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ABSTRACT: Decreasing the noble metal content while maintain-
ing high catalytic activity is a critical requirement for the
development of efficient anodic water oxidation catalysts in acidic
media. In the present work, we developed a method for
immobilizing 1.5 nm Ir nanoparticles on a conductive indium tin
oxide support. In addition to having a low Ir content of 4.1 wt %, the
obtained IrNP−ITO material is very active and stable in water
oxidation, reaching a current of 10 A gIr

−1 at 1.470 V vs RHE. Our
electrode design allows for convenient analysis of the catalyst after
the electrochemical tests. Employing high resolution electron
microscopy, we show that under the OER conditions, the core of
iridium particles stays metallic, while amorphous layer forms on the
particle surface, which we attribute to Ir-oxo-hydroxide based on our X-ray photoelectron spectroscopy studies. The surface Ir-
oxo-hydroxide layer is responsible for the high OER efficiency of the supported catalyst.
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Hydrogen is an attractive alternative to fossil fuels that
allows for sustainable energy supply without contribu-

ting to global warming or CO2 emission.1 Renewable
generation of hydrogen can be achieved via water splitting,
which can be either driven by solar energy (artificial
photosynthesis)2 or electricity (water electrolysis).3,4 Water
electrolysis is typically performed under either basic (alkali
water electrolysis) or acidic (polymer electrolyte membrane
water electrolysis) conditions with the latter having a number
of advantages, including the possibility to achieve higher
pressures of H2 and maintaining high-voltage efficiencies at
high current densities.3 Another advantage of acidic water
electrolysis is the high efficiency of the cathodic hydrogen
generation (hydrogen evolution reaction, HER) catalyzed by
platinum. On the other hand, the concomitant anodic process
(oxygen evolution reaction, OER) suffers from high over-
potentials and sluggish kinetics, therefore limiting the overall
performance of electrolyzer.5−7 Moreover, harsh OER
conditions in acidic media limit the pool of possible catalysts
to noble metals (Ru and Ir), which are highly expensive and
scarce.8 Thus, lowering the noble metal content becomes an
essential requirement for the practical implementation of acidic
water electrolyzers.9

Decreasing the noble metal loading can be achieved via
synthesis of high surface area noble metal oxides10,11 or by
combining noble metals with other conductive materials to
make hybrid catalysts, where nanosized blocks of noble metals
are embedded in the matrix of conductive support.12 While
carbon-based supports are often used (because of their high
surface area, high conductivity, and low weight), their major

disadvantage is the degradation under harsh OER conditions.13

As an alternative to carbon, conductive oxide-based supports
are proposed, including doped titanium, tin, or indium
oxides.14−17 Moreover, recent studies show that the presence
of the metal/metal oxide support interactions can lead to
improvement of the catalyst stability under OER conditions.18

Previous efforts of preparing hybrid catalysts mostly focused
on either reduction or hydrolysis of the noble metal precursors
(often IrCl3) in the presence of the conductive oxide18 or by
simultaneous formation of both oxides (e.g., using sol−gel or
Adams fusion method).14,19 These approaches often lead to
the ill-defined architecture of the hybrid material, which
complicates the detailed structural studies, e.g. via high
resolution electron microscopy.
Here, we develop a convenient and robust method for

generating small and narrowly distributed 1.5 ± 0.2 nm Ir
nanoparticles immobilized on an ITO support, IrNP−ITO.
IrNP−ITO is a very efficient electrocatalyst that displays high
OER activity and stability while having low Ir content. High
resolution electron microscopy in combination with X-ray
photoelectron spectroscopy (XPS) studies reveal that the Ir
nanoparticles evolve under OER conditions to generate core−
shell structure, where the core remains metallic while the outer
layer oxidizes to amorphous Ir-oxo-hydroxide.
Colloidal Ir nanoparticles were prepared via a solvothermal

method20 and deposited on porous ITO films fabricated on
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fluorine-doped tin oxide (FTO) glass substrates,21,22 yielding
IrNP−ITO (see the Supporting Information for the detailed
procedures). Powder X-ray diffraction (XRD) studies of IrNP−
ITO (Figure 1a) show exclusively peaks of indium oxide with
no signals corresponding to iridium or iridium dioxide, which
indicates the absence of large Ir-containing crystallites. High-
angle annular dark field scanning transmission electron
microscopy (HAADF−STEM) shows a homogeneous dis-
tribution of spherical and highly crystalline iridium particles on
the ITO support with an average diameter of 1.5 ± 0.2 nm
(Figures 1b−d and Figure S1 of the Supporting Information).
High-resolution images (Figure S2 of the Supporting
Information) confirm the formation of a metallic Ir structure.

Crystalline Ir nanoparticle with the size of 1.5 nm has
approximately 150 atoms with 90 Ir atoms being on the surface
(see inset on the Figure 1d), which allows for the efficient
utilization of the noble metal in the catalyst (up to 60%).
Elemental analysis of the IrNP−ITO electrodes gives an

iridium loading of 4.1 wt %, corresponding to a density of 530
± 30 nmol(Ir) cm−2 (102 μg(Ir) cm−2, see Supporting
Information for details), which is significantly lower compared
to previous reports of supported IrO2 nanoparticles.

14,16,18,23

Electrochemical studies of IrNP−ITO were performed in 0.1
M HClO4 electrolyte (see details in the Supporting
Information). The first scan in the anodic direction in cyclic
voltammetry studies (Figure 2a) shows an irreversible peak at

Figure 1. (a) Powder XRD of IrNP−ITO before (pristine, black) and after 2 h at 10 mA cm−2 (red). No peaks of Ir or IrO2 are observed. (b) Ir
particle size distribution with the mean diameter of 1.5 ± 0.2 nm. (c, d) HAADF−STEM images of the pristine IrNP−ITO. Inset: 1.5 nm Ir particle
of cuboctahedron shape.

Figure 2. (a) Cyclic voltammetry of blank ITO (black) and IrNP−ITO (blue), 0.1 M HClO4, 25 mV s−1. 1st, 5th, 10th, 15th, and 20th cycles are
shown. (b) Chronopotentiometry of IrNP−ITO: 2 h at 10 mA cm−2.
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approximately 1.2 V vs RHE, which can be attributed to the
removal of the PVP ligand and oxidation of the nanoparticle
surface, with the core of the particle remaining metallic (vide
inf ra).15 Subsequent cycling reveals a reversible redox wave at
0.94 V vs RHE (attributed to the IrIV/III couple, see Figures S3
and S5 of the Supporting Information) followed by a current
increase (onset of OER).
The OER catalytic activity of IrNP−ITO was examined using

chronoamperometric measurements. The Tafel plot of IrNP−
ITO (Figure S4 of the Supporting Information) has a slope of
52 ± 5 mV dec−1, which is similar to the previous reports on Ir
nanodendrides (56−58 mV dec−1),15 unsupported Ir nano-
particles (51.4 mV dec−1),24 and antimony tin oxide (ATO)
supported Ir nanoparticles (57−60 mV dec−1). Smaller Tafel
slope of 40 mV dec−1 was reported for high purity,
unsupported Ir nanoparticles.25 IrNP−ITO displays a current
of 10 A gIr

−1 at 1.470 ± 0.005 V vs RHE, which is lower than
that reported for high surface area IrO2 and IrO2−TiO2
catalysts (1.485−1.497 V).10,14 At 1.48 V vs RHE, IrNP−ITO
produces a current of 16 ± 3 A gIr

−1, similar to 24 A gIr
−1

reported for high purity Ir nanoparticles.25 At a higher
potential of 1.51 vs RHE, IrNP−ITO produces a current of
35 ± 3 A gIr

−1, which is similar to approximately 40 A gIr
−1

reported for ATO supported Ir nanoparticles,18 yet lower than
that reported for the state-of-the-art metallic Ir catalysts (70 A
gIr

−1 for Ir nanodendrides15 and 100 A gIr
−1 for high purity Ir

nanoparticles25). The slightly lower activity obtained at high
potentials can be attributed to the fact that 1.5 cm2

flat
electrodes are used here in contrast to the approximately 0.2
cm2 rotating disk electrodes commonly used for OER activity
evaluation. Large electrode surfaces (hence high absolute
current) and an inability to rotate the electrode cause problems
with diffusion and oxygen bubble removal at high potentials.
On the other hand, the advantages of flat electrodes are the
possibility to couple the electrochemical measurements with
the spectroscopy (X-ray, UV−vis−IR)22 and to perform
analysis of the OER catalysts postelectrolysis. The latter is
due to the larger amount of catalyst on the electrode surface
and absence of binders often used for the rotating disk
electrode studies (carbon black, Nafion, etc.).
To test the stability of IrNP−ITO, 2-h electrolysis tests at 10

mA cm−2 were performed.8 A flat potential profile was
obtained during the course of the measurement (Figure 2b),
indicating good OER stability. On average, the IrNP−ITO
catalyst requires an overpotential of 340 ± 20 mV to drive the
current of 10 mA cm−2.
As mentioned above, the use of flat electrodes with high

catalyst loading allows for postelectrolysis analysis of the
catalyst. Similar to the pristine electrodes, the powder XRD
pattern of IrNP−ITO after a 2-h stability test at 10 mA cm−2

shows exclusively peaks of indium oxide, indicating the absence
of large Ir containing crystallites (Figure 1a). We further
performed the HAADF−STEM imaging of the IrNP−ITO after
20 CV cycles from 0.5 to 1.35 V vs RHE (Figures S5 and S6 of
the Supporting Information) and after 2-h stability test at 10
mA cm−2 (Figure 3 and Figures S7 and S8 of the Supporting
Information). Both samples show a slight increase of the
iridium nanoparticle size from 1.5 ± 0.2 to 1.6 ± 0.2 nm and
1.7 ± 0.2 nm, respectively. High resolution images (Figure 3c
and Figures S6 and S8 of the Supporting Information) clearly
show that the core of Ir particles remains metallic. This
observation is in line with the ATO supported Ir nano-
particles18 and the recent report on the high purity Ir

nanoparticles, where operando near-ambient pressure XPS
indirectly showed that the core of the Ir particles remains
metallic under OER conditions.25 In addition to the metallic
core, high resolution images of IrNP−ITO after both CV
cycling (20 CV cycles from 0.5 to 1.35 V vs RHE, Figure S6 of
the Supporting Information) and OER (2 h at 10 mA cm−2,
Figure 3c) indicate the presence of an amorphous surface layer,
which we attribute to the iridium oxo-hydroxide shell formed
upon electrochemical oxidation (vide inf ra). The layer
formation likely accounts for the slight increase of the
nanoparticle size. However, one should note that the
electrochemically oxidized surface layer might be modified
under TEM imaging conditions (partially reduced by
electrons); hence, the layer thickness estimation or other
detailed analyses should be taken with care. The iridium oxo-
hydroxide layer was previously proposed for Ir nanoparticles
supported on ATO,18 IrOx/Ir particles,

26 iridium oxide,10 and
complex iridium oxides;27,28 however, to the best of our
knowledge, the layer has never been observed using
microscopy studies. Formation of the oxo-hydroxide layer
was previously associated with the high OER activity and
stability.10,18

To understand the electronic state of iridium in the IrNP−
ITO catalyst before and after the stability test, we carried out
XPS studies (see the Supporting Information for details and
Figure S9). The Ir 4f region (Figure 4) consists of two
asymmetric peaks which are assigned to spin−orbit split Ir 4f
components: Ir 4f 7/2 and Ir 4f 5/2. The spectra were fit using
an asymmetrical Lorentzian line-shape, resulting in the energy
of 60.4 eV (Ir 4f 7/2) for the pristine IrNP−ITO, which
corresponds to metallic Ir. After the 2-h electrolysis test at 10
mA cm−2, Ir 4f 7/2 energy is shifted by 0.7 eV (61.1 eV),
indicating oxidation of iridium. Because the Ir 4f 7/2 energy of
IrO2 is reported to be in the range of 61.7−62.5 eV,10,29,30 the
energy of 61.1 eV corresponds to the mixture of metallic and
oxidized Ir. Therefore, taking into account the small size of

Figure 3. (a) HAADF−STEM image, (b) particle size distribution,
and (c) high resolution HAADF−STEM images of IrNP−ITO after
chronopotentiometric measurement (2-h electrolysis at 10 mA cm−2).
The dotted lines indicate the oxidized Ir-oxo-hydroxide shell
surrounding the metallic core.
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iridium nanoparticles, the XPS data together with the high
resolution electron microscopy show that the core of the
particle stays metallic while the particle surface gets oxidized to
the form of iridium oxo-hydroxide layer. Formation of this
amorphous layer (Figure 3c) causes the slight increase of the
nanoparticle size revealed by the electron microscopy studies.
In conclusion, we report a robust method for the preparation

of highly active and stable electrodes for anodic water
oxidation in acidic media. Owing to the small size of the Ir
nanoparticles, most iridium atoms are located on the particle
surface, allowing for the efficient iridium utilization. High
resolution microscopy data allowed for the direct observation
of an amorphous surface layer (with the particle core being
metallic), which is attributed to Ir-oxo-hydroxide based on
complementary XPS data. The Ir-oxo-hydroxide layer, formed
upon electrochemical oxidation of the Ir particle surface, is
responsible for the high activity of the catalyst. We anticipate
that the proposed approach of nanoparticle immobilization on
porous ITO electrodes is suitable for studying electrochemical
properties of a broad range of metallic and oxide particles (e.g.,
Ir−Ru, Ir−Ni, etc.) in combination with advanced spectros-
copy and high resolution microscopy tools. Moreover, due to
the unique properties of ITO, the proposed approach is
suitable for preparation of transparent electrodes which can be
used in solar-driven water splitting devices. We are currently
exploring these directions.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsaem.8b01724.

Materials, methods, and detailed procedures; additional
HAADF-STEM, XPS, and electrochemical data (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: ccoperet@ethz.ch.
ORCID
Dmitry Lebedev: 0000-0002-1866-9234
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