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ABSTRACT 

Sustainable hydrogen production via low-temperature water electrolysis is key to advancing the hydrogen economy, with polymer 
electrolyte membrane water electrolysis (PEM-WE) as a central technology. However, sluggish oxygen evolution reaction (OER) 
kinetics at the anode limit PEM-WE efficiency. Iridium-based catalysts remain the benchmark due to their balance of activity and 
stability under harsh conditions, though iridium scarcity necessitates designs with reduced Ir content. Here, we report a highly 
active and stable OER catalyst based on TaOx –IrO2 nanoparticles synthesized via a reverse microemulsion method and calcined at 
800◦C. Encapsulation in silica nanoreactors enabled precise control over particle size and crystallinity during thermal treatment. 
The TaOx –IrO2 catalyst achieves a mass activity of 619 ± 93 mA mgIr − 1 at 1.55 VRHE , outperforming commercial IrO2 by a factor of 2.5 
and bare IrO2 synthesized under identical conditions. While TaOx is electrochemically inactive, it shows exceptional dissolution 
resistance. The intrinsic stability of TaOx –IrO2 , expressed via the S-number, exceeds that of commercial IrO2 and matches bare 
IrO2 calcined at 600◦C. These results highlight TaOx –IrO2 as a promising OER catalyst, combining enhanced activity with notable 
stability, and support the development of durable, efficient catalysts for PEM-WE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Low-temperature water electrolysis technologies hold a central
role in sustainable hydrogen generation and will have a sig-
nificant impact on the further advancement of the hydrogen
economy [ 1 ]. Besides, mature alkaline electrolysis, with a 40%
forecasted green hydrogen market coverage, commercialized
polymer electrolyte membrane water electrolysis (PEM-WE)
promises to be the key to scaling up the green hydrogen pro-
duction capacity [ 2, 3 ]. The full realization of the PEM-WE
potential is, among other factors, mainly impeded by a notable
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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increase in the electrolyzer’s overpotential stemming from the 
slow kinetics of the anodic oxygen evolution reaction (OER)
[ 4–6 ]. The selection of catalyst material capable of catalyzing
OER while maintaining suitable resilience towards dissolution 
is almost exclusively limited to iridium-based catalysts, given the
rigorous OER operating conditions of high potential ( > 1.4 VRHE )
and low pH arising from the perfluorosulfonic-based membrane 
[ 7 ]. Specifically, the oxide form of iridium is particularly suited
to catalyze the OER, where a structurally ordered iridium oxide
(IrO2 ) is known for enhanced resistance to dissolution under
OER conditions and respectable OER activity, compared to highly
its use, distribution and reproduction in any medium, provided the original work is properly 
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active amorphous (hydrous) iridium oxide (IrOx ) that is more
prone to dissolution [ 8, 9 ]. Regarded among the rarest elements on
earth, various approaches have been suggested to circumvent the
iridium shortage while simultaneously maximizing the catalyst’s
activity toward OER including nanostructuring, dynamic IrOx 
surface reconstruction [ 10 ], doping of IrOx [11], or mixing IrOx 
nanoparticles with materials based on earth-abundant elements
[ 12 ]. Especially the latter approach would potentially enable
noticeable reduction in iridium’s packing density, thus enable
generation of sufficiently thick electrodes, necessary for PEM-WE
scale-up. [ 4, 5, 13 ] To realize this strategy, introducing a stable,
high surface area support material with sufficient conductivity is
of major importance. [ 14, 15 ] Here, the biggest progress is made
with pristine TiO2 /TiOx [16] and SnO2 [17] or their less stable but
more conductive doped counterparts M-TiO2 (M ═ Nb, Ta, V etc.),
M ─SnO2, (M ═ Sb, In, F etc.) [ 18–21 ].The potential application of
thermodynamically stable transition metal oxides such as Ta2 O5 ,
Nb2 O5 has also been in research focus [ 14, 22–24 ]. One example
is mass-selected Ir0.1 Ta0.9 O2.45 nanoparticles smaller than 2 nm
exhibit a mass activity of 1.2 ± 0.5 A mgIr − 1 at an overpotential
of 320 mV, which is about two times higher than that of mass-
selected IrO2 . However, the synthesis remains constrained to a
small scale due to the ultrahigh-vacuum cluster source technique
used [ 25 ]. 

The favorable interaction between inactive transition metal oxide
and OER active material, yielded active OER catalysts, but
also showed a stabilizing effect and mitigated precious metal
dissolution of usually less stable hydrous IrOx [ 13, 26 ]. 

Böhm et al. [ 27 ] addressed the often-overlooked aspect of
catalyst stability, demonstrating enhanced corrosion resistance
of hydrous IrOx supported on titania through crystallization
achieved by controlled thermal oxidation up to 375◦C. This
approach not only improved the catalyst’s stability but also
its conductivity. However, a further increase in temperature
to 400◦C induced uncontrolled particle growth and a change
in morphology, consequently diminishing the positive effect of
thermal treatment on the catalyst’s stability and conductivity.
This outcome proved the hardship of preserving the high surface
area of structurally ordered IrO2 . 

Here, we present an OER catalyst based on an iridium-
tantalum oxide nanoparticles (TaOx -IrO2 ) generated in a reverse
microemulsion. Encapsulation of the active material within the
protective silica nanoreactor enables controlled particle growth
while allowing iridium(IV) oxide particle crystallization during
the oxidizing thermal treatment at 800◦C [ 28 ]. The synthesized
material is thoroughly characterized by X-ray diffraction analysis
(XRD), X-ray photoelectron spectroscopy (XPS), micro X-ray
fluorescence (XRF), and high-angle annular dark and bright field
scanning electron microscopy (HAADF-STEM, ABF-STEM). We
employ rotating disc electrode (RDE) measurements to evaluate
the OER activity of silica-free, thermally prepared TaOx -IrO2 
electrocatalyst, and compare its performance to the bare IrO2 
(IrO2 -800◦C, IrO2 -600◦C) nanoparticles utilized with the same
synthesis procedure and calcined at the respective temperatures
as well as to the commercially available catalyst IrO2 from Alfa
Aeser (IrO2 -AA). The stability of the aforementioned catalysts
is examined with a scanning flow cell (SFC) connected to the
inductively coupled plasma mass spectrometer (ICP-MS), which
2 of 10
enabled real-time potential-dependent tracking of dissolution, 
thus determining intrinsic stability of the catalyst expressed in
the form of S-number [ 29 ]. The outcomes demonstrate that TaOx -
IrO2 nano-electrocatalyst is a highly performing OER catalyst, 
possessing high OER mass activity while maintaining excellent 
stability. 

2 Results and Discussion 

The synthesis of TaOx -IrO2 nanoparticles (Figure 1 ) employs 
a modified reverse microemulsion (RME) method previously 
reported by our group [ 28 ]. This method relies on the encap-
sulation of active material into a protective silica shell, which
enables thermal treatment at high temperatures while preserv-
ing the particle size and morphology. Namely, two separate
reverse microemulsions, RME 1 and RME 2, comprised of
n -heptane-surfactant-water, are necessary to generate tantalum- 
oxyhydroxide nanoparticles (TaO(OH)x ) starting from tantalum 

ethoxide (Ta(OC2 H5 )5 ) and iridium oxyhydroxide nanoparti- 
cles (IrO(OH)x ) starting from hydrated iridium(III) chloride 
(IrCl3 *nH2 O). Consequently, upon integration of the two reverse 
microemulsions (RME 1 and RME 2) in one unique, uniformly
dispersed tantalum and iridium oxyhydroxide nanoparticles are 
generated followed by their encapsulation in a protective silica
shell. Such encapsulated material, washed and dried, is further
thermally treated in a synthetic air atmosphere at 800◦C with a
temperature ramp of 2◦C min− 1 and an annealing time of 5 h.
The final product (TaOx -IrO2 ) is obtained after silica removal with
2.5 M NaOH solution at 70◦C. 

Scanning transmission electron microscopy (STEM) (Figure 2 ) 
reveals the morphology and particle size distribution of ther-
mally treated TaOx -IrO2 nanoparticles. HAADF-STEM images 
(Figure 2a–c ) show that the prepared TaOx -IrO2 nanoparticles 
are well encapsulated in the single silica shells with a mean
Sauter diameter of 9.3 nm (Figure 2f , green bars). We use
the Sauter mean diameter, D[3,2], as a reliable measure of
particle size because it accounts for both surface area and
volume, providing a representative size for processes influenced 
by interfacial phenomena. Secondary electron imaging of the 
extensive area of silica-encapsulated TaOx -IrO2 nanoparticles 
(Figure S1a–c ) confirms that all active material is contained
within the protective silica shell, preventing uncontrolled particle 
growth during thermal treatment. This finding demonstrates the 
exceptional capability of the silica nanoreactor in controlling both
the size and morphology of synthesized nanoparticles during 
thermal treatment at 800◦C, even in the more complex system
of mixed oxide nanoparticles (TaOx -IrO2 ), as compared to previ-
ously studied thermally treated bare IrO2 nanoparticles [ 28 ]. The
inclusion of TaOx nanoparticles alters the structural evolution 
observed in bare IrO2 , preventing the formation of a single
central IrO2 particle during the thermal treatment (c.f. Figure 
S2a,b ). Instead, the IrO2 nanoparticles remain dispersed on the
pre-formed TaOx nanoparticles. This resulted in significantly 
smaller IrO2 nanoparticles in the mixed oxide system (TaOx -IrO2 ) 
compared to bare IrO2 nanoparticles after the removal of silica
(Figure 2d ) with a mean Sauter diameter of 1.8 nm (Figure 2f ,
blue bars). STEM energy-dispersive X-ray spectroscopy (STEM- 
EDS) elemental mapping (Figure 2e ) suggests the homogeneous
distribution of Ta and Ir throughout the sample. 
ChemCatChem, 2026

e C
om

m
ons L

icense



FIGURE 1 Schematic illustration of the reverse microemulsion synthesis route for TaOx -IrO2 nanoparticles. (1) Hydrolysis of tantalum ethoxide in 
first reverse microemuslion (RME 1) leading to the formation of TaO(OH)x species. (2) Subsequent hydrolysis of hydrated iridium(III) chloride in second 
reverse microemulsion (RME 2) to form IrO(OH)x . (3) Addition of RME 2 to RME 1 resulting in the formation of TaO(OH)x -IrO(OH)x. composites. (4) 
Introduction of tetraethyl orthosilicate (Si(OC2 H5 )4 ) to encapsulate the TaO(OH)x -IrO(OH)x nanoparticles in a silica shell. (5) Thermal treatment at 
800◦C in synthetic air atmosphere to induce IrO2 crystallization and stabilization of TaOx and IrO2 within the silica matrix. (6) Removal of the silica 
shell by NaOH treatment at 70◦C to yield the final TaOx -IrO2 nanoparticles. 

FIGURE 2 Scanning transmission electron microscopy (STEM) high-angle annular dark (HAADF-STEM) and annular bright field (ABF-STEM) 
images of thermally treated (800◦C) TaOx -IrO2 nanoparticles with the particle size distribution histograms. (a–c) Selected HAADF-STEM images of 
TaOx -IrO2 nanoparticles encapsulated in silica shell, white arrows indicating TaOx -IrO2 and SiO2 phase. (d) ABF-STEM image of TaOx -IrO2 after 
removal of protective silica shell and (e) STEM energy-dispersive X-ray spectroscopy (STEM-EDS) elemental mapping of targeted nanoparticles. (f) 
Particle size distribution histograms, green bars relate to agglomerate size within the silica shell, while blue bars indicate the size of nanoparticles after 
silica removal. 

ChemCatChem, 2026 3 of 10
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FIGURE 3 (a) XRD patterns (Cu Kα radiation) of silica encapsulated TaOx , IrO2 , and TaOx -IrO2 calcined at 800◦C in synthetic air atmosphere. 
High-resolution XPS spectra corresponding to (b) Ir 4f, (c) Ta 4f, and (d) O 1s of silica-free TaOx -IrO2 catalyst calcined at 800◦C. 
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The XRD is utilized to examine the crystal structure of the
calcined TaOx -IrO2 sample encapsulated in a silica shell. Apart
from the broad peak appearing at ∼ 21◦, which we attributed to
amorphous silica (Figure 3a ), the XRD data reveal a rutile crystal
structure typical of IrO2, observed also in silica encapsulated bare
IrO2 sample calcined at 800◦C (IrO2 @SiO2 -800◦C) (Figure 3a )
[ 30 ]. 

To shed light on the influence of TaOx on the sample’s crys-
talline architecture, control experiments were conducted. TaOx 
nanoparticles encapsulated in silica (TaOx @SiO2 -800◦C) were
synthesized under identical conditions as the primary sample,
excluding the addition of reverse microemulsion (RME 2) con-
taining iridium-based precursor. The STEM analysis of these
control nanoparticles are presented in Figure S3 , which reveals
the presence fo Ta and O. The XRD pattern of the TaOx @SiO2 -
800◦C sample (Figure 3a ) exhibits a broad, diffuse diffraction
profile indicative of an amorphous structure. 

Additionally, we conduct Rietveld refinement of crystalline ref-
erence samples of bare IrO2 encapsulated in silica, which were
synthesized by utilizing only RME 2 reverse microemulsion
and consequently calcined at 600◦C (IrO2 @SiO2- 600◦C) and
800◦C (IrO2 @SiO2 -800◦C), and compare it to TaOx -IrO2 @SiO2 -
800◦C. Rietveld refinement from TaOx -IrO2 @SiO2 -800◦C (c.f.
Figure S5 , Table S1 ), shows no discernible change in lattice
parameters (i.e. values lie within the error of the analysis) com-
pared to IrO2 @SiO2 -600◦C and IrO2 @SiO2 -800◦C (c.f. Figure S4 ,
Table S1 ). This confirms that the rutile crystalline phase in TaOx -
IrO2 @SiO2 -800◦C originates exclusively from IrO2 . Notably, the
identical peak positions (i.e. 2 θ diffraction angles) observed in
4 of 10
TaOx -IrO2 -800◦C after silica removal (Figure S6 ) further verify
the retention of the rutile crystal structure in silica-free sample.
To examine the surface chemical composition and valence states
of the prepared TaOx -IrO2 electrocatalyst, we performed XPS 
analysis. The XPS survey spectra (Figure S7a ) confirmed the
presence of Ta, Ir, and O, with no detectable Cl residues from
the iridium precursor (Figure S7b ). Notably, we observe no trace
of Si on the sample’s surface (Figure S7c ), indicating successful
silica removal after thermal treatment and NaOH washing. 
High-resolution spectra of Ir 4f core-level region (Figure 3b )
show asymmetric peaks attributed to spin-orbit split components 
Ir 4f7/2 and Ir 4f5/2 , with the binding energies of 62.0 and 65.0 eV,
respectively. The slightly higher binding energy values of the
examined sample compared to typically reported values for rutile-
type IrO2 (61.9, 64.9 eV) were attributed to the minor presence of
Ir(III) [ 31 ]. Deconvolution of the Ta 4f spectra (Figure 3c ) suggests
that TaOx is in Ta(IV) oxidation state as the binding energies of the
corresponding spin-orbit split components Ta 4f7/2 and Ta 4f5/2 are 
25.6 and 27.5 eV [ 32 ]. 

Table S2 summarizes the deconvolution details of Ta 4f and Ir
4f high-resolution spectra. For the crystalline reference samples
IrO2 -600◦C and IrO2 -800◦C, the binding energies are 61.9 eV (Ir
4f7/2 ), and 64.9 eV (Ir 4f5/2 ) with asymmetric peak shapes closely
resembling those of Ir 4f spectra of TaOx -IrO2 -800◦C (Figure
S8a ). In contrast, the IrO2 reference from Alpha Aeser (IrO2 -A.A)
shows broader Ir 4f7/2 and Ir 4f5/2 peaks at 62.0, 65.0 eV, indicative
of a greater contribution from mixed iridium oxidation states.
(c.f. Figure S8a ). Consistently, XRD analysis (Figure S8b ) of the
IrO2 -A.A sample shows a metallic Ir peak and a broad feature
attributed to amorphous IrO2 , indicating a metallic core with an
ChemCatChem, 2026
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FIGURE 4 Stability measurement of silica-free TaOx -IrO2 calcined at 800◦C, bare IrO2 calcined at 600◦C and 800◦C, and the reference IrO2 
catalyst from Alfa Aeser measured with a SFC coupled to an ICP-MS in 0.1 M HClO4 . (a) Linear sweep voltammograms (LSVs) of analyzed samples 
taken with a scan rate of 10 mV s− 1 . (b) Exemplar dissolution profile of tantalum and iridium from TaOx -IrO2 catalyst calcined at 800◦C. (c) Stability 
assessment protocol. (d) S-number (S-Number 3, orange box) was determined during the third LSV for all analyzed samples. 
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amorphous oxide layer on the surface of the commercial catalyst.
The corresponding HAADF-STEM images of IrO2 -A.A can be
found in Figure S11 . 

The XPS spectra of O 1s (Figure 3d ) we deconvoluted (c.f Table S3 )
via two contributing peaks belonging to lattice oxygen at 530.2 eV
and oxygen from the hydroxyl group at 531.7 eV, contributing with
57.2% and 42.8%, respectively. The significant surface coverage
with hydroxyl groups indicates the presence of oxygen defects and
is often correlated with enhanced OER activity of electrocatalysts
[ 33, 34 ]. In a recent study, Wang et al., also observed the increased
fraction of hydroxyl groups on the surface of IrO2 @TaOx @TaB
when the Ir content was above 30 wt.% compared to the bare IrO2 
catalyst [ 35 ]. 

Given that research on OER catalysts has typically prioritized
activity over long-term durability, understanding the stability-
activity relationship is essential for optimizing both performance
and longevity [ 36 ]. Most reported highly active iridium-oxide-
based catalysts are obtained at mild to medium temperatures (up
to 400◦C), resulting in structures with lower crystallinity, which
in turn affects the stability as often the inverse trend between
activity and stability is observed [ 27, 28, 36 ]. To do a relevant
comparison of the stability performance of TaOx -IrO2 electro-
catalyst calcined at 800◦C (TaOx -IrO2 -800◦C), we investigated
IrO2 -600◦C, IrO2 -800◦C, and IrO2 -AA under the same conditions,
using a scanning flow cell coupled with ICP-MS. This method
enabled us to track in situ potential-dependent dissolution
(Figure 4a–d ) under OER-relevant conditions. To gain a trustwor-
thy stability comparison between analyzed catalysts, we utilized
the S-number [ 29 ], a metric obtained by dividing the amount
of generated oxygen, n(O2 ) and the corresponding amount of
dissolved iridium, n(Ir). Although the S-number represents the
intrinsic value of the catalyst’s stability, we avoid including
ChemCatChem, 2026
benchmark S-number values reported in the literature due to its
sensitivity to the applied electrochemical protocol, experimental 
setup (aqueous model system or membrane electrode assembly),
and reaction environment, consequently yielding orders of mag- 
nitude different S-number values throughout the literature for 
the same catalyst [ 37 ]. In this study, the S-number is calculated
by obtaining n(O2 ), n(Ir) values during the last linear sweep
voltammogram step (LSV 3) of the electrochemical protocol 
(Figure 4c , Table S6 ). As shown in Figure 4d , the stability of TaOx -
IrO2 -800◦C is comparable to that of bare IrO2 -600◦C and exceeds
that of commercial IrO2 (IrO2 -AA), though it remains lower 
than the stability of IrO2 -800◦C. However, the polarization curves
recorded during the stability assessment (Figure 4a ) reveal a
clear difference in onset potential between TaOx -IrO2 -800◦C and 
the most stable IrO2 -800◦C, which highlights the activity trend
discussed in the following section [ 26 ]. Moreover, a significantly
lower dissolution rate of tantalum, exhibited as more than a 13-
fold reduction compared to iridium during the initial LSV cycle
(Figure 4b ), suggests that tantalum oxide is a promising support
material. 

The electrocatalytic activity (Figure 5a–c , Table S4 ) of the calcined
TaOx -IrO2 electrocatalyst toward the oxygen evolution reaction 
(OER) was assessed in 0.1 M HClO4 using a three-electrode
rotating disc electrode (RDE) setup and compared to OER activity
of IrO2 -600◦C, IrO2 -800◦C, and IrO2 -A.A. As shown in Figure 5b ,
we highlight the OER polarization curves of the respective
catalysts normalized to the total iridium loading within the
OER-relevant potential window. For this purpose, we determined 
the iridium content in TaOx -IrO2 after silica removal to be 72
wt% (c.f. Figure S9 ). The TaOx -IrO2 catalyst exhibits remarkable
performance, with an average OER mass activity of 337 mA mgIr − 1 
at 1.53 VRHE (Figure 5c ), surpassing IrO2 -AA by more than two-
fold. It also demonstrates significantly higher activity compared 
5 of 10
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FIGURE 5 RDE measurements of silica-free TaOx -IrO2 , bare IrO2 calcined at 600◦C, and 800◦C, and the reference IrO2 catalyst from Alfa Aeser in 
0.1 M N2 -saturated HClO4 . (a) Cyclic voltammetry measured with a scan rate of 50 mV s− 1 between 0.05 and 1.4 VRHE . The current density is normalized 
to the total amount of catalyst. (b) OER mass activities (normalized to Ir amount) obtained from the first linear sweep voltammetry (LSV) (iR drop 
corrected) scanning between 1.3 and 1.6 VRHE (highlighted potential region from 1.5 VRHE to 1.6 VRHE ) with a scan rate of 10 mV s− 1 and forced convection 
at 900 rpm. (c) Comparison of mass specific and charge specific OER activities at 1.53 VRHE . 
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to its bare counterparts, IrO2 -600◦C and IrO2 -800◦C. The reason
for such discrepancy in OER activities, especially between TaOx -
IrO2 -800◦C and bare IrO2 -600◦C, and IrO2 -800◦C is arguably
due to the difference in structural evolution during the synthesis
i.e. the generation of smaller IrO2 nanoparticles, induced by the
presence of TaOx [ 25, 28, 30 ]. The charge-specific OER activities
at 1.53 VRHE (Figure 5c ), derived from the pseudocapacitive
region of the cyclic voltammograms (c.f. Figure S10 ) reveal
that TaOx -IrO2 synthesized at 800◦C exhibits nearly an order
of magnitude higher charge-specific activity than IrO2 -A.A and
more than four times higher charge-specific activity compared
to IrO2 -600◦C. At the same time, the S-number of TaOx -IrO2 -
800◦C is comparable to that of IrO2 -600◦C and superior to
IrO2 -A.A, highlighting the significant impact of TaOx on the
performance and stability of IrO2 in OER applications. Despite
the high temperatures, the cyclic voltammogram of TaOx -IrO2 -
800◦C (Figure 5a ) reveals the features typical of highly active
hydrous iridium-oxide, similar to the IrO2 -A.A, but with lower
pseudocapacitive charge, presumably due to higher annealing
temperature during the synthesis [ 9 ]. The hydrous nature of
the TaOx -IrO2 -800◦C surface is corroborated by the presence
of hydroxyl species observed in the XPS O 1s spectrum. The
deprotonation of these hydroxyl species during the oxidizing
potentials is shown to trigger the catalyst OER activity [ 33 ]. The
potential synergetic effect between OER-inactive TaOx and IrO2 
caused by plausible electronic interaction between the two oxide
materials, may also contribute to the high OER activity of TaOx -
IrO2 -800◦C [ 11, 13, 38 ]. In Table S5 , we compare the OER mass
activities of several state-of-the-art catalysts with similar chemical
compositions. The TaOx -IrO2 -800◦C catalyst shows competitive
performance with highly active sub-2 nm IrO2 from Zheng et al.
[ 25 ], IrO2 -Ta2 O5 (7:3) [ 22 ] and outperforms IrO2 @TaOx @TaB [ 35 ],
while only mass selected Ir0.1 Ta0.9 O2.45 [25] is more active. These
results further highlight the strong activity of TaOx -IrO2 -800◦C
among advanced OER catalysts. 

3 Conclusion 

In this study, we have successfully synthesized a structurally
ordered and size-controlled OER catalyst based on TaOx -IrO2 
nanoparticles calcined at 800◦C. Introducing TaOx as a matrix
not only lowered the content of scarce iridium but has also
6 of 10
influenced the structural evolution of the material during the
thermal treatment while protected within a silica shell, result-
ing in a material with a significantly higher surface-to-volume
ratio compared to the structural evolution of bare IrO2 under
the same synthesis conditions. Such thermally prepared TaOx - 
IrO2 electrocatalyst exhibits superior mass OER activity that 
outpeforms some of the most active recently reported state-of-
the-art catalysts based on similar chemical composition. Notably, 
TaOx -IrO2 synthesized at 800◦C outperformed the reference 
IrO2 catalyst (IrO2 -A.A) with 2.5 time’s higher mass activity 
and nearly tenfold higher charge-specific activity. Additionally, 
it exhibited superior intrinsic stability, as indicated by the S-
number metric, underscoring the significant impact of TaOx on 
enhancing both the activity and stability of IrOx . The ability to
perform the controlled thermal treatment at 800◦C maximized 
the catalyst resistance toward dissolution. Besides, remarkably 
low dissolution of tantalum during the stability assessment
protocol highlights the importance of material choice when 
designing novel OER catalysts. Potential beneficial interaction 
between TaOx and IrO2 could have additionally contributed to the 
overall improvement of catalyst electrochemical performance, 
advocating the OER catalyst design strategy based on mixed oxide
approach. 

4 Experimental Section 

4.1 Synthesis 

4.1.1 Chemicals 

n -heptane (99 + %, Extra Dry, Thermo Scientific Chemicals),
water (D.I.), Brij L4 (Mn ∼ 362, Sigma Aldrich), Ammonia
(28%–30%, Sigma Aldrich), Tetraethyl Orthosilicate (Thermo 
Scientific Acros), Methanol, Acetone, Sodium hydroxide pellets 
(AppliChem GmbH), tantalum(V)-ethoxide (99.98% trace met- 
als basis, Sigma Aldrich), iridium(III)-chloride hydrate (Sigma 
Aldrich), IrO2 (Premion, Alfa Aeser). 

4.1.2 TaOx -IrO2 @SiO2 Synthesis Procedure 

Before forming a reverse microemulsion, hydrolysis of the 
hydrated iridium(III)-chloride is done by preparing 0.07 mmol 
ChemCatChem, 2026
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per milliliter iridium solution comprising a mixture of 4.3 mL
of ultra-pure water and 0.7 mL ammonia (28%–30%) aqueous
solution. The solution is stirred at ambient conditions ( T = 298 K)
in the vial with a closed lid until the formation of a clear purple
solution indicating the formation of iridium(IV) oxyhydroxide. 

For the purpose of TaOx synthesis, a dry round bottom flask
(50 mL) is coupled to the Schlenk line and flushed with nitro-
gen. Consequently, 25 mL of extra dry n-heptane is added in
which 25 µL of tantalum (V)-ethoxide is carefully dissolved.
In a separate (500 mL) round bottom flask 23 mL of Brij L4
surfactant is dispersed in 175 mL n-heptane by stirring for 10 min
and additionally by ultrasonication. First reverse microemulsion
(RME 1) is formed by the addition of 5 mL of water (D.I.) and
2.5 mL of ammonium hydroxide. Using the syringe, the tantalum-
containing solution is transferred from the Schlenk flask to the
reverse microemulsion within the time interval of 5 min and
stirred under ambient conditions for 2 h. 

In the meantime, a second, iridium-containing reverse
microemulsion (RME 2) is prepared by dispersing 3.6 mL
Brij L4 surfactant in 23 mL of n-heptane and the consequent
addition of 1 mL of iridium (IV) oxyhydroxide solution. After 2 h
of RME 1 stirring, RME 2 is dropwise added to RME 1 via a 50 mL
syringe coupled to a Ø 0.6 mm cannula, and the final reverse
microemulsion consisting of the RME 1 and RME 2 is stirred for
another 2 h. Lastly, 0.75 mL of Tetraethyl Orthosilicate is added
to the final reverse microemulsion and left to react overnight ( ≈
16 h). 

After stirring overnight to induce particle precipitation, 150 mL
of methanol is added, followed by vigorous stirring for a few
minutes. The mixture is then allowed to settle for 30 min to
complete the precipitation process. At this stage, three distinct
phases form: an upper n-heptane-rich layer, a middle methanol
layer, and a bottom layer where the fluffy, light purple precipitate
settles. The upper layer is decanted and the leftover slurry is
centrifuged and washed subsequently with methanol and acetone
respectively. The obtained solid phase is dried under vacuum at
60◦C for 1 h and prepared for thermal treatment. In total, 220 mg
of dry product is obtained. Thermal treatment is done in a tubular
furnace under a synthetic air atmosphere at a flow rate of 10 Nl
h− 1 with a temperature ramp of 2◦C min− 1 and 5 h of annealing
time at 800◦C. 

The removal of silica is done under reflux at 70◦C by dispersing
calcined product in 30 mL of 2.5 M NaOH solution for 20 h.
The resulting dispersion is then centrifuged and washed with D.I.
water until neutral pH. The black resulting dry powder represents
TaOx -IrO2 nanoparticles. 

4.1.3 SFC-ICP-MS 

4.1.3.1 Electrode Preparation. Electrodes with a constant
total catalyst loading of 20 µg cm− 2 and 20 wt% Nafion content
were prepared by drop-casting 0.2 µL of ink on polished glassy
carbon plates (SIGRADUR G, HTW). The drop-casted electrodes
were examined with a Keyence VK-X250 confocal laser-scanning
microscope to ensure comparable size (roughly 1.3 mm diameter)
and quality of the electrode spots. 
ChemCatChem, 2026
The silica-free inks were prepared by suspending the investigated
catalyst powders in DI H2 O (Merck Milli-Q) and adding 2-
propanol for stabilization. Nafion perfluorinated resin solution 
(Alfa Aesar, 5 wt%) was added afterward to adjust the adhesion
of the spots to the glassy carbon substrate. Solvent content of the
Nafion solution was accounted for to achieve a mixture of 7/8 H2 O
and 1/8 2-propanol. Prior to drop-casting, the inks were sonicated
for 15 min, and the pH was adjusted to 11 by adding 1 M KOH to
achieve homogeneity. 

4.1.3.2 Dissolution Measurements. The SFC-ICP-MS 
setup with an opening diameter of 2 mm was used as described in
prior publications [ 29, 39 ]. Fresh 0.1 M HClO4 (Merck Suprapur
70% HClO4 ) was prepared daily by mixing stock solution and DI
H2 O. The electrochemical measurements were carried out with 
Ar-purged 0.1 M HClO4 at a flow rate of 207 µL min− 1 , connecting
the SFC directly to a NexIon 350 spectrometer (Perkin Elmer).
A saturated Ag/AgCl reference (Metrohm) and a graphite rod
counter electrode were used for measurements. To ensure the
constant performance of the ICP-MS, an internal standard
solution (10 µg L− 1 187Re in 0.1 M HClO4 ) was added downstream
towards the ICP-MS. 4-point calibration curves were recorded 
daily by measuring freshly prepared solutions of known Ir- and
Ta-content (0, 0.5,1.0, 5.0 µg L− 1 in 0.1 M HClO4 ). 

4.1.4 RDE 

The catalyst films for electrochemical activity measurements in 
the liquid half-cell were prepared by dispersing the investigated
catalyst in water (ultrapure grade, VWR) with an ultra-sonic horn
(Branson Sonifier), pulse mode at 35% intensity for 30 min onto a
glassy carbon electrode (Ø 5 mm) of the RDE tip. The electrodes
with a constant catalyst loading (total catalyst mass) of 0.05 mg
cm− 2 were prepared by drop-casting of 15 µL of ink on a polished
glassy carbon RDE tip. The drop-casted inks were then dried
under a constant stream of Argon at room temperature. All the
measurements were conducted at room temperature in a multi-
neck glass cell in 0.1 M HClO4 (Rotipuran Ultra 70%, Carl Roth
GmbH) purged with a constant flow of nitrogen. A saturated
Ag/AgCl reference electrode (3 M KCl, Metrohm) and a graphite
rod counter electrode were used. The setups were equipped with
a Gamry Reference 600 potentiostat and a Radiometer Analytical
rotation controller. 

4.2 Characterization Methods 

4.2.1 XRD Analysis 

A Bruker D2 Phaser second Generation was used with a wave-
length of Cu Kα = 1.5406 Å. Measurements were taken in a 2-theta
range from 5◦ to 90◦ with a measurement speed of 0.02◦ (2 s)− 1 
using a background-free silicon sample holder. 

4.2.2 HAADF-STEM Measurements 

HAADF-STEM micrographs were obtained using a JEM2100F 
(JEOL) microscope (200 kV, ZnO/W(100)-emitter). The samples 
were prepared by dispersion of the investigated material in
7 of 10
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ethanol with ultra-sonication. Subsequently, 3 ×10 µL of resulting
dispersion was drop casted onto a Lacey–Carbon coated gold or
copper grid. 

4.2.3 HR-STEM Measurements 

The HR-STEM measurements were conducted on a Hitachi
HF5000 environmental STEM at 80 kV acceleration voltage. The
system is equipped with a cold field emission electron gun, a
Cs probe corrector (Hitachi), an energy dispersive spectroscopy
unit (two Oxford Instruments Aztec Energy TEM Advanced EDX
System Ultim TLE detectors, 100 mm2 active area with a 2 sr
solid angle), a post-column energy filter system (CEOS CEFID),
and a TVIPS TemCam XF416 camera. To enable energy-filtered
4D STEM measurements, the microscope is equipped with a
MerlinEM Direct Electron Detector (QuantumDetectors). The
HF5000 is equipped with an Everhart–Thornley detector for
imaging the surface topography using secondary electrons. After
drop-casting 10 µL of the catalyst suspension on a MEMS heating
chip (Norcada), the MEMS chip was dried in a vacuum drying
oven under reduced pressure (2 ×10− 2 mbar) at 75◦C for 18 h. With
a Hitachi single tilt heating holder, the chip was transferred to
the microscope. heated to 200◦C for 30 min to remove organic
contaminations. To mitigate beam damage, EDX maps with a
resolution of 512 ×512, a pixel dwell time of 5 µs and a frame count
of 600 were recorded. 

4.2.4 XPS Analysis 

All XPS measurements were performed using a SPECS instru-
ment. The samples were excited with monochromatic AI Kα
radiation at 1486.74 eV. The emitted photoelectrons were collected
using a 150 mm hemispherical energy analyzer (Phoibos 150,
SPECS). For each sample a survey scan with a pass energy of 20 eV
and high-resolution C 1s, O 1s, Cl 2p, Si 2s, Ir 4p, Ir 4d, Ir 4f, and
Ta 4f regions with a pass energy of 10 eV were measured. The
adventitious C 1s signal of carbon was used for binding energy
calibration and assigned to 284.7 eV. The samples were prepared
by drop-casting 10 µL of water-based ink of the respective sample
(concentration 6.5 mg mL− 1 ) on 1 ×1 cm2 glassy carbon plates.
All XPS spectra were deconvoluted using CasaXPS peak fitting
software [ 40 ]. 

4.2.5 Micro X-Ray Fluorescence Analysis 

The element concentrations of samples were collected by Bruker
M4 TORNADO. Approximately 2 mg of each sample was placed
on a titanium sheet and analyzed under a vacuum pressure of
20 mbar. The measurements were performed using a source
voltage of 50 kV and a current of 600 µA. The X-ray source in the
M4 TORNADO system consists of a 30 W metal-ceramic tube with
a rhodium (Rh) anode. 
8 of 10
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