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Highly Active IrRuOx/MnOx Electrocatalysts with Ultralow
Anode PGM Demand in Proton Exchange Membrane
Electrolyzers

Jiaqi Kang, Sebastian Möhle, Xingli Wang, Miklós Márton Kovács,
Kerolus Nasser Nagi Nasralla, Johannes Schmidt, Sören Selve, Dominik Dworschak,
and Peter Strasser*

Thrifting the rare iridium in proton exchange membrane water electrolyzer
(PEMWE) anodes is an effective means to preempt undesired future iridium
supply shortages aiding wider deployment of PEMWEs in coming years. This
work explores a new family of MnOx-supported IrOx and IrRuOx

electrocatalysts for the acidic oxygen evolution reaction (OER).
Comprehensive ex situ and in situ characterization uncovers
synthesis-structure-activity relationships of the OER materials with insight
into the origin of their exceptional activity: The MnOx support provides
beneficial dispersion while the introduction of Ru into IrOx/MnOx leads to a
modulation of the chemical state of Ir coupled with a strong surface
reconstruction. In half-cell tests, IrRuOx/MnOx reveals an Ir mass activity of
964.7 A gIr

−1 at 1.53 VRHE, which is 36 times higher than that of the
commercial IrO2 (C-IrO2). It is also demonstrated that this promising catalytic
OER activity translates into a realistic PEMWE performance. IrRuOx/MnOx

and IrOx/MnOx thin catalyst layers are developed in low Ir-loaded membrane
electrode assemblies (MEAs) and an outstanding PEMWE cell performance is
reported with cell voltages of 1.66 V at 2 A cm−2. This translates into a
favorable (Ir + Ru) platium group metal (PGM) demand of <0.05 gPGM kW−1

at 70% voltage efficiency, meeting a 2035 technical demand target.

1. Introduction

The demand for energy rises significantly today as the world’s
population grows continually and economies expand.[1] This es-
calating demand, coupled with climate change, has spurred a
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renewed focus on developing new en-
ergy storage systems using environmen-
tally friendly and more efficient energy
sources. Hydrogen (H2) is one of the
most promising energy carriers today.[2]

It can be produced using PEMWEs with-
out carbon emissions by applying elec-
tricity from renewable energy sources.[3]

At present, Ir-based catalysts are the
state-of-the-art catalysts for OER in the
anode side of PEMWEs. The develop-
ment of industrially desirable Ir-based
catalysts that are cost-effective, highly
active, and stable is crucial for the
large-scale application of PEMWEs.[4]

Various approaches are explored to
meet industrial needs for active, yet
low PGM OER catalysts in low PGM-
loaded PEMWE anodes. Generally, Ru-
based OER catalysts are more active
than Ir-based catalysts. However, Ru is
also a crucial PGM member and the
dissolution of RuO4 under anodic elec-
trode potential limits the durability of
Ru-rich catalysts.[5] IrRuOx mixed ox-
ides have been widely studied and are

confirmed to have good performance in MEA tests.[6] Recently,
supported IrRuOx catalysts such as IrRuOx/TiO2, IrRuOx/Nb-
TNT, RuIr@CoNC, Ir-RuOx@WO3, and Ir-RuOx@Ta2O5 have
also been confirmed as potential candidates for OER catalysts
in PEMWEs with low PGM loadings.[7] On the other hand,
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MnOx among non-PGM metals features an acidic stability up to
1.5 VRHE at pH = 1, which is considered one of the most promis-
ing non-PGM metals that may be a substitute for PGM-based
OER catalysts.[8] Some previous studies have indicated that it
might have a similar reaction mechanism to IrOx.

[9] However,
the stability and activity of PGM-free MnOx catalysts have been
poor, even compared to low-content Ir catalysts. This led to re-
search on IrMnOx mixed oxides, which exhibited a synergistic
effect, leading to improved electrochemical behavior.[10] Other re-
cent studies focused on loading pure Ir or Ru nanoparticles onto
MnO2 to achieve OER activity at ultralow noble metal loadings
(<10 wt.%).[11] These noble metals are believed to help stabilize
MnOx somewhat under acidic conditions, however, a demonstra-
tion of this effect is missing, as acidic OER catalysts with ultralow
noble metal loadings have notoriously been facing stability prob-
lems and low conductivity. From these earlier works, supporting
IrRuOx mixed metal oxides on nanostructured MnOx emerges
as a novel and effective strategy toward catalyst/support couples
with excellent OER activity and acceptableMnOx support stability
while thrifting Ir.
Herein, we report the new family of IrRuOx/MnOx OER cata-

lysts for acidic environments. Ir and Ru precursors were loaded
onto MnOx using an ion exchange method. Powder X-ray diffrac-
tion (XRD) patterns and energy-dispersive X-ray spectroscopy
(EDX) mappings from transmission electron microscopy (TEM)
confirmed that Ir and Ru are homogeneously dispersed on
MnOx, while Ir and Ru form separated-phased IrRuOx. X-ray
photoemission spectroscopy (XPS) and X-ray absorption spec-
troscopy (XAS) were conducted to investigate the electronic struc-
ture of these materials. The oxidation state of Ir in IrRuOx/MnOx
was found to be higher than that in the standard due to the par-
ticipation of Ru. Also, in situ XAS revealed that IrRuOx/MnOx
supports a distinctly different catalytic reaction mechanism com-
pared to the IrOx/MnOx. Strong surface reconstruction during
OER led to high activity. Rotating disk electrode (RDE) results
confirmed that IrRuOx/MnOx had superior electrochemical per-
formance. Scanning flow cell inductively coupled mass spec-
trometry (SFC-ICP-MS) indicated that Ru on the surface, on the
one hand, protected against the initial dissolution of Ir and Mn
when inserted in the electrolyte, and on the other hand, it will dis-
solve during the reaction, which induced surface reconstruction.
Both IrOx/MnOx and IrRuOx/MnOx showed excellent perfor-
mance in MEA measurements, achieving 3 A cm−2 at 1.7 V. The
power-specific PGM loading at 70% lower heating value (LHV)
(≈1.79 V) was 0.04 gIr kW

−1, which exceeds the 2035 target.[4,12]

2. Results and Discussion

2.1. Synthesis and Characterizations

A set of 9 MnOx-supported IrOx/MnOx, RuOx/MnOx, and
IrRuOx/MnOx was synthesized using aqueous ion exchange as
illustrated in Figure 1a. First, a MnOx-AP (AP for “used as-
prepared”) supportmaterial was prepared using a customized hy-
drothermal method. Subsequently, the MnOx-AP material along
with varying stoichiometric amounts of Ir and Ru precursors
were slowly added to an ambient-pressure reflux synthesis reac-
tor under stirring. After reacting for 12 h at 95 °C, the obtained
materials were annealed at 350 °C in air using a static tube fur-

nace. For comparison, MnOx was synthesized by directly anneal-
ing the MnOx-AP at 350 °C in air. Detailed synthesis procedures
are provided in the Supporting Information. The final Ir and Ru
loadings were determined using X-ray fluorescence (XRF) spec-
troscopy, resulting in an Ir content of 14–65 wt.% for IrOx/MnOx
and a PGM loading of 40–50 wt.% for IrRuOx/MnOx. The Ir to
Ru ratio was 2.15 for IrRuOx/MnOx based on XRF. The resulting
atomic Ir:Ru: Mn ratio was 28:18:59, which justified that MnOx
acted as a support. Detailed elemental loadings and atomic ratios
are listed in Table S1 (Supporting Information).
The morphologies of the synthesized catalysts were investi-

gated using scanning transmission electronmicroscopy (STEM).
STEM images (Figure S1, Supporting Information) revealed a
porous structure composed of small, needle-like dendrites typ-
ical of 𝛼-MnO2. The low crystallinity of the 𝛼-MnOx structure
was further confirmed by XRD (Figure S2a, Supporting Informa-
tion). High-resolution TEM (HRTEM) images of the catalysts are
shown in Figure 1b,c. Dark particles, ≈1 nm in size, observed
on the MnOx substrates were identified as Ir(Ru)Ox mixed oxide.
PGM mixed oxide particle sizes in IrRuOx/MnOx were slightly
larger than those in IrOx/MnOx (Figure S3a,b, Supporting In-
formation), yet smaller than those of RuOx/MnOx (Figure S3c,
Supporting Information). Selected area diffraction (SAED) anal-
ysis of IrRuOx/MnOx and IrOx/MnOx catalysts indicated that
both have rather amorphous structures (Figure S4, Supporting
Information). XRD patterns in Figure 1d provide evidence that
IrOx, RuOx, and IrRuOx feature distinct Bragg reflections com-
pared to theMnOx support. Figure S2d (Supporting Information)
presents the XRD patterns within the 10° to 80° range. Negligi-
ble Bragg peak shifts between pure MnOx and the IrRuOx/MnOx
and IrOx/MnOx catalysts confirmed that MnOx was present as a
separate phase and, hence, primarily acted as a support rather
than forming mixed oxide phases. Broad IrOx peaks suggested
the formation of rather amorphous IrOx phases on the surface
of MnOx, with peak intensity increasing with higher Ir load-
ings (Figure S1b, Supporting Information). When Ru was in-
troduced in the catalyst, the Bragg peak ≈28°, representing the
(110) facets of the rutile IrO2 and RuO2, became significantly
more pronounced. This suggested that Ru was conducive to a
higher crystallinity, preferred orientation, and larger crystallite
size of the IrRuOx phase. The peak position was similar to that
of the (110) facet position in commercial IrRuOx (C-IrRuOx), but
it shifted to lower Bragg angles compared to the (110) peak in
RuOx/MnOx due to lattice expansion from Ir incorporation.[6a]

XRD and EDX mappings across different areas (Table S2, Sup-
porting Information) further confirmed that Ir and Ru formed
distinct IrRuOx phases located on MnOx. High-angle annular
dark-field (HAADF) TEM images and corresponding elemental
mappings (Figure 1e,f; EDX spectra in Figure S5, Supporting In-
formation) clearly show that Ir and Ru were homogeneously dis-
persed onMnOx, providing high coverage of the catalyst support.
The amorphous MnOx provides an abundance of defects and hy-
droxide groups on its surface, facilitating the bonding of Ir/Ru
atoms to substrates through ion exchange. These initially bonded
Ir/Ru atoms act as nucleation seeds, leading to the formation of
a large number of ultra-small amorphous IrRuOx particles. The
immobilization resulting from the bonding between Ir/Ru and
O on the MnOx surface through ion exchange also promotes the
homogeneous dispersion of IrRuOx particles.

[7c,f,13]
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Figure 1. Synthesis and structural characterization of IrOx/MnOx and IrRuOx/MnOx. a) Schematic of the synthesis route. b) HRTEM image of
IrOx/MnOx. c) HRTEM image of IrRuOx/MnOx. d) XRD patterns. The red reference pattern refers to standard IrO2 (PDF#15-0870), and the blue refer-
ence pattern refers to RuO2 (PDF#43-1027). Pink and blue shadows show the 2-theta regions of (110) and (101) of rutile IrO2 and RuO2. e) Elemental
mapping of IrOx/MnOx. f) Elemental mapping of IrRuOx/MnOx. For (e), upper left: HAADF, lower left: Mn-map, upper right: Ir-map, lower right: O-map.
For f), upper left: HAADF, lower left: Mn-map, upper right: Ir-map, lower right: Ru-map.

2.2. Electronic Structures

To further investigate the electronic structures of IrOx/MnOx
and IrRuOx/MnOx, XAS and XPS measurements were con-
ducted. Figure 2a displays the X-ray absorption near-edge struc-
ture (XANES) spectra of both catalysts and reference materials
at Ir L3-edge. The white-line peak energy positions of both cata-
lysts are similar to that of C-IrO2 with higher intensity, indicating
higher valence states of Ir in these two catalysts due to the partic-
ipation of Mn. The white-line peak energy shift of IrRuOx/MnOx
related to that of IrOx/MnOx is similar to the shift between C-

IrRuOx and C-IrO2. This shift is attributed to the incorporation
of Ru, which alters the electronic structure of IrOx. Figure 2b
shows XPS spectra in the Ir 4f region. The Ir 4f7/2 peak position
of rutile C-IrO2 was 62 eV (Ir4+), while that of IrOx/MnOx was
at 61.9 eV and that of IrRuOx/MnOx was at 62.1 eV (Table S3,
Supporting Information), indicating a similar Ir oxidation state
of ≈4 in all samples. The Fourier transform of extended X-ray
absorption fine structure (FT-EXAFS) spectra at the Ir L3-edge
are shown in Figure 2c, with the corresponding k2-weighted EX-
AFS spectra and simulation results are shown in Figure S6 and
Table S4 (Supporting Information). Since the IrO2 andRuO2 have
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Figure 2. X-ray spectra characterization of the electronic structures of IrOx/MnOx and IrRuOx/MnOx. a) XANES spectra at the Ir L3-edge of IrOx/MnOx,
IrRuOx/MnOx, C-IrO2, C-IrRuOx, and IrCl3. b) XPS spectra of Ir 4f. c) FT-EXAFS oscillations at the Ir L3-edge. d) XANES spectra at the Mn K-edge.
e) XPS spectra of Mn 2p. f) XPS spectrum of Ru 3p. g) WT-EXAFS for Ir foil. h) WT-EXAFS for IrOx/MnOx with an Ir loading of 40 wt.%. And i) WT-EXAFS
for IrRuOx/MnOx with an Ir loading of 40 wt.%.

very similar crystal structures, the structure change was negli-
gible in FT-EXAFS spectra. IrRuOx/MnOx exhibited a shorter
Ir─O bond length of 1.97 Å compared to IrOx/MnOx (1.98 Å),
suggesting a change in chemical states due to the incorporation
of Ru as shown in Figure 2a. A similar bond length difference
was observed between C-IrO2 (1.99 Å) and C-IrRuOx (1.98 Å).
Both supported catalysts showed shorter Ir─Obond lengths com-
pared to C-IrO2 (Table S4, Supporting Information). This slightly
shorter Ir─O bond length indicates a more stable Ir(Ru)Ox struc-
ture, which might be related to a compressive strain effect in-

duced by the presence of a short Mn─O bond. Figure 2d shows
the XANES spectra in Mn K-edge, revealing that bulk Mn in all
catalysts had an oxidation state near Mn4+. However, XPS spec-
tra of Mn 2p in Figure 2e indicate that Mn exists in a mixed
oxidation state of Mn3+ and Mn4+ (see XPS data in Table S5,
Supporting Information). Since XPS is a surface-sensitive tech-
nique, we can interpret that Mn3+ is present on the surface rather
than in the bulk. The XANES spectrum of MnOx-AP also shows
an oxidation state lower than 4 (Figure S7, Supporting Informa-
tion), The large Mn3+-to-Mn4+ ratio on the surface of IrOx/MnOx
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and IrRuOx/MnOx compared to pure MnOx is attributed to the
presence of the Ir(Ru)Ox phases on the surface (Figure S8, Sup-
porting Information). Apparently, it limited the further oxida-
tion of Mn in MnOx-AP to a higher oxidation state and induced
changes in the valence states of Ir. It can also explain the higher
OH-to-O surface hydroxylation ratios in all catalysts compared to
the pure MnOx (Figure S9, Supporting Information). The XPS
spectrum of Ru 3p is exhibited in Figure 2f. The peak posi-
tion of Ru 3p3/2 is at 463.3 eV, indicating an oxidation state of
4. Ru 3d spectrum confirmed the same results (Figure S8b, Sup-
porting Information). To verify the formation of Ir─Ru bonds,
we synthesized 40 wt.% IrOx/MnOx matching the Ir loading of
IrRuOx/MnOx and performed wavelet transform (WT) analysis
on the EXAFS data. Figure 2g shows the WT-EXAFS spectrum
of Ir foil. The peak of the Ir─Ir bond is located at high k regions
(≈10 Å−1), whereas the Ir─O bond signal in rutile IrO2 is found
at low k regions (≈5 Å−1) (Figure S10a, Supporting Information).
IrOx/MnOx with the same Ir loading as IrRuOx/MnOx (40 wt.%)
exhibits a weak Ir─Ir bond intensity (Figure 2h). However, af-
ter adding Ru, the intensity in the Ir-metal k-regions increased
(Figure 2i). This indicated the formation of Ir─Ru bonds, which
behave similarly to the Ir─Ir bond. This conclusion is supported
by our finding that increasing the Ir loading from 40 to 50 wt.%
also enhanced the intensity of the Ir-M signal in the very same
WT region (see label in Figure S10b, Supporting Information).
The WT-EXAFS spectra at the Mn K-edge in Figure S11 (Sup-
porting Information) show the formation of Mn-O-Ir/Mn-O-Ru,
consistent with the ion exchange mechanism and supporting the
previous hypothesis regarding the compressive strain-induced
change in the Ir─O bond.[14]

2.3. Catalytic Activity and Stability in Acidic Liquid Electrolyte

The electrochemical performance of IrRuOx/MnOx, IrOx/MnOx,
RuOx/MnOx, MnOx, and commercial catalysts were first evalu-
ated using RDE and SFC-ICP-MS. Prior to these catalytic tests,
the impact of the Ir weight loadings of IrOx/MnOx on its conduc-
tivity and OER activity was explored (Figures S12 and S13, Sup-
porting Information). This helped determine the most suitable
Ir loading for optimal MEA tests. To optimize Ir loadings, bulk
conductivity and RDEmeasurements were performed.When the
Ir loading exceeded 30 wt.%, IrOx/MnOx showed a resistivity be-
low 1 Ω cm, making it suitable for PEMWE tests.[15] IrOx/MnOx
with an Ir loading of 50 wt.% was chosen as it showed the low-
est OER overpotential at 10 mA cm−2. An identical total (Ir + Ru)
PGM loading was adopted and applied to IrRuOx/MnOx for com-
parison. As shown in Figure 3a, IrRuOx/MnOx, RuOx/MnOx, and
IrOx/MnOx exhibited significantly higher OER activity compared
to the two commercial catalysts. MnOx itself showed only low
OER catalytic activity at high potentials. Although MnOx primar-
ily acted as a support, it may also partially contribute to catalyzing
oxygen evolution. IrRuOx/MnOx had an overpotential of 256 mV
at 10 mA cm−2, whereas IrOx/MnOx exhibited an overpotential
of 294 mV. Although RuOx/MnOx showed a superior overpoten-
tial of 254 mV, its rapid degradation due to Ru dissolution dur-
ing the accelerated stress test (AST) indicated that RuOx/MnOx
was not suitable for PEMWE cell tests (Figure 3b). IrRuOx/MnOx
demonstrated a mass activity (MA) of 964.7 A gIr + Ru

−1 at 1.53

VRHE, which was over seven times higher than that of C-IrRuOx
and 36 times higher than that of C-IrO2. Even after 5000 AST cy-
cles, it retained an MA of 267.1 A gIr

−1. The remaining MA after
AST was 28% for IrRuOx/MnOx and 30% for IrOx/MnOx, both of
which were higher than those of C-IrRuOx and C-IrO2. The sig-
nificant increase in activity for the supported catalysts could be
attributed to the introduction of MnOx. Additionally, the twofold
increase in MA of IrRuOx/MnOx compared to IrOx/MnOx even
after AST, may be related to the electronic structure changes by
introducing Ru. Figure 3c shows the Tafel plots. IrOx/MnOx had
a Tafel slope of 48.5mV dec−1, which is lower than IrRuOx/MnOx
(62.1mVdec−1), suggesting that the two catalystsmay have differ-
ent kinetic mechanisms. Cyclic voltammetry (CV) revealed that
the IrRuOx/MnOx and IrOx/MnOx exhibited typical amorphous
IrOx features (Figure S14a, Supporting Information). The trend
in electrochemical surface area (ECSA) was evaluated using the
proxy value of double layer capacitances calculated from the cur-
rent at different scan rates (Figures S14b,c and S15, Support-
ing Information). IrOx/MnOx had a slightly larger ECSA com-
pared to IrRuOx/MnOx, consistent with smaller particles. Both
IrOx/MnOx and IrRuOx/MnOx exhibited much larger ECSAs
compared to C-IrO2 and C-IrRuOx due to the support effect of
MnOx. The spider diagram in Figure 3d summarizes the key
parameters of investigated catalysts. In addition to the above-
mentioned properties, resistivity was also taken into considera-
tion, while all catalysts remained below 1 Ωcm range. C-IrRuOx
showed lower resistivity compared to C-IrO2, and a similar trend
was found for IrOx/MnOx and IrRuOx/MnOx (Figure S16, Sup-
porting Information). Overall, the spider diagram analysis con-
firms that IrRuOx/MnOx is a very promising candidate as anOER
catalyst based on the screening in an ideal environment.
Additionally, SFC-ICP-MS measurements were performed to

test the stability and dissolution of metallic catalyst components.
As shown in Figure 3e, when the catalysts were immersed in
electrolyte at 1.1 VRHE, Mn in IrOx/MnOx showed a stronger ini-
tial dissolution than the binary IrRuOx/MnOx catalyst. Generally,
we attribute the dissolution of MnOx to the presence of Mn3+

near the surface as evidenced by XPS (Figure 2e). The dissolu-
tion of Mn appears similar to that of Ir in the two catalysts, but
in a larger amount (Figure 3e bottom). Interestingly, the disso-
lution rates of Ir and Mn in IrRuOx/MnOx were much lower
than those in IrOx/MnOx. Also, Ru exhibited negligible disso-
lution at 1.1 VRHE when the catalyst was first conducted with
electrolyte. This could be related to the higher crystallinity of
IrRuOx compared to IrOx, forming a protective layer that pre-
vents Mn dissolution (Figure 1d). In order to calculate stabil-
ity numbers (S-numbers) under OER, we held the current at
1 mA cm−2 for 600s. Mn dissolution was minimal under OER
conditions. The dissolution rate of Ru wasmuch higher than that
of Ir, consistent with previous reports.[16] The S-number of Ir in
IrOx/MnOx was similar to that of reported hydrous IrOx (10

4),[17]

while the S-number for Ir in IrRuOx/MnOx was higher than that
in IrOx/MnOx. If both Ir and Ru were considered in calculating
the S-number for IrRuOx/MnOx, the S-number dramatically de-
creased to 103 (Figure S17 and Table S7, Supporting Informa-
tion). This suggests that Ru was the initially more active catalytic
species. As a consequence, it could lead to dissolution-induced
surface reconstruction and alter the reaction mechanism on the
surface.[18]
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Figure 3. Electrochemical performance. a) Polarization curves of as-prepared samples. b) MA changes during AST at 1.53 VRHE. c) Tafel plots.
d) Spider diagram depicting the correlations of electrochemical and physical properties. e) Dissolution profiles of different elements in IrOx/MnOx
and IrRuOx/MnOx determined by SFC-ICP-MS at 1.1 VRHE and at 1 mA cm−2. Applied electrochemical profiles (top) and experimental online dissolution
rates of Ir (second from the top), Ru (second from the bottom), and Mn (bottom). All RDE results are iR compensated and the measurements are
performed in N2-saturated 0.05 m H2SO4 electrolyte. (Ir + Ru) PGM loading on the gold electrode is 30 μgIr + Ru cm

2. SFC-ICP-MS measurements are
performed in Ar-saturated 0.1 m HClO4. (Ir + Ru) PGM loading is 10 μgIr + Ru cm

2.

2.4. In Situ XAS Measurements

In situ XAS measurements were performed at the Ir L3-edge in
Figure 4. The upper potential of IrRuOx/MnOx was set to 1.5
VRHE rather than 1.55 VRHE due to the high catalyst activity and
resulting bubble formation. The OER current began at 1.5 VRHE.
Figure 4a exhibits the XANES spectra of IrOx/MnOx at different
applied potentials. The spectra remained essentially unchanged
as the potential increased from 1.2 to 1.55 VRHE and back, indi-
cating a stable chemical state of Ir in IrOx/MnOx. By contrast,
the in situ XANES spectra of IrRuOx/MnOx in Figure 4c showed
a reversible shift to higher energy under OER potentials, and
the white line peak intensity decreased at 1.5 VRHE. This phe-
nomenon may be induced by the formation of the increased
Ir-Ir interaction (peak between 2 and 3 Å in Figure 4d), which
can be attributed to the removal of oxygen from the lattice.[19]

Figure S18 (Supporting Information) displays the in situ XANES
spectra of these two catalysts at the Mn K-edge. The chemical
state of Mn showed a similar trend to Ir. The Mn oxidation state
increased with electric potential only for the IrRuOx/MnOx. Pre-
vious papers have reported that Mn might share a similar OER

mechanism with Ir and could also partially contribute to the cat-
alytic process. Additionally, the dissolution of Ru may induce an
increase in the oxidation state of Mn in MnOx.
To further reveal the electronic structural changes during

OER, FT-EXAFS data of both catalysts were analyzed. The EX-
AFS spectra are presented in Figures S19 and S20 (Supporting
Information). The related simulation parameters are listed in
Table S8 (Supporting Information). The FT-EXAFS oscillations of
IrOx/MnOx at Ir L3-edge in Figure 4b showed negligible changes
with increasing potentials. The Ir─O bond length was 1.98 Å
and remained the same between 1.2 and 1.55 VRHE. By contrast,
the FT-EXAFS oscillations of IrRuOx/MnOx (Figure 4d) revealed
significant changes as the potential increased. Simulations re-
veal that the bond length of Ir-O decreased from 1.99 Å at 1.2
VRHE to 1.96 Å at 1.5 VRHE, indicating an increase of the oxida-
tion state of Ir (higher than Ir4+ during OER) in the catalyst and
substantial structural rearrangement during OER. This change
in the chemical state of Ir appears consistent with the Ru disso-
lution from Figure 3e at 1.5 VRHE. Combined with SFC-ICP-MS
results, we conclude the presence of a Ru dissolution-induced
reconstruction. Previous studies have demonstrated that strong
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Figure 4. In situ XAS measurements at the Ir L3-edge at different applied potentials. a) XANES spectra of IrOx/MnOx at different applied potentials
from 1.2 to 1.55 VRHE and back. b) Corresponding k

2-weighted FT-EXAFS patterns of IrOx/MnOx. c) XANES spectra of IrRuOx/MnOx at different applied
potentials from 1.2 to 1.5 VRHE and back. d) Corresponding k

2-weighted FT-EXAFS patterns of IrRuOx/MnOx.

surface rearrangements are associated with improved Ir disso-
lution stability, which aligns with the SFC-ICP-MS data, as Ir
had a higher S number in IrRuOx/MnOx.

[19] Additionally, the FT-
EXAFS oscillations of IrRuOx/MnOx at the Mn K-edge showed
significant structural rearrangement as well (Figure S21b, Sup-
porting Information). The differences in in situ XAS spectra be-
tween IrOx/MnOx and IrRuOx/MnOx imply that the initial dom-
inant metallic compound for OER in these two catalysts is dif-
ferent (Ru vs Ir). This may have consequences for the OER. As
Ru in IrRuOx/MnOx dissolves under OER conditions, it creates
lattice defects in the structure with metal vacancies favoring the
lattice oxygen evolution mechanism (LOM). Tetramethylammo-
nium cations (TMA+) can interact with O2

2−, a key species in-
volved in LOM. The decrease in the activity of IrRuOx/MnOx
in the presence of TMAOH in the electrolyte, as shown in
Figure S22 (Supporting Information), provides further evidence
for the occurrence of the LOM.[20] Comparable competitive rela-
tionships between LOM and the alternative adsorbate evolution
mechanism (AEM) have previously been reported for IrRuOx and
defect-rich IrO2/RuO2.

[18a,21] Catalysts undergoing LOM gener-
ally exhibit larger chemical state changes compared to those fol-
lowing the AEM, which contributes to their high OER activity.

2.5. MEA Measurements

Single-cell PEMWE tests were carried out in order to test the
IrOx/MnOx and IrRuOx/MnOx under realistic electrocatalytic
OER conditions. MEAs were prepared using a decal transfer
method and tested using a commercial test station at 80 °C
under ambient pressure. The detailed cell setup is illustrated

in Figure S23 (Supporting Information). Figure 5a presents
the polarization curves of IrOx/MnOx, and IrRuOx/MnOx com-
pared to a commercial benchmark catalyst (Umicore). The po-
larization curve of the benchmark with lower geometric Ir load-
ing (0.47 mgIr cm

−2) is shown in Figure S24 (Supporting In-
formation) for comparison. It is evident that IrRuOx/MnOx
(0.24 mgIr cm

−2) and IrOx/MnOx (0.26 mgIr cm
−2) exhibited

higher hydrogen production activity compared to the benchmark
catalyst. The high-frequency resistances (HFRs) in Figure 5b
indicated that IrOx/MnOx and IrRuOx/MnOx resulted in lower
ohmic resistances compared to the benchmark, possibly related
to differences in the catalyst layer thickness, with IrRuOx/MnOx
showing somewhat lower HFR values compared to IrOx/MnOx,
consistent with previous conductivitymeasurements (Figure 3d).
To assess the effect of Ru dissolution, a constant cell current
measurement was performed at 2 Acm−2 for IrRuOx/MnOx
(0.37 mgIr + Ru cm−2) (Figure 5c, initial polarization curves are
shown in Figure S25, Supporting Information). The measure-
ment using IrOx/MnOx is shown in Figures S26 and S27a
(Supporting Information). After 100 h, the cell voltage in
Figure 5c showed negligible change, indicating that the iden-
tical Ru dissolution (Figure 3e) and structural changes (see
Figure 4d) did not lead to rapid catalyst degradation. Although
the restart after 100 h causes a slight increase in cell volt-
age, the voltage remains stable throughout the 150 h test. A
60 h cell test of IrRuOx/MnOx with loading of 0.20 mgIr + Ru
cm−2 was performed, as shown in Figures S25 and S27b (Sup-
porting Information). Stable cell performance is achieved even
with an ultralow loading. After 150 h of stability testing, the
SEM image of IrRuOx/MnOx showed a porous catalyst layer,
consistent with the structures observed in the STEM images of

Adv. Energy Mater. 2026, 16, 2405758 2405758 (7 of 9) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. PEMWE performance of IrOx/MnOx and IrRuOx/MnOx versus the benchmark catalyst. a) PEMWE polarization curves of IrOx/MnOx (green)
and IrRuOx/MnOx (pink) with (open) and without (closed) HFR correction. b) Corresponding HFR values of (a). c) Chronopotentiometric measurement
of IrRuOx/MnOx with an (Ir + Ru) loading of 0.37 mg cm−2 at 2 A cm−2. (d) Comparison of power specific (Ir + Ru) demand at 70% LHV and cell voltage
at 1 A cm−2 of IrRuOx/MnOx (this work) with recently reported catalysts (see Table S9, Supporting Information). MEA specifications: Nafion NR212
membrane, 5 cm2, decal transfer process; cathode catalyst loading of 0.1 mgPt cm

−2.

the as-prepared catalyst (Figure S28, Supporting Information).
Some particle aggregation is present in the catalyst layer, which
may influence its performance. Figure 5d puts the outstanding
performance of IrRuOx/MnOx into perspective compared to prior
work using technologically relevant design parameters: It com-
pares the power-specific (Ir + Ru) PGM demand (gPGM kW−1) at
70% LHV (≈1.79 V) and cell voltage at 1 A cm−2 of IrRuOx/MnOx
with those of recently reported catalysts (Table S9, Supporting In-
formation). The IrRuOx/MnOx achieved a power-specific (Ir +
Ru) demand of 0.038 gPGM kW−1 with an ultralow cell voltage of
1.56 V at 1 A cm−2, which surpassed the technical target of 0.05
gPGM kW−1. The benchmark catalyst showed a value of 0.32 gPGM
kW−1 with a cell voltage of 1.69 V. The cell voltage at 2 A cm−2 is
1.66 V for IrRuOx/MnOx and 1.67 V for IrOx/MnOx, which is out-
standing compared to previous published values (Table S9 and
Figure S29, Supporting Information). Overall, while IrOx/MnOx
and IrRuOx/MnOx exhibit distinct properties and OER perfor-
mance in cell tests, both demonstrate excellent activity in MEA
tests with only minor differences in performance. Both catalysts

meet the 2035 target for PEMWEs, showing their potential for
industrial application.

3. Conclusion

We have reported MnOx-supported IrOx and IrRuOx OER cata-
lysts prepared using an aqueous scalable ion-exchange method.
These two catalysts demonstrated distinct metal dissolution pat-
terns and structural rearrangement under OER conditions as
revealed by in situ FT-EXAFS and SFC-ICP-MS. While surface
reconstruction in IrRuOx/MnOx revealed a superior OER per-
formance over IrOx/MnOx in RDE tests, no significant differ-
ences in MEA performance could be observed. An ultralow cell
voltage of 1.66 V at 2 A cm−2 was achieved with IrRuOx/MnOx
and the power-specific (Ir + Ru) demands of both catalysts
were below the 2035 target for PEMWEs. Long-term stability
tests of PEMWE cells using IrRuOx/MnOx reveal no significant
performance degradation.

Adv. Energy Mater. 2026, 16, 2405758 2405758 (8 of 9) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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