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Electrolyte effects on the electrocatalytic performance of iridium-
based nanoparticles for oxygen evolution in rotating disc 
electrodes 
José Alejandro Arminio-Ravelo,[a] Anders W. Jensen,[a] Kim D. Jensen,[a] Jonathan Quinson,[a] and 

María Escudero-Escribano*[a] 

Abstract: Proton exchange membrane water electrolysers are very 

promising renewable energy conversion devices that produce 
hydrogen from sustainable feedstocks. These devices are mainly 

limited by the sluggish kinetics of the oxygen evolution reaction 

(OER). Ir-based nanoparticles are both reasonably active and stable 

for the OER in acidic media. The electrolyte composition and the pH 
may play a crucial role in electrocatalysis, yet they have been widely 

overlooked for the OER. Herein, we present a study on the effects of 

the composition and concentration of the electrolyte on commercial Ir 

black nanoparticles using concentrations of 0.05 M, 0.1 M and 0.5 M 
of both sulphuric and perchloric acid. The results show an important 

effect of the electrolyte composition on the catalytic performance of 

the Ir nanoparticles. The concentration of H2SO4 interferes on the 

oxidation of Ir and decreases the catalytic performance of the catalyst. 
HClO4 does not show strong interferences in the electrochemistry of 

Ir. Higher catalytic performances are observed in HClO4 electrolytes 

in comparison to H2SO4 with little effect of the concentration of HClO4.   

Water oxidation, or the oxygen evolution reaction (OER), is 
a key half-reaction of many electrochemical processes for 
renewable energy technologies such as water splitting,[1–3] CO2 
conversion to renewable fuels and chemicals,[4–6] and metal-air 
batteries.[7,8] The need to understand the thermodynamics and 
kinetics of the OER is of high relevance for the development of 
sustainable and efficient energy technologies. For instance, 
proton exchange membrane (PEM) electrolysers operated under 
acidic conditions are promising water splitting devices.[9] They can 
operate at high current densities[10], low temperature, present 
lower ohmic losses and a more mature membrane technology 
than alkaline anion exchange membrane electrolysers.[11] 
However, the energy efficiency of a PEM electrolyser is largely 
affected by the sluggish kinetics of the OER.[9,11,12] Thus, 
numerous studies have aimed and still aspire to find more efficient 
OER catalysts.[2,13,14]  

In acidic media, finding active and stable OER catalysts is 
challenging due to the low pH environment and high potentials 
during operation.[9] Thus far, only Ir-based materials show 
reasonably high activity and stability towards the OER in acid.[10] 
Given that Ir is both very scarce and expensive,[15] multiple studies 
have focused on the design of new materials to decrease the 
amount of Ir while improving their catalytic properties. Some 
advances have been achieved by the use of Ti-based 
supports,[16,17] modifying the catalyst morphology[18,19] and alloying 
Ir with other metals.[20,21]  

At present, the catalytic activity and stability assessments 
are typically carried out by means of rotating disk electrode (RDE) 
measurements. However, there is a lack of standardisation of 
systematic protocols for OER measurements in acidic media. As 
a result, the comparison between Ir-based catalysts from different 
research groups is very challenging. The identification and 
rigorous comparison of promising catalysts is essential for the 
rational design and development of more active and stable OER 
catalysts for PEM electrolysers. Due to an evident need to 
overcome this problem, recent studies have reported protocols 
and recommendations for the evaluation of the OER in acidic 
media,[2,22] as well as Ir-based catalysts for this reaction.[23] Only 
few of them focus on the effect of the experimental parameters 
(e.g. bubbling O2 or Ar[24] and the rotation speed[25]) on the catalyst 
performance.  

The effect of the electrolyte has been overlooked for several 
electrocatalytic reactions. However, it has been demonstrated 
that the electrolyte can greatly affect the performance of catalysts. 
For instance, in CO2 electroreduction, the selectivity toward 
different products depends on the cations, anions and pH of the 
electrolyte;[4,6,26–29] in the electro-oxidation of methanol on Pt 
surfaces, the anions of the electrolyte have a strong inhibiting 
effect of the reaction;[30] and in the oxygen reduction reaction 
(ORR), multiple studies have shown that the electrolyte 
composition plays an important role in the catalytic activity.[31–33] 
For the OER, previous studies have shown that the presence of 
different cations in the electrolyte can affect importantly the 
catalytic performance of different transition oxide materials 
including IrOx.

[34–37] 

Sulphuric acid (H2SO4) and perchloric acid (HClO4) are both 
commonly used as electrolytes in half-cell studies of the OER in 
acidic media. Currently, the selection between electrolytes is not 
well justified. On the one hand, H2SO4 has been traditionally 
selected as it presents similarities to the sulfonate groups in 
Nafion® membranes, commonly used in PEM electrolysers.[38] On 
the other hand, HClO4 may be preferred as perchlorate anions 
(ClO4

-) typically adsorb much weaker on catalyst surfaces. This 
effect has been shown for multiple electrochemical reactions, 
such as methanol oxidation, ORR and OER.[30,32,39–41] Thus far, 
there is a lack of guidance on the selection of the electrolyte and 
its concentration for OER studies in acidic media. However, those 
parameters greatly affect the electrocatalytic performance: 
Ganassin et al. compared the activity of anodically oxidised 
Ir(111) in 0.05 M H2SO4 and 0.1 M HClO4, and observed that 
sulphate anions decreased the activity towards the OER 
compared to perchlorate anions.[39]  Most recently, Strickler et. al. 
studied different strontium iridate particles and observed higher 
OER activities in 0.1 M HClO4 than in 0.5 M H2SO4.[42] Additional 
studies on Ir-based catalyst have reported activities nearly an 
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Figure 1. Cyclic voltammograms during the conditioning step of Ir black nanoparticles between 0.025 and 1.40 V vs. RHE in different electrolytes: a) 0.05 M H2SO4, 
b) 0.1 M H2SO4, c) 0.5 M H2SO4, d) 0.05 M HClO4, e) 0.1 M HClO4 and f) 0.5 M HClO4. Nominal mass of Ir on the electrode: 20 µgIr cm-2. All the experiments were 
performed in Ar-saturated electrolytes at room temperature with a rotation speed of 1600 rpm.  

order of magnitude higher in HClO4 compared to H2SO4..[43,44] In 
contrast, Alia et. al. measured polycrystalline Ir and IrOx 

nanoparticles in 0.1 M HClO4 and 0.5 M H2SO4 for the OER and 
small to no differences were observed between electrolytes.[45]  

There is also a need to benchmark adequate protocols to 
evaluate the stability of OER catalyst. Nowadays, long-term 
chronoamperometric and chronopotentiometric experiments are 
both commonly used.[16,18,46–48] For instance, holding the current 
density at 10 mA cm-2[16,46] or holding the potential at 1.55 V[49] or 
1.60 V[18,48] vs. the reversible hydrogen electrode (RHE) for 10 h 
or longer. In order to understand stability trends of OER 
electrocatalysts, it is of fundamental importance to understand 
how the different electrochemical experiments assessing the 
stability affect the catalytic performance. 

Herein, we present a comprehensive study on the effect of 
the composition and concentration of the electrolyte on 
commercial Ir black nanoparticles using concentrations of 0.05 M, 
0.1 M and 0.5 M of both H2SO4 and HClO4. We evaluate the 
electrocatalytic activity by cyclic voltammetry and compare their 
catalytic stability by chronopotentiometry at 10 mA cm-2 and 
chronoamperometry at 1.55 V vs. RHE. 

In this study, we use Ir black nanoparticles, which are 
typically used as benchmark for Ir based catalyst for OER in acidic 
media.[16,49,50] The Ir nanoparticles present a size of ca. 4–5 nm. 
Figure S1 (see supporting information (SI)) shows a transmission 
electron micrograph of the as-received nanoparticles, prior to 
electrochemical testing. We conditioned the Ir black nanoparticles 
by electro-oxidation to ensure the same initial surface state of the 
nanoparticles before measuring the electrocatalytic performance. 
For this purpose, we carried out cyclic voltammetry 
measurements between 0.025 V and 1.40 V vs. RHE. The 
conditioning consisted of 60 to 80 cycles to complete the oxidation 
of the nanoparticles surface (see the experimental section for 
more details).  

Figure 1 shows the different cyclic voltammograms (CVs) 
obtained during the conditioning step in different electrolytes and 
concentrations. In all cases, the characteristic features 
corresponding to hydrogen adsorption and desorption (0.025 – 
0.40 V vs. RHE) disappear as the number of cycles increases. 
Hydrogen adsorption is only possible on metallic  surfaces;[51] the 
decrease of the hydrogen adsorption peak is due to the formation 
of IrOx on the surface of the nanoparticles.[52,53] Interestingly, the 
oxidation is slower in HClO4, especially at lower concentrations, 
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Figure 2. a) Cyclic voltammograms of Ir black nanoparticles in the oxygen evolution region in H2SO4 at 0.05 M. 0.1 M and 0.5 M and HClO4 at 0.05 M. 0.1 M and 
0.5 M. Nominal mass of Ir on the electrode: 20 µgIr cm-2. b) Cyclic voltammograms of polycrystalline Ir in the oxygen evolution region in 0.1 M HClO4 and 0.1 M 
H2SO4. All the experiments were performed in Ar-saturated electrolytes at room temperature with a rotation speed of 1600 rpm.    

where the number of cycles was increased until no more 
hydrogen adsorption was observed (Figure 1d). The main 
difference observed in this potential window between the different 
electrolytes is the evolution of the redox peaks of the couple 
Ir(IV)/Ir(III) (ca. 0.93 V vs. RHE).[54] In H2SO4, the oxidation peak 
is shifted to higher potentials as the number of cycles increases. 
Additionally, this shift is more pronounced at higher electrolyte 
concentrations. After 60 cycles the oxidation peak shifts to 1.01 V 
vs. RHE in 0.05 M H2SO4, 1.10 V vs. RHE in 0.1 M H2SO4 and 
1.27 V vs. RHE in 0.5 M H2SO4 (see Figure 1 a-c). On the 
contrary, the reduction peak remains almost in the same potential 
(ca. 0.90 V vs. RHE). The shift of the oxidation peak cannot be 
explained by a pH effect as the standard potential of Ir(IV)/Ir(III) 
should follow a Nernstian response. Therefore, it is likely that the 
shift of the peak is related to the interactions between the anions 
in solution and the catalyst surface. On the other hand, in HClO4, 
ClO4

- seems to have a negligible effect on the catalyst surface as 
the CV shape is constant in all the concentrations except at 0.5 
M, where the oxidation peak of Ir(IV)/Ir(III) slightly shifts to higher 
potentials. After 60 cycles, the oxidation peak is 0.88 V vs. RHE 
in 0.05 and 0.1 M HClO4 and 0.096 V vs. RHE in 0.5 M HClO4 
(see Figure d-f). 

Previous studies on electrochemical IrOx formation, have 
also shown that the anions play an important role on the oxidation 
process,[55,56] associating the following reaction to the Ir(IV)/Ir(III) 
couple in acid:[57,58] 

 
[Ir5O3(OH)7·5nH2O]2+(X-)2 + 7H2O 

    ↔ 5[IrO2·nH2O] + 5e- + 7H3O+ + 2(X-)  (1) 
  
Where X- is the anion in solution. Reaction (1) may explain 

the features observed in Figure 1. To oxidise the Ir nanoparticles, 

it is necessary to deplete anions adsorbed over the catalyst 

surface. Strong adsorption of bisulphate (HSO4
-) or sulphate 

(SO4
-) anions on the Ir nanoparticles hinders the oxidation of Ir at 

the standard potential, thus, shifting the oxidation to higher 

potentials. This phenomenon is expected as the concentration of 

the electrolyte increases, as observed in Figure 1 a-c. Weak 

adsorption of anions, however, is not expected to result in 

significant redox peak differences, as observed in HClO4. Similar 

behaviour has been reported on Pt electrodes for the ORR.[32,41,59] 
After the electrochemical conditioning, we evaluated the 

activity of Ir black nanoparticles for the OER by cyclic voltammetry 
between 1.00 and 1.60 V vs. RHE at 10 mV s-1. This range was 
selected to avoid reaching higher potentials. High potentials could 
be detrimental since they can lead to catalyst delamination, 
dissolution of the Ir nanoparticles and/or corrosion of the Glassy 
Carbon (GC) disc.[54,60] In Figure 2a, the catalytic performance of 
Ir black nanoparticles in HClO4 is shown to be significantly higher 
than in H2SO4 at all concentrations in this study. This cannot be 
explained by an effect of the pH as the response does not 
correlate to the pH of the electrolyte. In H2SO4, the catalytic 
performance of Ir nanoparticles decreases as the electrolyte 
concentration increases, whereas in HClO4 the differences are 
less pronounced and there is no clear trend. Hence, the 
electrocatalytic performance of Ir nanoparticles is heavily affected 
by the affinity to specifically adsorb anions from the electrolyte. To 
confirm that this effect is general and not an effect of the ink 
composition or characteristic of Ir black nanoparticles, we 
performed control experiments with polycrystalline Ir in both 
electrolytes at a concentration of 0.1 M. These results show the 
same behaviour as observed with the Ir nanoparticles (Figure 2b) 
and are in agreement with previous studies on polycrystalline 
Ir.[39,43] 

Table 1 presents the mass activities of Ir black and the 
specific activity of polycrystalline Ir in all the electrolytes and 
concentrations evaluated at 1.55 V vs. RHE. The enhancement of 
catalytic activity of Ir nanoparticles is similar to that of 
polycrystalline Ir in 0.1 M H2SO4 and HClO4. In both cases, the 
catalytic activity in 0.1 M H2SO4 is approximately 3 times lower 
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Figure 3. Overview of the mass activities of the state-of-the-art Ir-based catalysts for OER in acidic media. The dotted lines correspond to the Ir black nanoparticles 
presented in this work. The solid lines correspond to catalyst reported in the literature. Each colour corresponds to the electrolyte where the catalyst was evaluated. 
The data presented here is adapted from: r-IrO2 (nanoparticles),[61] Ir-nano 99.8 (nanoparticles),[62] IrO2-TiO2 (nanoparticles),[17] Ir/ATO (nanodendrites),[16] 
IrNi0.57Fe0.82/C nanoparticles,[63] IrNiCu/C nanoframes,[64] IrNiOx/C (nanoparticles),[21] Co-IrCu ONC/C (nanocages),[19] IrCoNi/C (hollow nanocrystals)[20] Ir-Ni (9.3) 
90.5 (nanowires),[18] and IrCo@IrOx-3L (nanodendrites).[65] The Tafel plots of Ir black nanoparticles correspond to the cyclic voltammograms presented in Figure 2a.
 

Table 1. Mass activity of the Ir black nanoparticles and specific activity of 
polycrystalline Ir at 1.55 V vs. RHE in different electrolytes and concentrations. 
Nominal mass of Ir on the electrode: 20 µgIr cm-2. All the experiments were 
performed in Ar-saturated electrolytes at room temperature with a rotation 
speed of 1600 rpm. 

 Ir black nanoparticles Ir poly 

Electrolyte 
A gIr

-1 
(0.05 M) 

A gIr
-1 

(0.1 M) 
A gIr

-1 
(0.5 M) 

mA cm-2 
(0.1 M) 

H2SO4 550 ± 138 257 ± 77 143 ± 60 1.1 ± 0.1 

HClO4 624 ± 111 944 ± 202 720 ± 167 2.8 ± 0.3 

 
than in 0.1 M HClO4. These results show that the activity trends 
are dependent of the electrolyte composition. Considering only 
the results on Ir black nanoparticles, the relative activity of the 
catalysts compared to the experiments in 0.1 M HClO4 clearly 
show the differences in the catalytic performance by changing the 
electrolyte composition. While the performance in 0.05 M H2SO4 
shows a 58% of the activity obtained in 0.1 M HClO4, the activity 
in 0.5 M H2SO4 presents only a 15% of that in 0.1 M HClO4. These 
results illustrate the importance of the choice of nature and 
concentration of the electrolyte for the evaluation of the OER 
activity by means of RDE measurements. 

The wide range of mass activities reported for similar 
commercial Ir nanoparticles in the literature is remarkable. The 
values can go from 10 to 700 A gIr

-1 at 1.55 V vs. RHE.[45] The lack 
of standardised protocols and parameters selected for the 
electrochemical evaluation contribute to this widespread 
range.[45,49,62] For instance, Lettenmeier and co-workers did not 
perform any electrochemical conditioning to the Ir nanoparticles 
before measuring the catalytic activity and report the activity on 
the third cycle.[62] On the other hand, Alia and co-corkers 

performed an electrochemical break-in to condition the 
nanoparticles by cycling 10 times from 1.2 to 1.8 V vs. RHE at 
100 mV s-1 and measured the activity using linear sweep 
voltammetry.[49] Our Ir nanoparticles evaluated in HClO4 present 
slightly higher mass activities compared to the literature.[45] We 
attribute this behaviour to the electrochemical conditioning 
selected (Figure S2) along with the number of scans the activity 
is based on. 

We also compare the variation of the catalytic performance 
after 20 cycles during the activity tests. In all the cases, Ir black 
nanoparticles present a continuous decrease of activity. The 
highest losses are found in H2SO4, with losses between 35% and 
52%, while the maximum loss found in HClO4 is less than 30% 
(Figure S3). We find similar trends between the two electrolytes: 
the losses increased with the concentration of the electrolyte. In 
this case, pH seems to play an important role, as the more acidic 
conditions may push the lixiviation or delamination of the Ir 
nanoparticles. Nevertheless, we believe that the different range of 
relative losses between electrolytes is also influenced by the 
adsorption of the anions on the catalyst surface. To the best to 
our knowledge, it is not clear yet what the degradation or 
deactivation mechanism of Ir nanoparticles is and how these 
degradation mechanisms are influenced by the anions in 
solutions. 

Figure 3 shows the mass activities of Ir black nanoparticles 
in each electrolyte with some of the state-of-the-art Ir-based 
catalyst for OER. This plot highlights the wide variety of 
electrolytes and concentration used in the literature. Interestingly, 
some of the highest mass activities correspond to Ir oxides 
alloyed with transition metals such as Ni, Co, Cu or Fe evaluated 
in 0.1 M HClO4

[18–20,63,64], while some of the lowest activities have 
been obtained in H2SO4 electrolytes.[16,17,21,62] These results are in 
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Figure 4. a) Chronoamperometric measurements at 1.55 V vs. RHE for 10 h in H2SO4 at 0.05 M. 0.1 M and 0.5 M and HClO4 at 0.05 M. 0.1 M and 0.5 M. b) Cyclic 
voltammograms of Ir black nanoparticles in the oxygen evolution region in 0.1 M H2SO4 and 0.1 M HClO4 before and after chronoamperometric experiments. c) 
Chronopotentiometric measurements at 10 mA cm-2 in H2SO4 at 0.05 M. 0.1 M and 0.5 M and HClO4 at 0.05 M. 0.1 M and 0.5 M. d) Cyclic voltammograms of Ir 
black nanoparticles in the oxygen evolution region in 0.1 M H2SO4 and 0.1 M HClO4 before and after chronopotentiometric experiments. Nominal mass of Ir on the 
electrode: 20 µgIr cm-2. All the experiments were performed in Ar-saturated electrolytes at room temperature with a rotation speed of 1600 rpm. The cyclic 
voltammograms before and after the chronoamperometric and chronopotentiometric experiments for the rest of the electrolytes evaluated are available in the SI, 
Figures S5 and S7. 

accordance with our results on Ir black nanoparticles (dotted lines 
in Figure 3). Even though the catalytic activity is related to the 
catalyst composition and the catalyst structure, Figure 3 stresses 
the significant effect of the electrolyte. 

The specific activities of polycrystalline Ir and some of the 
state-of-the-art Ir-based catalyst for OER have been also 
compared (see Figure S4). The calculation of the specific activity 
was possible only on those catalysts that report the catalyst area 
or the specific activity. The comparison of the specific activity is 
especially challenging as the area reported between catalysts is 
based on different techniques. TEM analysis,[61] double layer 
capacitance and Brunauer–Emmett–Teller (BET)[16,17] estimate 
the total surface area of the catalyst, but not the electrochemically 
active surface area (ECSA).[66] In principle, the ECSA gives more 
realistic specific activities as the area obtained is related to the 
active sites of the catalyst. Other techniques such as CO 
stripping,[19,64] hydrogen or mercury under potential deposition 
(upd),[18,51] estimate the ECSA of the catalyst, however, most of 
them are limited by the catalyst composition.[51,66] CO stripping 
and hydrogen upd are only sensitive to metallic surfaces, leaving 
mercury upd as the only option for the estimation of the ECSA on 

metal oxides.[51] To facilitate a fair comparison of the specific 
activity between different catalysts, a standardised universal 
method to estimate the ECSA, applicable to different type of 
catalyst surfaces, is still to be established. 

The evaluation of the stability of the catalyst for the OER in 
acidic media is always challenging in half-cell studies due to the 
multiple processes that can occur during the experiment. These 
processes may bias the results as they do not depend on the 
intrinsic properties of the catalyst. For instance, catalyst 
delamination, corrosion of the GC or blockage of the active sites 
by the formation of O2 bubbles.[45,60,67,68] The main objective of our 
current study is to investigate the effect of the electrolyte using 
the same conditions as some of the long test experiments used in 
the literature.[16,47,69–72] The stability of Ir nanoparticles was 
evaluated by chronopotentiometric measurements by holding the 
current density at 10 mA cm-2 until the catalyst degraded; as well 
as chronoamperometric measurements by holding the potential at 
1.55 V vs. RHE for 10 h.  

Chronoamperometric measurements at 1.55 V vs. RHE 
(Figure 4a) show few differences for the different electrolytes 
investigated. In both electrolytes, the deactivation process is 
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similar for all the concentrations: An initial rapid decrease of 
activity during the first minutes of the experiment followed by a 
second phase where the deactivation becomes slower for the rest 
of the experiment is observed. The loss of activity during the 
chronoamperometric experiments in HClO4 are almost the same, 
suggesting the same process of deactivation or degradation. To 
evaluate the change of activity before and after the stability study, 
we report the last cyclic voltammetry before the test (20th) and the 
second voltammogram after the test, as it is exemplified in Figure 
4b. In H2SO4, the loss in activity changes with the different 
concentrations. However, there is not a clear trend with the 
concentration of the electrolyte (Figure S6). Our results indicate 
that the loss of activity is independent of the concentration of 
HClO4. In H2SO4, the loss is less pronounced but without a clear 
relationship between electrolyte concentration and activity loss. 
Nevertheless, in H2SO4, the initial activity is much lower than in 
HClO4 in all cases and the activities seem to reach a plateau, 
where the activities do not decrease anymore. In our 10 h 
chronoamperometric measurements, we could not reach such a 
plateau behaviour in HClO4 electrolytes. 

Chronopotentiometric experiments at 10 mA cm-2 showed 
the biggest differences between electrolytes (Figure 4c). The 
principal limitation of these experiments is the formation of soluble 
species of Ir ca. 1.80 V vs. RHE (ƞ = 0.57 V)[49,54] and the possible 
deactivation of the catalysts due to O2 bubble managing.[68] In 
both electrolytes the OER overpotential slowly increases until 
reaching an overpotential ca. η = 0.57 V. Thereafter, a sudden 
sharp increase in overpotential to η = 1.23 V occurs, which 
corresponds to the overpotential observed in GC electrodes 
under similar conditions. In all the experiments, Ir black 
nanoparticles degraded before 6 h of experiments. An example of 
the loss of activity is shown in Figure 4d. The effect of the 
electrolyte concentration is very clear in H2SO4. The degradation 
of the catalyst is much faster in 0.5 M H2SO4 and become slower 
in less concentrated electrolyte. On the other hand, in HClO4, the 
degradation seems to be similar in all concentrations. The 
differences in the degradation of the catalysts cannot be 
explained solely by the differences in the pH as the degradation 
rate is not the same in both electrolytes. In fact, the plot in Figure 
4c shows a snow ball effect: the higher the overpotential, the 
faster the degradation. This indicates that the initial overpotential 
is more important to evaluate in the degradation of the catalyst 
than the electrolyte. Since in HClO4 the initial overpotential is 
almost the same in all the experiments, the stability is almost the 
same too. In contrast, in H2SO4, the initial overpotential was 
different between concentrations, so the stability changed. The 
differences in the initial overpotential come from the activity 
measurements taken before the chronopotentiometry 
measurements as shown in Figure 4d and S7. Thus, the 
differences in the stability measurements are related to the activity 
losses due to the activity measurements and the catalytic 
performances in each electrolyte. This illustrates that in 
chronopotentiometric experiments, the initial overpotential 
determines the apparent stability of the catalyst.  

Figure 4c also illustrates the fact that stability 
measurements must be carefully assessed. In the case of 
chronopotentiometric experiments, the durability of the material is 
strongly dependent of the applied initial overpotential. Small 
differences in the initial overpotential would increase or decrease 

the stability of the catalyst considerably. This is particularly 
important when reporting novel catalysts that are highly active, 
and compare them with commercial catalysts that are typically 
less active, such as Ir black or commercial IrOx nanoparticles.[45,49] 

In summary, we herein show the effect of the electrolyte 
composition and concentration for the OER on Ir black 
nanoparticulate catalysts. The electrochemical oxidation of Ir 
nanoparticles in H2SO4 is likely to be faster than in HClO4. Ir black 
nanoparticles are less active in H2SO4 than in HClO4. In H2SO4, 
the activity decreases as the concentration of the electrolyte 
increases, while in HClO4 there are no marked differences with 
the electrolyte concentration. These observations likely result 
from the stronger adsorption of HSO4

- and SO4
2- on the catalysts 

surface compared to ClO4
- anions. In addition, our results 

emphasise that special care must be taken in the interpretation of 
chronopotentiometric experiments as they are highly affected by 
the initial overpotential. We believe that these results can be 
extended to other Ir based catalysts. In light of the results 
presented, the standardisation and use of a specific electrolyte 
and concentration to achieve fair comparisons between catalysts 
is of prime importance. In order to benchmark and report trends 
in activity and stability from RDE measurements, it is desirable to 
do the measurements in HClO4. We suggest the use of 0.1 M 
HClO4. HClO4 is an electrolyte that does not produce important 
variations in the catalytic performance of Ir-based materials due 
to the pH and/or ClO4

- concentration in solution. However, higher 
concentration than 0.1 M must be avoided to discard possible 
anion interactions.  

Experimental Section 

Ir black nanoparticles 

Electrode preparation:  

Glassy carbon electrode tips (5 mm diameter, HTW Germany) were 

sonicated with acetone (technical grade, Kautex), Isopropanol (IPA, 

technical grade, VWR chemicals), ethanol (absolute ethanol, VWR 

chemicals) and milli-Q water (resistivity > 18.2 MΩ cm, total organic carbon 

< 5 ppb, Merck Millipore) for 5 min respectively. Then, the tips were 

polished using first a Silicon Carbide Paper with a grain of 5 µm (Struers), 

then alfa alumina suspension (Struers) of 1 µm of diameter and finally alfa 

alumina suspension (Struers) of 0.3 µm particle diameter. After each 

polishing step, the sonication steps were repeated. The tips were dried 

using N2. 10 µL of the catalyst ink was dropped on the glassy carbon tip. 

The tip was rotated at 700 rpm during 5 min to improve the distribution of 

the nanoparticles and dried in a saturated IPA atmosphere.[73,74] 

 

Preparation of the catalyst ink:  

The ink was prepared based on the most common composition for 

Ir based nanoparticles reported in the literature.[21,75] The commercial Ir 

nanoparticles (Ir black, Premetek Co., P40V010) were weight and 

dispersed in the solution (1:3) (IPA:H2O),  0.02 wt.% of Nafion® (10 wt.%, 

Sigma) at a nominal concentration of 0.4 mgIr mL-1. The suspension was 

sonicated for 15 min in an ice bath before using it. 

 

Characterisation:  

Before electrochemical characterisation, Ir black nanoparticles were 

diluted in methanol and deposited on a transmission electron microscope 
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(TEM) copper grid (Quantifoil). TEM was performed at 200 kV on a 2100 

Jeol microscope.  

Electrochemical set up:  

The cell was cleaned in a saturated solution of KMnO4 acidified with 

H2SO4 (>95%, Fisher Chemicals), for at least 12 h. The three-electrode 

glass cell was then rinsed 3 times in milli-Q water and cleaned in a solution 

of H2O2 (>30%, Fisher Chemicals) acidified with H2SO4 (30 mL H2O2 and 

0.5 mL of H2SO4 in 1 L of deionised water) for 10 min. The cell was then 

rinsed 3 times in milli-Q water and boiled additionally 3 times in milli-Q 

water. All glassware and electrochemical equipment was cleaned in a 

similar fashion. The measurements were performed using a computer-

controlled potentiostat (Eci 200, Nordic electrochemistry) and a half cell 

configuration using Pt wire (>99,95%, Junker Edelmetalle) as the counter 

electrode, glassy carbon rotating disc as the working electrode and 

reversible hydrogen electrode connected to the cell by a Luggin capillary 

as the reference electrode. All the experiments were performed at room 

temperature, using H2SO4 (96% Suprapur, Merck) and HClO4 (70%, 

Suprapur, Merck) as electrolyte at concentrations of 0.05 M, 0.1 M and 0.5 

M bubbled continuously with Ar (99.999%, Air liquid). 

 

Electrochemical conditioning: 

Before measuring the electrochemical activity, the nanoparticles 

were conditioned by oxidising the nanoparticles surface using cyclic 

voltammetry.[53] 60 cycles between 0.025 and 1.400 V vs. RHE were 

performed with a rotation speed of 1600 rpm. The cycles 1, 20, 40 and 60 

(80 only in 0.05 M HClO4) were performed at 50 mV s-1 and the rest at 100 

mV s-1. When 0.05 M HClO4 electrolyte was used, 80 cycles were 

necessary to complete the treatment.  

 

Activity measurements:  

20 cycle voltammograms were taken between 1.00 to 1.60 V with a 

scan rate of 10 mV s−1 and a rotation speed of 1600 rpm. The activity was 

measured taking the current density and mass activity at 1.55 V vs. RHE 

taken from the second voltammogram. The resistance was compensated 

in situ to 7-10 Ω to avoid overcompensation. The remaining resistance was 

iR-corrected. The measurements in each electrolyte were repeated 3 

times using different tips. 

 

Stability measurements:  

Chronoamperometric studies were performed by holding the 

potential at 1.55 V vs. RHE for 10 h and rotation speed of the working 

electrode of 1600 rpm. Chronopotentiometry studies were performed by 

holding the current at 1.963 mA (current density of 10 mA cm-2) using a 

rotation speed of the working electrode of 1600 rpm, until the potential 

measured reached a value of 2.30 V vs. RHE. The resistance was 

compensated in situ to 7-10 Ω to avoid overcompensation. The remaining 

resistance was iR-corrected. Activity measurement were performed before 

and after of each of the experiments by performing 20 cyclic 

voltammograms as described above. 

 

Polycrystalline Ir 

Electrode preparation:  

The polycrystalline Ir electrode (MaTecK, 99.995%, 5 mm diameter) 

were prepared by polishing the Ir disk for 3 min at 350 rpm using a 

polishing machine rotating at 350 rpm and utilising soft polishing cloth (MD-

NAP, Struers) and 0.05 μm alumina polishing powder mixed with milli-Q 

water. After polishing, the disk was rinsed in ethanol by sonication for 15 

min and 6 times more in with milli-Q water by sonication in a hot bath in 

cycles of 10-15 min. 

 

Electrochemical set up: 

The cell was cleaned in a piranha solution, 1:3 volumetric ratio of 

H2O2 (30%) and H2SO4 (70%), for at least 24 h. The three electrode glass 

cell was then rinsed 5 times in milli-Q water and heated to 89℃ and rinsed 

additionally a minimum of 5 times with milli-Q water. All utilised glassware 

and electrochemical equipment was cleaned in a similar fashion. The 

measurements were performed using a computer controlled potentiostat 

(VST-300 Bio-Logic multipotentiostat) and a half cell configuration using 

Pt wire (>99,95%, Junker Edelmetalle) as the counter electrode, 

polycrystalline Ir disk on a pine rotating disk electrode setup as the working 

electrode and reversible hydrogen electrode connected to the cell by a 

Luggin capillary as the reference electrode. All the experiments were 

performed at room temperature using 0.1 M HClO4 (70%, Suprapur, 

Merck) and 0.1 M H2SO4 (96%, Suprapur, Merk) bubbled continuously with 

Ar (99.999%, Air liquid). 

 

Activity measurements:  

The catalytic performance in the OER region was evaluated by 

cycling between 1.00 and 1.60 V vs. RHE at 10 mV s-1 until the CV was 

stable. Up to 85% of the resistance was compensated previous the activity 

measurements by electrochemical impedance spectroscopy (EIS). The 

resistance was evaluated at 1.40 V vs. RHE and linearised at 400 to 60 

Hz. The residual resistance was iR-corrected. After measurements 

additional EIS measurements was taken ensuring the same impedance 

before and after measuring the activity. The measurements in each 

electrolyte were repeated 3 times. 
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