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Ultrasonically Deposited Boron-Doped Silicon Decorated
with Laser-Generated Iridium Nanoparticles as
Manufacturing Approach for OER Electrodes in PEM Water
Electrolysis

Norbert Kazamer,* Meike Tack, Mathias Spree, Martin Underberg, Ulrich Rost,
Sven Reichenberger, Maximilian Cieluch, Haujin Salih, Florian Wirkert, Leonard Böhm,
Jeffrey Roth, Varatharaja Nallathambi, Baptiste Gault, Christoph Baer, Kerstin Orend,
Stephan Barcikowski, Tim Hülser, and Michael Brodmann

The study introduces flexible and scalable manufacturing approach
for electrodes utilizing boron-doped silicon as conductive support for iridium
nanoparticles, addressing the challenges of cost and scarcity associated wit
noble catalysts for oxygen evolution reaction (OER). Colloidal Ir nanoparticles
are synthesized via pulsed-laser ablation (≈4–7 nm) and decorated
on B-doped Si (≈100 nm) through electrostatic adsorption. Titanium
substrates are ultrasonically sprayed with Si:B – Ir and Ir nanoparticles with
very low iridium loading of 12 wt.%. Crystalline Ir phases (Ir(111), Ir(200))
are observed and known to enhance the OER mechanism. Additionally, atom
probe tomography confirms that the Si support particles contained 0.03-0.5
at% of boron throughout the entire particle, while electrical permittivity and
through-plane measurements reveal a positive impact of B-doped Si on the
electrical conductivity of the nanocatalysts and of the ultralow-loaded catalyst
coated Ti substrates (0.12 mgIr cm−2), respectively. Rotating disk electrode
results show pronounced oxidation peaks for decorated Ir nanoparticles.
The Si:B-Ir 4 nm catalyst exhibits the highest turonover frequency (2.62 s−1)
and a competitive electrochemical surface area (25 m2 gIr

−1) compared
to Si:B-Ir 7 nm (0.96 s−1; 37.5 m2 gIr

−1) and Ir black (0.24 s−1; 5 m2 gIr
−1).

The overall analysis of the parameters highlights a performant
catalytic efficiency, through balancing activity and reaction kinetics effectively.
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1. Introduction

With global energy demand projected
to rise 50% by 2030,[1,2] urgent green
energy solutions are needed to address
the climate emergency.[3,4] Hydrogen is
promising for energy storage and emis-
sion reduction,[5] yet green water elec-
trolysis produces only 4% of global hy-
drogen, or ≈65 million tons annually.[6,7]

Green hydrogen can be produced by pro-
ton exchange membrane water electrol-
ysis (PEMWE), during which H+ pro-
tons are permeated through a proton-
conducting membrane. As a result, high
purity oxygen and hydrogen are pro-
duced in a process safer than alkaline
water electrolysis (AWE), as no caus-
tic electrolytes are used at higher pos-
sible specific production rates.[6,8,9] The
PEMWE surpasses the AWE in other
aspects as well, e.g., ability to man-
age fluctuations of power input, ver-
satility of operating at a wide tem-
perature range and high pressure, or
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thermal and mechanical stability of the membrane electrode
assembly (MEA).[10–12] Although taken over by some other
technologies like solid oxide electrolysis, the PEMWE systems
reaches an advanced technical readiness level with with an
energy efficiency of 70–80%.[13,14] Despite PEMWE being one of
the most performant water splitting technologies, it does face
significant challenges as well, e.g., the acidic and highly oxida-
tive environment, strongly limiting the choice of materials and
catalysts.[15,16] Additionally, also the bubble accumulation and
related insufficient water transport can impair the performance
of the system, thereby directly decreasing the electrical energy
efficiency and hydrogen output.[17,18]

Thinking of a large-scale implementation that can be done
only at ultra-low catalyst loadings, the danger of fabrication an
inhomogeneous catalyst layer (CL) is high, leading to a low elec-
trochemically active surface area and catalyst utilization, result-
ing in a significant decrease in performance.[11,18] To meet the
high demand for iridium, Minke et al. identified two crucial
strategies: drastically reducing catalyst loading and establishing
an effective recycling infrastructure.[19] Achieving radical reduc-
tion in noble metal catalyst loading hinges on electrode archi-
tecture. Support structures for catalyst nanoparticles can mini-
mize the required amount of iridium, which is vital given the
limited global production of just 10 tons per year.[19,20] Based on
current projections and focusing solely on existing PEMWE tech-
nology, installing ≈10 GW annually with a targeted catalyst load-
ing of 0.4 mgIr cm−2 would necessitate ≈25% of the world’s total
iridium extraction.[9,19,21] Given that iridium prices have surged
seven to ninefold in the past five years, driven largely by height-
ened demand from the hydrogen sector,[22,23] there are significant
doubts about the cost-effectiveness of achieving these reduced
loadings. A target loading of 0.4 mgIr cm−2 from the current stan-
dard benchmark of 2 mgIr cm−2[24–26] while maintaining the 70%
PEMWE efficiency is considered as an economically viable solu-
tion that has to be reached by 2035.[19]

The three state-of-the-art approaches to increase the electrode
performance are: (i) creating a microporous layer (MPL) in the
electrode architecture, (ii) increasing the conductivity and acces-
sibility of the CL via a support structure and through (iii) mi-
crostructural modification of the catalyst itself.[27] The signifi-
cance of the interface layer was emphasized already a decade ago
in the review study of Carmo et al.[28] The ideal support for the
catalysts should have: (i) a good electrical conductivity, (ii) large
geometrical surface area for catalyst dispersion, (iii) porous struc-
ture that does not restrain water- and gas transport, (iv) stability
under the oxidative and acidic conditions and most importantly,
besides (v) low costs and high abundance. In order to meet all
these requirements, there is only a limited number of materials
that can be used as anode supports in PEMWE.[28]

Regarding the state-of-the-art catalyst supports, titanium
oxide-based materials have recently proven a robust solution
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under the odixative and caustic reaction conditions, despite
their poor electrical conductivity.[29] Chen et al. demonstrated
in a recent study that various platinum group metals can ef-
fectively be deposited onto these oxides as nanoparticles, show-
ing sufficient conductivity and stability during the oxygen evo-
lution reaction (OER) under acidic conditions.[30] Subsequent
research has focused on creating substoichiometric TiO2-x sup-
port particles, often in Magnéli-type structures to further im-
prove their conductivity.[31–33] Alternative materials such as
MnO2

[34,35] and CO3O4
[36] show promising performance along-

side metal nitrides (e.g., TiN,[37,38] Si3N4)[39] and carbides (e.g.,
TiC, TaC, NbC, WC),[40] which possess electrocatalytic activity
and conductivity,[41] often used in core-shell structures to en-
hance catalyst accessibility.[42,43]

Doped supports, particularly antimony-doped tin oxide (ATO),
have garnered significant interest due to their low cost and
availability.[44,45] However, challenges remain with high Ir load-
ings exceeding 60 wt.%, crucial for optimizing OER performance
but limiting commercialization.[46] Efforts to reduce noble metal
mass include using IrNiOx@Ir core-shell nanoparticles[47] and
Ir nanonendrites.[48] Despite advancements, issues such as Sb
leaching at high anodic potentials persist. Doping Sn-oxide with
elements like In, Nb, Ta, or F has shown promising mass ac-
tivities and kinetic values.[49,50] Recent comparisons highlight
IrOx/SnO2 as a leading catalyst configuration. Elmacı et al. used
some more particular strategies of manufacturing magnetic com-
posites like aghemite (𝛾-Fe2O3), magnetite (Fe3O4), and man-
ganese ferrite (MnFe2O4) as cores coated with birnessite-type
manganese oxide shells for water oxidation.[51] Moreover, by an-
choring 1D MnO2 on C2N4 led to promising OER performance
which enhanced aerophibicity, structure facilitating detachment
of gas bubbles from electrode surface and numerous transport
channels for electrolyte, ions and electrons.[52,53] The Wang re-
search group also explored PtCo@NC high density frustrated
Lew pair sites for electrocatalytic applications.[54] These could
lower the activation energy for the OER oxidation steps, en-
hance the reactivity or allow further surface chemistry tuning.
Other works of the same group and of Elmacı et al. explored
the use of Co, Ag or Mo, among others, for electrocatalytic
applications.[54–61] Yet, integrating these advanced catalysts into
electrodes remains “an elephant in the room” type of problem
for broader application in realistic environments.[40,62–64]

Herein, we present an easily adaptable approach for synthe-
sizing a wide range of catalysts and manufacturing of electrodes
for water electrolysis based on ultrasonic spraying, here using
Si:B-Ir nanoparticles as catalysts. The catalyst materials were
synthesized by coupling a laser-based catalyst synthesis in liq-
uids with an innovative support material. The used laser ablation
in liquid technique and the subsequent colloidal deposition
allows for a robust control over particle size and nanoparticle
distribution on the support particle, which is crucial for opti-
mizing electrocatalytic activity.[65,66] Moreover, the initial doping
of boron into the Si nanoparticles used as a support for the
laser-generated Ir nanoparticles brings an innovation aspect,
which distinguishes this work from other studies. Additionally,
it modifies the electronic properties of the support through a
p-type doping of boron compared to traditional nanoparticles,
e.g., fluorine-doped tin oxide, where the properties cannot be
tuned after the nanoparticle fabrication.[67–69] As recent studies
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Figure 1. Surface-weighted particle size distributions of the IrNP produced from (A) laser ablation of solid iridium and (B) fragmentation of idium
microparticles in water, respectively. Results were calculated from number-weighted size distributions gained from TEM investigation.

have emphasized the importance of optimizing catalyst mor-
phology and substrate interactions to improve performance in
PEMWE, this work aligns with the current trends in reducing
iridium loading within the CL using innovative catalyst support
structures.[65,70,71] An easier overview of the analyzed batches
can be seen in Figure S1 (Supporting Information).

2. Results and Discussions

2.1. Support and Catalyst Nanoparticle Synthesis

Before deposition, the size of the iridium nanoparticles obtained
by either laser ablation (LAL) of solid iridium or fragmentation
(MP-LFL) of iridium microparticles in water was analyzed via
transmission electron microscopy (TEM) (primary particle diam-
eter) and analytical disk centrifugation (hydrodynamic particle di-
ameter). The surface-weighted distribution of the primary parti-
cle diameter of the nanoparticles is shown in Figure 1A for the
laser ablation of a bulk target in liquid and in Figure 1B for the
laser fragmentation of the microparticles suspended in liquid wa-
ter, respectively. Both laser processing methods yield nanopar-
ticles almost exclusively with a size below 10 nm. In catalysis,
this size fraction is desired as these particles show a high spe-
cific surface and an increased number of undersaturated surface
atoms.[72,73] In detail, the laser ablation of the iridium bulk tar-
get leads to a primary particle mean of xmean = 7.0 nm with a
standard deviation of 𝜎 = 5.6 nm, while the laser fragmentation
of iridium microparticles in liquid produces a primary particle
mean of xmean = 4.3 nm with a standard deviation of 𝜎 = 2.6 nm.
The specific surface of the nanoparticles defined through those
surface-weighted distributions was found to be 44.2 m2 g−1 for
the nanoparticles gained via LAL and 62.2 m2 g−1 for the nanopar-
ticles gained via MP-LFL respectively. To confirm the particle
sizes, additional hydrodynamic measurements of the samples
(via analytical disc centrifugation) with a mass-weighted distribu-
tion were conducted (Figure S2D,E, Supporting Information). As
expected, the hydrodynamic particle sizes detected by analytical
disc centrifugation are slightly higher because of the hydrate shell
around the nanoparticles. For simplicity, in the further course of
the paper, the particles are described as 4 nm particles and 7 nm
particles, respectively. For comparing the catalytic activity of the
laser-synthesized particles, a commercial iridium black catalyst

from Umicore was utilized. The recorded SEM micrographs of
the reference (Figure S3, Supporting Information) revealed flake
shaped particle agglomerates with sizes in the range of hundred
nanometers and larger. A hydrodynamic particle size measure-
ment showed a mass-weighted mean of xmean = 138.1 nm with
a standard deviation of 𝜎 = 130.6 nm (Figure S2F, Supporting
Information).

A section of the 3D reconstruction of a boron-doped silicon
nanoparticle is shown in Figure 2. Boron appears distributed
across the entire Si nanoparticle, yet the reconstruction of the
atom probe tomography (APT) data displayed in Figure S4 (Sup-
porting Information) evidence that the B distribution is not uni-
form. The corresponding 1D composition profile of B along the
depth indicates that the B distribution inside the grains varies
in the range of 0.05–0.3 at.%, showing two segregated planar
features. Figure 2B is a close-up of one of these local B enrich-
ments, highlighted by a set of blue isosurfaces encompassing
regions containing more than 3 at.% B. The segregated region
appears similar to facetted grain boundaries previously reported,
and segregation of dopants and impurities is known to be ener-
getically favorable at grain boundaries.[74–76] The relatively large
B agglomeration in the middle of the tip can be attributed to
the inhomogeneous solubility of the dopant. Nevertheless, in the
other regions of the tip, a homogeneous dispersion of B can be
seen, just as intended in the study. As B is not an element nega-
tively affecting the CL and since the ultrasonic spray process dis-
perses the nanoparticles on the electrode surface, such agglom-
erates are not created. Analysis of the APT detector hit maps,
shown in Figure S5 (Supporting Information), did not allow to
precisely characterize the type of grain boundary observed. The
limited changes in the pattern and continuity of the (111) set of
planes suggest a special grain boundary about the (111) direc-
tion. A 1D composition profile calculated along a 15-nm-diameter
cylindrical region-of-interest positioned across the grain bound-
ary is plotted in Figure 2C, showing that B reaches up to 11.2 ±
0.7 at. % at the grain boundary.

A TEM image of the boron doped silicon nanoparticles can be
seen in Figure 3A, whereas the Ir-decorated Si:B nanoparticles
are depicted in Figure 3B. The size and the degree of agglomera-
tion and aggregation of the initially prepared Si supportparticles
can be adjusted by the silan precursor concentration and resi-
dence time in the hot zone of the pilot-scale hot wall synthesis
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Figure 2. APT 3D atom map of B-doped Si nanoparticles embedded in Ni matrix. Orange, blue, and green dots represent the reconstructed Si, B, and
Ni atoms, respectively. Blue dots representing the B atoms are enlarged for better visualization. (A) shows the atom map of the Si nanoparticle with the
presence of Ni matrix at the bottom, (B) shows the highlighted region of the Si nanoparticle with B enrichment evidenced by an isosurface defined by
the B concentration value of 3 at.%, (C) shows the 1D concentration profile of the selected region of interest. The Ni signal is caused by the Ni film into
which the Si:B nanoparticles were embedded using focused ion beam (FIB; Figure S6, Supporting Information).

reactor. Specifically, the precursor concentration and the pressure
in the reactor were varied in a pre-study which was conducted to
maximize the specific surface area of the boron-doped Si support
particles. In the pre-study, high precursor concentrations lead to
larger particles while low operating pressure lowers the degree of
aggregation. As can be seen from Figure 3A, the primary silicon
particles obtained by these optimized synthesis conditions have
a size of ≈100 nm and are forming aggregates and agglomerates.
The resulting irregular shape offers a high geometrical area for
the electrocatalyst decoration. The chosen operating conditions
are considered favorable as the particles produced are suitable
for both catalyst decoration and the creation of an electrically con-
ductive path through the Ti electrode.

The XRD analysis from Figure 3C revealed a distribution of Si
and Ir phases in the analyzed samples. The fact that boron re-
sides in the structural lattice of Si causes its detection to be pos-
sible only via a shift of the Si peak, which however was so small
that it could not be identified in this case (note the low boron
dopand concentration of less than 0.3 wt% found by APT). Al-
though boron has a small atomic number, all three elements (B,
Ir, Si) were detected through EDX, the mapping being available
in Figure S7 (Supporting Information). The incorporation of the
B and its mechanisms was clearly proved through APT above. Si

was identified at 28° 2𝜃, 47° 2𝜃, 56° 2𝜃, 76° 2𝜃, and 88° 2𝜃, being
in good agreement with the literature.[77,78] Metallic Ir peaks were
identified overlapping the ones of the Ir black at 41° 2𝜃, 47° 2𝜃,
69° 2𝜃, 83° 2𝜃, and 88° 2𝜃, and were indexed as (111), (200), (220),
(311), and (222) reflections of the fcc crystal system, coinciding to
those attributed to Ir nanodendrites in the highly cited work by
Oh et al.[48] The Ir (111) facet is recognized as being energetically
stable,[79,80] having a low standard Gibbs energy level,[81] thus en-
abling a performant OER. The Ir (200) facet is often identified
together with the Ir (111) in studies where only Ir is investigated
as a single material catalyst,[82,83] and in studies where it is used
as a decoration on support structures.[84,85] No compound phases
between Si, B and/or Ir were observed, i.e., no alloying took place,
as intended.

The effect of doping on the support Si:B was analyzed through
electrical permitivity measurements. The conductivity of a ma-
terial has a great influence on the complex valued permittiv-
ity ɛr. Especially in the microwave range (i.e., frequencies ex-
ceeding 100 GHz), the complex valued permittivity is an impor-
tant measure. Here, the conductivity contributes to the imag-
inary part of the complex permittivity ɛr

’’, which describes
the overall material losses. Among different models, the ad-
vanced Cole-Cole model perfectly illustrates the influence of the
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Figure 3. Characterization of (Ir decorated) Si:B particles. A) TEM micrographs of the 6 at.% boron doped silicon nanoparticles and B) Ir 7 nm deco-
rated Si:B nanoparticles. C) Exemplary XRD spectra of the Si:B nanoparticles, decorated with 4 nm and 7 nm iridium nanoparticles, respectively, and
commercial iridium black as a reference material.

conductivity on the frequency dependent, complex valued per-
mittivity, described as:

𝜀r

(
j𝜔
)
= 𝜀′r − j𝜀′′r = 𝜀∞ +

∑
n

𝜀s − 𝜀∞

1 +
(
j𝜔𝜏n

)1−𝛼n
+

𝜎dc

j𝜔𝜀0
(1)

where the parameters ɛs and ɛ∞ indicate the materials real part
permittivity at low and optical frequencies, respectively. The re-
laxation time 𝜏n models dielectric losses while 𝜎dc is the dc-
conductivity. Since the real and the imaginary part of the com-
plex valued permittivity is connected via the Kramers-Kronig
relation,[86] it is good practice in microwave engineering to spec-
ify the material’s loss tangent, which directly indicates the power
loss dissipation of dielectric material:

tan 𝛿 =
𝜀′′r

𝜀′r
(2)

Consequently, the loss tangent rises with increasing conduc-
tivity. In first measurements, broadband permittivities in the fre-
quency range of 80 GHz-90 GHz were recorded (Figure S8, Sup-
porting Information). From these measurements, the average

values for the real part permittivity and loss tangent for the doped
and undoped material were determined as follows:

𝜀′ r,Si = 2.07 𝜀′ r,Si:B = 3.23 (3)

tan 𝛿Si = 0.06 tan 𝛿Si:B = 0.12 (4)

This trend supports the notion that the doped silicon sample
offers greater conductivity, in accordance with the theory men-
tioned above.

2.2. Physical Characterization of the Electrodes

Figure 4A presents a cross-section micrograph of a representa-
tive Ti/Si:B-Ir electrode architecture. The electrode is constituted
through two microporous diffusion bonded structures of ≈600
μm thickness, the first one having voids in the millimetre range,
while the second one has pores of ≈100 μm. The design offers
a large geometrical surface for the anodic reaction to take place
and ensures good gas and water transport through the elec-
trode. The plasma cleaning of the Ti substrate under an argon
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Figure 4. HR SEM micrographs of (A) cross section and (B) top view of
the catalyst coated PTL and (C) the catalyst coated substrate at increasing
magnification.

atmosphere ensures an electrically conductive binding of the
manufactured catalysts to the substrate by removing any surface
oxides. The top-views from Figure 4B,C show the electrode sur-
face at different magnifications. The Si:B-Ir or Ir nanoparticles
depending on the batch, cover the electrode on the top. The
application of the catalyst on the electrode surface through the
ultrasonic spray head facilitates a near homogeneous material
distribution, avoiding agglomerates and thus, increasing its
electrochemical utilization. The diffusion bonded PTLs and the
ultrasonically sprayed catalyst present an architecture that resists
to mechanical and cell compression when built as an MEA.[12]

One can see the irregular shape of the electrode surface being
covered through interconnected nanoparticles, creating a net-
work of electrically conductive catalysts. Electrical through-plane
conductivity measurements, shown in Figure 5 with the values
in Table S1 (Supporting Information), were performed on the
whole electrode architecture constituted by the catalyst coated
PTL and uncoated Ti PTL as reference.

While a part of the research concentrates on in-plane electric
conductivity of the PTL,[87–90] we think it is important to realize
through-plane measurements through the electrode architecture,
as the whole anode is part of the electrochemical cell. The herein
utilized measurement setup is schematically shown in Figure S9
(Supporting Information) and described in more detal in another
work.[91] As intended in the design of the study, the utilization of
the Si:B nanoparticles as support for the noble metal catalysts in-
creases the electrical conductivity of the electrode compared to
the ones only coated with Ir and Si-Ir. This result backs the elec-

trical conductivity measurements performed on the nanoparticle
support structure (Figure S8, Supporting Information). Although
the standard deviation within the batches slightly overlaps the
measurements, it could be systematically noticed that the batches
with the smaller sized iridium nanoparticles exhibit higher con-
ductivity values both with and without Si:B support (Figure 5).
As the only significant physical difference between the batches is
the number of Ir particles on the surface, it can be as well con-
sidered that the amount of the catalyst surface area on the sur-
face electrode plays a role as well in the measured samples. The
presence of Nafion® perfluorosulfonic acid ionomer is crucial
for the proton conductivity within the MEA, but its low electrical
conductivity[92] negatively influences the electrical conductivity of
the architecture throughout the investigated batches.

2.3. Electrochemical Characterization

2.3.1. Influence of the Si:B in the Reaction Transitions toward the
Oxygen Evolution

Understanding the modified OER pathway is essential for the
later study of the synthetized catalyst. For a clearer view, the Ir
governed OER mechanism is described as a general adsorbate
evolution mechanism pathway as:[93]

H2O → OH∗ → O∗ → O2H∗ → O2 (5)

And in detail:
Step 1: Water adsorption and hydroxyl formation

H2O + Ir → Ir − OH∗ + H+ + e− (6)

Step 2: Hydroxyl oxidation to oxo Species: water adsorbs onto
Ir active sites directly, forming OH*

Ir − OH∗ → Ir − O∗ + H+ + e− (7)

Step 3: Peroxo intermediate formation: The oxo species react
with another water molecule to form the peroxo intermediate

Ir − O∗ + H2O → Ir − HOO∗ + H+ + e− (8)

Step 4: Oxygen gas evolution

Ir − HOO∗ → Ir + O2 + H+ + e− (9)

Conventional OER mechanisms typically exhibit high en-
ergy barriers, especially during critical transformations such as
OH*to O*and O* to HOO*. Numerous works demonstrated that
support materials can also create a downshift of the catalyst d-
band center, decreasing the adsorption energy of oxygen species
and improving the OER activity.[38,94–96] This mechanism could
possibly occur in the present work as well, nevertheless, further
surface sensitive measurement technique would be needed to
confirm the hypothesis. Furthermore, the enhanced conductiv-
ity of Si:B, as indicated by its permittivity values, benefits from
the p-type doping, would ensure a more efficient charge transfer
compared to the electron flow observed in traditional OER path-
ways.
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Figure 5. Electrical through-plane conductivity measurements of the electrode simulating the in situ environment.

2.3.2. Experimental Results

Linear and cyclic voltammetry measurements were performed in
different configurations. On one hand, rotating electrode mea-
surements were performed on the Si:B-Ir 4 nm, the Si:B- Ir 7 nm,
Ir black and a bulk high purity Ir disc, the last two as references.
Electrochemical results of the laser generated Ir NP were previ-
ously reported.[97] On the other hand, catalyst coated substrates
(CCS) configurations with Si:B-Ir 4 nm, Si:B-Ir 7 nm, Ir 4 nm, Ir
7 nm catalyst, Ir black deposited on the Ti PTL, and Ir bulk disc

and Ti uncoated PTL were tested, the last three architectures be-
ing a reference. Although plotting the pure Ir metallic disc and
the Ti substrate in function of i (mA cm−2 mgIr

−1) can be consid-
ered a methodological flow, it has been considered that the two
materials are important references for a better understanding of
the results. The electrochemical information of the RDE and CCS
measurements are summarized in Tables S2 and S3 (Supporting
Information). The most notable electrochemical values for the
uncoated supported electrocatalysts are summarized in Table 1
together with some literature values from other studies:

Table 1. Electrochemical surface area (ECSA), Tafel slope and turnover frequency (TOF) comparison between state-of-the-art Ir based nanocatalysts and
the present work.

Catalyst PGM loading Electrolyte ECSA Tafel slope TOF

(mgIr cm−2) (mV dec−1) (s−1)

Si:B Ir 4 nm (present work) 0.12 0.5 M H2SO4 25 (m2 gIr
−1) 184 2.62

Si:B Ir – 7 nm (present work) 0.12 0.5 M H2SO4 37.5 (m2 gIr
−1) 223 0.96

Ir black (present work) 1 0.5 M H2SO4 5 (m2 gIr
−1) 60 0.24

IrO2
[98] 2 0.5 M H2SO4 / / 0.44

IrO2
[98] 0.3 0.5 M H2SO4 / 67.04 1.832

IrO2/TiO2-1
[98] / 0.5 M H2SO4 / 57.97 3.32

IrOx/C[99] 0.2 0.05 M H2SO4 / 537 /

(Mn0.8Iro.2)O2:10F
(10% fluorine doped oxide)[100]

0.2 1 M H2SO4 704.76 (m2 gIr
−1) 38 0.01

(Mn0.8Ir0.2)O2
[100] 0.2 1 M H2SO4 419.09 (m2 gIr

−1) 46 /

IrO2
[100] 1 1 M H2SO4 214.28 (m2 gIr

−1) 63 /

IrOx/U-NiFe-LDH[101] 0.25 1 M H2SO4 6.8 10−4 m2 74.3 0.38

(Sn0.8Ir0.2)O2:10F nanotube[102] 0.3 1 M H2SO4 38.46 (m2 gIr
−1) 58.8 0.016

(Sn0.8Ir0.2)O2:10F thin film[102] 0.3 1 M H2SO4 30.89 (m2 gIr
−1) 53.6 0.0068

3D -IrO2/N@C[103] 0.15 0.5 M HClO4 6.3 10−4 m2 45 0.432

W0.7Ir0.3Oy
[104] 2 0.1 M HclO4 / 45.89 0.077

W60Ir20B20
[105] 0.78 1 M H2SO4 12 10−4 m2 78

Ir-Co3O4@NC[106] / 1 M H2SO4 17.3 10−4 m2 146 0.228

TB-IrO2
[107] / 1 M H2SO4 / 81.5 3.96

annealed IrOx-2 on hollow TiO2
[108] / 0.5 M H2SO4 / 270 0.67
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Figure 6. A) Cyclic voltammetry B) Tafel slopes and C) overpotentials of the RDE measurements and D) Cyclic voltammetry E) Tafel slopes and F)
overpotentials of the titanium coated substrates. The CV were acquired at Estep 10 mV, scan rate 100 mV s−1. All the tests were performed at room
temperature in N2 deaerated 0.5M H2SO4 – pH ≈0.3.

The cyclic voltammograms shown in Figure 6A and D can be
subdivided into several regions. In the first region from 0 VRHE
until 0.4 VRHE, as the shown voltammograms are the last one of
the cycles, the H+ adsorption peaks are almost missing for both
RDE and Ti setup since the continuous sample oxidation does
not promote anymore the H+ adherence on the surface.[109] The
phenomena of decreasing current density of the hydrogen ad-
sorption/desorption region at low potentials with the increase of
cycle number was also observed by Zhao et al.[110] and Cherevko
et al.,[111] suggesting a stabilization of the superficial species
against cathodic dissolution. Michaux et al.[112] noted that the H+

formation is also decreasing with a decreasing of pH value, the
findings agreeing with the present measurements conducted in
a pH ≈0.3 acidic solution. An exemplary curve for the Ir disc,
measured in an RDE setup can be seen in Figure S10 (Support-
ing Information). For the RDE architectures, in the region of 0.4
VRHE – 0.8 VRHE, an initial oxidation of Ir to Ir (III) species as
Ir(OH)3, followed by further oxidation to a hydrous Ir(IV) oxide
in the region of 1 VRHE – 1.2 VRHE is visible from the oxidation
peaks, which is also supported by the literature.[113,114] An addi-
tional oxidation from Ir (IV) to Ir (V), rarely found in experimen-
tal works, can be seen indicated in Figure 6A by a discrete peak
at ≈1.3 VRHE at the 4 nm Ir decorated Si:B support structure.
Under the assumption that the OER evolves on the sites of the
Ir species transition, the peak shifts of the different samples are
probably caused by the surface heterogeneity, a phenomenon de-
tected as well by Lettenmeier et al. in his work.[115] Continuing
the analysis of the electrocatalyst solely, the results demonstrate
a correlation between the kinetic parameters from Table 1, pro-
viding insight into OER activity of the tested catalysts. The Si:B-Ir
4 nm catalyst shows a favorable balance between electrochemical
surface area (ECSA) and double-layer capacitance, reflecting its

efficient charge storage and surface accessibility. While Si:B-Ir 7
nm achieves a slightly higher surface area, its lower turnover fre-
quency (TOF) suggests that its sites are less intrinsically active
compared to Si:B-Ir 4 nm. In contrast, Ir black displays signif-
icantly lower ECSA and double-layer capacitance, which limits
its overall performance despite relatively favorable reaction kinet-
ics. The superior TOF of the Si:B-Ir 4 nm catalyst highlights its
ability to efficiently utilize active sites, which is attributed to the
optimized size of the colloidal Ir nanoparticles and their strong
interaction with the B-doped Si support. The Tafel slopes fur-
ther support this conclusion, as Si:B-Ir 4 nm demonstrates im-
proved reaction kinetics compared to Si:B-Ir 7 nm, though both
exhibit higher slopes than Ir black. This indicates that the Si:B-Ir
7 nm catalysts face challenges in achieving ideal reaction path-
ways; however, the enhanced surface properties and site activity
of the Si:B-Ir 4 nm catalyst mitigate these limitations. The double-
layer capacitance (values to be found in Table S4, Supporting In-
formation) plays a critical role in understanding the interfacial
properties of the catalysts. The Si:B-Ir catalysts, particularly the
4 nm Ir decorated variant, exhibit higher capacitance compared
to Ir black, emphasizing their ability to facilitate charge transfer
processes during OER. This combination of surface area, capac-
itance, and intrinsic activity positions Si:B-Ir 4 nm as the most
promising catalyst within this work, demonstrating a balance of
high site density, efficient charge storage, and superior turnover
efficiency. The synthesis method, involving colloidal Ir nanopar-
ticles and electrostatic adsorption on B-doped Si, effectively en-
hances these properties, leading to superior OER performance.

For the Ti catalyst coated substrates, the transition peaks of the
CVs are almost invisible as the influence of Ti metallic substrate
does diminish the peaks. Regarding the RDE measurements,
one may observe that the shape of the curves of the developed
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catalyst differs from the shape of the pure Ir disk and commer-
cial Ir black. The core-shell resembling effect of the Ir decoration
on the support creates a higher number of active sites that allow
generation of more Ir oxide species at all oxidative transitions. It
is interesting to note for the RDE setup, that the peaks for the Si:B
decorated NP do not have a perfect cathodic counterpart. This can
be explained most probably due to the irreversibility in the pro-
cess of further Ir oxidation after reaching a certain iridium oxide
film thickness, a phenomenon recently noticed as well by Ele-
zovíc et al.[116]

The electrochemical OER activity was further analyzed
through conventional linear voltammograms seen in Figure S11
(Supporting Information), representing Tafel plots in Figure 6B
and E as well as overpotential representations in Figure 6C and F.
The onset overpotentials in the RDE setup were extracted (de-
duced from the Nernst equation 𝜂 = Eread - 1.23 V – 0.059 pH
VRHE) from the linear voltammograms with the two references
Ir black and Ir disc at ≈279 mV, almost overlapping, while the
ones of the Si:B-Ir at ≈340 mV. For the Ti-coated substrates, a
smaller onset overpotential could be noticed for almost all the
developed catalysts: 4 nm Ir (≈100 mV), Si:B-Ir 4 nm and Si:B-Ir
7 nm (≈190 mV), while the 7 nm Ir had the same onset like the
reference Ir black commercial catalyst (≈280 mV) followed by the
Ir disc (≈290 mV). Although the smaller overpotential indicates
higher OER catalytic activity, one must consider further course
of the polarization curves. The reduced activity of the Si:B sup-
ported samples with ultralow Ir packing of ≈12 wt.% could be
attributed to the incomplete formed layer of IrO2 on the support
during the anodic oxidation reaction. To form a complete IrO2
layer on the surface, it would need a complete packaging of the
support which would be at ≈40 wt. % Ir. The Ir 4 nm and Ir 7 nm
catalyst coated substrates present remarkable results, surpassing
the Ir black benchmark catalyst. The higher electrochemical sur-
face area offered by the synthesis of Ir NP in comparison to the
commercial catalyst confirms “the smaller the better” almost dic-
tum in electrocatalysis for water electrolysis.

The OER kinetics of the electrodes were further studied
through the extrapolation of the Tafel slopes and the determina-
tion of the transfer coefficients 𝛼. The slopes determined for the
RDE prepared batches are to be found in Table 1 and Figure 6B,
while the ones of the Ti coated samples in Figure 6E together
with the determined transfer coefficient, on-set and overpoten-
tial. Similar Tafel slope values have been reported before as
well for other B-doped[117] and Sb-doped support materials.[118]

The differences between the supported and unsupported can be
attributed to the presence of surface redox couples/functional
groups, acting as a barrier for OER, a similar conclusion being
drawn by Kapałka et al.[117] Moreover, the substrate alone is also
playing an important role for the sprayed electrodes results, un-
coated regions being involved as well in the electrochemical reac-
tion for the CCS analysis. The Tafel slopes of the Ir NP are values
considered in the theoretically calculated values of up to 120 mV
dec−1[119] attributed to a two- or four-step electron transfer. The 4
nm decorated NP sprayed on the titanium substrate need, due to
the lower value of the slope compared to the 7 nm decorated ones,
a lower activation energy and have a faster reaction rate. Over-
potentials reported for the synthetized nanocatalysts are similar
as ones reported in the literature for ultralow packed Ir catalysts
supported on ATO (460 mV and 420 mV).[45] The overpotential

values on decorated or doped NP can be due to the strong binding
affinity of the element, as reported by Wang et al., a phenomenon
that may occur in the present work as well.[120] In the present
study with the ultralow packaging of 12 wt.% Ir, both the Ir 4 nm
and 7 nm particles present remarkable overpotential values of un-
der 300 mV, situated around the ones of the reference materials.
Moreover, for the pure Ir NP, the Tafel slopes are going toward
120 mV dec−1, suggesting for Ir- oxide species[121] that the hy-
drous oxides are most likely dissolved, the main mechanism be-
ing the formation of oxygen molecules from water on the oxide
surface, not from the oxide itself.[122,123]

3. Conclusion

The widespread adoption of acidic electrolysis technologies is pri-
marily hindered by the high cost and limited availability of irid-
ium, which is crucial for the catalyst layers. Here, we suggest
aflexibel and adjustable electrode manufacturing route for a wide
range of materials, in this case using novel Si:B-Ir nanoparticles.

Using pulsed-laser ablation and laser fragmentation in liquids,
colloidal iridium nanoparticles with average diameters of 4 and
7 nm were produced. The nanoparticles were successfully dec-
orated on ≈100 nm B-doped Si support particles via quantita-
tive electrostatic adsorption, achieving ultralow loadings of up
to 12 wt.% Ir. The deposition ensured a uniform distribution of
iridium nanoparticles on the Si support, with no detectable al-
loying between Si, B, and Ir. The results also showed the pres-
ence of crystalline metallic Ir phases (Ir(111) and Ir(200)), known
to enhance OER. APT demonstrated the successful B-doping of
Si, showing dopant segregation at grain boundaries, which im-
proved energetic stability. Electrical permittivity measurements
indicated that B-doped Si nanoparticles had lower phase angles at
high frequencies compared to undoped Si, suggesting improved
electrical conductivity.

To minimize the oxidation of the substrate, the highly porous
titanium substrates were etched in a plasma furnace. The fur-
nace was coupled to a tailor manufactured glovebox where the
materials were then ultrasonically sprayed with the synthetized
Ir and Si:B-Ir nanoparticles under argon atmosphere. Further,
through-plane electrical conductivity measurements on the ma-
terials, showed an up to tenfold increase in conductivity for
the catalyst coated substrates compared to unsupported iridium
nanoparticles. Cyclic voltammetry of Ir-decorated Si nanoparti-
cles displayed typical Ir oxidation behaviors, including transitions
from Ir(IV) to Ir(V), indicating the formation of Ir-IrOx core-shell
structures. Rotating disk electrode results show higher and more
pronounced oxidation peaks of the decorated nanoparticles, sub-
sequently creating a higher number of active sites. Although the
electrodes were ultra-low loaded with catalyst, they follow the oxi-
dation path of Ir up to the more rarely found Ir(IV) to Ir (V) transi-
tion. The Si:B-Ir catalysts demonstrate favorable electrochemical
performance, particularly in terms of ECSA and TOF. The 4 nm
Ir particle sized batch provides a good balance between surface
area and catalytic activity, with the B-doped Si support enhancing
the overall performance of the Ir nanoparticles. Kinetic calcula-
tions showed that the Tafel slopes of the Si:B-Ir electrodes be-
tween each other were comparable, the Ir nanoparticles between
each other were similar as well, denoting similar reaction rates.
The Si:B-Ir 4 nm catalyst demonstrates superior OER activity due
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Figure 7. Electrode manufacturing chain.

to its optimal balance of electrochemical surface area, double-
layer capacitance, and turnover frequency. Despite the slightly
higher surface area of Si:B -Ir 7 nm, its lower turnover frequency
suggests reduced intrinsic activity per site, likely due to less fa-
vorable active site accessibility or electronic interactions. Ir black,
while displaying the lowest Tafel slope, suffers from poor surface
area and double-layer capacitance, limiting its overall activity. The
higher double-layer capacitance of the Si:B samples reflects im-
proved interfacial charge storage and transport, critical for sus-
taining OER. The enhanced performance of Si:B 4 nm can be at-
tributed to its finely tuned nanoparticle size and stronger catalyst-
support interaction, which optimize active site utilization and fa-
cilitate efficient charge transfer during the reaction.

The manufacturing of electrodes with ultralow 12 wt.% Ir
packaging on Si:B pushes the current research tendency of reduc-
ing the Ir loading on the anode. Moreover, the herein employed
manufacturing chain comprising of the preparation of the cata-
lyst dispersion, substrate plasma cleaning, and ultrasonic spray-
ing in a protective argon atmosphere presents an easily adaptable
method to prepare catalyst-coated substrates or even membranes
with any kind of nanoparticles.

4. Experimental Section
Synthesis of Support Material: Boron-doped silicon nanoparticles were

synthesized using a hot-wall reactor. With this pilot-scale reactor system,
production rates of more than 1 kg/h can be achieved. In the process,
the effects of the precursor concentrations, in particular silane (SiH4)

and diborane (B2H6), were investigated at 1000 °C wall temperature. This
methodology was extensively studied both theoretically and experimen-
tally, as documented by Körmer et al.[124,125] and in previous works on
reactor systems and boron-doped materials synthesis.[126] In this study, a
mixture of monosilane and diborane was injected into the reactor, hydro-
gen is used as the sheath gas and nitrogen as quench gas. A production
rate of 300 g perhour and a nominal doping concentration of 6 at.% was
achieved by a silane flow rate of 4 slm and a diborane flow rate of 120
sccm. Despite the nominal doping concentration, challenges arise due to
the disparity between the anticipated and actual solubility of boron in sili-
con. Silicon typically exhibits a solid solubility of ≈2.4 1020 atoms per cubic
centimeter at 1151 °C,[127] although recent studies have explored methods
achieving ultrahigh doping levels up to 25%.[128]

Catalyst Manufacturing and Deposition on Support Structure: The irid-
ium nanoparticles were synthesized via LAL and MP-LFL, yielding ≈7 nm
and 4 nm particles, respectively. The laser ablation on an iridium target
(99,9%, from evochem) was conducted with a 1064 nm pulsed laser (Edge-
wave) with a pulse duration of 7 ns, a repetition rate of 5 kHz and a pulse
energy of ≈20 mJ. As stabilizer, 1 mM sodium citrate in ultrapure water
was used. The laser fragmentation of iridium microparticles (99,9%, from
evochem) was conducted with a 515 nm pulsed laser (Trumpf) with a pulse
duration of below 10 ps, a repetition rate of 100 kHz and a pulse energy of
0.28 mJ (fluence: 1.6 mJ cm−2). For stabilization, the laser fragmentation
was conducted in an aqueous 1 mM sodium phosphate buffer at pH 11,5.
After laser processing, produced nanoparticles and remaining micropar-
ticles were separated via sedimentation. Manufacturing and characteriza-
tion of such Ir nanoparticles by partly the same research group can be
found here.[97]

The deposition of the produced nanoparticles on the Si:B support
was conducted in an acidic environment (pH 2–3). After deposition,
the catalysts were allowed to sediment over the course of several days
before the supernatant was removed and the catalyst were dried via freeze
drying.
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Electrode Manufacturing and Analyzed Batches: The schematic in
Figure 7 illustrates the detailed process for manufacturing electrodes us-
ing a Ti porous transport layer (PTL) known as SIKA Ti 3GS, which con-
sists of an expanded metal support bonded with a microporous sintered
plate from GKN Sinter Metals Filters GmbH.[12] Initially, inks contain-
ing Ir and Si nanocatalysts were prepared by dispersing them in a mix-
ture of 2-Propanol and DI-water with a 5 wt.% Nafion® ionomer. The ra-
tio of Nafion® to catalyst (whether Si, self-synthesized Ir, or reference Ir
nanoparticles) remained consistent across all batches. For samples con-
taining Si, the Nafion® amount was calculated based on the total catalyst
quantity, rather than solely on the Ir content. Each Ti-based sample was
loaded with 1 mg cm−2 of catalyst. The PTLs underwent a thorough clean-
ing process to remove contaminants, starting with an ultrasonic bath in
DI water followed by ethanol and acetone treatments for 10 min each. Af-
ter rinsing with DI water, the samples were dried using a stream of hot air.
Subsequently, plasma cleaning was performed using a Pink V15-G plasma
oven under a chamber pressure of 60 Pa, employing 500 W microwave
power for 10 min with an Ar flow rate of 100 mL min−1. Following clean-
ing, the samples were coated using a Stepcraft D.420 mini-CNC machine
inside a self-built glovebox attached to the plasma oven, operating in an Ar
atmosphere. The previously prepared inks were injected through a syringe
pump at a rate of 0.2 mL min−1 to a Sonosys US1 ultrasonic head, where
they were sprayed onto the samples to complete the electrode fabrication
process.

A close-up of the characterized batches used in this study is presented
schematically in Figure S1 (Supporting Information). The nominal boron-
doping concentration of the silicon support material is 6 at.%. The decora-
tion with the 4 nm and 7 nm sized synthetized Ir powder (primary particle
size) yields two separate batches. The Ir nanopowders were as well char-
acterized as stand-alone catalysts and pure iridium black (Umicore) and
a pure iridium disc (Alfa Aesar) were taken as reference. The iridium dec-
orated boron doped silicon and iridium nanoparticles were characterized
in different architectures deposited either on a rotating disc electrode or a
porous titanium transport layer.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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14, 202200586.

[41] I. Ashraf, S. Rizwan, M. Iqbal, Front. Mater. 2020, 7.
[42] K. A. Kuttiyiel, K. Sasaki, W.-F. Chen, D. Su, R. R. Adzic, J. Mater.

Chem. A. 2014, 2, 591.
[43] B. M. Tackett, W. Sheng, S. Kattel, S. Yao, B. Yan, K. A. Kuttiyiel, Q.

Wu, J. G. Chen, ACS Catal. 2018, 8, 2615.
[44] H.-S. Oh, H. N. Nong, P. Strasser, Adv. Funct. Mater. 2015, 25, 1074.
[45] D. Böhm, M. Beetz, M. Schuster, K. Peters, A. G. Hufnagel, M.

Döblinger, B. Böller, T. Bein, D. Fattakhova-Rohlfing, Adv. Funct.
Mater. 2020, 30, 1906670.

[46] V. K. Puthiyapura, M. Mamlouk, S. Pasupathi, B. G. Pollet, K. Scott,
J. Power Sources 2014, 269, 451.

[47] H. N. Nong, H.-S. Oh, T. Reier, E. Willinger, M.-G. Willinger, V.
Petkov, D. Teschner, P. Strasser, Angew. Chem., Int. Ed. 2015, 54,
2975.

[48] H.-S. Oh, H. N. Nong, T. Reier, M. Gliech, P. Strasser, Chem. Sci.
2015, 6, 3321.

[49] H. Ohno, S. Nohara, K. Kakinuma, M. Uchida, A. Miyake, S. Deki,
H. Uchida, J. Electrochem. Soc. 2017, 164, F944.

[50] L. Solà-Hernández, F. Claudel, F. Maillard, C. Beauger, Int. J. Hydro-
gen Energy 2019, 44, 24331.

[51] G. Elmaci, C. E. Frey, P. Kurz, B. Zumreoglu-Karan, Inorg. Chem.
2015, 54, 2734.

[52] G. Elmacı, A. S. Ertürk, M. Sevim, Ö. Metin, Int. J. Hydrogen Energy
2019, 44, 17995.

[53] G. Elmacı, C. E. Frey, P. Kurz, B. Zümreoğlu-Karan, J. Mater. Chem.
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