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Ir nanoparticles with ultrahigh dispersion as
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In this work, we present a facile and straightforward approach to synthesize, activate and benchmark
small, i.e. 1.6 nm in diameter, Ir nanoparticles (NP) as oxygen evolution reaction (OER) catalysts. It is
shown that the Ir NP, although oxidized after synthesis and drying, can be electrochemically reduced
allowing determination of the electrochemically active surface area by CO stripping. Subsequently, an
activation protocol is applied forming catalytically active Ir-oxide NP. This oxide formation is shown to
be largely irreversible. It is then demonstrated that the activated Ir NP synthesized via our recently intro-
duced colloidal method exhibit extremely high OER activities when normalized to their Ir mass. These
high OER activities are related to superior dispersion as compared to state-of-the-art OER catalysts

rsc.li/catalysis reported in the literature.

1 Introduction

The worldwide increasing energy demand requires alternative
and renewable energy sources, like photovoltaic (PV) and wind
power sources to overcome our dependence on fossil fuels. As
PV and wind power sources are intrinsically intermittent, they
cannot provide a constant energy flow." In order to eliminate
the inherent mismatch between energy consumption and pro-
duction, it is necessary to find efficient ways to store excess en-
ergy which, in turn, could be re-converted when the demand is
high or when the user is mobile. In this respect, storage of hy-
drogen produced via water splitting is the most promising ap-
proach due to the high energy density and the fact that H, can
be readily used to produce electricity by fuel cells."™

Water electrolysis is characterized by a high total
overpotential, mainly due to the sluggish kinetics of the an-
odic reaction, ie. the O, evolution. Therefore, most of the ef-
forts in research and development are directed to improving
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the oxygen evolution reaction (OER). To date, the most effi-
cient catalysts for the OER were based on Ni and its alloys for
alkaline conditions,”® and Ir and Ru for acidic me-
dia."”®'®" In acidic media, Ir displays the best compromise
between activity and stability since Ru, despite its remarkable
activity, readily degrades under the harsh conditions of oper-
ation. Unfortunately, Ir is one of the least abundant elements
in the Earth's crust and is only produced as a by-product of
Pt extraction.'> Moreover, commercial anodes are employed
at around 2 mgy, cm ™2 or more, due to the low surface area of
these catalysts."*'* Therefore, a major breakthrough is
needed to enhance the OER performances, for instance by in-
creasing the active surface area of Ir-based catalysts. A possi-
ble strategy for improving Ir utilization is its dispersion onto
a suitable support. Given the extremely harsh conditions of
operation, no support material has been proven to be highly
conductive and completely stable. However, Sb-, F- and In-tin
oxides present decent stability and conductivity and are con-
sidered promising candidates.”>™° Titania is stable during
operation thanks to its semiconducting nature and has al-
ready been tested.'*'*?° However, high Ir loading is required
to allow electron conduction vig an IrO, film.'*

In this paper we fully exploit a concept recently introduced
in our work from the study of Quinson et al.>' We discuss in
detail the synthesis of small, monodisperse Ir nanoparticles
(NP) with ultrahigh dispersion for the preparation of efficient
catalysts for the OER. Our approach does not require surfac-
tants, high boiling point alcohols or further precipitation
steps (typically performed with HCI in alternative approaches)
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to remove the as-synthesized NP from the reaction medium.>
Instead, the as-prepared stable colloidal nanoparticle suspen-
sion can be directly applied, e.g. by spray coating, for the
preparation of electrodes for the OER.

In addition, the literature lacks uniform approaches of
how to benchmark the performance of OER catalysts. In par-
ticular, the determination of the electrochemically active sur-
face area (ECSA) is a crucial challenge that is required to
track the actual behavior of the active sites and to pinpoint
the underlying reason for the observed performance. Activity
measurements based on mass related considerations alone
do not allow for a thorough catalyst characterization. Indeed,
mass activity (MA) can be influenced either by changes in the
specific activity (SA) of the active sites or by improvements in
the active phase dispersion (surface to bulk ratio) on the sup-
port/substrate.

In this work, we present a facile and straightforward ap-
proach to benchmark Ir NP as OER catalysts based on ECSA,
SA and MA. It is shown how the surface area of the as-
synthesized Ir NP can reliably be determined by CO strip-
ping measurements at the beginning of the electrochemical
characterization, followed by a subsequent activation proto-
col forming the active Ir-oxide phase. It is highlighted that
care has to be taken not to confuse oxidation currents corre-
lated with the formation of the active phase with the actual
OER activity of the catalyst as otherwise the latter is easily
overestimated. With the presented approach, it is demon-
strated that the Ir NP display a remarkable ECSA as well as
when activated, SA and MA for the OER, which outperform
reported state-of-the-art catalysts by a factor of up to
ten.'®2%2324 1t is highlighted that the performance enhance-
ment achieved by synthesizing the Ir NP via our recently
introduced colloidal approach®' is due to their extremely
high dispersion laying the foundation for supported OER
catalysts.

2 Experimental
2.1 Synthesis of Ir nanoparticles

The synthesis of Ir NP was carried out in a 100 mL round bot-
tom flask connected to a water-cooled condenser. Typically, 6
mL of a 20 mM IrCl; solution (Sigma Aldrich, >99.8%) in
methanol (HPLC grade, Sigma Aldrich) was mixed with 21
mL of a 57 mM NaOH solution (Suprapur®, Merck) in metha-
nol. All chemicals have been used as received without further
purification. The final concentration of the reaction solution
was 4.4 mM IrCl; and 44.0 mM NaOH. The solution was yel-
low at this stage. The flask was then placed in a microwave
reactor (CEM, Discover SP). The reaction was performed for
30 min while the power was kept at 100 W throughout the
synthesis. As soon as the solution approached the boiling
point, it turned dark, indicating the colloidal NP formation.
Once the reaction was completed, the solution looked dark
brown. The as-prepared colloidal dispersion was extremely
stable and could be stored for several months without parti-
cle sedimentation.
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2.2 High resolution transmission electron microscopy
(HR-TEM)

HR-TEM images were acquired with a JEOL 3000F operated
at 300 kv equipped with a field-emission gun. The software
CrystalMatch was used to assess that the measured lattice
planes and their intersection angles were consistent with the
Ir fcc zone axis within an error of 10% for measured dis-
tances and 5% for measured angles. The samples were pre-
pared for analysis by dropping the NP dispersion or the
supported NP re-dispersed in methanol onto carbon coated
copper TEM grids (Quantifoil). The size and morphology were
also estimated by using a Jeol 2100 operated at 200 kV by re-
cording images at three different magnifications (at least
%300 000, X400 000, and %500 000) in at least three randomly
selected areas. The particle size and size distribution analyses
were performed by measuring the size of typically between
700 and 1000 NP (at least 200) using the software Image].
The mean diameter (in nm) and the associated standard devi-
ation (o, in nm) for each sample are reported.

2.3 Z-potential

The Z-potential of the colloidal Ir NP was measured using a
Litesizer™ 500 (Anton-Paar). Measurements were performed
in a quartz cuvette at 25 °C. 20 pL of the colloidal Ir NP sus-
pension was transferred into the cuvette and 1 mL of metha-
nol was added to obtain a transmittance of 80-90%. The ap-
plied voltage (up to 200 V) as well as the number of runs (up
to 1000) was automatically adjusted using the instrument. A
refractive index of 1.3238, a viscosity of 0.0005514 Pa s and a
relative permittivity of 33.1 were used as parameters in the
software (Anton Paar Kalliope Professional, version 2.0.1).
Prior to the measurement, the waiting time was around 1
min to stabilize the diluted dispersion.

2.4 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering was performed at the Niels Bohr
Institute at the University of Copenhagen with a SAXSLab in-
strument as previously detailed.>**® This instrument,
equipped with a 100XL + micro-focus sealed X-ray tube from
Rigaku, produces a photon beam with a 1.54 A wavelength. A
2D 300 K Pilatus detector from Dectris was used to record the
scattering patterns. The two-dimensional scattering data were
azimuthally averaged, normalized by the incident radiation
intensity, the sample exposure time and the transmission and
corrected for background and detector inhomogeneities using
standard reduction software. Background measurement was
carried out in pure methanol. The radially averaged intensity
I(g) is given as a function of the scattering vector g = 47-sin(6)/
/, where 1 is the wavelength and 26 is the scattering angle.

The background corrected scattering data was fitted with
a model of polydisperse spheres described by a volume-
weighted log-normal distribution. The model expression for
the intensity is:

I(g) = C [ P*(g,R)V(R)D(R)AR
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where C is an overall scaling constant, P is the sphere form
factor, V is the particle volume and D is the log-normal size
distribution. The sphere form factor is given by:

R sin(qR) - gR cos(qR)

Py(q,R) =4 (qR)3

and the log-normal distribution by:
1 ~[In(z)]”
D(R) =
®) Rov/2m exp( 202

The fitting was conducted using a home written MATLAB
code invoking least-squares y*-minimisation to optimise the
agreement between the data and model. Thus, the free
parameters in the model are the radius and variance of the
polydisperse size distribution as reported in this paper. The
scattering data and corresponding fits can be seen in Fig. 1a
and S5.7

2.5 Catalyst film preparation

Homogeneous thin films consisting of Ir NP were prepared
on a glassy carbon (GC) disk of a rotating disk electrode
(RDE) using the as-synthesized alkaline NP suspension. The
theoretical loading was calculated from the concentration of
the Ir NP suspension. Different amounts of Ir NP were
pipetted on the surface of the GC to investigate the loading
effect. In order to pipette always the same volume of the Ir
NP suspension on the GC disk, the stock dispersion of the
as-synthesized NP was diluted to different concentrations
with pure methanol as reported in Table 1.

For each electrode preparation, 7 pL from the diluted solu-
tions was taken and drop cast onto a GC disk. The suspen-
sion was then dried in air by rotating the electrode at 500
rpm. To check the quality of the Ir NP films, pictures were
taken with an optical microscope (Keyence VHX-6000).
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Table 1 Theoretical concentration of the Ir NP dispersion in methanol
and calculated Ir amounts pipetted onto the surface of the GC expressed
as the total metal loading normalized to the geometric surface area of
the GC electrode

Concentration of the Ir NP dispersion [ug mL™"]

26 51 101 198 397 795
Total Ir loading on the GC electrodes [ug]
0.18 0.36 0.70 1.39 2.78 5.56

Ir loading on the GC electrodes normalized by the geometric surface
area [ug cm ]

0.9 1.8 3.6 7.1 14.3 28.6

2.6 In situ electrochemical X-ray absorption spectroscopy (XAS)

Synchrotron-based in situ electrochemical XAS experiments
were conducted at the ROCK beamline of the SOLEIL light
source (France). The beam current was 450 mA. The incident
beam was collimated using a bending magnet (E. = 8.65 keV)
and a toroidal Si mirror with a 50 nm Ir coating and mono-
chromatized using a Si(111) monochromator. Two mirrors for
the harmonic rejection (1st flat, 2nd bendable) were tilted at 3
mrad with the stripe of Pd. XAS measurements at the Ir L;
edge (transition: 2p;,, to 5d) were performed in a transmission
mode. The ionization chambers were filled with pure nitrogen
for the Ir L; edge. The length of the ionization chamber for
the incident X-ray intensity (I,) was 188 mm, while for the
transmitted X-ray intensity after the sample and reference foil
(I, and I,.g), the ionization chambers were both 328 mm long,
respectively. The reference Ir foil was probed simultaneously
with the sample under investigation. This procedure allows a
comparison between the spectra from different samples
recorded under different electrochemical conditions.

All the XAS data were processed and evaluated using the
IFEFFIT software package.’® For the data processing, all the
raw data were aligned, averaged, background corrected and
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(a) Particle size distribution of the Ir NP determined from the HR-TEM micrographs and SAXS data. The inset shows a HR-TEM micrograph

of the as-synthesized Ir NP. (b) Potential at a constant current density of 10 mA cm™2 as a function of the theoretical Ir loading (- -B- -) and the RF

established from the CO stripping data (- -m- -).
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normalized by the edge jump. The energy units (eV) were
converted to photoelectron wave number k units (A™) by
assigning the photoelectron energy origin, E,, corresponding
to k = 0, to the first inflection point of the absorption edge.

2.7 Preparation of carbon supported Ir NP catalysts for in situ
XAS

For in situ XAS investigations, the as-synthesized Ir NP were
deposited on a commercially available Vulcan (XC72R). The
carbon concentration was 1 mgc MLyethanol - The mixture
was then sonicated with a probe sonicator (QSONICA
sonicator, 500 W, 20 kHz) operated with an amplitude of
20%. Sonication was performed with 10 steps of 1 min. Each
of these steps was carried out by alternating sonication (1 s)
with resting (1 s).

The mixture of Ir NP and carbon suspension was then
transferred to a round bottom flask and the methanol was
evaporated with a rotary evaporator (KNF, RC 600) keeping
the flask in a sonication bath until the material was
completely dry. At the end, the powder was transferred into a
vial and stored in air.

The electrodes for the in situ XAS experiments were pre-
pared by dispersing the catalyst powder in acetone at a
concentration of 3.5 mg;, mL™. 10 ul aliquots of the catalyst
suspension were pipetted several times onto a gas diffusion
layer (GDL) (Sigracet, 39 BC) to obtain a loading of around
700 pgiy cm 2 distributed on an area of ~5 mm. As a counter
electrode, graphite foil was employed. The electrodes were
then mounted on a custom-made PEEK spectro-
electrochemical flow cell. The counter and working electrodes
were in contact with gold coated pins. The cell design is the
one reported by Binninger et al.>” Only minor modifications
of the cell design were performed to optimize the signal-
noise ratio and the connection between working and refer-
ence electrodes. The Ar-saturated electrolyte (0.1 M HCIO,,
Suprapur®, Merck) was pumped through the cell at 1 mL
min " using a syringe pump. Electrochemical measurements
were performed using a potentiostat (ECi-200, Nordic Electro-
chemistry controlled with the software EC4DAQ, version 2.44)
recording the solution resistance (iR drop) online by super-
imposing a 5 kHz and 5 mV AC signal and compensating it
by an analogue positive feedback scheme. Solution resistance
was as low as 10 Q throughout the experiment. To avoid sys-
tem instability due to overcompensation, the iR drop was not
adjusted to lower values.

2.8 Electrochemical characterization

The electrochemical OER activity measurements of the
unsupported Ir NP were carried out as we have reported in
previous work.”’ In short, an electrochemical glass cell
equipped with a three-electrode configuration was employed
for all the experiments. A 5 mm GC disk embedded in a Tef-
lon tip was used as the working electrode (WE) and a plati-
num wire as the counter electrode (CE), respectively. All po-
tentials were measured with respect to a reversible hydrogen
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electrode (RHE). Measurements were performed using a
potentiostat (ECi-200, Nordic Electrochemistry controlled
with the software ECADAQ version 2.44). Electrochemical re-
sults have been exported and analyzed with the software
EC4view (version 1.2.55). The effective solution resistance
was adjusted to ca. 3 Q. The electrolyte was 0.1 M HCIO,
prepared by diluting the concentrated HCIO, (Suprapur®,
Merck Germany) with Millipore Milli-Q water (18.2 MQ cm
at 25 °C, total organic content (TOC) of <2 ppb). Ar
(99.999%, Carbagas AG, Switzerland) was continuously
purged through the electrolyte during the electrochemical
experiment. The ECSA was determined via the CO stripping
method at the beginning of each experiment. The electrode
was held at 0.15 Vgyg in a CO-saturated electrolyte. Subse-
quently, the electrolyte was purged with Ar for 20 min to re-
move excess CO in the solution. The adsorbed CO as a
monolayer was then oxidized to CO, by scanning the poten-
tial from 0.15 Vgyg to 1.4 Vgue at 20 mV s '. The ECSA was
calculated by integration of the oxidation peak and by divid-
ing the as-calculated charge by the reference value for poly-
crystalline Ir (358 pnC cm).%® The integrated charge density
normalized by the reference value of polycrystalline Ir was
used to determine the roughness factor (RF) which is de-
fined as the total active Ir surface area (in cm™>) divided by
the geometric surface area (in cm™) of the working
electrode. The RF is thus related to the ECSA.

Catalyst activation was performed under potentiostatic
(PS) and potentiodynamic (PD) conditions. During the PD ex-
periment, the potential was cycled 90 times from 1.2 Vgyg up
to the (indicated) different upper potential limits ranging
from 1.4 to 1.7 Vgug. PS experiments were carried out by
holding the potential for 300 s at deposition potentials (Ep)
which were the same as the upper potential limits in the PD
protocol.

The effect of the “activation” protocol on the OER perfor-
mance was evaluated by measuring the current density
during an anodic scan from 1.20 to 1.55 Vgygp at 10 mV s
using linear sweep voltammetry (LSV). The current density at
1.5 Vgyug was taken to establish the OER activity of the Ir
NP as a function of the loading. During the activation
and OER activity measurements, the electrode was rotated at
3600 rpm.

The ECSA of metallic Ir retained after the “activation” pro-
tocol was measured by performing an additional CO strip-
ping measurement, as described above, and calculated from
the ECSAgina measured after the activation protocols and the
initial ECSA,:

ECSAFinal

ECSARetained =
Retained ESCA,

x100% (1)

To investigate the electrochemical behavior of the
unsupported Ir NP as a function of the metal loading, all the
electrodes were activated by holding the potential at 1.6 Viyg
using the PS protocol. The OER activity was then measured
at 1.5 Vgyg during the positive going scan up to 1.55 Viyg as
described above.

This journal is © The Royal Society of Chemistry 2019
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3 Results and discussion

3.1 Ir NP characterization

The Ir NP synthesized by the colloids for catalysts (Co4Cat)
approach® show a very high colloidal stability against ag-
glomeration and sedimentation. Even after extended storage
over several months and/or after centrifugation at 5000 rpm
for 10 min, no aggregation, sedimentation, or color change
was observed (see Fig. S1t). In addition, the colloidal stability
was confirmed in the Z-potential measurements on the as-
prepared NP suspensions. We determined a Z-potential as
high as 43.0 + 0.7 mV, typical for a suspension with good
stability.>* !

The as-prepared colloidal Ir NP were further characterized
by SAXS and HR-TEM, see Fig. 1. The NP are crystalline and
exhibit a narrow size distribution with a mean particle size of
around 1.6 nm as determined by HR-TEM; 80% of the parti-
cles are in the range of 1.3-1.9 nm. The particle size distribu-
tion determined by SAXS is slightly shifted to even smaller
sizes with a mean particle size of around 1.3 nm. Such very
small, systematic shifts in the particle size distributions de-
termined by TEM and SAXS have been observed previously
and are most likely related to difficulties determining the ex-
act particle size in TEM due to limitation in contrast.*>>*
With the help of the HR-TEM data, the polydispersity index
(PDI) was determined as:

Dyp = ani —1.6nm ()

Dy, :w: 1.8 nm (3)
(di)

PDI = % =11 (4)

n

where D, is the number-average diameter and D,, is the
weight-average diameter.>® Thus, the obtained PDI of the Ir
NP is very close to 1, demonstrating the extremely narrow
size distribution. This is a remarkable achievement for
surfactant-free synthesis in line with previous observations
for Pt NP produced by the Co4Cat technology.>"*"

3.2 Electrochemical OER performance

3.2.1 Determination of the ECSA. In the literature, differ-
ent characterization and benchmarking protocols can be
found for comparing the catalytic OER performance of Ir-
based materials.>**® Galvanostatic experiments are often ap-
plied for bulk Ir electrodes, but they can be misleading if the
active surface area (or RF) is undefined. A comparison be-
tween different catalysts is therefore difficult.>*® These chal-
lenges are even more pronounced for NP-based OER catalysts
since the measured OER activity depends on the catalyst
loading on the electrode as well as the active surface area.
This is shown in Fig. 1b where the potentials recorded under
galvanostatic conditions are plotted as a function of the Ir
loading on the GC electrode. With increasing Ir loading, the

This journal is © The Royal Society of Chemistry 2019
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electrode potential required to achieve a current density of 10
mA cm? decreases significantly from ca. 1.64 Vgyg to below
1.56 Vgue. 10 mA cm 2 has been chosen as the current den-
sity because this value is the expected current density for a
solar-to-fuel device with an efficiency of 10%.>”~ The depen-
dency of the electrode potential from the Ir loading is pro-
nounced at lower loadings, whereas it becomes independent
of the Ir loading at values higher than 14 pg;, cm™. This is a
clear indication for the formation of a 3-D layer without com-
plete catalyst utilization as can also be seen from the deter-
mined RF (see also below) that stays relatively constant at
high Ir loadings (Fig. 1b). The measurements demonstrate
that the catalyst evaluation based on the observed electrode
potential at constant current density is not suitable for Ir NP
and should only be applied if full utilization of the catalyst is
guaranteed; otherwise, a fair comparison will not be possible.
Furthermore, an increase in the OER activity mainly based
on improved dispersion is difficult to rationalize in view of
the limited techniques that can be applied to determine the
active surface area.

In the presented work, we therefore pursued an approach
for the electrochemical characterization of OER catalysts
based on the determination of the ECSA, Ir-based surface
area specific activity (SA) and Ir-based mass activity (MA) at a
fixed electrode potential. The evaluation of the combination
of the two is crucial to determine the efficiency of the use of
the precious metal (MA) and the activity of the active sites
(SA). The applied electrode potential should be sufficient to
establish a “real” OER current, but not too high to avoid ex-
cessive oxygen bubble formation, which is detrimental for
catalyst film stability and thus for the electrochemical mea-
surements. Furthermore, a distinction between OER and cat-
alyst activation (oxidation) currents should be made, for in-
stance by applying catalyst activation procedures before the
OER testing.

The determination of the SA requires reliable determina-
tion of the ECSA, which is not straightforward for Ir-based
catalysts. For the ECSA determination of Ir-based catalysts for
the OER, metal underpotential deposition (Mypp) methods,
primarily based on metals like mercury, have successfully
been employed.*®*° But metal underpotential deposition has
drawbacks such as possible cell contamination. Another suc-
cessful approach is based on the ion exchange of Zn** on
IrO,. The change in Zn>* concentration determined by UV-vis
before and after the exchange treatment allows evaluation of
the number of sites over the surface and can then be corre-
lated to the pseudocapacitance.’® However, this method can
only be applied to unsupported particles where the contribu-
tion from the substrate to the capacitive current is negligible
and is thus not suitable for a more general approach to Ir-
based catalysts.

Here we demonstrate how a protocol based on the electro-
chemical CO-stripping method can be applied to determine
the ECSA of Ir NP, which is a standard approach for Pt-based
catalysts but not established yet for Ir-based catalysts.*>*
This approach requires the catalyst material to chemisorb CO
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as a monolayer, which is only the case if Ir is in the fully re-
duced, metallic state; under applied electrochemical condi-
tions, CO very poorly adsorbs on the surface of Ir-oxide and
no CO stripping is feasible.*®*? It is therefore crucial to con-
sider that Ir easily oxidizes as soon as it is exposed to poten-
tials higher than 0.5-0.6 Vgyg. Prior to the determination of
the ECSA, the potential must be kept in the Hypp region to
avoid underestimation of the surface area. In order to test if
the as-synthesized Ir NP can be fully reduced and to establish
the range of Ir loading on the GC disk where full utilization
is ensured, we performed a series of CO stripping experi-
ments. Fig. S2f shows three CO stripping linear scan
voltammetry (LSV) curves recorded with three different Ir
loadings on the GC disk. The LSV curves demonstrate that in-
deed CO chemisorbs on the as-prepared Ir NP surface under
potential control (0.15 Vgyg). Furthermore, the integrated
charge from the CO oxidation peak scales with the Ir loading
(also see ECSA values in Fig. 4a for the discussion at which
loadings the integrated charges do not scale), proving that at
these loadings, the established ECSA is independent of the
amount of catalyst on the GC disk and thus the surface of
the Ir NP is fully utilized. The possibility to perform CO ad-
sorption suggests that either the Ir NP are in a reduced state
after synthesis or the surface oxide can be reduced by cycling
the potential in the hydrogen underpotential deposition
(Hypp) region prior to CO adsorption (see section 3.3)."°

It is important to stress that IrO, and not the metallic Ir is
the active phase for the OER. As a consequence, the
established ECSA does not represent the actual number of
active sites during the OER; instead, it accounts for the num-
ber of sites that are available for the formation of Ir-oxide.
Once oxidized, it is likely that the surface morphology of the
NP changes. Due to the extremely small size of the NP, a sig-
nificant percentage of the Ir atoms are surface and not bulk
atoms."* Therefore, potential surface roughening of the NP is
not expected to dramatically enhance the number of surface
atoms. In addition, surface roughening is usually the conse-
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Fig. 3 Normalized Ir Ls-edge XANES spectra of the Ir NP recorded at
different potentials under steady state conditions. V, stands for
“anodic”. The inset shows the energy at the maximum of the first
derivative of the XANES spectra for the different samples. The density
of the data points in the plots is 5 points per eV.

quence of the reduction of an oxide.*>*° If surface roughen-

ing would occur, the fact that the Ir NP are all taken from the
same batch, it would affect all catalysts in the same way. Con-
sequently, the calculated RF can be used as the normaliza-
tion factor which allows comparison between different
electrodes.

3.2.2 Activation of Ir NP and OER activity. Since the as-
prepared Ir catalyst is metallic at low electrode potentials, the
active Ir-oxide phase for the OER needs to be formed before
the performance evaluation. This activation should be
conducted separately from the activity determination to avoid
an overlap between the oxidation current forming Ir-oxide
and the OER current. We tested two different catalyst activa-
tion strategies to form the active catalyst phase based on
potentiostatic (PS) and potentiodynamic (PD) conditioning
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Fig. 2 (a) Percentage of ECSA retained as a function of Ep (potential hold and upper potential limit, respectively) for the different activation
protocols (potentiostatic () and potentiodynamic (®)) as determined by CO stripping. (b) Geometric current density J measured at 1.5 Vgp,
during cyclic voltammetry recorded at 10 mV s™*in 0.1 M HCIO,. Each data point is the average of three independent measurements. The current
density J is reported as a function of Ep. The dotted blue line (---) represents the current density at 1.5 Vgye without pre-activation of the Ir NP. (c)
Nyquist plots measured at different times recorded at 1.5 Vgyye from 10 kHz to 0.5 Hz with a potential amplitude of 5 mV. All measurements were

carried out at room temperature.
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methods. In the PS protocol, the electrode potential was held
for 300 s at different Ep, values, whereas the PD protocol
consisted of 90 scans between 1.2 and the respective upper
potential limit Ep. The number of scans and the length of
the potential hold have been chosen to reach a steady state
condition, meaning that at the end of the activation, the
cyclic voltammetry (CV) profiles of the activated Ir NP did not
change anymore (PD) and the oxidation current dropped to
zero (PS), respectively.

We also performed CO stripping before and after the cata-
lyst activation to determine the degree of irreversible oxida-
tion of the Ir NP using eqn (1). These measurements allowed
us to evaluate the potential which is necessary to apply in
order to reliably evaluate the OER activity without super-
imposed Ir oxidation currents. Fig. 2a shows the retained
ECSA after activation which follows a similar trend for the PD
and PS activation protocols: the retained ECSA significantly
drops from values as high as 25% at Ep = 1.4 Vgug to 0% at
Ep = 1.7 Vgyg, Le. at the latter, the surface is irreversibly oxi-
dized. No Hypp or CO stripping peak can be detected any-
more using subsequent measurements. Oxidation at lower

This journal is © The Royal Society of Chemistry 2019

potentials, by comparison, seems to lead to a metastable
oxide within the time frame involved.*’

In Fig. 2b, the influence of the different activation proce-
dures on the apparent (measured) OER activity is summa-
rized. For the apparent OER activity, we thereby defined the
current density measured at 1.5 Vgyg (J1.5v) while sweeping
the potential at 10 mV s from 1.2 to 1.55 Vgyg. The Ir load-
ing on the GC disk was kept constant at 7.1 ug ecm™ in all
measurements. First, it is seen that higher OER activities are
recorded when the catalyst is not pre-activated (blue dotted
line in Fig. 2b as compared to current densities after differ-
ent activation protocols). Secondly, although the extent to
which the Ir-oxide can be reduced again after activation is
similar to PS and PD activation (Fig. 2a), the OER activities
strongly differ. For the PS activation protocols, higher OER
activities are recorded than those for the respective PD activa-
tion protocols. We investigated the PS activation process of
the Ir NP by electrochemical impedance spectroscopy (EIS).
With EIS, the change in the (apparent) OER performance
during the activation step can be well studied at a potential
of 1.5 Vgye. In Fig. 2¢, it is seen that the Nyquist plots and
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consequently the charge transfer resistance (Rcr) increase with
time during the potential hold. The increase is most striking
during the first 7 minutes, when Rcy increases around 50%,
whereas the increase is rather limited for the subsequent 30
minutes. This behavior is in line with the higher (apparent)
OER activity recorded when the catalyst is not pre-activated.
As the OER activity should not be time-dependent in this
time period, we assign the initial currents and the Nyquist
plot recorded at time “0” mainly to Ir oxidation currents,
whereas the subsequent curves show a contribution from
either OER or surface oxidation. Unfortunately, it is not pos-
sible to unambiguously disentangle the contributions of the
two processes in the observed total Rcr since their respective
Rcr values are expected to be reciprocally dependent.

Our results show that careful pre-activation is necessary to
avoid recording artificially high OER activities: if Ir oxidation
is not complete, the OER activity can be significantly
overestimated. Activation at potentials of >1.5 Vgyg guaran-
tees that the majority of the Ir NP is “irreversibly” oxidized
and in subsequent OER tests, only minor contributions from
the oxidation process to the overall current occur. But also the
type of pre-activation matters. By considering the same
ECSARgetainea for the two protocols as well as the obtained OER
activity, PS activation protocols are superior to PD protocols. A
PS protocol enables continuous growth of Ir-oxide, whereas
during a PD procedure, Ir dissolution cannot be excluded.*®

3.3 Oxidation state of Ir probed by in situ XANES

In the previous paragraphs, we showed that, within the po-
tential window of interest, two phenomena occur on the sur-
face of the as-prepared Ir NP, i.e. Ir oxidation and oxygen evo-
lution. To have a more complete understanding, we probed
the changes in the oxidation state of the Ir NP as a function
of the electrode potential by in situ electrochemical X-ray ab-
sorption near edge structure (XANES) at the Ir L; edge, see
Fig. 3. We collected the XANES spectra under conditions sim-
ilar to the ones used during the CO adsorption and Ir oxida-
tion processes. To probe steady-state conditions, we always
let the system stabilize for 5 minutes before starting with the
data collection. We determined the energy of the L; edge (E,)
from the maximum of the first derivative of the XANES spec-
tra (see Fig. S6T) to determine the position of the edge jump
and the white line (WL) intensity, which corresponds closely
to the density of unoccupied states. Generally, the adsorbed
oxide species change the d-band of the metal: more vacancies
are created as charge is withdrawn, with a consequential in-
crease in the WL magnitude. It has already been shown that
at high electrode potentials, the formation of oxides on Pt
and Ir leads to an increase in the WL intensity.**>* A fresh Ir
NP sample, metallic Ir foil and IrO, (Fig. S71) were used as
references. Every measurement was carried out by simulta-
neously recording XAS spectra of the reference Ir foil placed
after the sample and the first ionization chamber. The E, of
the reference spectra was calibrated to an energy of 11215
eV. The XAS spectra recorded for the catalyst samples have
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been aligned according to the respective simultaneously
recorded reference allowing a valid comparison between the
different spectra. We also probed the reproducibility of the
measurement by collecting additional spectra at the limits of
the investigated potential range, i.e. 0.1 and 1.5 Viyyg. The re-
sults are reported in Fig. S8t demonstrating that for both po-
tentials, the spectra do not change over the duration of the
experiment.

As demonstrated in the Ir L; XANES spectra in Fig. 3, the
as-prepared Ir NP exhibit a relative high WL intensity, compa-
rable to Ir NP oxidized at potentials in the OER region, i.e.
1.5 Vgge. This high WL intensity indicates that the Ir NP are
significantly oxidized after the synthesis and drying in air.
However, subjecting the as-prepared Ir NP to reducing
electrochemical conditions (electrode potential of 0.1 Vgyg),
the WL intensity significantly decreases matching that of the
reference Ir foil. This finding confirms that the as-prepared Ir
NP are completely reduced at this low electrode potential and
justifies that the ECSA of the Ir NP can be determined using
CO stripping measurements. By comparison, exposing the Ir
NP to a high electrode potential (up to 1.5 Vgyg) leads to an
irreversible increase in the WL intensity, see Fig. 3. The WL
intensity of the activated Ir NP recorded at 0.1 Vgyg is signifi-
cantly higher than the as-prepared Ir NP at 0.1 Vgyzg and
reaches almost the WL intensity of Ir NP recorded at 1.5
Vrue. This is a significant finding and indicates that the acti-
vation leads to largely irreversible oxide formation. Even
though the as-prepared (ex situ) and the activated (at 1.5
Vrue) Ir NP display very similar WL intensities and the same
E,, the “nature” of the oxide clearly must be different. In the
first case, the oxide is reversible, and complete reduction is
possible. Contrarily, the electrochemically grown oxide dur-
ing activation can only be partially reduced in agreement
with the progressive decrease of the ECSA;¢tainea When the po-
tential is increased.

3.4 Dependence of ECSA and the OER on Ir loading

Based on our results from the activation procedures, we
decided to employ PS activation at 1.6 Vyyg as standard in all
subsequent measurements because the irreversible oxide for-
mation is almost complete (only a very small amount of
metallic Ir can be retained upon re-reduction at low poten-
tials, Z.e. 15%) and at the same time, harsh conditions that
might lead to undesired catalyst degradation (especially in
the RDE configuration) can be avoided. Moreover, PS activa-
tion seems more suitable for OER catalysts, bearing in mind
that polymer electrolyte membrane water electrolyzers
(PEMWE) are expected to work under continuous operations
in a galvanostatic mode.”>*’

Having defined the activation procedure, we investigated
the influence of the metal loading (Ir NP deposited on the
GC tip) on the electrocatalytic OER behavior. Many applied
OER catalysts are unsupported due to the lack of suitable
supports that are highly conducting and at the same time
able to withstand the harsh conditions of PEMWE without

This journal is © The Royal Society of Chemistry 2019
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corroding.** Consequently, Ir dispersion over membranes is
quite poor and high loadings of Ir are necessary in order to
meet the current density requirements (Jgeo > 2 A cm >).">%®
Therefore, we investigated how efficiently we can utilize the
Ir colloid in a catalyst layer. For this, we prepared RDE tips
with different Ir loadings and determined the ECSA to track
possible particle agglomeration. Moreover, determining the
ECSA is crucial to probe if the activity of individual active
sites changes with the Ir loading (metallic vs. oxidized, inter-
particle and particle size effects®>®°). Fig. 4a summarizes the
ECSA calculated by CO stripping as a function of the Ir load-
ing. It is seen that the ECSA follows an unexpected trend, i.e.
at low and high loadings, the ECSA is rather low. This indi-
cates particle aggregation with the “lack” as well as the “ex-
cess” of Ir NP. The observed behavior may be related to the
GC structure that does not present suitable anchoring sites
and a morphology that is able to keep the nanoparticles
apart.®>®* Therefore, when low loadings are used, it seems
that particles cannot distribute evenly over the entire GC disk
and, instead, they tend to form islands due to reciprocal af-
finity (see Fig. S31 for images taken with an optical micro-
scope). In contrast, at high loadings the limited area of the
GC disk cannot host the high amount of Ir, which, therefore,
starts to agglomerate into thick 3D branches (Fig. 4b). The
behavior is different at intermediate loadings, i.e. 3.6 and 7.1
ugi: cm >, It seems that the repulsion between particles due
to the negative surface charge (as determined using zeta po-
tential measurements) of the Ir NP overcomes the lack of an-
choring sites of GC and the tendency of NP to interact be-
tween each other. Consequently, the NP rearrange into a 2D/
3D network characterized by thin branches widespread over
the entire surface (Fig. 4c). Under such conditions, the mea-
sured ECSAs are very high, ie. 160 and 140 m* g™* for 7.1
and 14.3 pg cm >, respectively. This is a significant improve-
ment over state-of-the-art catalysts reported in the literature
where values ranging between 15 and 60 m> g™' have been
reported.””>*>*%3 The main reason has been found in the
synthetic process which produces very small and surfactant-
free NP as well as remarkably stable colloidal dispersions.
Nevertheless, it is important here to stress that in all cases
the NP seem to aggregate on the GC disk, and they cannot be
considered as isolated particles. For comparison, we mea-
sured the ECSA of a commercial Ir black catalyst. The loading
was chosen to be the same as the best performing home-
made catalyst, i.e. 7.1 ug, cm>. We determined an ECSA of
32 m”> g', a significantly lower value. This apparent low Ir
utilization can in part be attributed to a larger particle size of
the commercial sample (TEM images in Fig. S41). In addi-
tion, the surface area determination might be obscured due
to irreversible surface oxidation, see discussion about the SA.
After the surface area determination, we applied the PS acti-
vation protocol at 1.6 Vgyg and investigated the influence of
the Ir loading on the OER rate based on MA and SA, see
Fig. 4a. It is found that the MA follows the same trend as de-
termined for the ECSA with a maximum OER activity of 205 A
g at 1.5 Vgyg for an Ir loading of 7.1 ug em™. The achieved
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MAs are around a factor of four times higher than that of the
commercial Ir black catalyst (56 A g ). The SA of the Ir NP
stays constant within the experimental accuracy between 110
and 130 pA cm 2, whereas the commercial Ir black catalyst
exhibits a higher SA of 183 pA cm™. The high SA might indi-
cate a particle size effect; however, in this case, the SA of the
synthesized Ir NP should not be independent of the loading.
In addition, a higher MA would be expected. Thus, the results
strongly suggest underestimation of the surface area by CO
stripping due to an irreversibly pre-oxidized surface.

4 Conclusion

In our work, we introduced a new, reproducible and scalable
method for the synthesis and benchmarking of very small
and monodisperse Ir NP that exhibit excellent performance
as OER catalysts. The small nanoparticle size leads to ex-
tremely efficient utilization of the rare and expensive Ir
metal. The lack of a pronounced particle size effect such as
that for Pt, i.e. reduction of the SA with decreasing particle
size, guarantees that the ultrahigh dispersion of up to 160
m?® ¢! as compared to ca. 15-60 m> g in commercial cata-
lysts can be fully utilized for the OER. As a consequence, the
prepared electrodes exhibit a remarkable OER activity even
without the help of a support. MAs higher than 200 A g™* at
1.5 Vgug are measured excluding any artificial current contri-
butions due to oxide formation. The Ir utilization and the
resulting MA represent a significant improvement as com-
pared to the state-of-the-art electrodes. The small Ir NP size
along with the stability of the colloidal suspension makes
this catalyst a promising candidate for the preparation of
supported catalysts with extremely high ECSA.
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