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A B S T R A C T

Reliable assessment of electrocatalytic performance of novel materials to determine the oxygen reduction (ORR) activity plays a pivotal role in systematic-driven 
design of tailored composites. Unfortunately rotating disc electrode technique, typically employed for this purpose, is incapable to accurately predict the behav
iour of promising candidates in membrane electrode assemblies (MEAs) which are finally used in fuel cells. Instead, miniature electrochemical setups based on 
floating electrode, which mimics MEA’s three-phase boundary active sites, has recently been recognized as an adequate diagnostics substitute. Compared to con
ventional RDE the working electrode operating under floating regime makes the acquisition of catalysts’ behaviour at low potentials easily achieved without being 
limited by the solubility and/or mass transport of O2 in aqueous electrolyte. Accordingly, the present study employs a modified version of the floating electrode 
methodology (MFE) to accurately investigate the effect of electrocatalyst nanostructure on high-current density ORR performance. Two morphologically distinct 
platinum-based de-alloyed nanoparticle samples—porous and non-porous core–shell analogues—are compared. The analysis reveals that at the high current density 
region (< 0.8 V vs RHE) porous nanoparticles demonstrate significantly worse ORR specific activities in comparison to core–shell analogues. On the other hand, the 
performance is reversed at low current densities (> 0.8 V vs RHE) supporting the results from the RDE analysis. The observed trend is attributed to a reduction in the 
utilization of active surface area in nanoporous catalysts with increasing overpotential.

1. Introduction

Proton Exchange Membrane Fuel Cells (PEMFCs) are among the 
most promising candidates likely to change the landscape of future en
ergy conversion, since they provide independence from fossil fuels 
without heavy environmental toll. On the pathway to their broader 
implementation, several restrictions have to be addressed, with the most 
vital one being the performance and the cost-effective utilization of 
electrocatalysts. During past decades we witnessed a very fast devel
opment of novel electrocatalysts with extremely improved activity 
[1,2]. Primarily, the focus has been on thorough investigation of 
alloying and shape control of platinum containing catalysts with a 
plethora of variants markedly surpassing required thresholds [3–7]. 
Within core–shell nanoparticles (i.e., platinum enriched shell and non- 
noble metal enriched alloy core) have received enormous attention. 
Here experimental and theoretical investigations suggested that core–
shell are beneficial for ORR kinetics because of the modified d-band 
center of surface Pt atoms caused by the underneath alloying effect 
[8–10]. Typically, a core–shell architecture is evolved during de- 

alloying when the selective etching removes the less-noble transition 
metals and naturally forms a Pt passivated surface [11]. Equally 
attractive have been porous bimetallic composites where confinement 
effect induced within the pores has been demonstrated beneficial for 
ORR [12,13]. In this case the same preparative strategy can be employed 
provided that parting limits such as size, composition and the critical 
potential of bimetallic nanoparticles are met during de-alloying [14,15]. 
Although advancements in the ORR performance on the laboratory scale 
are impressive for both, core–shell as well as nanoporous catalysts, there 
is no guarantee that the trend will reflect under real device regime. 
There the electrochemical conditions and mass transport environment 
are significantly different in comparison to conventional rotating disc 
electrode (RDE) measurements. Even though a rapid characterization is 
possible the RDE can only measure the kinetic response in a narrow 
overpotential range limited to potentials above 0.8 V vs RHE [16]. A 
membrane electrode assembly (MEA) on the other hand operates under 
orders of magnitude larger current densities and much wider potential 
window (0.6–0.8 V) both of which are inaccessible to RDE [17–20]. 
Hence the wide gap between RDE predictions and MEA reality 
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[4,21–26]. Indeed there is a strong incentive for electrochemical tech
niques enabling accurate characterization at high current densities 
already at an early stage of catalyst development where only small 
amounts of catalyst are available. Indeed, few research groups have 
engaged in this direction implementing mainly two types of approaches, 
i.e., the so-called floating electrode technique (FET)[19,27–31] and the 
gas diffusion electrode (GDE).[23,32] In the FET case the catalyst ink is 
implemented on, porous Au coated polycarbonate membrane (thickness 
of ~12 µm) floating on the electrolyte and oxygen is supplied to the 
catalyst through the membrane pores directly from the gas phase. To 
perform electrochemical measurements extremely small quantities of 
catalyst powder are needed 1–15 µgPtcm− 2) [28,30,31]. In a typical GDE 
on the other hand the ink is spray-coated or inkjet-printed on gas 
diffusion layer and oxygen is supplied to the catalyst via convective flow 
field [23]. Here larger catalyst amounts are necessary (loadings of 
0.02–0.4 mgPtcm− 2). Regardless, both setups allow ORR activity to be 
determined in a wide potential window without correcting for the mass 
transport. Recently, the floating electrode concept has been adopted by 
our group utilizing carbon coated transmission electron microscopy 
(TEM) grids as electrode substrates (referred from hereon as the modi
fied floating electrode, MFE). Even though in this case the accessible 
current density range is narrower than in the case of GDE-based setups, 
[32] the MFE still provides access to significantly larger current den
sities than RDE (similar to the FET methodology). Also here, very small 
amounts of catalyst are needed (3–22 µgPtcm− 2) [33].

Within this study, we exploit MFE to investigate omnipresent ORR 
electrocatalysts, namely dealloyed Pt nanoparticles. The focus is placed 
on comparative analysis of a core–shell and a nanoporous analogue, 
however under wide potential range (i.e., current densities) inaccessible 
to conventional RDE methodology. We demonstrate that at low current 
densities RDE trends are retained also under MFE conditions. However, 
evidence on declining ORR performance trend when nanoparticles’ 
structure goes from nanoporous to core–shell type is provided.

2. Experimental

2.1. Synthesis

The goal was to compare electrochemical performance of analogues 
with or without porous structure. Accordingly, Pt-Cu/C nanoparticles 
with adequate size and composition to evolve porosity upon electro
chemical de-alloying were synthesized (referred from hereon as np-Pt- 
Cu). The corresponding ORR performance was compared to commer
cial bulk platinum and non-porous alloyed analogues (i.e., core–shell 
type).

Pt-Cu synthesis: We emphasize that the synthesis of Pt-Cu composite 
investigated herein is described in detail in our recent publication [17]. 
Briefly, the synthesis consists of two vital steps, the first being annealing 
of a Cu salt precursor together with gelatine and carbon black to obtain 
Cu particles in a porous carbon matrix. In the second part, the Cu from 
the composite is partly galvanically displaced by a Pt precursor 
(K2PtCl4) and annealed for the second time. A detailed, point by point 
description of the synthesis procedure is given in Supporting Informa
tion (section S1).

Commercial core–shell alloys: Pt-Co/C, Pt-Fe/C and Pt-Cu/C 

commercial composites (purchased at Fuel Cell Store, USA) were 
included in comparison. Based on supplier’s description the samples 
consist of 20 wt% metal loading (Pt:M 1:1 atomic ratio) supported on 
Vulcan XC-72 carbon with an average metallic particle size of 2–3 nm 
[34]. ICP-OES digestion results of electrocatalysts in the as-purchased 
state confirmed the stated 1:1 atomic ratio of Pt to M and a total 
metal loading (Pt + M) of approximately 20 wt% (see Table 1).

Commercial bulk platinum: For the purpose of comparative ORR 
analysis a commercial sample of platinum nanoparticles dispersed on 
carbon support (TEC10E50E-HT from Tanaka Kikinzoku Kogyo, Japan) 
was analysed as well.

2.2. Structural characterization

Transmission electron microscopy: Electron microscopy was performed 
in a Cs corrected microscope CF-ARM Jeol operated at 200 kV and 80 
kV. Annular dark field (ADF) images were taken with 45–180 mrad and 
with 68 and 280 mrad for inner and outer semi angles. Convergence 
angle was about 25 mrads.

ICP-OES characterization: All reagents used were of analytical grade 
or better. For sample dilution and preparation of standards, ultrapure 
water (Milli-Q, Millipore) and ultrapure acids (HNO3 and HCl, Merck- 
Suprapur) were used. Standards were prepared in-house by dilution of 
certified, traceable, inductively coupled plasma (ICP)-grade single- 
element standards (Merck CertiPUR). A Varian 715-ES ICP optical 
emission spectrometer was used. Prior to ICP-OES analysis, each sample 
was weighed (approximately 10 mg) and digested using a microwave- 
assisted digestion system (CEM MDS-2000) in a solution of 6 mL HCl 
and 2 mL HNO3. The digested samples were cooled to RT and then 
diluted with 2 %v/v HNO3 until their concentration was within the 
desired concentration range. After the digestion procedure, samples 
were centrifuged to yield clear solutions that were used in subsequent 
analysis.

2.3. Electrochemical measurements

Modified floating electrode (MFE): For conducting ORR measurements 
under elevated mass transport of O2 our recently introduced modified 
floating electrode apparatus was employed [33]. In this case the work
ing electrode operates in the so-called floating mode meaning that that 
the electrode is not dipped in the electrolyte solution, as is in the case of 
TF-RDE, but is instead placed on its surface. The WE compartment is 
made of two-piece Teflon housing, which was assembled with PEEK- 
based screws. Between the housing elements the following elements 
are inserted: a metallic spring, two metallic cones, a gas diffusion layer 
(GDL, 280 µm thickness) with 40 % Teflon weight wet proofing (Toray 
Carbon Paper 090, Fuel CellStore) and gold TEM grid working electrode 
(Agar Scientific, Holey Carbon Films on 300 Mesh Gold). The TEM grid 
was inserted below the GDL, whereas the spring and two metallic cones 
were pressed above the GDL (see Fig. 1). We note that the Teflon in GDL 
gave the carbon material a hydrophobic property, which prevented the 
electrolyte from penetrating and creeping to the metallic cone and 
spring contacts hence preventing their damage or even dissolution and 
thus potentially impacting electrochemical measurements. The GDE, 
therefore, served as a spacer to separate the working electrode from the 

Table 1 
Summary of investigated samples.

Catalyst Average particle size [TEM/ nm] ORRspec@0.9 V RDE [mA/cm2] ECSACO[m2/gPt] Pt loading [wt. %] Ratio (Pt:M) 
[at. %]*

Pt/C 4.8[16,35–37] 0.29 44 50.6 /
np-Pt-Cu 18.1 2.35 43 20.27 26.49: 73.51
Pt-Fe/C[38] 2.5 1.32 68 17.84 50.23: 49.77
Pt-Co/C[38] 3.5 1.17 67 18.08 50.52: 49.48
Pt-Cu/C[38] 2.3 1.24 72 14.24 50.37: 49.63

* Chemical composition in the as prepared state.
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metallic cones and spring. All three served as an electrical contact for the 
gold TEM grid working electrode. Gas purging tube was connected to 
one of the holes of the Teflon housing via Teflon tubing (see Fig. 1).

Catalyts’ ink composition consisted of the following ratios: catalyst 
mass (mg) vs. solvent volume (mL) 5:3. Solvent composition in terms of 
volume fractions was set as follows: (75 % propane-2-ol, 25 % mili Q 
water and 1.33 % Nafion® (ElectroChem, 5 wt% aqueous solution). Inks 
were ultrasonicated (Ultrasound bath Iskra Sonis 4) for 30 min prior to 
dropcasting. Catalyst ink was deposited on TEM grid by drop casting 
with syringe (Hamilton). Catalyst film was dried on a heating stage. 
Dropcasting was performed on Au side of the grid which was later 
exposed to the electrolyte during electrochemical measurements. A two- 
compartment (H-type), Teflon based 10 ml electrochemical cell was 
used. Platinum mesh counter electrode (GoodFellow 50 × 50 mm) and 
reversible hydrogen reference electrode (HydroFlex®) were both placed 
in the same compartment. In a separate compartment, modified floating 
electrode housing was placed. The two compartments were separated by 
a Nafion membrane (Nafion 117, FuelCellStore). 4 M perchloric acid 
(HClO4, Merck, Suprapur, 70 %, diluted by Milli-Q, 18.2 MΩ cm) was 
used as a working electrolyte as typically used in similar electrode 
configurations to reduce the ionic resistance of the electrolyte [19,31]. 
The following electrochemical protocol was performed. Initially, a 
typical electrochemical pre-treatment was performed in order to obtain 
a stable cyclic voltammogram (CV). This consisted of potentiodynamic 
perturbation by cycling the potential between 0.05–1.1 V vs RHE (200 
cycles, 300 mV s− 1) under the nitrogen atmosphere. Afterward the 
electrolyte was exchanged with a fresh one, nitrogen was replaced by 
oxygen gas and ORR polarization curves with Ohmic drop compensation 
were recorded 20 mV s− 1. We emphasize that for each individual sample 
the ORR analysis was conducted in the loading independent ORRspec 
regime (SI sections S4) ensuring a comparison of intrinsic ORR perfor
mances (i.e., without additional mass transport effects).[30,33] iR 
resistance between the working and reference electrode was measured 
using the high-frequency intercept of an impedance scan for each elec
trode (measured at open circuit potential). Ohmic drop compensation 
(85 %) was applied during electrochemical experiments via positive 
feedback mode. Hydrogen under potential deposition (HUPD) was used 
to determine the Pt surface area via integrating the HUPD feature under 
a fast potentiodynamic experiment (300 mV s− 1).

3. Results

Scanning Transmission Electron Microscopy imaging of np-Pt-Cu and Pt- 

Fe/C: Nanoparticles corresponding to np-Pt-Cu and Pt-Fe/C, both 
collected after electrochemical pre-treatment, were analyzed under the 
scanning transmission electron microscope (STM) to address the rela
tionship between porosity to size. As can be seen in Fig. 2, np-Pt-Cu 
analogue shows a bimodal size distribution, one around 25 nm, and a 
second distribution below 10 nm. It can be observed that some of the 
large particles display signs of porosity, ranging from mild to severe 
etching. In contrast, in the case of Pt-Fe the particles show a size dis
tribution around 4 nm, and manifest significantly less formation of pores 
as expected based on size-dependency of porosity evolution [15].

ORR comparison Pt/C vs np-Pt-Cu: Initial electrochemical measure
ments focused on comparative analysis of ORR performances of the 
homemade np-Pt-Cu and commercial bulk platinum sample (Pt/C) 
measured under conventional thin film rotating disc electrode (TF-RDE) 
configuration (Fig. 3a and Table 1). The TF-RDE trends are in accor
dance with the superior performance of dealloyed catalysts over bulk 
platinum demonstrated in numerous other reports [39–41]. Note, 
however, that under TF-RDE conditions the ORR kinetics is accessible 
only within a very narrow potential range preventing one from obtain
ing reliable performance trends outside this region. Therefore, even 
though de-alloyed porous analogues manifest promising predispositions 
this doe not ensure their performance is retained under a more realistic 
regime (i.e. higher current densities). Notably, apart from some scarce 
MEA investigation [21,42] there are no such studies enabling a critical 
perspective on porosity. Therefore our further investigation exploited 
the MFE setup. According to the obtained trends, the np-Pt-Cu analogue 
indeed retains better ORR performance in the entire potential window 
(Fig. 3b). This suggests that behaviour at low overpotentials (low cur
rent density regime) might be a reliable prediction for the trends at high 
overpotentials (high current density regime). Roughly similar trends 
were also obtained recently for the case of dealloyed Pt-Co composites 
by the original FET methodology [30]. However in that particular case 
non-porous analogues (i.e. core–shell type) were included in the com
parison which might present an important distinction to porosity. In 
particular, apart from typical electronic effects at play in alloyed 
nanoparticles such as (ligand and/or strain [9,43,44]) porous analogues 
on the other hand additionally manifest the geometric effect (nano
confinement) [42,45–47] Hence, we expanded our investigation to
wards comparative electrochemical analysis of a porous and a core–shell 
analogue.

ORR comparison Pt-Fe/C vs np-Pt-Cu: Accordingly, a commercial Pt- 
Fe sample (i.e., core–shell type, Fig. 2b and Table 1) was evaluated 
via MFE configuration and compared to np-Pt-Cu analogue i.e. a sample 

Fig. 1. Schematic presentation of the MFE setup.
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with a large population of porous particles (Fig. 2a). Interestingly, the 
ORRspec performance can be divided into two opposite trends depending 
on the potential region as follows. Initially, in the low current density 
region, the np-Pt-Cu sample outperforms the core–shell analogue 
(Fig. 4a) which is in accordance with predictions from the TF-RDE 
measurements (Table 1). However, when approaching lower poten
tials (i.e., higher current densities) the two polarization curves diverge 
and the core–shell sample substantially outperforms the porous 
analogue (Fig. 4a,b).

4. Discussion

Overall, the discrepancy between the low and high current density 
trends suggests two limiting scenarios. Namely, ORR is susceptible to 
mass transport limitations (i.e. a non-intrinsic effect) and/or the reac
tion kinetics at low potentials is altered in favour of the core–shell ar
chitecture (i.e. an intrinsic effect). Initially, we address the mass 
transport limitation where, capitalizing from MEA studies, the most 
obvious explanation could rely on the local O2 resistance, RPt

O2, which 
describes the O2 interfacial transport through the ionomer film towards 
Pt surface. As shown recently ORR performance at high current densities 

Fig. 2. Particle size distributions and representative ADF images of a) np-Pt-Cu and b) Pt-Fe after electrochemical pre-treatment.

Fig. 3. ORR polarization curves for Pt/C and np-Pt-Cu samples. a) TF-RDE comparison (20 mV/s, 0.1 M HClO4) presented as Tafel plots. b) Background corrected 
ORR polarization curves (anodic scan shown) obtained via MFE setup (20 mV/s, 4 M HClO4).
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is hypothesized to be predominantly governed by RPt
O2. However, one of 

the strong arguments against its influence in our case is that it has been 
put forward based on MEA-based measurements [25,48–52] and hy
pothesized to play an important role under much higher current den
sities (> 1 Acm-2

geo) than reached in our work (≤ 500 mAcm-2
geo). 

Furthermore, studies involving the RPt
O2 assumed an exponential in

crease of ORR current also in the oxide-free region (low potentials) 
ascribing observed deviations to RPt

O2. However as shown in recent FET 
studies two other factors should be, at least, equally relevant. Firstly, the 
blocking of Pt surface with ORR intermediates in the oxide-free region 
(low potentials) also leads to a decline from the exponential behaviour 
[30,53]. The second factor is the preferential adsorption of negatively 
charged sulfonate groups from the ionomer where the unexpectedly 
ionomer-free electrode (i.e. with more Pt-free sites) showed only slightly 
better ORRspec from the ionomer-coated electrode (i.e. with less Pt free 
sites) in the oxide-free region (low potentials, 0.1–0.4 V) [28]. Notably 

in the referenced FET studies current densities in the range of 1 Acm-2
geo 

were reached therefore closely approaching the MEA regime. This 
further increases the validity/credibility that RPt

O2, might not be the 
predominant performance descriptor at low potentials. On the other 
hand in the oxide-covered region (higher potentials) the Nafion-coated 
electrode manifested better performance. The authors suggested that 
sulfonate groups lower the activation energy for ORR, however this ef
fect attenuates in the oxide-free region (low potentials) where the 
characteristics of more free sites (the Nafion-free electrode) becomes the 
prevailing factor [28]. Similarly, we investigated the effect of ionomer 
content for the Pt/C analogue. Accordingly, Nafion-free electrode 
manifests only slightly better performance at low potentials (Fig. 5b) but 
worse at high potentials (Fig. 5a) in comparison to Nafion-coated 
analogue in accordance with the results from the FET [28]. We note 
again that if RPt

O2 were to limit the reaction in the MFE configuration the 
Nafion-coated analogue should manifest worse ORRspec performance at 

Fig. 4. Background corrected ORR polarization curves for np-Pt-Cu and Pt-Fe analogue (anodic scan shown) obtained via MFE setup (20 mV/s, 4 M HClO4) 
demonstrated as ORRspec (a-b) or ORRgeo (c-d).

Fig. 5. ORRspec polarization curve for Nafion-free and Nafion-coated Pt/C catalyst (4 M HClO4 , 20 mV/s, anodic scan shown). Ionomer/carbon ratio = 0.8 mg/mg.
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low potentials (high current densities). Therefore the performance al
terations for np-Pt-Cu and Pt-Fe analogues should be ascribed to 
intrinsic (morphological) differences. On the other hand, RPt

O2 is influ
enced by dispersion of the catalyst (i.e. inter-particle distance). Note that 
the two analogues have similar Pt mass loading (Table 1) but since np- 
Pt-Cu has larger particles the inter-particle distance is larger for the 
latter. This could account for its lower ORRspec at high overpotentials 
(Fig. 4b). However, FET measurements of Pt/C analogues with different 
inter-particle distance disclosed that ORRspec is mainly governed by 
particle morphology. In particular, composites with fixed platinum-to- 
carbon ratio but unique particle size demonstrated the trend of 
increased ORRspec with the particle size [30]. Note that if the inter- 
particle distance had signigicant effect the ORRspec should decline 
with the particle size since larger particles are are more separated.

Overall, we suggest an alternative explanation for the obtained 
ORRspec trends where we argue that for the case of nanoporous catalysts 
the postulate that ECSA is completely utilized may not hold for the entire 
ORR potential window. In other words, “ORR participating ECSA” is 
possibly a function of the potential and decreases with increasing the 
ORR overpotential. Under such particular conditions, the reaction may 
occur only at the outermost geometric surface excluding the participa
tion of pores in the reaction. Therefore the effective area may not always 
be the same as the one accessible to the electrolyte (i.e. from which the 
HUPD or CO stripping charge is used to calculate the active surface 
area). More specifically, in the high-overpotential regime, the statistical 
probability for incoming O2 molecules to undergo ORR is high (~ 100 
%) for both, the porous and non-porous surfaces. The reaction proceeds 
at the outer electrode’s surface meaning the effective surface area is the 
same for both analogues. In contrast, in the low-overpotential regime (i. 
e., low reaction driving force) the probability of O2 molecules to react on 
the entire electrochemically active surface area is much higher. This 
means that the confinement effect of porous electrodes can come into 
play, hence the higher ORR activity for the np-Pt-Cu analogue (Fig. 4a). 
The hypothesis on similar effective surface area at high overpotentials 
and dissimilar effective surface area at low overpotentials can be further 
verified by comparing ORR performance presented as geometric current 
densities (ORRgeom) for the two analogues. If our hypothesis is valid the 
difference in ORRgeom should be gradually decreasing with increasing 
the overpotential. When normalized per geometric surface area much 
smaller differences as in ORRspec should be obtained whereas the 
ORRgeom at low overpotenitals should still significantly differentiate. 
Indeed the corresponding comparison reveals that this seems to be the 
case (Fig. 4c,d). We note that similar behaviour was previously observed 
in RDE measurements from where the same rationale was used to 
explain ORR trends [12]. However, we emphasize that there the probed 
potential range was limited (due to obvious limitations of RDE config
uration) to ~ 0.8 V vs RHE whereas in the present case, owing to the 
unique configuration of MFE apparatus, the potential window can be 
considerably widened (~ 0.05 V vs RHE). To corroborate this even 
further, an analogous comparative analysis was performed by consid
ering two additional core–shell samples, i.e., a Pt-Co analogue (see 
section S4 in Supplementary) and a Pt-Cu analogue (see section S4 in 
Supplementary). Accordingly, a similar potential-dependant trend as in 
the initial comparison of np-Pt-Cu and Pt-Fe was obtained (see sections 
S7 and S8 in Supplementary).

5. Conclusion

The present study investigates two limiting examples of nano
particulate morphology, namely a porous and a non-porous one focusing 
on the corresponding ORR performance. Accordingly, we performed a 
comparative ORR analysis of two typical platinum-based de-alloyed 
catalysts, namely a core–shell and a nanoporous analogue. For the 
purpose of the study, our unique floating-type electrode diagnostics was 
employed which, compared to a conventional TF-RDE method, enabled 
ORR measurements to be conducted under elevated mass transport of 

O2. In this way, the potential window of interest was significantly 
expanded. Accordingly, the analysis disclosed an evident anomaly. 
Namely, at low overpotentials the nanoporous analogue shows superior 
performance, which is in accordance with TF-RDE measurements. 
However, at high ORR overpotentials, the core–shell sample signifi
cantly outperforms the nanoporous analogue. To elaborate on this 
discrepancy we propose that in nanoporous architecture “ORR partici
pating ECSA” is probably a function of the potential and decreases with 
increasing the ORR overpotential similarly to what was originally sug
gested by Erlebacher’s TF-RDE analysis [13,54]. Under such conditions, 
a portion of the catalyst’s surface area is not electrochemically active 
due to transport limitation into the pores. The impact of the present 
study can be divided into two segments. Firstly, as demonstrated herein 
such insight is inaccessible with conventional RDE methodology with 
limited potential window and therefore highlights the importance of 
employing electrodes with elevated mass transport capabilities already 
at the initial stage of catalyst evaluation. Secondly, our findings imply 
that a porous architecture needs to be carefully designed if the poten
tially beneficial effect of nanoconfinement is to be exploited to its full 
potential. One of the viable means to exploit is the usage of pore-filling 
additives enabling increased O2 solubility. One class example are spe
cific ionic liquids (ILs). In conjunction with confined space, the latter 
indeed demonstrate improved ORR performance due to increased 
attempt frequency in comparison to blank composite as demonstrated in 
pioneered studies by Erlebacher’s group [13,54]. However, these com
posites are typically characterized in a limited potential window via TF- 
RDE, hence the understanding of IL additives is still in the preliminary 
stage especially when it comes to behaviour under a high current density 
regime. Therefore key properties of this secondary phase still need to be 
elucidated in order to increase the composite catalyst’s overall activity.
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