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ABSTRACT: The widespread implementation of proton exchange membrane . T
water electrolyzers (PEMWESs) is greatly hindered by the availability and high OER MassActivit
costs associated with key catalyst and electrode components. The anodic oxygen
evolution reaction (OER) is known to be kinetically challenging and therefore
requires substantially high loadings of Ir-based catalysts (~2 mg cm™). A
promising strategy to lower the amount of iridium is to enhance the
electrocatalytically active surface area, by means of dispersing finely divided
nanoparticles of iridium/iridium oxide over cheaper, electronically conductive,
stable oxide support materials. In this work, we use a metal—organic chemical
deposition (MOCD) technique to deposit IrO, (x = 0—2) nanoparticles on tin-
doped indium oxide (ITO) supports with different physicochemical properties
such as specific surface area and Sn dopant concentration. The MOCD technique has been proven to deliver catalysts with well-
dispersed nanoparticles and narrow particle size distributions. This approach, in combination with the chosen ITO supports, allows
for decoupling of particle size and Ir loading effects from other catalyst—support interactions that are contributing to catalyst activity,
stability, and nature of deposited nanoparticles. In this way, we were able to investigate the effect of IrO, nanoparticle coverage
effects on ITO and found that high nanoparticle coverage, i.e., low interparticle distances of the IrO, nanoparticles supported on low
surface area ITO, increased the stability of the support. The specific surface area of ITO supports was found to correlate with the
nature of surface Sn and In species, which in turn influenced the nature of deposited IrO,, nanoparticles for enhanced OER activity.
The most stable OER catalyst had highly dispersed, small (2.4 + 0.7 nm), predominantly metallic Ir nanoparticles with a high mass-
specific OER activity of 207 + 34 A g, ' at 1.525 V vs RHE. This was obtained by the interplay of the Ir phase, optimized for
improved activity and low interparticle distance for catalyst stability.

Supported IrO,
Nan¢particles

IrO, nanoparticle
coverage

ITO Support

1. INTRODUCTION reductions in electrolyzer component cost for large-scale
production of green hydrogen are still required.””

The current state-of-the-art PEMWE technology makes use
of rare, platinum group metals (PGMs) as catalysts for the

In the past few years, the adverse consequences of climate
change have been exacerbated at an alarming rate, propelling
the scientific community toward the pursuit of innovative
technological solutions to pave the way for a sustainable, net-
zero future. One of the most promising energy vectors in this
future energy landscape is hydrogen. Hydrogen is a versatile

oxygen and hydrogen evolution reactions.””’ The anodic
oxygen evolution reaction (OER) is considered to be the
bottleneck of the water electrolysis process, as a consequence

energy carrier currently produced predominantly by the of its slow reaction kinetics, which demand vast quantities of
processing of carbon-based fossil fuels. Coupled with renew- PGMs for efficient, feasible electrolyzer operation. The high
able electricity such as solar or wind energy, proton exchange overpotential to be overcome by such catalysts greatly limits
membrane electrolyzers (PEMWEs) offer a host of advantages

for the generation of green hydrogen at competitive market Received: September 12, 2022

prices <2€/kg of H,."” PEMWEs are capable of achieving high Revised: ~ December 13, 2022

current densities (above 2 A cm™2), while simultaneously Published: January 9, 2023

offering a compact design, the ability for fast start-up and shut-
down, and the production of high-purity hydrogen with a

minimal carbon footprint. However, further innovation and
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Table 1. Summary of Physical Properties of the ITO Supports

ICP-OES measurements” SEM-EDX measurements”

sample id In (wt %) Sn (wt %) In (wt %) Sn (wt %)
ITO-A 95.0 + 0.5 5.0 + 0.1 94.0 + 2.3 6.0 + 1.8
ITO-B 95.0 + 0.4 5.0+ 0.1 95.0 £ 1.7 5.0+ 1.5
ITO-C 90.0 + 0.4 10.0 + 0.1 90.0 + 1.7 10.0 + 1.4
ITO-D 90.0 + 0.1 10.0 £ 0.1 90.0 + 1.8 10.0 £ 1.5

“With standard deviation shown.

estimated crystallite size (nm)

average specific surface area (SSA) (m” g™')

18.6 29.0
319 10.0
172 32.0
30.9 10.0

the choice of materials that can be employed in PEMWE
devices. These materials need to demonstrate sufficient
catalytic activity and be stable under the harsh, severely
oxidizing conditions of the OER.“*’ Iridium oxide (Ir0,) is
seen as the most promising OER electrocatalyst due to its
ability to offer the necessary compromise of high activity and
adequate corrosion resistance.'’~'* Nevertheless, the high cost
and scarcity of iridium greatly limits the scale-up and
Widg%)geag commercialization of PEMWE technol-
ogy.”

These challenges can be addressed by the development of
supported electrocatalysts, where a substantial reduction of Ir
content and increase in catalyst utilization is realized by finely
dividing iridium nanoparticles over a suitable support material,
as a means to enhance the electrocatalytically active surface
area.'°™"” In addition to significant cost reductions by lowering
Ir metal loadings, several structure—property—function rela-
tionships between the catalytically active phase and the support
have been reported to have positive effects on the operational
lifetime of the supported electrocatalysts.””~** To exploit these
advantages, it is generally accepted that support materials
require chemical and electrochemical stability in the OER
environment, be high-surface-area materials capable of forming
porous layers, and finally, offer sufficient electronic con-
ductivity. Doped oxide support materials such as antimony-
doped tin oxide (ATO), tin-doped indium oxide (ITO), and
fluorine-doped tin oxide (FTO) have demonstrated consid-
erably improved electronic conductivities compared to those of
their undoped oxide counterparts.”* >° The use of these
supports resulted in fine dispersions of IrO, nanoparticles,
which significantly enhanced the electrocatalytically active
surface areas of these catalysts and consequently improved
their OER performance.'”'***~** However, the nature of the
improved performance is not well understood and merits the
need for a systematic study of the various interactions between
the Ir phase and the support material.

In this regard, the use of ITO is quite interesting. ITO
predominantly consists of indium oxide (In,O;) and is
predicted to be neither chemically or electrochemically stable
in acid and under OER conditions. Some studies’' —* have
reported indium dissolution in the OER potential window in
acidic media, claiming that the stability of ITO hinders its
ability to perform well as an OER support material. Geiger et
al.*® found that ITO was unstable even at open circuit
potentials due to the dissolution of In, resulting in a loss of
conductivity, thereby suggesting that ITO is not suitable for
use as an OER support. The authors also subsequently found
no benefit to using ITO as an OER support material,
questioning the use of doped-oxide supports for the OER in
its entirety.31 However, a study by Oh, Nong, and Strasser™*
reported the preparation of mesoporous high-surface-area ITO
(9 at. % Sn) powders (125 m* g~') with 2 orders of magnitude
increased electrical conductivity compared to that of undoped
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SnO, and found that the electrochemical stability was
increased compared to that of carbon black, when cycled
between 0.40 and 1.40 V vs RHE for up to 10000 cycles.
Furthermore, satisfactory OER performance in terms of both
activity and stability for ITO-supported iridium-based electro-
catalysts was reported by several authors. In these studies, the
morphology of the IrO, phase varied widely, from atomically
dispersed Ir with a low Ir loading (0.86 wt %)’ to IrO,
layers”* and IrO, nanoparticles with up to relatively high Ir
loadings (90 wt %)."7*>*! For example, Delgado et al.*® stated
that their best performing catalyst was 30 wt % IrO,/ITO with
~176 A g, ' at 1.51 V vs RHE (iR-corrected). This catalyst
showed a small decrease in mass-specific OER activity after a 2
h stability test (to reach overpotential of 10 mA cm™2). As
such, the literature on the use of ITO as an OER support is
disparate and its viability for PEMWE applications remains
questionable. In addition, the OER stability measurements in
the aforementioned studies were performed via application of
different electrochemical techniques, which complicates the
understanding of the origin of the observed disparities.

In this study, the effect of the physicochemical properties of
the ITO support on the OER performance of IrO, nano-
particles supported thereon was investigated. In our previous
work, a simple, robust, metal—organic chemical deposition
(MOCD) technique demonstrated its effectiveness for the
deposition of small, highly dispersed Pt and IrO, nanoparticles
with narrow particle size distributions on various support
materials with well-controlled metal loadings.””**™*" In this
work, the MOCD method has been extended to deposit small
IrO,, nanoparticles on a selection of ITO supports with various
specific surface areas (SSAs) and Sn:In weight ratios. In this
way, the influence of the nanoparticle coverage and in turn the
interparticle distance of the IrO, nanoparticles could be
investigated, while excluding particle size and Ir metal loading
effects for the IrO, phase.

The physicochemical properties of the supports and the
IrO,/ITO catalyst counterparts were characterized by X-ray
diffraction (XRD), scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDX), high-resolution
scanning transmission electron microscopy (HR-STEM), X-ray
photoelectron spectroscopy (XPS), and inductively coupled
plasma-optical emission spectroscopy (ICP-OES). The activity
and stability of these electrocatalysts toward the oxygen
evolution reaction was investigated using an ex-situ three-
electrode system with a rotating disk electrode (RDE) setup in
acidic media. This work demonstrates that the nature of the
iridium phase and the extent of IrO, coverage over the ITO
support has a stabilizing effect on the prepared electrocatalysts
under OER conditions.

https://doi.org/10.1021/acs.jpcc.2c06501
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2. EXPERIMENTAL METHODS

2.1. Preparation of IrO,/ITO by Metal-Organic
Chemical Deposition. Iridium tris-acetylacetonate, Ir(acac),
(Sigma-Aldrich, 97% purity), was used as the Ir source for
supported catalyst preparation. Four different commercially
available ITO nanopowder support materials (US Research
Nanomaterials Inc., 99.99+% purity), with varying In,0;:SnO,
(95:5 or 90:10 wt %) and varying average particle size (small
(14 nm) and large (up to 75 nm)) were used as received to
make all the IrO,/ITO catalysts (see Table 1). The IrO,/ITO
catalysts were prepared to have a nominal 20 wt % iridium
mass loading by the MOCD method, as described in our
previous publication.”” Briefly, the deposition process involves
grinding together the metal—organic precursor, Ir(acac);, and
the ITO support. This mixture is then placed into a stainless
reactor vessel and calcined in a tubular furnace at 320 °C for 2
h in an oxidizing environment.

2.2. Physical Characterization. X-ray diffraction (XRD)
was carried out on a Bruker D8 Advance diffractometer
operating at 40 kV with a Co Ka radiation source (k, =
0.178897 nm). This technique was used to verify the structure
of the ITO support materials and MOCD IrO,/ITO catalysts.

Transmission electron microscopy (TEM) (bright field
imaging) was performed using a FEI TECNAI F20 FEGTEM
microscope operated at 200 kV. Normalization of the particle
size distribution was achieved by using the measurement of
Ferret diameter from 300 nanoparticles using Image] software.
An FEI TEM Osiris microscope operated at 200 kV in a STEM
mode with ChemiSTEM energy dispersive X-ray (EDX)
detector system was used to obtain high-resolution scanning
transmission microscopy (HR-STEM) and elemental maps for
supported catalysts. Bruker Esprit software was used to process
the acquired maps.

Brunauer—Emmett—Teller (BET) physisorption measure-
ments were carried out to determine the specific surface area
(SSA) of the ITO support materials using a Micromeritics
Tristar II Series instrument, which had a range from 0 to 950
mmHg. All results were analyzed using Micromeritics TriStar
IT 3020 Version 2.00 software.

A Varian ES 730 ICP-OES was used to perform inductively
coupled plasma-optical emission spectrometry (ICP-OES)
measurements for the quantitation of dissolved Sn and In
species in the commercial ITO support materials. Prior to
analysis, a Mars 6 Microwave Digester was used to digest the
samples.

SEM-EDX measurements were used in this work for the
quantitation of the elements in the commercial ITO support
materials as well as for the determination of the iridium mass
loadings of the MOCD IrO,/ITO catalysts. These measure-
ments were performed on an FEI Nova NanoSEM 230
operating at 20 kV beam energy and equipped with an Oxford
X-Max X-ray detector. INCA Point & ID software was used to
analyze the X-ray spectra and quantify the elements.

X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Kratos Analytical Axis Ultra DLD system
together with a monochromated Al Ka source (1486.71 eV).
The instrument was calibrated using Au 4f at 84.0 eV. For
catalyst samples (IrO, on ITO), C 1s was measured at 285 eV.
Spectra from ITO supports were calibrated with respect to C
1s at 285.0 eV. High-resolution spectra were obtained using 20
eV pass energy. XPSPeak4.1 software was utilized for fitting of
the Ir 4f, In 3d, Sn 3d, and O 1s components. For all
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photoelectron peaks, a Lorentzian/Gaussian ratio of 20 and TS
and TL asymmetry factors of 0.2 and 100 were used for curve-
fitting of the spectra, unless stated otherwise. For In 3d and Sn
3d spectra, the subcomponent analysis approach was similar to
that in published papers by Detweiler et al,*” Donley et al.*’
and Teterin et al.*' For the Ir 4f spectrum, curve-fitting was
done following an approach taken by Rajan et al.,”” which was
in agreement with works by Pfeifer et al.*” and Yu et al.”* The
Ir 4f,/, doublet component from Ir(0), Ir(IV), and Ir(III) was
identified at 60.8, 61.5, and 62.4 eV, respectively. Satellite
peaks (Ir 4f,,) for Ir(IV) were identified at 62.8 and 67.8 eV
and for Ir(III) at 63.3 eV. The O 1s spectrum had all oxygen
components fitted with a FWHM of 1.38 eV, and TS and TL
asymmetry factors of 0.1 and 100 were implemented for
oxygen bonded to metallic components, while asymmetry
factors of 0 and 1 were implemented for oxygen bonded to
carbon components.

2.3. Electrochemical Characterization. Catalysts inks
were prepared with 10 mg of catalyst, 20 yL of S wt % Nafion
(Nafion 117, Merck), and S mL of solvent. The solvent for
IrO,/ITO catalysts was made up of 4 mL of ethanol and 1 mL
of water. Two commercial benchmarks, IrO,—TiO, (Elyst
1Ir75) and Ir black (Umicore AG & Co. KG), were utilized to
compare the OER performances of the MOCD IrO,/ITO
catalysts. For the commercial materials, the catalyst inks
consisted of 1 mL of isopropanol and 4 mL of water. The inks
were homogenized via ultrasonication for 30 min, after which
they were magnetically stirred at 400 rpm as the ink was drop-
cast onto the working electrodes, consisting of glassy carbon
(surface area of 0.196 cm?). To achieve similar iridium mass
loadings on the working electrodes, 10 and 40 uL of the
commercial catalysts and the MOCD IrO,/ITO inks were
deposited, respectively. All electrodes were dried in ambient
conditions. The electrochemical characterization was per-
formed in a single compartment three-electrode cell (150
mL glass cell, PINE Research), using a rotating disk electrode
(RDE) setup** and a Bio-Logic SP-300 double-channelled
potentiostat, equipped with EC-Lab V11.20 software. Prior to
electrochemical measurements, the Hg/Hg,SO, reference
electrode was calibrated in H, saturated 0.1 M HCIO,
(Suprapur, Merck) electrolyte with a flame sterilized platinum
wire acting as the counter electrode. The measurements were
taken in O, saturated 0.1 M HCIO, electrolyte at room
temperature. To encourage the removal of evolved O, gas
bubbles,”*>** the RDE setup was set to rotate the working
electrode at 1600 rpm and the RDE setup stand was tilted by
15-30°.

Cyclic voltammetry was performed on all working electrodes
to remove surface contaminants and activate the catalyst layer.
The electrochemical cleaning and activation cycles were done
with 10 cycles and a scan rate of SO mV s, followed by 10
cycles at a scan rate of 10 mV s™' in the potential range 1.0—
1.40 V vs RHE. Chronoamperometry (CA) was then used to
measure the OER activity and stability. For the OER activity
evaluation, initial activation CA steps from 1.40 to 1.48 V vs
RHE with 1 min hold at each step were applied and, thereafter,
OER activity determination steps from 1.50 to 1.56 V vs RHE
with 1 min hold at each step were used. The stability
determination test was done by applying the OER activity CA
steps before and after holding the potential at 1.60 V vs RHE
for 2 h in order to derive the relative mass activity loss of the
catalysts. Lastly, the ohmic resistance utilized for iR-correction
of the specific mass OER activity of catalysts was determined

https://doi.org/10.1021/acs.jpcc.2c06501
J. Phys. Chem. C 2023, 127, 894—906
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Figure 1. (a) In 3d XPS spectra for all ITO supports and (b) an example of a curve fitted In 3d;,, for ITO-A.

from electrochemical impedance spectroscopy (EIS). Normal-
ization of data by the iridium mass loading was determined
from the SEM-EDX characterization. Three working electrodes
were prepared to evaluate the OER performance for each
catalyst to ensure reproducibility and reliability of results. The
corresponding standard deviation across three electrochemical
performance evaluations was then used to compute the error.

3. RESULTS AND DISCUSSION

3.1. Physical Characterization of ITO Supports. To
enable the investigation of the effect of nature of the ITO
support on the nature of supported catalyst, ITO support
materials with varying dopant concentration and specific
surface areas (SSA) and crystallite sizes were selected. Table
1 summarizes the differences in the four ITO supports that
were used for the catalyst preparation.

Tin dopant concentrations of S wt % (ITO-A and ITO-B)
and 10 wt % (ITO-C and ITO-D) were confirmed by ICP-
OES and SEM-EDX measurements. Smaller crystallite sizes, as
calculated by the Debye—Scherrer equation from the XRD
patterns (see Figure S1 in the Supporting Information), were
observed for ITO-A and ITO-C compared to results for ITO-B
and ITO-D. This corresponded to average SSA values of the
ITO supports that varied from a low SSA of 10 m’g™" (ITO-B
and ITO-D) to 3 times higher SSA values of 29—32 m’g™"
(ITO-A and ITO-C).

XPS measurements were performed on the ITO supports to
gain an understanding of the phases present at their surfaces.
From quantitative analysis of the low-resolution survey spectra
(see Table S3 in the Supporting Information), larger values for
Sn/In wt % ratios were measured from all ITO supports
compared to the corresponding bulk ratios from ICP-OES,
indicating that the Sn appears to be enriched at the surface
relative to In.

Figure 1la illustrates the high-resolution XPS spectra of In 3d
measured from four ITO supports. The In 3ds,, and In 3d;, at
corresponding binding energies of 444.5 and 452.1 eV overlap
for all samples indicating similar natures for In species. A
representative example for the curve fitted In 3d;, is shown in
Figure 1b for ITO-A. The dominant component at binding
energy of 444.5 eV is consistent with the presence of In(III)
(as expected for In,0;) while those shifted to higher binding
energies were found to correspond to contributions from
In(OH); at 445.5 eV and likely due to In bonded to chlorine
species at 446.4 eV."”*® In(OH); most probably occurs due to
the hydroxylation on the surface of the ITO due to the
disrupted ITO lattice.”” Indium bonded to chlorine species
may have originated from the presence of trace amounts of
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chlorine as indicated in survey spectra quantification from all
supports (see Table S3 in the Supporting Information). This is
possibly due to impurities left behind after ITO synthesis. The
component percentages shown in Table 2, are seen to vary

Table 2. In 3d and Sn 3d XPS Curve-Fitting Parameters for
the ITO Support

component percentage (%)

binding FWHM
species energy (eV) (eV) ITO-A ITO-B ITO-C ITO-D
In 3d
In,0, 444.5 1.14 63 76 66 75
In(OH), 445.5 1.14 29 24 27 25
In—Cl 446.4 1.14 8 7
Sn 3d
SnO 486.5 1.32 54 56 49 72
SnO, 487.1 1.32 34 38 40 22
Sn—Cl 488.2 1.32 12 6 11 6

among ITO supports with average SSA values, where low-SSA
supports (ITO-B and ITO-D) have fewer In(OH); species on
the surface than the high-SSA supports (ITO-A and ITO-C).

Figure 2a displays the high-resolution XPS spectra of Sn 3d
for all the ITO supports. As in the case of In 3d, the Sn 3d
spectra are also well aligned, indicating a similar nature of Sn
surface species in all supports. For the Sn spectra, the
dominant component is Sn(II) (SnO) at 486.5 eV followed by
Sn (IV) (SnO,) at 487.1 eV with a small contribution of Sn
bonded to chlorine species, as illustrated in the representative
example in Figure 2b) for ITO-A. The presence of SnO and
SnO, is in a§reement with findings of Donley et al.*’ and
Teterin et al,”" where the presence of SnO may be attributed
to imperfections in the ITO lattice structure.

For the O 1s spectra (see Figure S4 in the Supporting
Information), the majority contribution (~58—78%) originates
from oxygen bonded to metal species (both In and Sn) at the
binding energy of 530.3 eV (actual curve-fitting not shown).
The clearly visible shoulders at the higher binding energies of
531.8 and 533.2 eV agree well with the presence of metal
bonded to hydroxyl groups as well as oxygen associated with
hydrocarbon moieties present on the surface, which were also
observed from C 1s spectra (see example spectra in Figure S4
in the Supporting Information).

3.2. Physical Characterization of the ITO-Supported
IrO, Electrocatalysts. Iridium Metal loading. For IrO,
deposition via the MOCD method, a nominal iridium mass
loading of 20 wt % was targeted. However, the SEM-EDX

https://doi.org/10.1021/acs.jpcc.2c06501
J. Phys. Chem. C 2023, 127, 894—906
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Figure 2. (a) Sn 3d XPS spectra of ITO supports and (b) curve-fitted XPS spectra of ITO-A.

measurements confirmed that values between 8 and 12 wt %
were achieved for all catalysts (Table 3). This reduction in

Table 3. Iridium Mass Loading of the IrO,/ITO Catalysts as
Measured by SEM-EDX

catalyst sample id ITO support used Ir loading (wt %)“

CAT-A ITO-A 8.0 + 0.4
CAT-B ITO-B 11.0 £ 0.8
CAT-C ITO-C 12.0 £ 0.5
CAT-D ITO-D 11.0 £ 0.9

“With standard deviation shown.

actual vs targeted iridium loadings was also observed with an
ATO support where such discrepancy was explained as a
consequence of the incomplete transfer of Ir species from the
precursor to the ATO support due to vaporisation of the Ir
precursor.””

Structural and Microstructure of the Supported Catalyst.
Structural characterization of the prepared catalysts was
determined by XRD (see Figure S2 in the Supporting
Information). In agreement with previous publications,”””
no distinguishable Ir metal and/or IrO, features are present in
the XRD patterns. This can be explained by the presence of
small IrO, particles below the XRD detection limit (~3 nm).

Figure 3a—f displays representative TEM micrographs of the
catalysts, which illustrate the dispersion of IrO, catalytic
nanoparticles over the ITO supports. This confirmed the
expected IrO, nanoparticle coverage differences between
catalysts utilizing low-SSA (CAT-B and CAT-D) and high-
SSA (CAT-A and CAT-C) supports. Higher nanoparticle
coverages are displayed for CAT-B and CAT-D where a low-
SSA (10 m* g™') ITO was used. This is supported by the
comparison of HR-STEM micrographs for CAT-A and CAT-B
(Figure 3e,f). The interparticle distance of IrO, nanoparticles
was estimated using a method outlined by Inaba et al.*’ Values
for the interparticle distance are shown in Table S2 of the
Supporting Information. For low-SSA supports, the inter-
particle distance is approximately 4 times larger than for high-
SSA supports. The shape of the IrO,, particles supported on the
ITO as well as their average nanoparticle size was consistent
with the morphology of the particles previously observed for
IrO, deposited on ATO by the same method.”” The IrO,
catalytic nanoparticles appear to be spherical in shape and no
core—shell structures were identified in the TEM and HR-
STEM micrographs. Additionally, all catalysts displayed similar
IrO, particle size distributions (Figure 3a—d), with frequency
maxima at ~2.2 nm, although CAT-D has fewer contributions
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from particles larger than 3 nm compared to results for the
other catalysts. Ir and IrO, have similar lattice spacings, for
which reason it is often difficult to decisively distinguish
whether the nanoparticles are of metallic or oxide nature. To
illustrate this, measured lattice spacing values for CAT-A are
shown in Table S1 and Figure S3 in the Supporting
Information. These data indicate the presence of both metallic
Ir and IrO,

HR-STEM EDX color composite maps for catalysts are
displayed in Figure 4a—h. The top row, Figure 4a—d, illustrates
the overlap among Ir, In, and Sn components, while the
bottom row, Figure 4e—h, focuses on Ir and O distributions.
The maps confirm that IrO, was successfully deposited onto
the ITO supports and that the higher nanoparticle coverage
was obtained on supports of lower BET surface areas. The Ir
and O color composite maps presented in Figure 4e—h suggest
that the deposited nanoparticles may be present in a
predominantly metallic phase on all catalysts.

Nature and Composition of the Catalysts. From the high-
resolution XPS spectra measured from MOCD catalysts
(Figure Sa) CAT-A, -B, and -D display similar Ir 4f envelopes,
with Ir 4f;,,, and Ir 4f;,, occurring at 61.8 and 64.8 eV,
respectively, while the spectrum for CAT-C is shifted 0.7 eV
toward higher binding energies. Curve-fitting analysis following
previously published approaches””** (Figure Sb,c) revealed
that the Ir phase for CAT-A, CAT-B, and CAT-D is present
primarily in the metallic form (~52—56%), with secondary
contributions from Ir(IV) and minor contributions from
Ir(II). In contrast, CAT-C underwent oxidation, with Ir(IV)
being the dominant subcomponent (65%), followed by Ir(0)
and Ir(I1I) (Figure Sd). This suggests that in the case of CAT-
C, optimum conditions for the formation of predominantly the
Ir(IV) component were possibly reached with the combination
of small ITO support crystallite sizes and a larger surface Sn
dopant content compared to the cases of the other catalysts
(see Table S3 in the Supporting Information). This is
interesting as all the catalysts were prepared under the same
deposition conditions (O, environment at 320 °C) as in Rajan
et al,”” where we reported Ir(IV) as the dominating Ir species
on ATO (SnO,:Sb,0; = 90:10 wt %, approximately 30 nm
particle size; 95 m* g~' BET surface area). It was seen that the
IrO, nanoparticles had epitaxially anchored themselves onto
the surface of the ATO support. This phenomenon is well
explained by the structural similarity between the unit cell
parameters of the rutile structures of the SnO, phase in the
ATO support and those of the iridium oxide phase and is
direct proof for the presence of a structural metal—support
interaction.”” However, in the present work, the support
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Figure 3. TEM micrographs and particle size distribution (inset) where (a—d) display CAT-A to CAT-D, where Part. Diam. and Norm. Freq refer
to particle diameter and normalized frequency, respectively, and (e,f) are high magnification HR-STEM micrographs of CAT-A and CAT-B.

consists of Sn-doped In, 03, where metallic iridium was found
to be the dominating iridium phase in three out of four
synthesized catalysts. In,O; is known to exist in two crystalline
phases, and these are the cubic and rhombohedral (corundum)
structures.’® Based on this, it fits well that the iridium
deposition in this work results in predominantly metallic
iridium species, as Ir(0) is mostly found in the face-centered-
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cubic phase;51 therefore, this oxidation state of iridium could
have been preferred over the rutile phase to minimize the
surface free energy of ITO-supported catalysts during the
deposition process. CAT-C, which utilizes ITO support with
10% Sn dopant shows the highest concentration of Sn species
at the surface (see Table S3 in the Supporting Information).
Such conditions could have potentially influenced the
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Figure 4. HR-STEM EDX color composite maps for CAT-A to CAT-D. (a—d) display overlaps among Ir (green), Sn (yellow), and In (magenta),

while (e—h) illustrate overlap between Ir (green) and O (red).
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preferential formation of Ir(IV) species.”’ Considering
identical conditions were applied for both ATO and ITO
deposition processes, our results strongly suggest that the
support material can significantly affect the nature of the Ir
species forming during the MOCD process.

The same In and Sn surface species as found in ITO
supports were measured from all catalysts (postdeposition),
and their component ratios are summarized in Table 4.
Regarding the O 1s spectra (see Figure S5 in the Supporting
Information), although the oxygen components identified are
similar to those observed on the ITO support (predeposition),
there is a shift in the quantities present, particularly with the
oxygen bonded to hydrocarbon species, which could be due to
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incomplete removal of the Ir(acac);”’ This is further
supported by examples of C 1s spectra (see Figure S4 in the
Supporting Information), where a higher contribution is
obtained from carbon species bonded to oxygen in the energy
range 286.0—290.0 eV for the supported catalysts compared to
results for the bare ITO supports.

Chemical Stability of the Support and Deposited
Catalyst. To understand the influence of the chemical stability
of the support on the electrochemical stability of the catalysts,
the ITO supports (ITO-A and ITO-B), and their correspond-
ing MOCD IrO,/ITO catalysts, CAT-A and CAT-B were
evaluated by a time-based chemical dissolution in the 0.1 M
HCIO, electrolyte. ICP-OES measurements were performed
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Table 4. Summary of Key Results of the MOCD IrO,/ITO Catalysts, with Comparison to a IrO,—TiO, Commercial

Benchmark and the MOCD IrO,/ATO Catalyst

surface component ratio (XPS)

electrochemical performance

relative
initial mass- after 1.60 V CA OER initial Tafel after 1.60 V CA
Sn(II) In(OH;) Ir(IV)  Ir(0) specific OER mass-specific OER  activity loss  slope value ~ Tafel slope value
sample id /Sn(IV)  /In,O3  /Ir(WII) /Ir(III) activity (A g, ") activity (A g, ™) (%) (mV dec™!) (mV dec™!)
CAT-A 2 0.4 6 10 299 + 29 27 +23 91 54+ 4 84 + 4
CAT-B S 0.3 13 19 207 + 34 195 + 40 6 S7+7 49 +2
CAT-C 2 0.2 S 2 119 + 10 68 + 10 43 62+ 6 70 + 4
CAT-D S 0.2 11 13 156 + 15 116 + 23 26 S8 +1 S52+2
MOCD IrO,/ATO 3 0.2 72 47 35 63 + 4 S8 +1
IrO,-TiO,commercial 119 + 33 3.6+ 18 70 54 +2 61 +1
benchmark
Ir black commercial 44 + 1.0 41+ 13 7 53 +2.0 44 + 1.6

benchmark

on the supernatant to quantify the dissolved species. Figure 6
shows the chemical dissolution profiles over a period of 24 h,
while Table S4 in the Supporting Information summarizes the
calculated dissolution percentages for the support and the

supported catalysts.
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Figure 6. Chemical dissolution profiles of ITO-A, ITO-B, CAT-A,
and CAT-B: (a) total In analyte concentration, (b) total Sn analyte
concentration, and (c) total Ir analyte concentration present in the
supernatant of the samples after 24 h, respectively.
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It was seen that CAT-A is more chemically unstable than
CAT-B as CAT-A suffers from a greater loss of In (~65%)
from the ITO support than CAT-B (~9%) after 24 h. This is
consistent with the results for ITO-A compared to those for
ITO-B, where a rapid increase in In concentration in the
supernatant solution is observed for ITO-A (~93%) compared
to only ~25% for ITO-B. CAT-A and CAT-B in comparison to
ITO-A and ITO-B have smaller amounts of dissolved In
concentrations present overall after 24 h of the stability test.
CAT-A displays a significantly larger amount of dissolved Ir
(~92%) than CAT-B (~18%) after 24 h of the stability test.

The higher chemical stability observed from the low-SSA
ITO support (ITO-B) was found to further increase in the case
of the corresponding catalyst (CAT-B). Furthermore, it was
observed that the chemical stability improved for both ITO
supports after the deposition of the IrO, nanoparticles. This
suggests that the presence of the IrO, nanoparticles possibly
had a stabilizing effect on the ITO support.

Electrochemical Oxygen Evolution Reaction Perform-
ance. The initial OER performance reported in terms of Ir
mass-specific activity at 1.525 V vs RHE indicated that CAT-A
and CAT-B are the most promising as they have significantly
higher mass-specific OER activities compared to those of CAT-
C and CAT-D (refer to Figure 7a). These activities were 10—
25 times better than that of the IrO,—TiO, commercial
benchmark, 4—7 times larger compared to that of the Ir Black
commercial benchmark, and 2—4 times greater than that of the
MOCD IrO,/ATO catalyst tested under the same con-
ditions.”’

The difference in stabilities of CAT-A and CAT-B is
showcased in the Tafel slopes. Figure 7b illustrates the Tafel
slopes for CAT-A and CAT-B of 54 and 57 mV dec™', which
changed after the stability testing to 84 and 49 mV dec™},
respectively. The degradation of CAT-A, CAT-B, and the
IrO,—TiO, commercial benchmark is further illustrated by
Figure S7 in the Supporting Information, where the current
response during the 2 h stability hold was plotted. Initial Tafel
slopes were comparable to values reported for unsupported
iridium oxides (50—60 mV dec™) as well as for the IrO,—
TiO, benchmark (54 mV dec™) previously reported.'”*”>>
The increase in the Tafel slope value for CAT-A after the
stability test is most likely correlated to the higher degree of In
and Ir dissolution, as evidenced from the chemical stability
tests, that may result in a loss of electrical conductivity during
the OER performance evaluation. Similar effects were also
previously reported with low catalyst loadings on ATO.”” The
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Figure 7. (a) Ex-situ mass-specific OER activities of the prepared IrO,/ITO catalysts, the IrO,—TiO, and Ir black commercial catalysts, and the
previously published MOCD IrO,/ATO catalyst before (solid bar) and after (pattern bar) stability testing by chronoamperometry. (b) Mass-
specific Tafel slopes for CAT-A and CAT-B, before (solid line) and after (dashed line) stability testing by chronoamperometry.

slight drop in the Tafel slope value for CAT-B is most likely
correlated to the degree of hydration of the hydrous,
amorphous IrO, that formed electrochemically during the
OER performance evaluation.>

To understand the influence of the physicochemical
properties of ITO supports on the initial OER activities of
the prepared catalysts, several catalyst—support correlations
need to be taken into consideration. These include the average
IrO, particle size and interparticle distance, Ir metal loading, Ir
phase, and support dopant ratio. However, from thorough
physical characterization and electrochemical analysis of the
prepared catalysts, it can be concluded that both particle size
effects and Ir loading effects are not responsible for the
differences in catalyst activities for the various ITO-supported
catalysts, as the use of MOCD resulted in virtually identical
IrO, particles sizes and similar iridium loadings across all the
synthesized materials. Therefore, the main difference in the
performance of these catalysts can be attributed to other
influences, such as particle proximity and coverage effects. It is
therefore possible to distinguish the prepared -catalysts
materials based on their interparticle distances, which vary
with support SSAs. A similar approach was previously reported
for Pt/C catalysts where the Pt loading was varied on the same
supports.””*”>* However, in the case of the present work, the
SSA of the supports was varied while keeping the Ir loading
and particle size practically equivalent. Therefore, for high-SSA
supports (CAT-A and -C), the interparticle distance is
approximately 4 times larger than for low-SSA supports
(CAT-B and -D) (see Table S2). However, as with previous
studies, a significant degree of IrO, agglomeration was
observed on low-SSA supports (Figure 3b,d).

Furthermore, from XPS analysis, it can be concluded that
the surface composition of the ITO support influences the
nature of the deposited IrO, nanoparticles. Figure 8a,b
illustrates correlations found between electrocatalyst surface
ratio components and the ITO average BET surface area. It is
clear from Figure 8a that in catalysts utilizing low-SSA
supports, higher surface Sn(II)/Sn(IV) component ratios
were observed. Figure 8b shows that for catalysts formed on
lower average SSA supports, higher surface Ir(IV)/Ir(III)
component ratios were measured from the deposited IrO,
nanoparticles. This indicates that Sn species enriched on the
ITO surface have potentially influenced the preferential
formation of Ir(IV).

Therefore, for comparison of catalysts with the same support
SSA, the differences in performance between CAT-A and
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CAT-C are accounted for by the nature of the Ir phase present,
where CAT-A has a greater amount of Ir(0) species present
and a higher initial OER activity. This also accounts for the
relatively high initial OER activities for CAT-B and -D. In
these catalysts, Ir(0) was the dominant species (Figure Sd),
which contributed to their initial large mass-specific activity in
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comparison to results for CAT-C. Coincidently, this also
accounts for the activity of the ITO-supported IrO, catalysts
exhibiting higher initial OER activities than the ATO-
supported IrO, catalyst prepared under the same conditions;
this can be explained by the presence of highly active,
amorphous electrochemically generated iridium oxides, which
are formed by the Ir(0) species that dominate on the surface of
MOCD 1IrO,/ITO in comparison to the rutile IrO, species
reported by Rajan et al.”” for MOCD IrQ,/ATQ.**»>»5%5¢
However, in the case of CAT-B and -D, the lower OER
activities in comparison to those of CAT-A could be explained
by the higher degree of agglomeration, shorter interparticle
distances, and thereby reduced Ir utilization.

However, as Ir(IlI) is most likely to undergo iridium
dissolution, the presence of this species formed electrochemi-
cally could contribute significantly to the instability of the
catalysts. The catalysts with low-SSA supports exhibited higher
stability via chronoamperometry analysis compared to those on
higher SSA supports, with CAT-B experiencing only a 6%
relative loss of oxygen evolution mass activity (see Table 4).
The most active catalyst, CAT-A, is the least stable MOCD
IrO,/ITO electrocatalyst, while in comparison, the IrO,—TiO,
commercial benchmark demonstrated a 70% activity loss.
CAT-B and CAT-D, both made from low-SSA supports, have
similar Ir, Ir(IV), and Ir(III) amounts, but the initial activity of
CAT-B is greater, and the catalyst is more stable. Given the
similarity in IrO,, particle size, loading, and phase, we can only
attribute this small difference in activity to differences in
support conductivity given by their different dopant ratios. In
addition, lower In(OH),/In,O; ratios were also observed from
XPS analysis. Figure 8c shows that CAT-B has a lower surface
In(OH);/In,0; ratio and a greater surface Ir(IV)/Ir(III)
component ratio than CAT-A, which has an influence on the
electrochemical stability of this catalyst (Table 4). CAT-B was
seen to have the highest Ir(0)/Ir(IIl) component ratio value
(Table 4). It is speculated that the higher In(OH),/In,O; ratio
measured from catalysts (postdeposition) would contribute to
their lower stability due to dissolution of the In(OH); species.
The possible stabilization of the ITO support by the deposited
catalyst particles with a higher degree of coverage is supported
by the chemical stability tests (Figure 6). Higher coverage of
IrO, nanoparticles and lower interparticle distances on low-
SSA ITO supports resulted in more electrochemically stable
catalysts. In those catalysts, the ITO surface is less exposed, as
it is protected by the deposited IrO, nanoparticles, which
makes it less susceptible to chemical degradation.

It is also evident that CAT-A and -B, which utilize lower
dopant concentration ITO supports (Table 1) demonstrated
higher activities compared to those made on higher dopant
concentration ITO. However, these catalysts also differ in
terms of BET SSA and surface nature: Sn(II)/Sn(IV) and
Ir(IV)/Ir(III) component ratios, which would further
complicate attempts to discuss the possible effect of the Sb
dopant concentration on the catalyst performance. To
understand the influence of the support’s dopant concentration
on the overall catalyst activity, it is necessary to first summarize
an important conclusion regarding OER activities for IrO,/
ITO catalysts reported in the literature. The highest perform-
ing catalysts reported were that of IrO, layers®* and atomically
dispersed” Ir atoms supported on ITO supports. In these
studies, Ir utilization was maximized by availing the highest
fraction of surface sites for OER electrocatalysis. However,
considering IrO, particles in the size range 1—5 nm (Figure 9),
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Figure 9. Average mass-specific OER activities of IrO,/ITO catalysts
reported in recent literature compared to those of CAT-A and CAT-
B, indicated by red and blue lines, respectively.

as is also the case with the catalysts prepared in this study, it is
seen that reported literature data confirm that there is a clear Ir
loading dependence on the initial OER performance. Delgado
et al.*® reported the highest OER activity of 176 A g;, " at 1.51
V vs RHE at 30 wt % Ir supported on ITO. Interestingly, the
mass activity of IrO, supported on undoped SnO, was only 6%
lower in the same study. A similar effect was observed by
Geiger et al,,*® where differences in the performance of ITO-
supported IrO, catalysts compared to SnO,-supported IrO,
catalysts at loadings of 20 wt % can be accounted for by
differences in the IrO, particle size at these loadings. In
contrast, at significantly lower Ir loadings of 4 wt %, Lebedev
and Coperet™ reported a considerably lower activity of 35 A
g, ' at 1.51 vs RHE. Therefore, it can be concluded that the Ir
loading is a significant factor determining the catalyst activity.

In this work, CAT-B and CAT-D have identical Ir loadings,
identical SSAs, similar nanoparticle coverages, and similar
natures in terms of surface Sn(II)/Sn(IV) and Ir(IV)/Ir(III)
component ratios. The only difference is the ITO support Sn
dopant concentration (5% for CAT-B and 10% for CAT-D).
Therefore, these two catalysts are the most suitable to evaluate
the possible effect of the ITO dopant level on catalyst
performance. These catalysts demonstrate only a 25%
difference in their activities, which suggests that at sufficiently
high Ir loadings, the effect of support conductivity is
minimized.

Here it is postulated that at high Ir wt % loadings, or in cases
where higher Ir coverages are present, i.e, low interparticle
distances, the need for a conductive support becomes less
crucial, particularly when particle agglomeration is observed.
This can be explained by enhanced electrical percolation in
catalysts with greater particle coverage, as the closely located
nanoparticles of IrO, could potentially form an electronically
conductive network across the support, facilitating the OER
and to some extent, minimizing the need for a conductive
support material. However, to further improve the perform-
ance of supported catalysts for the OER, a drive toward lower
iridium loadings is still needed. For supported IrO, catalysts
with low Ir metal loadings, there appears to still be a need for a
highly conductive support material that is both chemically and
electrochemically stable. From these results, an ITO-supported
electrocatalyst, CAT-B, with low iridium loading of 11 wt %,
proved to be more active and relatively more stable than the
commercial benchmark (with a significantly higher iridium
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loading of 75 wt %) and to MOCD IrO,/ATO catalyst. As
such, the MOCD method for deposition of iridium-based
catalysts on oxide supports has been successfully extended to
ITO support materials, where the prepared catalysts
demonstrated promising electrochemical performance in
relation to both published IrO,/ATO and IrO,/ITO prepared
catalysts. This could be a consequence of greater iridium
utilization, as well as the effect of the iridium phase present
over a more conductive support, indicating a potential
interplay among the IrO, phase, the particle size, and the
interparticle distance on OER performance.

4. CONCLUSIONS

In summary, this study demonstrated the versatility of the
MOCD method for the preparation of well-controlled, evenly
distributed, small IrO, nanoparticles of ~2 nm with equivalent
Ir metal loadings across the surface of tin-doped indium oxide
(ITO) support materials. By varying the specific surface area
(SSA) of the support and dopant weight ratios (Sn:In), it was
possible to study the effect of various physicochemical
properties of the support on the nature of the deposited
IrO, nanoparticle phase and their influence on OER
performance. The nature of the ITO support surface was
found to influence the Ir phase present and coverage of the
deposited IrO, nanoparticles, with the latter related to the
interparticle distance. IrO,/ITO catalysts prepared on low
specific surface area ITO supports had higher surface Sn(1I)/
Sn(IV) and Ir(IV)/Ir(III) component ratios than those
prepared on the high-SSA ITO supports. The nature of the
IrO, (x = 0—2) nanoparticles influenced the electrochemical
activity of the electrocatalysts as metallic iridium was found to
be the predominant Ir component. Furthermore, the larger
interparticle distance as a result of lower coverages on high-
SSA supports was found to significantly increase the initial
OER activity, by maximizing Ir utilization at the expense of
electrochemical stability under OER conditions. By comparing
the activities of catalysts with the same surface composition,
SSA, and interparticle distance across varying dopant ratios, we
found that there is possible a trade-off between Ir loadings on
the effect of electrical conductivity of the support, where at
higher loadings support conductivity effects are possibly
minimized. Overall, the high-performing and most durable
catalyst was found to be the product of the interplay between
the Ir phases present with low interparticle distances, where
the material is stabilized by the higher extent of IrO, coverage
over the support. These findings highlight the importance of
decoupling of several physicochemical support catalyst—
support relations and their subsequent influence on OER
performance. However, considering these results were
obtained ex situ using an RDE set up, further testing is
currently underway to correlate these results with in-situ
electrolyzer performance.
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