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Water electrolysis is a pivotal technology to drive the energy transition towards a system based on
renewable resources. The scarce Ir is a crucial element for the synthesis of heterogeneous catalysts for
the oxygen evolution reaction (OER). Carbon supported Ir oxide catalysts obtained from surfactant-free
colloidal Ir nanoparticles (NPs) synthesized in alkaline methanol (MeOH), ethanol (EtOH), and ethylene
glycol (EG) are investigated and compared. The comparison of independent techniques such as transition
electron microscopy (TEM), small angle X-ray scattering (SAXS), and electrochemistry allows shedding
light on the parameters that affect the dispersion of the active phase as well as the initial catalytic activ-
ity. The colloidal dispersions obtained are suitable to develop supported OER catalysts with little NP
agglomeration on a carbon support. Due to the high dispersion of the active phase, initial catalytic activ-
ities of more than 400 A g�1

Ir are reached at 1.5 VRHE when using carbon as a model support. While the more
common surfactant-free alkaline EG synthesis requires flocculation and re-dispersion leading to Ir loss, the
main difference between methanol and ethanol as solvent is related to the dispersibility of the support
material. The choice of the suitable monoalcohol determines the maximum achieved Ir loading on the sup-
port without detrimental particle agglomeration. This simple consideration on catalyst design can readily
assist the implementation of more relevant support materials for technical applications and significantly
improved catalysts.
� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As of today, the majority of the hydrogen used in chemical
industry or as fuel in proton exchange membrane fuel cell (PEMFC)
powered cars is made from non-renewable resources such as nat-
ural gas [1–3]. By comparison, water electrolysis not only can be
sustained by renewable energy such as photovoltaic (PV) and wind
power, it has the advantage of very high purity. The latter is central
to PEMFCs as well as processes such as the Haber-Bosch synthesis
of ammonia [4].

However, water electrolysis is characterized by a high total
overpotential at the anode process, the oxygen evolution reaction
(OER) and, in acidic environment, the anode catalyst consists of
precious metals such as Ir and Ru [5–9]. Under these conditions,
Ir displays the best compromise between activity and stability as
compared to Ru, which exhibits remarkable activity, but degrades
quickly. Current commercial anodes for water electrolysis employ
a significant amount of Ir, working with loadings of 2 mgIr cm�2

and more, due to the low surface area of these catalysts [10,11].
Therefore, different strategies for the preparation of supported
OER catalysts are investigated in this research with the goal to uti-
lize the precious Ir more efficiently. For Pt based PEMFC catalysts,
colloidal synthesis strategies have been proven to be an efficient
tool for the synthesis of supported catalysts [12–14]. In particular,
synthesis procedures avoiding the use of surfactants recently
gained momentum since they lead to active catalysts [15,16].
One standard in this respect is the polyol process, mainly using
alkaline ethylene glycol (EG) as combined solvent, reducing and
colloidal stabilizer agent [17].

In a recent advancement of the colloidal approach, low boiling
point solvents could be used as a replacement for EG, in a process
we refer to as Co4Cat, leading to readily active catalysts [18]. This
new synthesis allowed comparative studies to give new insight
into rational catalyst design. In this work, we compare the
surfactant-free polyol synthesis (considered as a state-of-the-art
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for surfactant-free Ir NPs synthesis) for the preparation of carbon
supported OER catalysts based on Ir NPs with the Co4Cat approach
using methanol or ethanol. With carbon as a model support with
well-known properties and behavior, we determine the colloidal
stability, the size distribution of the NPs on the support employing
different precious metal loadings as well as the electrochemical
and electrocatalytic properties of obtained OER catalysts. All syn-
thetic routes lead to catalysts with high initial OER activity. How-
ever, the results demonstrate the advantages of using low-boiling
point mono-alcohols as solvent over the polyol-based route. It is
expected that the knowledge gained from our study can help the
implementation of oxide-based supports suitable for practical
applications.
2. Experimental

2.1. Microwave assisted syntheses of Ir NPs in different solvents: EG,
MeOH and EtOH

A microwave-assisted synthesis of Ir nanoparticles (NPs) was
performed in three different alkaline solvents, i.e. MeOH, EtOH
and EG, following the general procedure previously reported [18].
Typically, 6 mL of a 20 mM solution of IrCl3 (Sigma Aldrich,
>99.8 %) in MeOH or EtOH (HPLC grade, Sigma Aldrich) were mixed
with 21 mL of a 57 mM solution of NaOH (Suprapur�, Merck) in
MeOH or EtOH in a 100 mL round bottom flask connected to a
water-cooled condenser. All chemicals have been used as received
without further purification. The final concentration of the reaction
solution was 4.4 mM of IrCl3 and 44.0 mM of NaOH. The solution
appeared yellow at this stage. The flask was then placed into a
microwave (MW) reactor (CEM, Discover SP). The reaction was per-
formed under stirring for 30 min while the power of the micro-
wave was kept at 100 W throughout the synthesis. No external
cooling was applied during the operation. As soon as the solution
approached the boiling point, it turned dark brown, indicating
the formation of colloidal NPs.

Ir NP synthesis in EG was performed mixing in a glass vessel
2 mL of a 40 mM solution of IrCl3 in EG together with an equal vol-
ume of a 400 mM solution of NaOH in EG. The vessel was then cov-
ered with a silicon lid and placed in the MW reactor. The reaction
was carried out with the sealed vessel for 3 min up to a set point of
160 �C at a constant power of 200 W with a safety pressure limit of
4 bar. A stream of pressurized air was flushed around the reaction
vessel throughout the synthesis to avoid a temperature surge. Once
the set point was reached the power was turned off and the vessel
was cooled down to room temperature by means of a flow of pres-
surized air. The colloidal suspension appeared dark brown after the
synthesis.
2.2. Preparation of carbon supported catalysts with Ir NPs synthesized
in MeOH and EtOH

Supported catalysts have been prepared by dispersing carbon
(Vulcan XC72R) in MeOH or EtOH (alcohol to carbon ratio of
2 mL to 1 mg). The suspension was sonicated with a probe sonica-
tor (QSONICA sonicator, 500 W, 50 kHz) for 4 min alternating 1 s of
sonication and 1 s of resting. The sonication was performed inside
a 15 mL glass vial immersed into water at room temperature to
avoid overheating of the suspension. A given volume of Ir NP sus-
pension was then transferred into the vial containing the carbon
dispersion while under sonication to avoid agglomeration of the
support. This dispersion of carbon and Ir NPs was then sonicated
for 10 more minutes. The homogeneous suspension was quantita-
tively transferred to a 250 mL round bottom flask and the alcohol
was slowly evaporated using a rotary evaporator. The round bot-
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tom flask was maintained inside a sonication bath throughout
the evaporation. Once completely dry, the powder was dispersed
in alkaline H2O/isopropyl alcohol (ratio of 3 to 1 with 1.17 mL of
1 M KOH per 1 mL solution) to obtain a final theoretical concentra-
tion of 218 mgIr mL�1 [19].

Supported catalysts with different Ir loadings have been pre-
pared by mixing different ratios of Ir NPs in MeOH or EtOH and car-
bon suspension in MeOH or EtOH.

Catalysts with a combination of NPs in MeOH and Vulcan
XC72R dispersed in EtOH were also prepared. In a typical prepara-
tion, a given amount of carbon black was dispered in EtOH with a
solvent-to-carbon ratio of 5 mL EtOH per 1 mg Vulcan XC72R. The
dispersion was then sonicated with the probe sonicator for 4 min,
as described above. Different amounts of Ir NPs dispersion in
MeOH were then added to the dispersion to obtain different Ir
loadings. All subsequent steps were identical to those employed
for the catalysts prepared with pure MeOH and EtOH routes.

2.3. Preparation of carbon supported catalysts with Ir NP synthesized
in EG and MeOH including flocculation steps

A given volume of Ir NPs synthesized in alkaline EG sufficient to
prepare all Ir/C catalysts (Ir loadings ranging from 10 to 70 wt%)
were flocculated from EG by using 1 M HCl. This flocculation step
is necessary if EG is used as a solvent to collect and further support
the NPs [14]. The volume ratio between HCl and Ir NPs suspension
was 2:1. Thereafter the suspension was centrifuged for 10 min at
4500 rpm and the slightly brown supernatant was completely
removed and replaced by fresh HCl. The suspension was dispersed
again in the sonication bath and centrifuged once more for 10 min
at 4500 rpm. The supernatant was again completely removed and
acetone added to the Ir NPs to obtain a theoretical concentration of
900 mgIr mL�1. The Ir NP suspension in acetone was stable and no
agglomeration was visible even after several days of storage at
room temperature in air. For comparative reasons, to investigate
the influence of the flocculation step on the properties of sup-
ported catalysts, the same HCl flocculation protocol including re-
dispersion in acetone was also used for MeOH-based NPs (although
this flocculation step is not per se needed as it is detailed later).

Once the Ir NPs had been precipitated and re-dispersed in ace-
tone, the supported catalysts were prepared by dispersion of car-
bon in acetone and mixing of the Ir NP suspension in acetone
with different Ir-to-carbon ratios followed by extensive sonication.
The acetone was thereafter removed by evaporation in a rotary
evaporator, as previously described for MeOH and EtOH.

2.4. Transmission electron microscope (TEM) for supported catalysts

The samples for the TEM analysis were prepared by drop cast-
ing the diluted catalyst dispersion (about 2 mgIr mL�1) in MeOH
onto carbon coated copper TEM grids (Quantifoil). The size and
morphology were estimated by using a Jeol 3000F operated at
300 kV in the case of high resolution (HR) TEM, whereas micro-
graphs of the supported catalysts were recorded with a Tecnai
Spirit operated at 80 kV. Micrographs were recorded at different
magnifications (at least x240 000 and x300 000) in at least three
randomly selected areas.

2.5. ECSA determination by CO stripping

All electrochemical characterization was performed in 0.1 M
HClO4 prepared by diluting the concentrated HClO4 (Suprapur�,
Merck Germany) with Millipore Milli-Q water (18.2 MX 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.
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The electrochemically active surface area (ECSA) of all catalysts
was determined via CO stripping method prior to any other elec-
trochemical characterization as described in our previous work
on unsupported Ir NPs [20]. The electrode was held at 0.15 VRHE

in a CO-saturated electrolyte for 20 s. Subsequently, the electrolyte
was purged with Ar for 20 min to remove all CO from the solution.
The adsorbed CO monolayer was then oxidized to CO2 by scanning
the potential from 0.15 VRHE to 1.4 VRHE at 20 mV s�1. The ECSA was
calculated by integration of the oxidation peak and by dividing the
as calculated charge by the reference value for polycrystalline Ir of
358 mC cm�2 [21].

2.6. Catalyst activation and OER activity determination

Prior to the determination of the OER activity, the catalyst was
activated by oxidation at 1.6 VRHE for 300 s and a rotation of
3600 rpm. The electrochemical cell was tilted by an angle of
around 30� to improve the detachment of O2 bubbles from the sur-
face. Once the activation was completed, the potential was lowered
to 1.2 VRHE, and subsequently scanned up to 1.6 VRHE at a scan rate
of 10 mV s�1. The activity was evaluated based on the current at
1.5 VRHE during the positive going scan. A more detailed descrip-
tion of the activation process alongside the ECSA determination
can be found in the work of Bizzotto et al. [20].

2.7. Small angle X-ray scattering (SAXS)

SAXS measurements were performed with the SAXSLab instru-
ment at the Niels Bohr Institute, University of Copenhagen, Den-
mark. The instrument is equipped with a 100XL + micro-focus
sealed X-ray tube (Rigaku) producing a photon beam with a wave-
length of 1.54 Å. The scattering patterns were recorded with a 2D
300 K Pilatus detector from Dectris. The two-dimensional scatter-
ing data were azimuthally averaged, normalized by the incident
radiation intensity, the sample exposure time, and the transmis-
sion, and corrected for background and detector inhomogeneities
using standard reduction software. Liquid samples were placed in
sealed quartz capillaries and a background was measured that con-
sisted of the same solvent but without NPs. Powder samples were
sealed between two 5–7 lm thick mica windows and measure-
ments were performed in vacuum. The background measurement
was bare carbon black Vulcan XC72R. The radially averaged inten-
sity I(q) is given as a function of the scattering vector q = 4p�sin(h)/
k, where k is the wavelength and 2h is the scattering angle. The
background corrected scattering data were fitted using a power
law to take into account the behavior at low q value and a model
of polydisperse spheres described by a volume-weighted log-
normal distribution.

For the colloidal dispersions the mod the scattering data are fit-
ted to the following expression:

I(q) = A�q�n + C�R Ps(q,R)V(R)D(R)dR

where A�q�n corresponds to the power law while A and n are free
parameters; C is a scaling constant, and Ps the sphere form factor,
V the particle volume, and D the log-normal size distribution. The
sphere form factor is given by:

Psðq;RÞ ¼ 3
sinðqRÞ � qRcosðqRÞ

qRð Þ3
 !2

and the log-normal distribution by:
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where r is the variance and R0 the geometric mean of the log-
normal distribution.

For the supported NPs, this model alone did not lead to a satis-
fying agreement between data and fits. The data were best fitted by
adding a second model of polydisperse spheres b also described by
a volume-weighted log-normal distribution with a large distribu-
tion that accounts for further background correction. A structure
factor contribution was needed to best fit some data. We employed
a hard-sphere structure factor F(R,ƞ) as described in Reference [22].
The scattering data are fitted to the following expression:

I(q) = A�q�n + Cb�
R
Psb(q,R)Vb(R)Db(R)dR + C�F(R, ¶)�R Ps(q,R)V(R)D(R)dR

Cb is a scaling constant, Psb the sphere form factors, Vb particle vol-
umes, and Db the log-normal size distribution. The fitting was done
using home written MATLAB code to optimize agreement between
data and model. The free parameters in the model are: A, n, Rb, rb,
Cb, R, r, C, ƞ. More details on the fitting method are described in our
previous studies [23,24]. The values obtained for these parameters
are reported for Ir NP colloidal dispersions in Table S1 with the cor-
responding fits in Figure S1. The parameters and relative fits of all
supported catalysts are instead reported in Table S2 and Figure S2
respectively. In order to account for the two populations, the
reported probability density functions were obtained by weighing
the two populations by the relative fraction of surface area of the
two populations. The latter was retrieved from the SAXS data as
reported in the supporting information (SI).

2.8. Z-Potential measurements

The Z-potential of the colloidal Ir NPs was measured using a
LitesizerTM 500 (Anton-Paar) using the software Kalliope Profes-
sional (Anton-Paar, version 2.0.1). Measurements were performed
in a quartz cuvette at 20 �C (Univette, Anton-Paar). 20 mL of the col-
loidal Ir NP suspension was transferred into the cuvette and 1 mL
of MeOH added to obtain a transmittance of 70–80%. The voltage
applied was 40 V whereas 100 runs were performed on each sam-
ple. Prior to the measurement, the diluted dispersion was stabi-
lized for around 1 min. All experimental parameters employed
can be found in the SI (Table S3) and results in Figure S3 and
Table S4.

2.9. Fourier-Transform infrared (FTIR) measurements

The FTIR characterization followed the general procedure previ-
ously reported [25]. The final concentration of Ir is ca. 0.5 g L�1. The
as-prepared Ir NPs in alkaline (NaOH) MeOH, EtOH and EG were
dropped onto a ZnSe crystal for attenuated total reflectance acqui-
sition on a Thermo-Nicolet Avatar 370 FTIR spectrometer. As refer-
ence, the same solution as the solvent in which the NPs were re-
dispersed (MeOH, EtOH and EG) was used. All spectra were
recorded with a resolution of 4 cm�1.

3. Results and discussion

The full utilization of the precious and scarce material Ir is piv-
otal for obtaining highly performing OER catalysts. Similar to fuel
cell catalysts that are based on Pt, the precious metal utilization
of polymer electrolyte membrane water electrolyzer (PEMWE) cat-
alysts can be improved by using supported IrO2 nanoparticles
instead of IrO2 black. Colloidal approaches are popular to develop
Ir-based catalysts [26–28]. Typically, these colloidal approaches
to prepare supported catalysts consist of two steps, i.e., first the
synthesis of colloidal NPs and second their immobilization onto a
support material. Here, we compare different surfactant-free col-



Fig. 1. Upper part: Average particle size determined for freshly synthesized Ir NP
prepared in EG (green), MeOH (red), and EtOH (blue). Lower part: Probability
densities of the particle size distributions derived from SAXS measurements of the
different colloidal suspensions and illustrative HRTEM micrograph of Ir NPs
obtained using MeOH. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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loidal synthesis approaches for the preparation of carbon sup-
ported Ir NPs. We first discuss the different synthetic routes to
obtain colloidal Ir NPs before we scrutinize the properties of the
obtained supported catalysts as well as their electrochemical and
electrocatalytic properties for the OER.

3.1. Colloidal synthesis and characterization

Surfactant-free colloidal Ir NPs can be prepared in mono-
alcohols with low boiling points such as MeOH and EtOH or with
the ‘‘higher boiling point” solvent EG. One of the advantages of
using mono-alcohols compared to the more traditional polyol syn-
thesis (e.g. using EG) is that ‘‘milder” conditions can be applied. The
reaction can be performed at 65–75 �C and ambient pressure,
whereas the polyol synthesis requires a temperature of about
160 �C. However, a reported benefit of EG is the stability of its col-
loidal dispersions against flocculation [29,30]. Thus, to evaluate the
colloidal stability, the as-prepared Ir NPs synthesized using MeOH
and EtOH as solvents have been characterized by their Z-potential,
see Table S3. It is found that the colloidal Ir NP suspension pre-
pared in MeOH exhibits a higher absolute Z-potential than the
one prepared in EtOH. This finding is consistent with the fact that
in MeOH no flocculation is observed even after centrifugation
(Figure S4), whereas in EtOH signs of flocculation can be seen after
centrifugation. Although the stabilizing mechanism for the Ir NPs
was not investigated in the presented work, it should be noted that
no surfactant is added to the synthesis medium. Therefore, it is
expected that products from the partial solvent oxidation (e.g.
CO, see Figure S5) are adsorbed onto the NP surface and thus sta-
bilize the suspension [13,25]. In addition, we have previously
demonstrated the importance of OH– as well as the corresponding
cation for the stability of colloidal suspensions [25,31–33]. As
pointed out above, Ir NPs synthesized in EtOH are less stable and
slightly flocculate after few days of storage, similar to previous
reports on the synthesis of Pt NPs in MeOH and EtOH [25]. As
already observed for Pt NPs [25], the FTIR band corresponding to
the CO stretching mode is significantly weaker in the case of
EtOH-based colloidal dispersions (see Figure S5). The lack of
adsorbed CO on the Ir NP surface in EtOH might be related to a less
facile solvent oxidation to form CO and the formation of different
organic side products during the synthesis [25,34]. As mentioned
the tendency for EtOH-based dispersions to flocculate fits with
the smaller absolute value of the Z-Potential. Nevertheless, sonica-
tion effectively redisperses the NPs.

In Fig. 1, we also report the particle size distribution determined
by SAXS measurements of the colloidal Ir NPs synthesized in EG,
MeOH, and EtOH. The mean particle size of the three different dis-
persions ranges from 0.8 to 1.1 nm. The differences between the
individual values lie within the error of the measurements and
thus the particle size distributions can be considered as nearly
identical. The tendency of Ir to form such extremely small particles
has been previously attributed to its low energy barrier of homoge-
neous nucleation [35]. Therefore, Ir ions tend to form new seeds
rather than growing on preformed ones. Furthermore, it was found
in our investigations that Ir behaves differently from Pt in the col-
loidal synthesis. For the latter, the particle size could be modified
by changing the NaOH to Pt ratio (in EG) [13] or by the addition
of H2O (in MeOH) [18]. Moreover, Pt NPs synthesized in alkaline
EtOH exhibited a size that depends on the reaction time [25]. For
Ir, the obtained particle size was invariant to these factors.

An important advantage of using MeOH or EtOH as solvent is
that no flocculation step is required to prepare supported catalysts.
The low boiling solvents can be simply evaporated and recovered
reducing waste formation [18]. Nevertheless, to obtain non-
agglomerated catalysts, the interaction between the active phase
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and the support as well as the suspension properties of the support
in the solvent are critical. Therefore, not only the stability of the Ir
colloids has to be considered but also of the support in the respec-
tive alcohol [36]. In order to improve the dispersion of the active
phase, the contact area between the colloidal NPs and the support
should be as high as possible. Consequently, the support should be
homogeneously dispersed before mixing it with the colloidal NPs.
To highlight this importance, we employed carbon as support
material, which has no practical relevance for technical electroly-
sis, but serves as a model support with well-known properties.
We investigated the colloidal stability of the carbon support in
the two solvents. As reflected in the Z-potential reported in
Table S4 and Figure S3, Vulcan XC72R preferentially disperses in
EtOH (lower negative Z-potential value) whereas in MeOH it tends
to form flakes of agglomerated carbon particles (see also Figure S6).

The fact that there is no need for a flocculation step is in con-
trast to the more established procedure using EG as solvent
[14,37–39]. In this synthesis, colloidal Ir NPs are first separated
from the EG by flocculation before the immobilization step onto
the support. This is achieved by mixing with HCl, centrifugation,
and redispersion in acetone. In contrast to Pt colloids, during the
flocculation of the Ir NPs it is observed that the supernatant
remains light brown, suggesting that the NPs cannot be completely
flocculated and therefore Ir is partially lost in the process upon the
disposing of the supernatant. This would result in a deviation of
the actual metal loading on the support from the calculated one,
see below where we further investigate the effect of HCl washing.
Moreover, when re-dispersed in acetone, the suspension cannot be
stored for a long time since Ir NPs seem to dissolve back very
slowly to complex species forming a yellow solution, as previously
observed for Pt NPs treated in the same manner [30].



Table 1
Mean diameter in nanometers determined by SAXS. Ir/C catalysts prepared with Ir
NPs synthesized in EG, MeOH and EtOH are characterized. For each solvent, the series
of different metal loadings was prepared from the same batch of Ir NPs. Four different
loadings were targeted, i.e. 10, 30, 50, 70 wt%. The error in the particle size
distribution corresponds to the variance of the log-normal distribution employed in
the fitting of SAXS data.

Ir/C 10 wt% 30 wt% 50 wt% 70 wt%

EG 2.0 ± 0.3 2.0 ± 0.3 1.8 ± 0.3 1.9 ± 0.3
MeOH 1.9 ± 0.3 1.8 ± 0.3 1.8 ± 0.3 1.7 ± 0.5
EtOH 2.0 ± 0.3 1.8 ± 0.4 1.8 ± 0.4 1.9 ± 0.5

Fig. 2. TEM micrographs taken at 300 000x magnification on Ir/C 70 wt%. The
solvents employed for synthesis and dispersion of carbon flakes are a) EG, b) MeOH,
and c) EtOH. The scale bar is set for all micrographs to 50 nm.
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3.2. Preparation of supported catalysts from colloidal Ir NPs with
different solvents

In the next step, for each solvent (EtOH, MeOH, and EG) a series
of Ir/C catalysts with different metal loadings, i.e., 10, 30, 50, 70 wt
% was prepared. We then determined the mean nanoparticle diam-
eter of the different supported catalysts via SAXS. One of the main
challenges of the synthesis of supported catalysts is to uniformly
coat the entire surface of the chosen support with particles even
at high metal loading. Such a complete coating is beneficial for
the long-term stability as well as the electronic conductivity of
the catalyst [40]. The values reported in Table 1 show that nearly
identical average particle sizes are found for all catalysts, i.e. ca.
2 nm in diameter. The result demonstrates the strength of the col-
loidal approach enabling the use of the same NP stock suspension
to prepare a series of supported catalysts with the same particle
properties. It should be mentioned, however, that despite the iden-
tical average particle size, depending on the solvent the size distri-
bution tends to broaden slightly with increasing metal loading
indicating minor particle agglomeration.

Interestingly, the carbon supported Ir NPs prepared in EG (Ir/
CEG) display the narrowest size distribution for all metal loadings.
It is however important to bear in mind that the flocculation step
that is required for EG does not lead to a quantitative transfer of
Ir NPs to acetone. The immediate consequence is a lower actual
mass loading that might result in lower agglomeration.

TEMmicrographs allow shedding light on the trends in agglom-
eration that were hinted at by SAXS. For Ir/CEtOH, the NPs are
homogeneously dispersed on the support in all investigated sam-
ples (Figure S7, EtOH). Especially at 10 and 30 wt% loadings, the
NPs are evenly spaced by several nanometers with only a few spots
that display slight aggregation. The Ir/CMeOH samples instead exhi-
bit good dispersion only at lower metal loadings (10 and 30 wt%,
Figure S8). Already at 50 wt% the NPs appear less homogeneously
distributed on the support but the quality of the catalysts is still
comparable to the EtOH-based catalysts. For Ir/CEG, at metal load-
ing of 50 wt% the dispersion is rather good, with no visible agglom-
eration (Figure S9).

However, when the metal loading is increased to 70 wt% the
influence of the solvent becomes apparent. The difference in parti-
cle agglomeration of the supported catalysts is demonstrated by
comparing the respective catalysts with 70 wt% metal loading on
the carbon support using TEM, see Fig. 2. For Ir/CEG, it can be
observed that although the Ir NPs are homogeneously distributed
on the carbon black and almost completely covering it, some areas
of the support can be identified that are uncovered by NPs, such as
the one in the center of Fig. 2a. Clear particle agglomeration can be
observed for Ir/CMeOH with 70 wt% metal loading, see Fig. 2b. Sev-
eral ‘‘free spots” are discernable on the carbon support, whereas
some Ir NPs formed thick aggregates. This poor dispersion we typ-
ically observed in Ir/CMeOH is in contrast to Ir/CEtOH with high metal
loading. As displayed by Fig. 2c, the carbon black support is entirely
covered with Ir NPs that assemble in a packed but thin layer of NPs
58
under which the morphology of the support is still perfectly visi-
ble. Considering the Z-potential measurements, a possible explana-
tion for the observed behavior lies in the dispersion of the carbon
support in the respective solvents rather than on the colloidal



Fig. 3. Electrochemical characterization of Ir-based catalysts prepared with metal
loadings of 10, 30, 50, 70 wt%. Columns display the ECSA measured with the CO
stripping method (left axis), whereas dots the specific activity (SA) measured after
normalization by the roughness factor (RF) of the geometric current (right axis). SA
has been measured at 1.5 VRHE during the first positive going scan following catalyst
activation at 1.6 VRHE. Scan rate of 10 mV s�1, potential range 1.2 – 1.6 VRHE and
temperature 298 K.

Table 2
Mass activity (MA) of Ir-based catalysts prepared with metal loadings of 10, 30, 50,
70 wt%. All catalysts have been measured in Ar-saturated 0.1 M HClO4 solution at 1.5
VRHE during the first positive going scan following catalyst activation at 1.6 VRHE. Scan
rate of 10 mV s�1, potential range 1.2–1.6 VRHE, and temperature 298 K. All currents
have been normalized by the theoretical total Ir mass loading of 1.96 mg.

Ir Loading
[%]

MA - EG
[AgIr�1]

MA - MeOH
[A gIr�1]

MA - EtOH
[A gIr�1]

10 168 ± 16 348 ± 11 388 ± 14
30 201 ± 11 304 ± 6 456 ± 21
50 185 ± 24 342 ± 30 405 ± 36
70 197 ± 15 212 ± 24 415 ± 2
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stability of the Ir NPs. Based on their Z-potential and the visual
evaluation for flocculation, Ir NPs are more stable in MeOH than
in EtOH. However, the carbon support is significantly better dis-
persed in EtOH as compared to MeOH (Fig. 2 and Figure S6). It
can therefore be concluded that the stability of the support in
the solvent prior to the NP immobilization is at least as critical
for achieving high metal loadings without agglomeration as the
colloidal NP stability, see also discussion below where the ECSA
determined for catalysts prepared by mixing carbon dispersed in
EtOH and Ir NPs synthesized in MeOH is investigated. In the case
of lower metal loading, the NP dispersion on the support is compa-
rable using EtOH or MeOH as solvent (see Figure S7 and S8
respectively).
3.3. Electrochemical and electrocatalytic characterization

A complementary approach to investigate the dispersion of the
Ir NPs on the carbon support is to determine their ECSA. A com-
plete electrochemical characterization of the catalysts was carried
out to study the effect of the metal loading on their electrochemi-
cal and catalytic (OER) properties. For each catalyst, we measured
the ECSA with the CO stripping method, and after activation, the
specific activity (SA) for the OER from the geometric current den-
sity and the roughness factor (RF). We carefully chose the potential
range for the CO stripping to guarantee a quantitative conversion
of the CO to CO2 and avoid undesired oxidation of the carbon sup-
port. Furthermore, the mass activity (MA) for the OER was deter-
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mined by considering the nominal Ir loading, i.e. 10 mgIr cm�2, on
the rotating disk electrode (RDE) tip (see Fig. 3 and Table 2). A
more complete table with all electrochemical results can be found
in the SI (Table S5). The CVs recorded during the CO stripping pro-
cedure and the OER investigation are reported in the SI
(Figure S10).

We begin the discussion with Ir/CEG which can be regarded as a
reference as the synthesis and characterization is similar to the
well-established Pt/CEG catalysts [12,17,41]. The nominal ECSA is
found to be around 100 m2 gIr�1 for all samples except the 10 wt%
for which a nominal ECSA of 60 m2 gIr�1 is determined. The SA of
the OER is found to be independent of the metal loading for 30,
50, and 70 wt% for which activities of ca. 180 mA cmIr

�2 were deter-
mined. However, for 10 wt% the determined SA is significantly
higher, i.e., 280 mA cmIr

�2.
However, the MA is relatively constant within the experimental

uncertainty, i.e., 180 – 210 A gIr�1 for all catalysts. This finding is at
first sight surprising. Considering that the SA was calculated from
the RF and the ECSA determined for the 10 wt% sample is surpris-
ingly low, it can be assumed that this finding is in fact a conse-
quence of an underestimation of the ECSA. As the CO stripping
method requires metallic Ir, such underestimation could be due
to an irreversible oxidation of the NPs [20]. This phenomenon
would also explain the relatively small ECSA values determined
in previous work [15]. In a recent publication that investigated
the degradation of Pt NPs synthesized in EG and deposited on car-
bon black it was also observed that at low metal-to-carbon ratios
the oxidation state of the Pt was higher [42]. Differently from Pt,
Ir cannot be electrochemically reduced in the potential range here
investigated. Therefore, a partially oxidized Ir would lower the
amount of CO that could adsorb on the surface and consequently
the measured ECSA.

The MeOH-based catalysts are instead characterized by a sub-
stantially higher ECSA, i.e., 195–230 m2 gIr�1 in the loading range
of 10–50 wt%. We attribute this significant deviation with respect
to Ir/CEG to a loss of Ir during the flocculation step performed with
HCl in agreement with the fact that the supernatant in the floccu-
lation step remains light brown, see also below. Such substantially
higher values of ECSA fit with the small size of the NPs. For NPs
having a diameter of 0.9 nm, and assuming a spherical shape, the
maximum expected ECSA should be around 300 m2 gIr�1. The sur-
face of the NPs is however not entirely available due to the contact
between the NP and the support. Such contact area is generally
approximated to 30% of the total area, decreasing the maximum
ECSA to around 210 m2 gIr�1. However, it is important to bear in
mind that this is only an estimate and different models may lead
to significantly higher values of maximum theoretical ECSA [43].
The Ir/CMeOH 70 wt% catalyst sample exhibits a substantially lower
ECSA as well, i.e. only 119 m2 gIr�1. Here, agglomeration of Ir is the
most probable cause in line with the observed agglomeration in
the TEM and SAXS analyses. This means, that only for the samples
where Ir is homogeneously dispersed on the support and a narrow
size distribution is obtained, high utilization of the Ir is achieved.

The SA, however, is unaffected by the agglomeration and is con-
stant within the accuracy of the measurements ranging from 165
to 185 mA cmIr

�2. Considering that the SA is constant for all loadings,
the MA must follow the same trend of the ECSA, with a significant
drop in the activity at 70 wt%. Up to 50 wt%, the MA achieves val-
ues as high as 305–350 A gIr�1, whereas ‘‘only” 212 A gIr�1 are deter-
mined for the Ir/CMeOH 70 wt% catalyst. It should be stressed that
this is still an outstanding performance, considering that state-
of-the-art Ir-based catalysts typically exhibit surface areas in the
range of 10–60 m2 gIr�1 and MA values lower than 200 A gIr�1 even
at low Ir loading [27,44–51].

In the attempt to account for the lower ECSA and MA of EG-
based catalysts, we also tested the influence of the flocculation step



F. Bizzotto, J. Quinson, J. Schröder et al. Journal of Catalysis 401 (2021) 54–62
by comparison of a standard Ir/CMeOH 50 wt% and Ir/CMeOH, HCl

50 wt% (see Table S6 and Figure S11). In the latter case, Ir NPs sus-
pended in MeOH were precipitated with 1 M HCl and then re-
dispersed in acetone before the immobilization step; i.e. the same
procedure used in the polyol synthesis. Determining the ECSA and
MA by assuming that all Ir NPs have been precipitated, the values
decrease by around 40 % compared to the standard Ir/CMeOH sample
(see Table S6). Given that neither in the TEM nor in the SAXS data
displayed in Figure S11 particle agglomeration is apparent, we
attribute this difference to a partial loss of NPs during the floccula-
tion. Considering the extremely low abundance of Ir, such loss in
the catalyst synthesis would not be acceptable for any applications.
The absence of Ir loss also highlights the advantages of using low
boiling point solvents that do not require any flocculation step.

The best performance is achieved for the EtOH-synthesis-based
catalysts. In the low loading range, the ECSA is comparable to the
MeOH-based catalysts, i.e., from 185 m2 gIr�1 of 10 wt% up to
250 m2 gIr�1 for the 30 wt%. The most striking result, however, is
the ECSA of the 70 wt% catalyst which is still as high as 220 m2 gIr�1.
This suggests that no significant agglomeration took place during
the supporting step, as is also suggested by the SAXS and TEM data.
The determined SA is slightly higher than for the MeOH-based cat-
alysts and constant for all metal loadings, i.e., 180–210 mA cmIr

�2.
The MA reaches the extremely high value of 455 A gIr�1 for the
30 wt% catalyst, while for the other loadings MAs in the range
390–420 A gIr�1 are determined.

It is here important to stress that carbon black is not suitable as
a support for OER catalysts, given the high operating cell potential
in PEMWEs. Nevertheless, for the relatively short exposition to
high potentials during the electrochemical characterization as
employed in this work, we consider the contribution of the carbon
oxidation to the measured overall current as negligible. To confirm
this, we performed a reference test where carbon black was drop
cast on the RDE tip. The carbon black ink was prepared following
the same procedure used for all other materials described in this
work. The amount was instead chosen to match the loading of car-
bon of Ir/C 30 wt%. The results reported in the SI (Figure S12)
clearly indicate that the current contribution from carbon oxida-
tion at the reference potential of 1.5 VRHE can be neglected, and
the measured overall current can be taken as OER rate. Similar con-
clusions were previously reported in literature when catalysts
based on Pt NPs supported on carbon where investigated with dif-
ferential electrochemical mass spectrometry (DEMS) to assess the
stability of carbon at high voltages and the effect of the noble metal
on the stability of the carbon during electrocatalytic processes
[52,53]. It was showed that bare carbon indeed undergoes signifi-
cant degradation during the first excursion to high voltages (above
1.5 VRHE) but this process turns to a negligible current during all
subsequent exposures to high potentials, as long as voltages higher
than 1.0 VRHE were employed [52]. If the lower voltage limit was
maintained above 1.0 VRHE, no significant deviation in carbon
degradation could be detected even in presence of Pt NPs [53]. This
does not imply that carbon is a suitable support material for tech-
nical water electrolysis, but that carbon can be used as model sup-
port to study the OER. In a previous work we have already reported
that colloidal Ir NPs could be employed to prepare catalysts sup-
ported on the more electrochemically inert metal oxides, such as
TiO2, with values of MA higher than 200 A gIr�1 and SA of 180 mA
cmIr

�2, a value that is very close to those reported in this work
[54]. However, the rather low specific surface area and inhomoge-
neous morphology of such supports did not make them suitable
candidates to assess the full theoretical potential of small colloidal
Ir NPs. Therefore carbon was chosen as a proof-of-concept support
material for investigating the importance of dispersion for OER
catalysts.
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Addressing the difference between the electrochemical perfor-
mance of the Ir/CMeOH and Ir/CEtOH catalysts and the general impli-
cations for the synthesis of supported catalysts based on the
colloidal approach, is important to point out once more that the
colloidal stability of the NPs in the solvent is not the only aspect
that needs consideration. As mentioned above, the as synthesized
Ir NPs in MeOH are more stable than in EtOH (Table S4). The dis-
persibility of the carbon support, however, is significantly better
in EtOH. To demonstrate that the dispersibility of the support not
necessarily leads to limitations of the colloidal approach, we pre-
pared a new set of catalysts by mixing Ir NPs prepared in MeOH
and carbon support dispersed in EtOH. For this experiment, we
took care to work with an excess of EtOH relative to MeOH. Thus,
we avoided experiencing the same issues faced by pure MeOH-
based catalysts. We observed nearly the same ECSA values as for
the catalysts prepared solely in EtOH, e.g., 219 m2 gIr�1 for the sam-
ple with 70 wt% (Figure S13). This experiment demonstrates that
the dispersion of support and active phase can be optimized inde-
pendently using different solvents that are compatible.
4. Conclusions

Three different strategies for preparing carbon supported Ir cat-
alysts for the OER were compared, i.e. the surfactant-free colloidal
polyol synthesis using EG and the recently introduced Co4Cat
approach employing low-boiling point mono-alcohols. All three
methods are suitable for preparing carbon supported OER catalysts
with high initial activity. The main advantage of the surfactant-free
synthesis as compared to other colloidal methods is that the sup-
ported catalysts can be used as prepared since the Ir NPs are not
covered by stabilizing polymers such as polyvinylpyrrolidone
(PVP) [15,17]. However, our results clearly show that the catalysts
prepared by the polyol synthesis suffer from a material loss during
the flocculation and redispersion steps required to remove the sol-
vent. Despite the same particle size as in the Co4Cat approach, the
ECSA is significantly reduced. Using mono-alcohols like MeOH and
EtOH for preparation of the NPs and dispersion of the support, the
solvent can be simply evaporated and recovered. This approach
does not only generate significantly less waste; it also avoids loss
of precious Ir metal. Furthermore, it is demonstrated that for
obtaining finely dispersed Ir NPs onto a support material, not only
the colloidal NP stability is important, but the dispersion of the
support material in the solvent as well. In this regard, the colloidal
approach is highly flexible as different solvents can be used for the
NP synthesis and the support dispersion. Using carbon supports,
such an optimization leads to OER catalysts with outstanding ini-
tial performance in a large range of metal loadings. The approach
is flexible with regard to different support materials that are more
relevant than carbon for technical applications, which will be stud-
ied in future work. To date, several metal oxides have been tested
as possible candidates as support material and Sb-, In- and F-doped
tin oxides are currently considered as the most promising [49,55].
They present decent conductivity and stability but are not com-
pletely inert under OER conditions [56]. Our work shows that cov-
ering these support with a monolayer of Ir NPs without
agglomeration and decrease in the ECSA could be a possible strat-
egy to improve the long-term stability of the catalysts.
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