MMK. and D.D. thank the German Federal Ministry of
Education and Research (BMBF) for the financial support of
the HyThroughGen project (03HY108A). B.F. and A.H. thank
BMBF for the financial support of the StacIE project
(03HY103H). M.M.K. is particularly grateful for Susanne
Hoftfmann for the XRD measurements and the support of Nico
C. Rottcher in the field of database management and
visualization. M.M.K. also thanks Jonas Moller for the
development of the LabVIEW environment for data acquis-
ition, Philipp L. Darge for the development of the SFC design
and the discussions about electrochemical protocols, and Lena
Fiedler for the help with the visualization of dissolution
measurements.

B REFERENCES

(1) Bockris, J. O.M. The hydrogen economy: Its history. Int. J.
Hydrogen Energy 2013, 38, 2579—2588.

https://doi.org/10.1021/acsami.4c07831
ACS Appl. Mater. Interfaces 2024, 16, 52179—52190


https://pubs.acs.org/doi/10.1021/acsami.4c07831?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c07831/suppl_file/am4c07831_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miklo%CC%81s+Ma%CC%81rton+Kova%CC%81cs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8653-7906
https://orcid.org/0000-0001-8653-7906
mailto:m.kovacs@fz-juelich.de
mailto:m.kovacs@fz-juelich.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominik+Dworschak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7585-767X
https://orcid.org/0000-0002-7585-767X
mailto:d.dworschak@fz-juelich.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Birk+Fritsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7935-2188
https://orcid.org/0000-0001-7935-2188
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leopold+Lahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julien+Bachmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6480-6212
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olga+Kasian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6315-0637
https://orcid.org/0000-0001-6315-0637
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karl+J.+J.+Mayrhofer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4248-0431
https://orcid.org/0000-0002-4248-0431
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Hutzler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5484-707X
https://orcid.org/0000-0001-5484-707X
https://pubs.acs.org/doi/10.1021/acsami.4c07831?ref=pdf
https://doi.org/10.1016/j.ijhydene.2012.12.026
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c07831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(2) Bernt, M; Siebel, A.; Gasteiger, H. A. Analysis of Voltage Losses
in PEM Water Electrolyzers with Low Platinum Group Metal
Loadings. J. Electrochem. Soc. 2018, 165, F305—F314.

(3) Mockl, M.; Ernst, M. F.; Kornherr, M.; Allebrod, F.; Bernt, M.;
Byrknes, J.; Eickes, C.; Gebauer, C.; Moskovtseva, A.; Gasteiger, H. A.
Durability Testing of Low-Iridium PEM Water Electrolysis Mem-
brane Electrode Assemblies. J. Electrochem. Soc. 2022, 169, 064505.

(4) Hoffmeister, D.; et al. Photodeposition-Based Synthesis of
TiO2@IrOx Core-Shell Catalyst for Proton Exchange Membrane
Water Electrolysis with Low Iridium Loading. Advanced Science 2024,
11, 2402991.

(5) Zeradjanin, A. R.; Grote, J.-P.; Polymeros, G.; Mayrhofer, K. J. J.
A Critical Review on Hydrogen Evolution Electrocatalysis: Re-
exploring the Volcano-relationship. Electroanalysis 2016, 28, 2256—
2269.

(6) Matsumoto, Y.; Sato, E. Electrocatalytic properties of transition
metal oxides for oxygen evolution reaction. Mater. Chem. Phys. 1986,
14, 397—426.

(7) Minke, C.; Suermann, M.; Bensmann, B.; Hanke-Rauschenbach,
R. Is iridium demand a potential bottleneck in the realization of large-
scale PEM water electrolysis? Int. J. Hydrogen Energy 2021, 46,
23581-23590.

(8) Hubert, M. A; King, L. A; Jaramillo, T. F. Evaluating the Case
for Reduced Precious Metal Catalysts in Proton Exchange Membrane
Electrolyzers. ACS Energy Letters 2022, 7, 17—23.

(9) Danilovic, N.; Subbaraman, R,; Chang, K.-C; Chang, S. H;
Kang, Y. J; Snyder, J; Paulikas, A. P.; Strmcnik, D.; Kim, Y.-T,;
Myers, D.; Stamenkovic, V. R.; Markovic, N. M. Activity—Stability
Trends for the Oxygen Evolution Reaction on Monometallic Oxides
in Acidic Environments. J. Phys. Chem. Lett. 2014, S, 2474—2478.

(10) Zeradjanin, A. R.; Masa, J.; Spanos, I; Schldgl, R. Activity and
Stability of Oxides During Oxygen Evolution Reaction—From
Mechanistic Controversies Toward Relevant Electrocatalytic Descrip-
tors. Frontiers in Energy Research 2021, 8. DOI: 10.3389/
fenrg.2020.613092

(11) Zlatar, M.; et al. Standardizing OER Electrocatalyst
Benchmarking in Aqueous Electrolytes: Comprehensive Guidelines
for Accelerated Stress Tests and Backing Electrodes. ACS Catal. 2023,
13, 15375—15392.

(12) Fabbri, E.; Habereder, A.; Waltar, K.; Kétz, R.; Schmidt, T. J.
Developments and perspectives of oxide-based catalysts for the
oxygen evolution reaction. Catal. Sci. Technol. 2014, 4, 3800—3821.

(13) Nong, H. N.; Oh, H.-S.; Reier, T.; Willinger, E.; Willinger, M.-
G.; Petkov, V.; Teschner, D.; Strasser, P. Oxide-Supported IrNiOx
Core-Shell Particles as Efficient, Cost-Effective, and Stable Catalysts
for Electrochemical Water Splitting. Angew. Chem., Int. Ed. 2015, 54,
2975-2979.

(14) Willinger, E.; Massué, C.; Schlégl, R; Willinger, M. G.
Identifying Key Structural Features of IrOx Water Splitting Catalysts.
J. Am. Chem. Soc. 2017, 139, 12093—12101.

(15) Abbott, D. F.; Lebedev, D.; Waltar, K.; Povia, M.; Nachtegaal,
M.; Fabbri, E; Copéret, C.; Schmidt, T. J. Iridium Oxide for the
Oxygen Evolution Reaction: Correlation between Particle Size,
Morphology, and the Surface Hydroxo Layer from Operando XAS.
Chem. Mater. 2016, 28, 6591—6604.

(16) Nong, H. N; et al. Key role of chemistry versus bias in
electrocatalytic oxygen evolution. Nature 2020, 587, 408—413.

(17) Mom, R. V,; Falling, L. J; Kasian, O.; Algara-Siller, G;
Teschner, D.; Crabtree, R. H.; Knop-Gericke, A.; Mayrhofer, K. J. J.;
Velasco-Vélez, J.-J; Jones, T. E. Operando Structure—Activity—
Stability Relationship of Iridium Oxides during the Oxygen Evolution
Reaction. ACS Catal. 2022, 12, 5174—5184.

(18) Kasian, O,; Geiger, S; Li, T.; Grote, J.-P.; Schweinar, K;
Zhang, S.; Scheu, C.; Raabe, D.; Cherevko, S.; Gault, B.; Mayrhofer,
K. J. J. Degradation of iridium oxides via oxygen evolution from the
lattice: correlating atomic scale structure with reaction mechanisms.
Energy Environ. Sci. 2019, 12, 3548—35S5.

(19) Geiger, S.; Kasian, O.; Shrestha, B. R; Mingers, A. M,;
Mayrhofer, K. J. J.; Cherevko, S. Activity and Stability of

Electrochemically and Thermally Treated Iridium for the Oxygen
Evolution Reaction. J. Electrochem. Soc. 2016, 163, F3132—F3138.

(20) Geiger, S.; Kasian, O.; Ledendecker, M.; Pizzutilo, E.; Mingers,
A. M,; Fu, W. T,; Diaz-Morales, O.; Li, Z.; Oellers, T.; Fruchter, L,
Ludwig, A.; Mayrhofer, K. J. J.; Koper, M. T. M.; Cherevko, S. The
stability number as a metric for electrocatalyst stability benchmarking.
Nature Catalysis 2018, 1, 508—515.

(21) Liu, C.; Carmo, M.; Bender, G.; Everwand, A.; Lickert, T.;
Young, J. L.; Smolinka, T.; Stolten, D.; Lehnert, W. Performance
enhancement of PEM electrolyzers through iridium-coated titanium
porous transport layers. Electrochem. Commun. 2018, 97, 96—99.

(22) Escalera-Lépez, D.; Czioska, S.; Geppert, J.; Boubnov, A.; Rése,
P.; Saragi, E.; Krewer, U.; Grunwaldt, J.-D.; Cherevko, S. Phase- and
Surface Composition-Dependent Electrochemical Stability of Ir-Ru
Nanoparticles during Oxygen Evolution Reaction. ACS Catal. 2021,
11, 9300—9316.

(23) Cherevko, S.; Reier, T.; Zeradjanin, A. R.; Pawolek, Z.; Strasser,
P; Mayrhofer, K. J. Stability of nanostructured iridium oxide
electrocatalysts during oxygen evolution reaction in acidic environ-
ment. Electrochem. Commun. 2014, 48, 81—88S.

(24) Malinovic, M.; Paciok, P.; Koh, E. S; Geuf, M.; Choi, J.;
Pfeifer, P.; Hofmann, J. P.; Gohl, D.; Heggen, M.; Cherevko, S,;
Ledendecker, M. Size-Controlled Synthesis of IrO2 Nanoparticles at
High Temperatures for the Oxygen Evolution Reaction. Adv. Energy
Mater. 2023, 13, 2301450.

(25) Osman, J. R; Crayston, J. A.; Pratt, A.; Richens, D. T. Sol—gel
processing of IrO2—TiO2 mixed metal oxides based on an iridium
acetate precursor. J. Sol-Gel Sci. Technol. 2008, 46, 126—132.

(26) Zhao, Y.; Hernandez-Pagan, E. A,; Vargas-Barbosa, N. M,;
Dysart, J. L.; Mallouk, T. E. A High Yield Synthesis of Ligand-Free
Iridium Oxide Nanoparticles with High Electrocatalytic Activity. J.
Phys. Chem. Lett. 2011, 2, 402—406.

(27) Khadzhiev, S. N.; Kadiev, K. M.; Kadieva, M. K. Synthesis and
properties of nanosized systems as efficient catalysts for hydro-
conversion of heavy petroleum feedstock. Petroleum Chemistry 2014,
54, 323—346.

(28) Zhao, C.; Y, E.; Fan, L. Enhanced electrochemical evolution of
oxygen by using nanoflowers made from a gold and iridium oxide
composite. Microchimica Acta 2012, 178, 107—114.

(29) de Freitas, 1. C.; Parreira, L. S.; Barbosa, E. C. M.; Novaes, B.
A; Mou, T,; Alves, T. V,; Quiroz, J; Wang, Y.-C,; Slater, T. J,;
Thomas, A.,; Wang, B.; Haigh, S. J; Camargo, P. H. C. Design-
controlled synthesis of IrO2 sub-monolayers on Au nanoflowers:
marrying plasmonic and electrocatalytic properties. Nanoscale 2020,
12, 12281-12291.

(30) Kim, S.; Cho, M.; Lee, Y. Iridium Oxide Dendrite as a Highly
Efficient Dual Electro-Catalyst for Water Splitting and Sensing of
H,0,. J. Electrochem. Soc. 2017, 164, B3029.

(31) Lewinski, K. A.; van der Vliet, D.; Luopa, S. M. NSTF Advances
for PEM Electrolysis - the Effect of Alloying on Activity of NSTF
Electrolyzer Catalysts and Performance of NSTF Based PEM
Electrolyzers. ECS Trans. 2015, 69, 893—917.

(32) Yu, A; Lee, C.; Kim, M. H,; Lee, Y. Nanotubular Iridium-
Cobalt Mixed Oxide Crystalline Architectures Inherited from Cobalt
Oxide for Highly Efficient Oxygen Evolution Reaction Catalysis. ACS
Appl. Mater. Interfaces 2017, 9, 35057—35066.

(33) Ghadge, S. D.; Velikokhatnyi, O. L; Datta, M. K; Shanthi, P.
M, Tan, S; Damodaran, K; Kumta, P. N. Experimental and
Theoretical Validation of High Efficiency and Robust Electrocatalytic
Response of One-Dimensional (1D) (Mn,Ir)O 2:10F Nanorods for
the Oxygen Evolution Reaction in PEM-Based Water Electrolysis.
ACS Catal. 2019, 9, 2134—-2157.

(34) Alia, S. M.; Shulda, S.; Ngo, C.; Pylypenko, S.; Pivovar, B. S.
Iridium-Based Nanowires as Highly Active, Oxygen Evolution
Reaction Electrocatalysts. ACS Catal. 2018, 8, 2111—2120.

(35) Moon, S.; Cho, Y.-B,; Yu, A;; Kim, M. H,; Lee, C; Lee, Y.
Single-Step Electrospun Ir/IrO2 Nanofibrous Structures Decorated
with Au Nanoparticles for Highly Catalytic Oxygen Evolution
Reaction. ACS Appl. Mater. Interfaces 2019, 11, 1979—1987.

https://doi.org/10.1021/acsami.4c07831
ACS Appl. Mater. Interfaces 2024, 16, 52179—52190


https://doi.org/10.1149/2.0641805jes
https://doi.org/10.1149/2.0641805jes
https://doi.org/10.1149/2.0641805jes
https://doi.org/10.1149/1945-7111/ac6d14
https://doi.org/10.1149/1945-7111/ac6d14
https://doi.org/10.1002/advs.202402991
https://doi.org/10.1002/advs.202402991
https://doi.org/10.1002/advs.202402991
https://doi.org/10.1002/elan.201600270
https://doi.org/10.1002/elan.201600270
https://doi.org/10.1016/0254-0584(86)90045-3
https://doi.org/10.1016/0254-0584(86)90045-3
https://doi.org/10.1016/j.ijhydene.2021.04.174
https://doi.org/10.1016/j.ijhydene.2021.04.174
https://doi.org/10.1021/acsenergylett.1c01869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501061n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501061n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501061n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fenrg.2020.613092
https://doi.org/10.3389/fenrg.2020.613092
https://doi.org/10.3389/fenrg.2020.613092
https://doi.org/10.3389/fenrg.2020.613092
https://doi.org/10.3389/fenrg.2020.613092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fenrg.2020.613092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c03880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c03880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c03880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CY00669K
https://doi.org/10.1039/C4CY00669K
https://doi.org/10.1002/anie.201411072
https://doi.org/10.1002/anie.201411072
https://doi.org/10.1002/anie.201411072
https://doi.org/10.1021/jacs.7b07079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-020-2908-2
https://doi.org/10.1038/s41586-020-2908-2
https://doi.org/10.1021/acscatal.1c05951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c05951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c05951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9EE01872G
https://doi.org/10.1039/C9EE01872G
https://doi.org/10.1149/2.0181611jes
https://doi.org/10.1149/2.0181611jes
https://doi.org/10.1149/2.0181611jes
https://doi.org/10.1038/s41929-018-0085-6
https://doi.org/10.1038/s41929-018-0085-6
https://doi.org/10.1016/j.elecom.2018.10.021
https://doi.org/10.1016/j.elecom.2018.10.021
https://doi.org/10.1016/j.elecom.2018.10.021
https://doi.org/10.1021/acscatal.1c01682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.elecom.2014.08.027
https://doi.org/10.1016/j.elecom.2014.08.027
https://doi.org/10.1016/j.elecom.2014.08.027
https://doi.org/10.1002/aenm.202301450
https://doi.org/10.1002/aenm.202301450
https://doi.org/10.1007/s10971-008-1730-3
https://doi.org/10.1007/s10971-008-1730-3
https://doi.org/10.1007/s10971-008-1730-3
https://doi.org/10.1021/jz200051c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz200051c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S0965544114050065
https://doi.org/10.1134/S0965544114050065
https://doi.org/10.1134/S0965544114050065
https://doi.org/10.1007/s00604-012-0818-1
https://doi.org/10.1007/s00604-012-0818-1
https://doi.org/10.1007/s00604-012-0818-1
https://doi.org/10.1039/D0NR01875A
https://doi.org/10.1039/D0NR01875A
https://doi.org/10.1039/D0NR01875A
https://doi.org/10.1149/2.0061705jes
https://doi.org/10.1149/2.0061705jes
https://doi.org/10.1149/2.0061705jes
https://doi.org/10.1149/06917.0893ecst
https://doi.org/10.1149/06917.0893ecst
https://doi.org/10.1149/06917.0893ecst
https://doi.org/10.1149/06917.0893ecst
https://doi.org/10.1021/acsami.7b12247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b12247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b12247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b14563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b14563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b14563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c07831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(36) Hegge, F.; Lombeck, F.; Cruz Ortiz, E.; Bohn, L.; von Holst,
M.; Kroschel, M.; Hiibner, J.; Breitwieser, M.; Strasser, P.; Vierrath, S.
Efficient and Stable Low Iridium Loaded Anodes for PEM Water
Electrolysis Made Possible by Nanofiber Interlayers. ACS Applied
Energy Materials 2020, 3, 8276—8284.

(37) Kim, Y;; Yu, A,; Lee, Y. Iridium—cobalt alloy nanotubes as a
bifunctional electrocatalyst for pH—universal overall water splitting.
Bulletin of the Korean Chemical Society 2021, 42, 1524—1533.

(38) Shin, S.; Kwon, T.; Kim, K; Kim, M.; Kim, M. H,; Lee, Y.
Single-Phase Perovskite SrIrO3 Nanofibers as a Highly Efficient
Electrocatalyst for a pH-Universal Oxygen Evolution Reaction. ACS
Applied Energy Materials 2022, 5, 6146—6154.

(39) He, J-H; Wan, Y.-Q; Xu, L. Nano-effects, quantum-like
properties in electrospun nanofibers. Chaos, Solitons & Fractals 2007,
33, 26—37.

(40) Xia, Y; Yang, P.; Sun, Y.; Wu, Y.; Mayers, B.; Gates, B.; Yin, Y,;
Kim, F.; Yan, H. One-Dimensional Nanostructures: Synthesis,
Characterization, and Applications. Adv. Mater. 2003, 15, 353—389.

(41) Devan, R. S.; Patil, R. A;; Lin, J.-H.; Ma, Y.-R. One-Dimensional
Metal-Oxide Nanostructures: Recent Developments in Synthesis,
Characterization, and Applications. Adv. Funct. Mater. 2012, 22,
3326—3370.

(42) Song, N.; Ren, S.; Zhang, Y.; Wang, C.; Lu, X. Confinement of
Prussian Blue Analogs Boxes Inside Conducting Polymer Nanotubes
Enables Significantly Enhanced Catalytic Performance for Water
Treatment. Adv. Funct. Mater. 2022, 32, 2204751.

(43) Chen, X; Li, W.; Song, N.; Zhong, M.; Yan, S.; Xu, J.; Zhu, W.;
Wang, C; Lu, X. Electronic modulation of iridium-molybdenum
oxides with a low crystallinity for high-efficiency acidic oxygen
evolution reaction. Chemical Engineering Journal 2022, 440, 135851.

(44) Nadaf, A; Gupta, A; Hasan, N,; Fauziya; Ahmad, S;
Kesharwani, P.; Ahmad, F. J. Recent update on electrospinning and
electrospun nanofibers: current trends and their applications. RSC
Adv. 2022, 12, 23808—23828.

(45) Liu, Z; Lu, Y,; Cui, Z;; Qi, R. Coaxial Nanofiber IrOx@
SbSnOx as an Efficient Electrocatalyst for Proton Exchange
Membrane Dehumidifier. ACS Appl. Mater. Interfaces 2023, 15,
10606—10620.

(46) Wei, P.; Sun, X,; Liang, Q; Li, X; He, Z,; Hu, X.; Zhang, J;
Wang, M,; Li, Q; Yang, H,; Han, J.; Huang, Y. Enhanced Oxygen
Evolution Reaction Activity by Encapsulating NiFe Alloy Nano-
particles in Nitrogen-Doped Carbon Nanofibers. ACS Appl. Mater.
Interfaces 2020, 12, 31503—31513.

(47) Zhang, C.-L.; Yu, S.-H. Nanoparticles meet electrospinning:
recent advances and future prospects. Chem. Soc. Rev. 2014, 43,
4423—4448.

(48) Chauhan, S.; Richards, G. J.; Mori, T.; Yan, P.; Hill, J. P.; Ariga,
K; Zou, J; Drennan, J. Fabrication of a nano-structured Pt-loaded
cerium oxide nanowire and its anode performance in the methanol
electro-oxidation reaction. Journal of Materials Chemistry A 2013, 1,
6262—6270.

(49) Jin, D; Kang, J.; Prabhakaran, S.; Lee, Y.; Kim, M. H,; Kim, D.
H.; Lee, C. Chromium-rich Cr x Ir 1— x O 2 wire-in-tube alloys for
boosted water oxidation with long standing electrocatalytic activity.
Journal of Materials Chemistry A 2022, 10, 13803—13813.

(50) Oh, H.-S.; Nong, H. N.; Reier, T.; Bergmann, A.; Gliech, M.;
Ferreira de Aratjo, J; Willinger, E; Schlégl, R; Teschner, D,;
Strasser, P. Electrochemical Catalyst-Support Effects and Their
Stabilizing Role for IrOx Nanoparticle Catalysts during the Oxygen
Evolution Reaction. J. Am. Chem. Soc. 2016, 138, 12552—12563.

(51) Pfeifer, V.; et al. The electronic structure of iridium and its
oxides. Surf. Interface Anal. 2016, 48, 261-273.

(52) Freakley, S. J.; Ruiz-Esquius, J; Morgan, D. J. The X-ray
photoelectron spectra of Ir, IrO2 and IrCl3 revisited. Surf. Interface
Anal. 2017, 49, 794—799.

(53) Moulder, J. F.; Chastain, J. Handbook of X-ray Photoelectron
Spectroscopy: A Reference Book of Standard Spectra for Identification and
Interpretation of XPS Data; Physical Electronics Division, Perkin-
Elmer Corporation, 1992.

(54) Park, S.; Shviro, M.; Hartmann, H.; Mayer, J; Carmo, M,;
Stolten, D. Cation-Exchange Method Enables Uniform Iridium Oxide
Nanospheres for Oxygen Evolution Reaction. ACS Applied Nano
Materials 2022, S, 4062—4071.

(55) Pfeifer, V.; et al. The electronic structure of iridium oxide
electrodes active in water splitting. Phys. Chem. Chem. Phys. 2016, 18,
2292—-2296.

(56) Reier, T.; Teschner, D.; Lunkenbein, T.; Bergmann, A.; Selve,
S.; Kraehnert, R.; Schlogl, R.; Strasser, P. Electrocatalytic Oxygen
Evolution on Iridium Oxide: Uncovering Catalyst-Substrate Inter-
actions and Active Iridium Oxide Species. J. Electrochem. Soc. 2014,
161, F876.

(57) Haverkamp, R. G.; Marshall, A. T.,; Cowie, B. C. C. Energy
resolved XPS depth profile of (IrO2, RuO2, Sb20S, SnO2)
electrocatalyst powder to reveal core-shell nanoparticle structure.
Surf. Interface Anal. 2011, 43, 847—8S5S.

(58) Reier, T.; Pawolek, Z.; Cherevko, S.; Bruns, M.; Jones, T.;
Teschner, D.; Selve, S.; Bergmann, A.; Nong, H. N,; Schlégl, R;;
Mayrhofer, K. J. J.; Strasser, P. Molecular Insight in Structure and
Activity of Highly Efficient, Low-Ir Ir-Ni Oxide Catalysts for
Electrochemical Water Splitting (OER). J. Am. Chem. Soc. 2015,
137, 13031-13040.

(59) Zhao, S.; Yu, H.; Maric, R; Danilovic, N,; Capuano, C. B;
Ayers, K. E.; Mustain, W. E. Calculating the Electrochemically Active
Surface Area of Iridium Oxide in Operating Proton Exchange
Membrane Electrolyzers. J. Electrochem. Soc. 2015, 162, F1292.

(60) Hartig-Weiss, A.; Tovini, M. F.; Gasteiger, H. A; El-Sayed, H.
A. OER Catalyst Durability Tests Using the Rotating Disk Electrode
Technique: The Reason Why This Leads to Erroneous Conclusions.
ACS Applied Energy Materials 2020, 3, 10323—10327.

(61) Nong, H. N.; Gan, L.; Willinger, E.; Teschner, D.; Strasser, P.
IrOx core-shell nanocatalysts for cost- and energy-efficient electro-
chemical water splitting. Chem. Sci. 2014, S, 2955—2963.

(62) Nong, H. N.; Reier, T.; Oh, H.-S.; Gliech, M.; Paciok, P.; Vu,
T. H. T.; Teschner, D.; Heggen, M.; Petkov, V.; Schlogl, R.; Jones, T;
Strasser, P. A unique oxygen ligand environment facilitates water
oxidation in hole-doped IrNiOx core—shell electrocatalysts. Nature
Catalysis 2018, 1, 841—851.

(63) Geiger, S.; Kasian, O.; Mingers, A. M.; Nicley, S. S.; Haenen,
K.; Mayrhofer, K. J. J.; Cherevko, S. Catalyst Stability Benchmarking
for the Oxygen Evolution Reaction: The Importance of Backing
Electrode Material and Dissolution in Accelerated Aging Studies.
ChemSusChem 2017, 10, 4140—4143.

(64) Schweinar, K.; Gault, B.; Mouton, L; Kasian, O. Lattice Oxygen
Exchange in Rutile IrO2 during the Oxygen Evolution Reaction. J.
Phys. Chem. Lett. 2020, 11, S008—5014.

(65) Chang, S. H; Connell, J. G.; Danilovic, N.; Subbaraman, R;;
Chang, K.-C.; Stamenkovic, V. R.; Markovic, N. M. Activity—stability
relationship in the surface electrochemistry of the oxygen evolution
reaction. Faraday Discuss. 2014, 176, 125—133.

(66) Fiedler, L.; Ma, T.-C.; Fritsch, B.; Risse, ]J. H.; Lechner, M.;
Dworschak, D.; Merklein, M.; Mayrhofer, K. J. J.; Hutzler, A. Stability
of Bipolar Plate Materials for Proton-Exchange Membrane Water
Electrolyzers: Dissolution of Titanium and Stainless Steel in DI Water
and Highly Diluted Acid. ChemElectroChem. 2023, 10, €202300373.

(67) Brunauer, S.; Emmett, P. H.; Teller, E. Adsorption of Gases in
Multimolecular Layers. J. Am. Chem. Soc. 1938, 60, 309—319.

(68) Fritsch, B.; Wu, M.; Hutzler, A,; Zhou, D.; Spruit, R;; Vogl, L.;
Will, J.; Hugo Perez Garza, H.; Marz, M.; Jank, M. P.M.; Spiecker, E.
Sub-Kelvin thermometry for evaluating the local temperature stability
within in situ TEM gas cells. Ultramicroscopy 2022, 235, 113494.

(69) Klemm, S. O.; Topalov, A. A;; Laska, C. A,; Mayrhofer, K. J.
Coupling of a high throughput microelectrochemical cell with online
multielemental trace analysis by ICP-MS. Electrochem. Commun. 2011,
13, 1533—153S.

(70) Réttcher, N. C.; Akkoc, G. D.; Finger, S.; Fritsch, B.; Méller, J.;
Mayrhofer, K. J. J; Dworschak, D. Accelerating materials research
with a comprehensive data management tool: a case study on an

https://doi.org/10.1021/acsami.4c07831
ACS Appl. Mater. Interfaces 2024, 16, 52179—52190


https://doi.org/10.1021/acsaem.0c00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bkcs.12382
https://doi.org/10.1002/bkcs.12382
https://doi.org/10.1021/acsaem.2c00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.2c00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chaos.2006.09.023
https://doi.org/10.1016/j.chaos.2006.09.023
https://doi.org/10.1002/adma.200390087
https://doi.org/10.1002/adma.200390087
https://doi.org/10.1002/adfm.201201008
https://doi.org/10.1002/adfm.201201008
https://doi.org/10.1002/adfm.201201008
https://doi.org/10.1002/adfm.202204751
https://doi.org/10.1002/adfm.202204751
https://doi.org/10.1002/adfm.202204751
https://doi.org/10.1002/adfm.202204751
https://doi.org/10.1016/j.cej.2022.135851
https://doi.org/10.1016/j.cej.2022.135851
https://doi.org/10.1016/j.cej.2022.135851
https://doi.org/10.1039/D2RA02864F
https://doi.org/10.1039/D2RA02864F
https://doi.org/10.1021/acsami.2c18375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c18375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c18375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cs60426h
https://doi.org/10.1039/c3cs60426h
https://doi.org/10.1039/c3ta10652g
https://doi.org/10.1039/c3ta10652g
https://doi.org/10.1039/c3ta10652g
https://doi.org/10.1039/D2TA02984G
https://doi.org/10.1039/D2TA02984G
https://doi.org/10.1021/jacs.6b07199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/sia.5895
https://doi.org/10.1002/sia.5895
https://doi.org/10.1002/sia.6225
https://doi.org/10.1002/sia.6225
https://doi.org/10.1021/acsanm.2c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CP06997A
https://doi.org/10.1039/C5CP06997A
https://doi.org/10.1149/2.0411409jes
https://doi.org/10.1149/2.0411409jes
https://doi.org/10.1149/2.0411409jes
https://doi.org/10.1002/sia.3644
https://doi.org/10.1002/sia.3644
https://doi.org/10.1002/sia.3644
https://doi.org/10.1021/jacs.5b07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/2.0211512jes
https://doi.org/10.1149/2.0211512jes
https://doi.org/10.1149/2.0211512jes
https://doi.org/10.1021/acsaem.0c01944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c01944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4SC01065E
https://doi.org/10.1039/C4SC01065E
https://doi.org/10.1038/s41929-018-0153-y
https://doi.org/10.1038/s41929-018-0153-y
https://doi.org/10.1002/cssc.201701523
https://doi.org/10.1002/cssc.201701523
https://doi.org/10.1002/cssc.201701523
https://doi.org/10.1021/acs.jpclett.0c01258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4FD00134F
https://doi.org/10.1039/C4FD00134F
https://doi.org/10.1039/C4FD00134F
https://doi.org/10.1002/celc.202300373
https://doi.org/10.1002/celc.202300373
https://doi.org/10.1002/celc.202300373
https://doi.org/10.1002/celc.202300373
https://doi.org/10.1021/ja01269a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01269a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ultramic.2022.113494
https://doi.org/10.1016/j.ultramic.2022.113494
https://doi.org/10.1016/j.elecom.2011.10.017
https://doi.org/10.1016/j.elecom.2011.10.017
https://doi.org/10.1039/D3TA06247C
https://doi.org/10.1039/D3TA06247C
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c07831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces www.acsami.org Research Article

electrochemical laboratory. Journal of Materials Chemistry A 2024, 12,
3933—-3942.

52190 https://doi.org/10.1021/acsami.4c07831
ACS Appl. Mater. Interfaces 2024, 16, 52179—-52190


https://doi.org/10.1039/D3TA06247C
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c07831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

