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Abstract 

Electrocatalytic oxygen reduction reaction (ORR) kinetics on vacuum-evaporated thin 

platinum films in sulfuric acid solution is thoroughly investigated employing the rotating disc 

electrode (RDE) method. The nominal thickness of the Pt films is varied from 0.25 to 20 nm 

and the effect of applied Nafion® layer on the ORR activity in 0.5 M H2SO4 solution is 

evaluated. The electroactive surface area of Pt and the corresponding overall ORR activity 

decreases with the nominal film thickness. An increase in the hydrogen peroxide yield and a 

decrease of the ORR specific activity of Pt with decreasing the film thickness is also 

observed. The Nafion® coating slightly increases the hydrogen peroxide production, but does 

not affect the electrocatalytic activity of Pt. The results obtained with the model system 

employed herein are important for elucidating the influence of Nafion® layer on the ORR 

kinetics on Pt-based electrocatalysts.  
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1. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) are considered to be highly promising 

energy conversion devices, thanks to their high efficiency and low environmental impact. At 

present, commercialization of the fuel cells is still hindered, as expensive Pt-based catalysts are 

required to overcome the sluggish oxygen reduction reaction (ORR) kinetics on the fuel cell 

cathode. In order to reduce the Pt loading, the utilization of Pt should be further improved and 

the composition of the cathode catalyst layer should be optimized. Nafion® ionomer is 

commonly added to carbon-supported Pt catalysts (Pt/C), in order to create a 

proton-conducting network for efficient Pt utilisation [1]. The ionomer content has a great 

effect on the ORR performance of the catalyst, as it provides an additional resistance to the 

mass transport of reactants and products [2-5]. Moreover, Nafion can also affect the kinetics of 

the ORR on Pt surface [6-12].  

Nafion® consists of hydrophobic polytetrafluoroethylene backbone and side chains 

containing hydrophilic sulfonic acid groups [13, 14]. In the presence of water, the latter are 

clustered to form an interconnected proton-conducting network. The sulfonate groups adsorb 

rather strongly on Pt, as confirmed by in-situ spectroscopic methods [10, 15, 16] and by 

electrochemical CO displacement experiments [17]. Similarly to the adsorbed (bi)sulfate 

anions in sulfuric acid solution [18], the adsorbed sulfonate groups can block the active centers 

of Pt and thereby influence its electrocatalytic activity for ORR [6] and methanol 

electrooxidation [19]. Inhibition of the ORR on bulk Pt in the presence of Nafion® in HClO4 

solution that contained only weakly adsorbing anions has been noted in several studies [6-11]. 

The surface coverage and adsorption strength of the sulfonate strongly depends upon the 
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crystallographic orientation of Pt surface [6, 17, 20]. Thus, for Pt single crystal surfaces the 

largest decrease in the ORR activity due to the Nafion® layer has been noted on Pt(111) facet, 

which also shows the strongest adsorption of (bi)sulfate ions [6]. The inhibition of the ORR 

also depends upon the structure of the ionomer, as the adsorption of sulfonate moieties is 

facilitated for the ionomers with longer and more flexible side chains [10]. On the other hand, 

no effect of Nafion® on the ORR rate in HClO4 solution was observed by Yano et al. [21]. In 

sulfuric acid solution, the adsorption of (bi)sulfate anions on Pt leads to a considerably lower 

ORR activity as compared to that in perchloric acid [22]. In 0.5 M H2SO4 solution, a slight 

enhancement of the ORR current by Nafion® at low overpotentials was observed, but the 

current decreased at higher overpotentials due to the mass transport limitations [2]. Improved 

kinetics of the ORR in 0.5 M H2SO4 has been attributed to the higher O2 solubility or a higher 

proton activity in the polymer film as compared to sulfuric acid solution [12]. However, 

comparable ORR rates on Nafion®-free and Nafion®-covered Pt electrodes in H2SO4 solution 

have been observed on bulk polycrystalline Pt [4, 23] as well as on Pt(111) single crystal 

surface [6].  

In several works, the influence of Nafion® on the electrochemical oxygen reduction 

behavior of nanostructured Pt catalysts has been studied by RDE method. For example, 

Curnick et al. [24, 25] showed a facile method for the preparation of electrocatalysts from 

Nafion®-stabilized colloidal Pt nanoparticles (Nafion®-Pt/C), offering synthetically-directed 

formation of the Pt-ionomer interface and providing unprecedented control over the 

morphology of Pt particles on the carbon support. Their study revealed that Nafion®-Pt/C 

catalysts possessed similar specific activity and mass activity towards the ORR as commercial 
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Pt/C catalysts, whilst requiring lower overall ionomer loadings. For nanostructured thin Pt 

films, a 7–10% decrease of the ORR rate in the presence of Nafion® film was noted, which is 

comparable with that observed on Pt(110) and Pt(100) surfaces [6]. Antoine et al. have shown 

that the ORR mechanism on carbon-supported Pt nanoparticles inside Nafion® is similar to that 

on bulk Pt [26]. The kinetic current density depends on Nafion® content in the catalyst layer, 

being the highest at the ionomer fraction of 10-55 wt% [27]. The specific activity (SA) for O2 

reduction of Pt in ultrathin uniform Pt/C layers in 0.1 M HClO4 decreased with increasing the 

ionomer/carbon ratio, which was attributed to the adsorption of sulfonate groups [7, 28]. The 

decrease of SA in the presence of Nafion® did not depend upon the Pt particle size [7]. 

However, in case of very low Nafion®/catalyst ratios (<0.04), it was shown that the effect of 

ionomer on the SA was negligible [29]. Ultra-microelectrode with cavity technique was used to 

show that in 1 M H2SO4 solution, the ORR activity of Pt/C catalyst was enhanced by Nafion® at 

low current densities, presumably as a result of the higher acidity, but decreased at high current 

densities [30]. The studies of the ORR on Nafion®-containing Pt/C electrodes by channel flow 

double electrode method have demonstrated a decrease in the O2 reduction activity and 

increase in H2O2 yield with increasing SO4
2‒ concentration in HClO4 solution, which was 

attributed to the strong specific adsorption of sulfate anions [31].  

The effect of Pt particle size on the ORR electrocatalytic activity has been extensively 

studied [32]. For thin Pt films, the dependence of the ORR activity on the Pt film thickness and 

particle size was observed in HClO4 solution, but not in H2SO4 [33]. Although in some studies 

no particle size effect for small (<5 nm) Pt particles has been noted [34-36], a decrease in the 

specific activity with decreasing particle size and maximum mass activity (MA) at about 2-5 
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nm has often been observed [26, 29, 37-43]. This size effect has been attributed to the changes 

in the distribution of Pt surface facets and edge sites with particle size [29, 39, 40, 43, 44] or to 

stronger adsorption of oxygenated species on smaller particles due to the electronic effects [41, 

42]. These experimental observations are also supported by theoretical calculations, where 

particles were modelled as truncated cubo-octahedra [45]. In contrast, Nesselberger et al. have 

found only small differences in SA for carbon-supported Pt catalyst with the particle size 

between 1-5 nm, but observed much higher SA for polycrystalline Pt and 30 nm unsupported Pt 

black particles [36]. They modelled the activities of Pt particles of different sizes based upon 

the distribution of surface planes and respective SA values. The results obtained were in 

contradiction with the measured activities, which showed that these simple models are not 

sufficient to describe the electrocatalytic ORR behavior of Pt nanoparticles.  

There are also several reports discussing the dependence of the ORR activity on the Pt 

interparticle distance, as reviewed in Ref.[32]. In some works, a decrease of the ORR activity 

with decreasing the distance between Pt particles has been observed, which can be explained 

by the effect of O2 diffusion and shielding of particles [46]. However, more recently an 

increase of the specific activity with a decrease in the interparticle distance was observed [47, 

48], which was explained to be possibly due to the decrease in the potential drop within the 

electrochemical double layer [48].  

Thus, despite of the extensive work on the effect of Pt particle size and the presence of 

Nafion® to ORR kinetics, some contradictions between the reports still exist, which can 

possibly be due to the complex O2 mass-transport conditions in Pt/C catalyst layers. Our aim 

was to use planar electrodes as model systems, in order to elucidate the influence of Nafion® 
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layer to the ORR kinetics on Pt films of different morphology at controllable mass-transport 

conditions. The nanostructured thin Pt films were prepared by electron-beam evaporation and 

these consist of Pt nano-islands, the size of which increases with nominal film thickness.  

 

2. Experimental 

Glassy carbon (GC) disc electrodes with the geometric surface area of 0.132 cm2 were 

prepared by mounting the GC discs into Teflon holders and polished with 1.0 and 0.3 µm 

alumina slurries (Buehler). After polishing, the GC electrodes were cleaned in an ultrasonic 

bath Branson 1510E-MTH (42 kHz, 70 W) in Milli-Q (Millipore, Inc.) water for 5 min. Thin 

Pt films with the nominal thickness of 0.25–20 nm were prepared onto GC electrodes by 

electron-beam evaporation using Vacuum Service OY evaporation system at a base pressure 

of 2×10−6 Torr. The thin-film Pt electrodes were coated by a Nafion® layer by applying a 

droplet of 0.5% Nafion® solution in ethanol, which was prepared from 5 wt% Nafion® 

solution in lower alcohols (Aldrich). The solvent was allowed to evaporate yielding a 0.5 µm 

Nafion® layer, as calculated by assuming the density of 2 g cm−3 for dry Nafion® [49-51]. For 

transmission electron microscopy (TEM) studies, the Pt films were evaporated onto TEM 

grids (formvar/carbon-coated copper grids) and studied on a Tecnai 12 instrument at 120 kV 

accelerating voltage. 

The electrochemical experiments were carried out in a glass cell in 0.5 M H2SO4 solution 

at room temperature (23 ± 2°C). The solution was prepared from 96% H2SO4 (Suprapur, 

Merck) and deaerated with argon (Ar, 99.999%, AGA) or saturated with O2 (99.999%, AGA); 

the gas flow over the electrolyte solution was maintained during the experiments. A saturated 



 

7 

calomel electrode (SCE) was used as a reference, which was calibrated against the reversible 

hydrogen electrode (RHE) as follows: ERHE = ESCE + 0.270 V. The calibration was performed 

in 0.5 M H2SO4 solution saturated with H2 and using Pt wires as both working and counter 

electrodes. All potentials are quoted with respect to the RHE. A Pt wire was employed as the 

counter electrode and the counter electrode compartment was separated from the working 

electrode compartment by a glass frit. The potential was controlled with an Autolab 

potentiostat/galvanostat (PGSTAT30, Eco Chemie B.V., The Netherlands) using the General 

Purpose Electrochemical System (GPES) software. The electrodes were electrochemically 

pre-treated by scanning the potential between 0.02 and 1.47 V at 100 mV s−1 until 

reproducible cyclic voltammograms were obtained. The electroactive surface area (ESA) of Pt 

on the electrodes was determined by integrating the charge under the hydrogen desorption 

peaks, assuming a charge density of 210 C cm−2 for Hupd monolayer [52].  

After potential cycling the electrodes were directly transferred into another cell 

containing O2-saturated solution, in order to minimize the surface contamination in air. 

Electroreduction of O2 was studied by rotating disc electrode (RDE) measurements using an 

EDI101 rotator and a CTV101 speed control unit (Radiometer) at electrode rotation rates (ω) 

between 360 and 4600 rpm. The potential was scanned between 1.07 to 0.07 V vs. RHE at 10 

mV s−1. The anodic background-corrected scans are presented and analyzed. 

 

3. Results and Discussion 

3.1. TEM studies 

The TEM micrographs of vacuum-evaporated thin Pt films are presented in Figure 1. The 
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images clearly show that Pt is not growing epitaxially but is forming small nano-islands. This 

corresponds to the Volmer–Weber growth mode and was previously observed for 

vacuum-evaporated Pt and Pd films [53, 54]. The island diameter slightly increases with the 

nominal film thickness, from 1.7±0.2 nm for 0.25 nm film to 2.8±0.4 nm for 1 nm film and 

3.5±0.5 for 5 nm film. The number on islands per unit surface area rises and for the 5 nm film 

the particles are merged. 

 

3.2. Cyclic voltammetry (CV) 

Thin-film Pt electrodes were subjected to potential cycling in O2-free 0.5 M H2SO4 solution 

in order to clean and characterize the Pt surface. Figure 2 shows stable cyclic voltammograms 

for Nafion®-coated and uncoated Pt films. The CV curves show the characteristic features of 

polycrystalline Pt. Two pairs of reversible peaks corresponding to the hydrogen 

adsorption/desorption (Hupd) at about 0.13 and 0.26 V vs. RHE have been attributed to Hupd 

on Pt(110) and Pt(100) step sites, respectively, but recently shown to be due to replacement of 

adsorbed hydrogen by adsorbed hydroxyl on those surface sites [55]. The third peak located 

at ca 0.21 V has been associated with oxidation of Hupd on reconstructed two-dimensional 

(110)-(21) domains that appear on anodically oxidised polycrystalline Pt or Pt(110) surfaces 

[55, 56]. The broad peak of oxide formation starts at about 0.8 V vs. RHE and the oxide 

reduction peak shifts from 0.76 to 0.69 V vs. RHE as the film thickness decreases. This effect 

is experimentally well-established and has been attributed to stronger adsorption of 

oxygen-containing species on smaller Pt particles [42] or to decrease in the kinetics of the 

Pt/PtO couple with decreasing Pt particle size [57, 58]. The charges corresponding to the Hupd 
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and oxide formation/reduction considerably increase with Pt film thickness. The CVs of 

uncoated and Nafion®-coated Pt films look rather similar, the Hupd peaks being only slightly 

less pronounced for the latter, similar to that observed on polycrystalline Pt [4, 5]. It has been 

suggested that the adsorption of sulfonate groups is suppressed by strongly adsorbing 

(bi)sulfate anions from the electrolyte solution [6, 17]. It has been proposed that for the 

sulfonate groups the metal-anion interactions are counter-balanced by the bonding of the 

anions to the polymer matrix and sulfonate-counter-cation interactions [17].  

The ESA of Pt determined by integrating the charge of Hupd desorption peaks increased 

with increase in film thickness (Table 1). Although the 5 nm Pt film completely covers the 

GC substrate surface, the ESA value is still considerably higher for 20 nm film, indicating 

that the roughness of the Pt film increases with the film thickness. It is also noteworthy that 

the ESA values are up to 18% lower for Nafion®-coated electrodes. This is in accordance with 

the studies on bulk polycrystalline Pt, where about 15-20% decrease of the ESA is due to the 

blocking of surface-active sites by Nafion® has been observed [2, 4].  

 

3.3. CO oxidation studies.  

CO stripping behavior on Pt films of various thicknesses, coated with Nafion were 

investigated as presented in Figure 3. CO stripping experiment was performed by 

electrochemical oxidation of the pre-adsorbed CO on the electrode surface in N2 saturated 0.5 

M H2SO4 solution. It can be seen in the inset of Figure 3 that the CO stripping peaks on 20 

nm, 5 nm and 0.25 nm Pt films are located at 0.72, 0.77 and 0.86 V, respectively. The shift of 

the peak potential may be related to the distinct morphology of Pt films. Very similar results 
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have been obtained for Pt films with the nominal thickness of 0.2 to 2.5 nm on carbon and 

TiO2 substrates and the peak shift has been attributed to more difficult oxidation of Pt surface 

sites of smaller Pt clusters [57, 58]. Maillard et al. also observed a positive peak shift for Pt 

particles smaller than 3.3 nm [59], therefore, the most positive peak potential of 0.25 nm film 

can be due to the small Pt island size. The particle size effects in CO monolayer oxidation 

were attributed to the particle size-dependent interaction between adsorbed CO and OH as 

well as to the size-dependent surface diffusion coefficient of adsorbed CO [60]. On the other 

hand, the appearance of a CO oxidation peak at more negative potentials than that of 

polycrystalline Pt has been attributed to the high defect density of nanograined structures or 

agglomerated Pt particles [59, 60]. This explains the negative peak shift for the 5 nm and 20 

nm films that also appear to consist on agglomerates of Pt grains (Figure 1). For 

Nafion-covered 20 nm, 5 nm and 0.25 nm Pt films a small negative shift of the CO stripping 

peak to 0.71, 0.72 and 0.82 V, respectively, was observed. This is in contradiction with the 

results of IR reflectance absorption spectroscopy studies, which have shown that the CO 

oxidation proceeds at higher potentials on Pt nanoparticles [61] and Pt(111) [16] covered by 

Nafion. 

 

3.4. Oxygen reduction studies  

The electroreduction of oxygen on thin Pt films was studied in 0.5 M H2SO4 solution by the 

RDE method. The representative ORR polarization curves for Nafion®-coated and uncoated 

electrodes are presented in Figures 4 and 5. S-shape voltammograms were observed for all 

the electrodes studied and for the 1 nm and thicker Pt films, the reduction currents reached 
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plateau values. It is evident that the plateau current is considerably lower for Nafion®-coated 

electrodes, which is caused by the resistance of the Nafion® layer to the mass-transfer of 

oxygen. A small decrease of the current at negative potentials is due to the adsorbed hydrogen, 

which partly block the O2 reduction centres [18].  

For the Koutecky-Levich (K-L) analysis of the RDE polarization curves of 

Nafion®-coated electrodes, the diffusion of O2 in the film should be taken into account 

according to the following equation [3, 4, 50, 51]:  

1/2b

O

6/12/3

Ofkdfk 22
F0.62

1111111

 CDnjjjjjj −
++=++=      (1) 

where j is the experimentally measured current density, jk is the kinetic current density, jf is 

the diffusion-limited current density controlled by the diffusion of O2 in the Nafion® layer, jd 

is the diffusion-limited current density determined by the mass-transport properties of the 

RDE in the boundary layer, n is the number of electrons transferred per O2 molecule, F is the 

Faraday constant (96,485 C mol−1), ω is the electrode rotation rate,  𝐶O2

b is the concentration 

of oxygen in the bulk solution (1.13×10−6 mol cm−3) [2], 𝐷O2
 is the diffusion coefficient of 

oxygen in 0.5 M H2SO4 (1.810−5 cm2 s−1)[2] and ν is the kinematic viscosity of the 

electrolyte solution (0.01 cm2 s−1) [62]. For Nafion®-coated electrodes, the limiting current 

density jlim appears as a combination of jd and jf (1/jlim=1/jd + 1/jf) and in case the value of n is 

independent of the potential, the kinetic current density can be calculated from the 

experimental values by the following equation: 

 𝑗k =
𝑗×𝑗lim

𝑗lim−𝑗
         (2) 

From the slopes of the K-L plots (inset to Figure 4), the values of n were calculated. The n 

values close to 4 were obtained for bare 1 nm and thicker Pt films (Table 1), indicating that 
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the product of O2 reduction is water. At E > 0.2 V vs. RHE the n value was independent of the 

potential for all electrodes, but at the most negative potentials the H2O2 production sharply 

increased due to the blocking effect of adsorbed hydrogen. For the Nafion®-coated films, 

slightly lower n values were observed. Higher peroxide yield on Nafion®-coated Pt electrodes 

has been explained by blocking of some O2 adsorption sites on Pt surface by fluorocarbon 

polymer network of Nafion® [8]. On the 0.25 nm Pt films, the n value was also lower, which 

can be attributed to the increased interparticle distance, which decreases the probability of 

H2O2 re-adsorption and reduction on neighbouring Pt nano-islands.  

It can be noted that the electrocatalytic activity of the Pt films increases with the film 

thickness (Figure 5) and the half-wave potential (E1/2) for O2 reduction shifts to higher values 

(Table 1). This is an expected result, as the ESA of Pt also considerably increases for the 

thicker films. In order to evaluate the dependence of intrinsic electrocatalytic activity of Pt on 

the morphology of the films and on the presence of Nafion®, the specific activity (SA) of Pt 

was calculated at 0.9 V vs. RHE: 

  SA =  
𝐼𝑘

𝐸𝑆𝐴
          (3) 

where Ik is the kinetic current calculated from the K-L equation. Comparison of the ESA 

values presented in Table 1 shows that the Nafion® coating does not remarkably influence the 

ORR activity of Pt in H2SO4 solution, except for the 20 nm film, which shows slightly 

increased SA when coated by Nafion®. This is in accordance with previous observations that 

the ORR kinetics on Nafion®-covered and bare Pt surface is similar in H2SO4 solution, where 

the (bi)sulfate anions are present in a large excess and show stronger adsorption as compared 

to sulfonate groups [6, 21]. Thus, in H2SO4 solutions the electrocatalytic activity of both bare 
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and Nafion®-coated Pt is mainly determined by the adsorption of the (bi)sulfate, whereas in 

HClO4 solution, a significant decrease of ORR kinetic currents in the presence of Nafion® is 

observed due to the adsorption of sulfonate groups [6, 7]. This effect is most remarkable on 

Pt(111) that shows strongest adsorption of sulfonate, but can be observed also on Pt 

nanoparticles [6]. 

It is also evident that the SA values decrease with decreasing the Pt loading, both for 

Nafion®-coated and uncoated electrodes. This can be due to morphological differences of the 

Pt films, such as decreasing the size of Pt islands with Pt nominal thickness, as the 

dependence of the ORR specific activity on Pt particle size has been observed in many 

studies [32]. It is known that the ORR is a structure-sensitive reaction and strongly influenced 

by the adsorption of spectator species, such as (bi)sulfate anions that show the strongest 

adsorption on Pt(111) facet and consequently this Pt single crystal plane is the least active for 

ORR in H2SO4 [18]. For cubo-octahedral particles, the proportion of Pt(111) surface facets 

increases with decreasing the Pt particle size, resulting in declined ORR activity [44]. Lower 

ORR activity of smaller Pt particles has also been attributed to higher prevalence of 

low-coordinated Pt sites, which show stronger adsorption of OH that inhibits the ORR rate 

[39, 41]. Another reason for lower activity of 0.25 nm Pt film might be higher interparticle 

distance, as Nesselberger et al. have demonstrated that the SA of Pt nanoclusters decreases 

significantly when the average edge-to-edge distance increases to 1-2 nm [48], as seen in 

Figure 1(a). In addition, part of the decreased SA observed for the thinnest Pt film is 

presumably due to the higher peroxide yield. 

The mass-transfer corrected Tafel plots constructed from the RDE polarization data at 
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1900 rpm are presented in Figure 6. The slope of these plots gradually increases from 

-68...-106 mV dec‒1 at low current densities to -135...-203 mV dec‒1 at high current densities, 

the Tafel slope values are given in Table 1. For Pt catalysts, the slope values close to -60 and 

-120 mV dec‒1 at low and high current densities, respectively, have been obtained in many 

studies [18, 26, 27, 51, 63-65]. The transfer of the first electron to O2 molecule has been 

suggested to be the rate-determining step (rds) in both potential regions and the slope change 

has been attributed to the change of the adsorption conditions of reaction intermediates, 

following Temkin or Langmuirian type adsorption [26, 27, 63]. The lower Tafel slope values 

have also been related to the site-blocking effect of chemisorbed oxygen at higher potentials 

[22, 66]. In this work, Tafel slope values are higher in both regions and are rather similar for 

Nafion®-coated and uncoated electrodes. It has been observed for Pt single crystal electrodes 

that the Tafel slope of ORR does not change when the electrode is coated with Nafion® [6]. It 

can be concluded that the ORR mechanism does not depend on the Pt loading or on the 

presence of Nafion® layer on the electrode surface. 

 

4. Conclusions  

The effect of Nafion® layer on the ORR activity of thin Pt films with the nominal thickness 

between 0.25-20 nm was studied in 0.5 M H2SO4 solution. According to the TEM studies, the 

thinnest films (0.25 nm and 1 nm) consist of separate Pt nano-islands with the diameter of a 

few nanometers. The electrocatalytic ORR activity of the Pt films decreased with decreasing 

the nominal film thickness, as a result of decreasing the electroactive surface area of Pt. 

However, the specific activity of Pt was also lower for the thinnest film, which was attributed 
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to the effect of the decreasing particle size and/or increasing the inter-particle distance. The 

H2O2 production also slightly increased for the thinnest Pt film. Applying a thin layer of 

Nafion® onto the Pt films resulted in a decrease in the diffusion-limited current density, but it 

did not affect the specific activity of Pt for O2 reduction. H2O2 yield was slightly higher for 

Nafion®-coated electrodes. The results show that the adsorption of sulfonate anions does not 

impact the ORR activity of nanostructured Pt films in sulfuric acid solutions.  

 

Acknowledgments 

 This research was financially supported by institutional research funding (IUT20-16 and 

IUT2-24) of the Estonian Ministry of Education and Research. This research was also 

supported by the EU through the European Regional Development Fund (TK141 “Advanced 

materials and high-technology devices for energy recuperation systems”).  

  



 

16 

References 

[1] S. Sharma, B.G. Pollet, Support materials for PEMFC and DMFC electrocatalysts-A review, Journal of 

Power Sources 208 (2012) 96-119. 

[2] S. Gottesfeld, I.D. Raistrick, S. Srinivasan, OXYGEN REDUCTION KINETICS ON A PLATINUM RDE 

COATED WITH A RECAST NAFION FILM, Journal of the Electrochemical Society 134(6) (1987) 1455-1462. 

[3] D.R. Lawson, L.D. Whiteley, C.R. Martin, M.N. Szentirmay, J.I. Song, OXYGEN REDUCTION AT 

NAFION FILM-COATED PLATINUM-ELECTRODES - TRANSPORT AND KINETICS, Journal of the 

Electrochemical Society 135(9) (1988) 2247-2253. 

[4] S.K. Zecevic, J.S. Wainright, M.H. Litt, S.L. Gojkovic, R.F. Savinell, Kinetics of O-2 reduction on a Pt 

electrode covered with a thin film of solid polymer electrolyte, Journal of the Electrochemical Society 144(9) 

(1997) 2973-2982. 

[5] F.A. Uribe, T.E. Springer, S. Gottesfeld, A MICROELECTRODE STUDY OF OXYGEN REDUCTION AT 

THE PLATINUM/RECAST-NAFION FILM INTERFACE, Journal of the Electrochemical Society 139(3) 

(1992) 765-773. 

[6] R. Subbaraman, D. Strmcnik, A.P. Paulikas, V.R. Stamenkovic, N.M. Markovic, Oxygen Reduction Reaction 

at Three-Phase Interfaces, Chemphyschem 11(13) (2010) 2825-2833. 

[7] K. Shinozaki, Y. Morimoto, B.S. Pivovar, S.S. Kocha, Suppression of oxygen reduction reaction activity on 

Pt-based electrocatalysts from ionomer incorporation, Journal of Power Sources 325 (2016) 745-751. 

[8] A. Ohma, K. Fushinobu, K. Okazaki, Influence of Nafion (R) film on oxygen reduction reaction and 

hydrogen peroxide formation on Pt electrode for proton exchange membrane fuel cell, Electrochimica Acta 

55(28) (2010) 8829-8838. 

[9] S.Q. Zhu, X.M. Hu, L.L. Zhang, M.H. Shao, Impacts of Perchloric Acid, Nafion, and Alkali Metal Ions on 

Oxygen Reduction Reaction Kinetics in Acidic and Alkaline Solutions, Journal of Physical Chemistry C 120(48) 

(2016) 27452-27461. 

[10] K. Kodama, K. Motobayashi, A. Shinohara, N. Hasegawa, K. Kudo, R. Jinnouchi, M. Osawa, Y. Morimoto, 

Effect of the Side-Chain Structure of Perfluoro-Sulfonic Acid Ionomers on the Oxygen Reduction Reaction on 

the Surface of Pt, Acs Catalysis 8(1) (2018) 694-700. 

[11] K. Kodama, A. Shinohara, N. Hasegawa, K. Shinozaki, R. Jinnouchi, T. Suzuki, T. Hatanaka, Y. Morimoto, 

Catalyst Poisoning Property of Sulfonimide Acid Ionomer on Pt (111) Surface, Journal of the Electrochemical 

Society 161(5) (2014) F649-F652. 

[12] J.B. Floriano, E.A. Ticianelli, E.R. Gonzalez, INFLUENCE OF THE SUPPORTING ELECTROLYTE ON 

THE OXYGEN REDUCTION REACTION AT THE PLATINUM PROTON-EXCHANGE MEMBRANE 

INTERFACE, Journal of Electroanalytical Chemistry 367(1-2) (1994) 157-164. 

[13] K.A. Mauritz, R.B. Moore, State of understanding of Nafion, Chemical Reviews 104(10) (2004) 

4535-4585. 

[14] F.P. Orfino, S. Holdcroft, The morphology of Nafion: are ion clusters bridged by channels or single ionic 

sites?, Journal of New Materials for Electrochemical Systems 3(4) (2000) 285-290. 

[15] Y. Ayato, K. Kunimatsu, M. Osawa, T. Okada, Study of Pt electrode/Nafion ionomer interface in HClO4 by 

in situ surface-enhanced FTIR spectroscopy, Journal of the Electrochemical Society 153(2) (2006) A203-A209. 

[16] A.M. Gomez-Marin, A. Berna, J.M. Feliu, Spectroelectrochemical Studies of the Pt(111)/Nafion Interface 

Cast Electrode, Journal of Physical Chemistry C 114(47) (2010) 20130-20140. 

[17] R. Subbaraman, D. Strmcnik, V. Stamenkovic, N.M. Markovic, Three Phase Interfaces at Electrified 

Metal-Solid Electrolyte Systems 1. Study of the Pt(hkl)-Nafion Interface, Journal of Physical Chemistry C 



 

17 

114(18) (2010) 8414-8422. 

[18] N.M. Markovic, H.A. Gasteiger, P.N. Ross, OXYGEN REDUCTION ON PLATINUM LOW-INDEX 

SINGLE-CRYSTAL SURFACES IN SULFURIC-ACID-SOLUTION - ROTATING RING-PT(HKL) DISK 

STUDIES, Journal of Physical Chemistry 99(11) (1995) 3411-3415. 

[19] M. Ahmed, G.A. Attard, E. Wright, J. Sharman, Methanol and formic acid electrooxidation on nafion 

modified Pd/Pt{111}: The role of anion specific adsorption in electrocatalytic activity, Catalysis Today 202 

(2013) 128-134. 

[20] M. Ahmed, D. Morgan, G.A. Attard, E. Wright, D. Thompsett, J. Sharman, Unprecedented Structural 

Sensitivity toward Average Terrace Width: Nafion Adsorption at Pt{hkl} Electrodes, Journal of Physical 

Chemistry C 115(34) (2011) 17020-17027. 

[21] H. Yano, E. Higuchi, H. Uchida, M. Watanabe, Temperature dependence of oxygen reduction activity at 

Nafion-coated bulk Pt and Pt/carbon black catalysts, Journal of Physical Chemistry B 110(33) (2006) 

16544-16549. 

[22] J.X. Wang, N.M. Markovic, R.R. Adzic, Kinetic analysis of oxygen reduction on Pt(111) in acid solutions: 

Intrinsic kinetic parameters and anion adsorption effects, Journal of Physical Chemistry B 108(13) (2004) 

4127-4133. 

[23] A. Ayad, Y. Naimi, J. Bouet, J.F. Fauvarque, Oxygen reduction on platinum electrode coated with 

Nafion((R)), Journal of Power Sources 130(1-2) (2004) 50-55. 

[24] O.J. Curnick, P.M. Mendes, B.G. Pollet, Enhanced durability of a Pt/C electrocatalyst derived from 

Nafion-stabilised colloidal platinum nanoparticles, Electrochemistry Communications 12(8) (2010) 1017-1020. 

[25] O.J. Curnick, B.G. Pollet, P.M. Mendes, Nafion (R)-stabilised Pt/C electrocatalysts with efficient catalyst 

layer ionomer distribution for proton exchange membrane fuel cells, Rsc Advances 2(22) (2012) 8368-8374. 

[26] O. Antoine, Y. Bultel, R. Durand, Oxygen reduction reaction kinetics and mechanism on platinum 

nanoparticles inside Nafion (R), Journal of Electroanalytical Chemistry 499(1) (2001) 85-94. 

[27] A. Velazquez-Palenzuela, F. Centellas, E. Brillas, C. Arias, R.M. Rodriguez, J.A. Garrido, P.L. Cabot, 

Kinetic effect of the ionomer on the oxygen reduction in carbon-supported Pt electrocatalysts, International 

Journal of Hydrogen Energy 37(23) (2012) 17828-17836. 

[28] K. Shinozaki, J.W. Zack, S. Pylypenko, B.S. Pivovar, S.S. Kocha, Oxygen Reduction Reaction 

Measurements on Platinum Electrocatalysts Utilizing Rotating Disk Electrode Technique, Journal of the 

Electrochemical Society 162(12) (2015) F1384-F1396. 

[29] K. Shinozaki, Y. Morimoto, B.S. Pivovar, S.S. Kocha, Re-examination of the Pt Particle Size Effect on the 

Oxygen Reduction Reaction for Ultrathin Uniform Pt/C Catalyst Layers without Influence from Nafion, 

Electrochimica Acta 213 (2016) 783-790. 

[30] E. Guilminot, A. Corcella, M. Chatenet, F. Maillard, Comparing the thin-film rotating disk electrode and 

the ultramicroelectrode with cavity techniques to study carbon-supported platinum for proton exchange 

membrane fuel cell applications, Journal of Electroanalytical Chemistry 599(1) (2007) 111-120. 

[31] H. Yano, T. Uematsu, J. Omura, M. Watanabe, H. Uchida, Effect of adsorption of sulfate anions on the 

activities for oxygen reduction reaction on Nafion (R)-coated Pt/carbon black catalysts at practical temperatures, 

Journal of Electroanalytical Chemistry 747 (2015) 91-96. 

[32] E. Antolini, Structural parameters of supported fuel cell catalysts: The effect of particle size, inter-particle 

distance and metal loading on catalytic activity and fuel cell performance, Applied Catalysis B-Environmental 

181 (2016) 298-313. 

[33] A. Sarapuu, A. Kasikov, T. Laaksonen, K. Kontturi, K. Tammeveski, Electrochemical reduction of oxygen 

on thin-film Pt electrodes in acid solutions, Electrochimica Acta 53(20) (2008) 5873-5880. 



 

18 

[34] H. Yano, J. Inukai, H. Uchida, M. Watanabe, P.K. Babu, T. Kobayashi, J.H. Chung, E. Oldfield, A. 

Wieckowski, Particle-size effect of nanoscale platinum catalysts in oxygen reduction reaction: an 

electrochemical and Pt-195 EC-NMR study, Physical Chemistry Chemical Physics 8(42) (2006) 4932-4939. 

[35] W.C. Sheng, S. Chen, E. Vescovo, Y. Shao-Horn, Size Influence on the Oxygen Reduction Reaction 

Activity and Instability of Supported Pt Nanoparticles, Journal of the Electrochemical Society 159(2) (2012) 

B96-B103. 

[36] M. Nesselberger, S. Ashton, J.C. Meier, I. Katsounaros, K.J.J. Mayrhofer, M. Arenz, The Particle Size 

Effect on the Oxygen Reduction Reaction Activity of Pt Catalysts: Influence of Electrolyte and Relation to 

Single Crystal Models, Journal of the American Chemical Society 133(43) (2011) 17428-17433. 

[37] M. Peuckert, T. Yoneda, R.A.D. Betta, M. Boudart, OXYGEN REDUCTION ON SMALL SUPPORTED 

PLATINUM PARTICLES, Journal of the Electrochemical Society 133(5) (1986) 944-947. 

[38] M.L. Sattler, P.N. Ross, THE SURFACE-STRUCTURE OF PT CRYSTALLITES SUPPORTED ON 

CARBON-BLACK, Ultramicroscopy 20(1-2) (1986) 21-28. 

[39] F.J. Perez-Alonso, D.N. McCarthy, A. Nierhoff, P. Hernandez-Fernandez, C. Strebel, I.E.L. Stephens, J.H. 

Nielsen, I. Chorkendorff, The Effect of Size on the Oxygen Electroreduction Activity of Mass-Selected Platinum 

Nanoparticles, Angewandte Chemie-International Edition 51(19) (2012) 4641-4643. 

[40] J. Perez, E.R. Gonzalez, E.A. Ticianelli, Oxygen electrocatalysis on thin porous coating rotating platinum 

electrodes, Electrochimica Acta 44(8-9) (1998) 1329-1339. 

[41] S. Mukerjee, J. McBreen, Effect of particle size on the electrocatalysis by carbon-supported Pt 

electrocatalysts: an in situ XAS investigation, Journal of Electroanalytical Chemistry 448(2) (1998) 163-171. 

[42] K.J.J. Mayrhofer, B.B. Blizanac, M. Arenz, V.R. Stamenkovic, P.N. Ross, N.M. Markovic, The impact of 

geometric and surface electronic properties of Pt-catalysts on the particle size effect in electocatalysis, Journal of 

Physical Chemistry B 109(30) (2005) 14433-14440. 

[43] M.H. Shao, A. Peles, K. Shoemaker, Electrocatalysis on Platinum Nanoparticles: Particle Size Effect on 

Oxygen Reduction Reaction Activity, Nano Letters 11(9) (2011) 3714-3719. 

[44] K. Kinoshita, PARTICLE-SIZE EFFECTS FOR OXYGEN REDUCTION ON HIGHLY DISPERSED 

PLATINUM IN ACID ELECTROLYTES, Journal of the Electrochemical Society 137(3) (1990) 845-848. 

[45] G.A. Tritsaris, J. Greeley, J. Rossmeisl, J.K. Norskov, Atomic-Scale Modeling of Particle Size Effects for 

the Oxygen Reduction Reaction on Pt, Catalysis Letters 141(7) (2011) 909-913. 

[46] M. Watanabe, H. Sei, P. Stonehart, THE INFLUENCE OF PLATINUM CRYSTALLITE SIZE ON THE 

ELECTROREDUCTION OF OXYGEN, Journal of Electroanalytical Chemistry 261(2B) (1989) 375-387. 

[47] H.Z. Yang, S. Kumar, S.Z. Zou, Electroreduction of O-2 on uniform arrays of Pt nanoparticles, Journal of 

Electroanalytical Chemistry 688 (2013) 180-188. 

[48] M. Nesselberger, M. Roefzaad, R.F. Hamou, P.U. Biedermann, F.F. Schweinberger, S. Kunz, K. Schloegl, 

G.K.H. Wiberg, S. Ashton, U. Heiz, K.J.J. Mayrhofer, M. Arenz, The effect of particle proximity on the oxygen 

reduction rate of size-selected platinum clusters, Nature Materials 12(10) (2013) 919-924. 

[49] M. Watanabe, H. Igarashi, K. Yosioka, AN EXPERIMENTAL PREDICTION OF THE PREPARATION 

CONDITION OF NAFION-COATED CATALYST LAYERS FOR PEFCS, Electrochimica Acta 40(3) (1995) 

329-334. 

[50] T.J. Schmidt, H.A. Gasteiger, G.D. Stab, P.M. Urban, D.M. Kolb, R.J. Behm, Characterization of 

high-surface area electrocatalysts using a rotating disk electrode configuration, Journal of the Electrochemical 

Society 145(7) (1998) 2354-2358. 

[51] U.A. Paulus, T.J. Schmidt, H.A. Gasteiger, R.J. Behm, Oxygen reduction on a high-surface area Pt/Vulcan 

carbon catalyst: a thin-film rotating ring-disk electrode study, Journal of Electroanalytical Chemistry 495(2) 



 

19 

(2001) 134-145. 

[52] H. Angerstein-Kozlowska, in: E. Yeager, J.M. Bockris, B.E. Conway, S. Saranapani (Eds.), Comprehensive 

treatise of electrochemistry, Plenum Press,New York, NY, United States, 1984. 

[53] K. Tammeveski, T. Tenno, J. Claret, C. Ferrater, Electrochemical reduction of oxygen on thin-film Pt 

electrodes in 0.1 M KOH, Electrochimica Acta 42(5) (1997) 893-897. 

[54] H. Erikson, A. Kasikov, C. Johans, K. Kontturi, K. Tammeveski, A. Sarapuu, Oxygen reduction on 

Nafion-coated thin-film palladium electrodes, Journal of Electroanalytical Chemistry 652(1-2) (2011) 1-7. 

[55] O. Diaz-Morales, T.J.P. Hersbach, C. Badan, A.C. Garcia, M.T.M. Koper, Hydrogen adsorption on 

nano-structured platinum electrodes, Faraday Discussions 210 (2018) 301-315. 

[56] R. Gomez, J. Clavilier, ELECTROCHEMICAL-BEHAVIOR OF PLATINUM SURFACES CONTAINING 

(110) SITES AND THE PROBLEM OF THE 3RD OXIDATION PEAK, Journal of Electroanalytical Chemistry 

354(1-2) (1993) 189-208. 

[57] B.E. Hayden, D. Pletcher, J.P. Suchsland, L.J. Williams, The influence of Pt particle size on the surface 

oxidation of titania supported platinum, Physical Chemistry Chemical Physics 11(10) (2009) 1564-1570. 

[58] B.E. Hayden, D. Pletcher, J.P. Suchsland, L.J. Williams, The influence of support and particle size on the 

platinum catalysed oxygen reduction reaction, Physical Chemistry Chemical Physics 11(40) (2009) 9141-9148. 

[59] F. Maillard, S. Schreier, M. Hanzlik, E.R. Savinova, S. Weinkauf, U. Stimming, Influence of particle 

agglomeration on the catalytic activity of carbon-supported Pt nanoparticles in CO monolayer oxidation, 

Physical Chemistry Chemical Physics 7(2) (2005) 385-393. 

[60] F. Maillard, E.R. Savinova, U. Stimming, CO monolayer oxidation on Pt nanoparticles: Further insights 

into the particle size effects, Journal of Electroanalytical Chemistry 599(2) (2007) 221-232. 

[61] D. Malevich, J. Li, M.K. Chung, C. McLaughlin, M. Schlaf, J. Lipkowski, In situ IR reflectance absorption 

spectroscopy studies of the effect of Nafion on CO adsorption and electrooxidation at Pt nanoparticles, Journal 

of Solid State Electrochemistry 9(5) (2005) 267-276. 

[62] D.R. Lide, CRC handbook of chemistry and physics, CRC Press, Boca Raton, 2001. 

[63] D.B. Sepa, M.V. Vojnovic, A. Damjanovic, REACTION INTERMEDIATES AS A CONTROLLING 

FACTOR IN THE KINETICS AND MECHANISM OF OXYGEN REDUCTION AT 

PLATINUM-ELECTRODES, Electrochimica Acta 26(6) (1981) 781-793. 

[64] A. Parthasarathy, S. Srinivasan, A.J. Appleby, C.R. Martin, TEMPERATURE-DEPENDENCE OF THE 

ELECTRODE-KINETICS OF OXYGEN REDUCTION AT THE PLATINUM NAFION(R) INTERFACE - A 

MICROELECTRODE INVESTIGATION, Journal of the Electrochemical Society 139(9) (1992) 2530-2537. 

[65] P.D. Beattie, V.I. Basura, S. Holdcroft, Temperature and pressure dependence of O-2 reduction at Pt vertical 

bar Nafion((R)) 117 and Pt vertical bar BAM((R)) 407 interfaces, Journal of Electroanalytical Chemistry 468(2) 

(1999) 180-192. 

[66] N.M. Markovic, H.A. Gasteiger, B.N. Grgur, P.N. Ross, Oxygen reduction reaction on Pt(111): effects of 

bromide, Journal of Electroanalytical Chemistry 467(1-2) (1999) 157-163. 

  



 

20 

 

 Table 1. Kinetic parameters for O2 reduction on bare and Nafion®-coated thin-film Pt 

electrodes in 0.5 M H2SO4 solution. 

Nominal Pt 

film 

thickness 

ESA 

(cm2) 

n at 0.2 V 

vs. RHE 

E1/2 (V vs. 

RHE) 

SA at 0.9 V 

vs. RHE 

(mA cm‒2) 

Tafel slope 

I*  

(mV dec‒1) 

Tafel slope 

II* 

(mV dec‒1) 

bare Pt       

0.25 nm 0.044  

0.015 

3.53  0.22 0.635  

0.002 

0.079  

0.010 

-91  8 -135  2 

1 nm 0.156  

0.003 

4.05  0.07 0.732  

0.001  

0.114  

0.003 

-79  3 -135  3 

5 nm 0.273  

0.029 

3.73  0.04 0.769  

0.008 

0.126  

0.009 

-87  2 -139  4 

20 nm 0.458  

0.025 

3.94  0.19 0.792  

0.005 

0.142  

0.005 

-86  1 -168  8 

Nafion®- 

coated Pt 

      

0.25 nm 0.038  

0.019 

3.05  0.07 0.533  

0.032 

0.092  

0.025 

-106  1 -203  28 

1 nm 0.142  

0.005 

3.75  0.24 0.717  

0.007 

0.114  

0.015 

-68  5 -152  2 

5 nm 0.224  

0.010 

3.52  0.08 0.751  

0.017 

0.148  

0.038 

-85  1 -171  3 

20 nm 0.454  

0.044 

3.83  0.06 0.805  

0.013 

0.199  

0.019 

-81  1 -197  10 

*Region I corresponds to low current densities (0.9 V < E < 1 V; 0.85 V < E < 0.95 V for 0.25 nm film) and 

region II to high current densities (0.6 V < E < 0.8 V). 
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Figure Captions  

 

Figure 1. TEM images of thin Pt films with the nominal thickness of (a) 0.25 nm, (b) 1 nm 

and (c) 5 nm. 

 

Figure 2. Cyclic voltammograms for (a) bare and (b) Nafion-coated thin Pt films in 

Ar-saturated 0.5 M H2SO4 solution. ν = 100 mV s‒1. 

 

Figure 3. Cyclic voltammograms for oxidation of pre-adsorbed CO on Nafion-coated thin Pt 

films and bare Pt films (inset) in Ar-saturated 0.5 M H2SO4 solution. v = 20 mV s−1. 

 

Figure 4. RDE voltammetry curves for O2 reduction on bare and Nafion-coated 1 nm Pt film 

in O2-saturated 0.5 M H2SO4 solution at various electrode rotation rates (360, 610, 960, 1900, 

3100 and 4600 rpm). ν = 10 mV s‒1. The inset displays the Koutecky-Levich plots of O2 

electroreduction at 0.2 V. 

 

Figure 5. RDE voltammetry curves for O2 reduction on (a) bare and (b) Nafion-coated thin Pt 

films in O2-saturated 0.5 M H2SO4 at 1900 rpm. ν = 10 mV s‒1. 

 

Figure 6. Mass-transfer corrected Tafel plots for O2 reduction on (a) bare and (b) 

Nafion-coated thin Pt films in O2-saturated 0.5 M H2SO4. ω = 1900 rpm. 

 


