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ABSTRACT 

The catalyst utilization in polymer electrolyte fuel cells (PEFCs) is never complete as a result of 

catalyst particle agglomeration and electronic or ionic isolation. Nafion®, the polymer electrolyte 

used in PEFCs contributes to the problem, since ORR can occur exclusively at the interfaces 

between its hydrated hydrophilic domains and the catalyst, but not at the respective interface 

involving the polymer’s hydrophobic backbone. The paper presents the results of a voltammetric 

and RRDE study of ORR catalyzed by Fe and Co porphyrins and phthaloyanines adsorbed on a 

high surface area carbon (Vulcan XC72) and by carbon supported Pt catalysts in presence of 

various quantities of Nafion®. The results demonstrate that Nafion® self-assembles on both 

pristine or catalyst decorated carbon nanoparticles, when its content in the catalyst ink exceeds 

some critical value compared to that of carbon. The phenomenon is responsible for the catalytic 

site blocking and ORR inhibition. The extent of the inhibition depends on the type and the amount 

of the catalyst on the carbon surface and the degree of carbon surface graphitization. The activity 

of Co and Fe porphyrins and phthalocyanines is suppressed by up to two orders of magnitude, 

whereas that of low Pt loading (4.8%) catalysts by up to one order of magnitude. The results are 

discussed in terms of the catalyst layer morphology and the active site structure and suggest that 

heat-treated Fe/N/C composites, some of the most promising non-precious ORR catalysts, may be 

exceptionally susceptible to the surface blocking by Nafion®. 
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INTRODUCTION 

Nafion® is a polymer electrolyte commonly used in proton exchange membrane fuel cells 

(PEMFCs). It has a hydrophobic perfluorinated aliphatic backbone, whereas its side chains are 

outfitted with strongly acidic sulfonic groups responsible for providing proton conductivity.1 The 

polymer is used as both the membrane material as well as the binder for highly dispersed catalysts 

in the anode and cathode catalyst layers of PEMFCs. Like other ion exchange polymers, Nafion® 

is phase separated. The perfluorinated backbone forms hydrophobic, whereas the sulfonic groups 

hydrophilic domains. In their hydrated state, the hydrophilic domains are capable of conducting 

hydrated protons. In a PEMFC, they provide environment, where hydrogen oxidation reaction 

(HOR, fuel cell anode) and oxygen reduction reaction (ORR, fuel cell cathode) can occur in 

presence of the aforementioned catalysts. The latter are typically platinum nanoparticles supported 

on high surface area carbons. The phase separation of the ionomer enables the formation of a 

continuous network of ion conducting channels, but it also eliminates some catalyst particles from 

the participation in the electrode reactions, when they contact ionically non-conductive, i.e., 

hydrophobic parts of the ionomer. The incomplete catalyst utilization can be expected just from 

the statistical distribution of the catalyst particles2 and the respective domains in the polyelectrolyte 

and it is also documented in the literature.2-6 The phenomenon is of a relatively lesser importance 

for the anode reaction (HOR), which does not require much Pt to be effectively catalyzed. 

However, it is a serious concern for the cathode process (ORR) due to the sluggishness of the 

reaction7-8 and the limited and largely monopolized Pt resources. In consequence, an extensive 

research aimed at the development of novel cathode catalysts has been conducted. The effort is 

directed towards either lowering the Pt loading necessary for the effective catalysis or replacing Pt 

(or other precious metals) with new materials. Among the novel materials, the most promising are 
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pyrolyzed Fe/N/C composites.7-9 Their active sites are believed to comprise of Fe centers 

coordinated by four co-planar pyridinic nitrogen atoms embedded in graphene planes and arranged 

like in phenanthroline molecules.8-9 As the phenanthroline groups do not necessarily belong to a 

common graphene plane, the coordination of the iron centers is frequently referred to as Fe-N2+2.9 

This structure is very similar to that in numerous macrocyclic complexes known to be catalytically 

active in ORR, such as iron or cobalt porphyrins, phthalocyanines, and corroles.10-14 The similarity 

lies not only in the square planar N4 coordination of the metal center but also in the aromatic 

π-electron environment surrounding it. The active centers in the Fe/N/C composites and Pt based 

catalysts are completely different and promote different ORR mechanisms.8, 12, 15 However, in 

practical applications, the catalysts of both types have a common feature. They both use a highly 

dispersed carbon as the catalyst support, whether the active centers are embedded in the support 

(Fe/N/C composites) or belong to independent catalyst crystallites (Pt based catalysts) deposited 

on larger carbon particles.  

Before any new catalyst is tested in an operating fuel cell, it undergoes an extensive evaluation 

using numerous characterization techniques, but most importantly an electrochemical 

characterization in aqueous acidic electrolytes (HClO4 or H2SO4) employing a rotating disk (RDE) 

or rotating ring disk (RRDE) electrode. If properly executed, RDE (RRDE) measurements can 

determine the intrinsic activity of a catalyst and its selectivity for the desired four electron reaction. 

The preparations for a typical RDE experiment involve fabrication of a catalyst ink, i.e., a 

suspension of the highly dispersed catalyst in a suitable solvent, deposition of a small ink quantity 

onto the (typically glassy carbon) disk of an RDE (RRDE) and evaporation of the ink. The resultant 

catalyst layer has to be uniform, not too thick and it has to completely cover the disk of the 

electrode. As the catalyst film quality strongly depends on the ink properties, the ink formulation 
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is of crucial importance.16 The catalyst ink must be well dispersed and durable, i.e., it should not 

settle or clump. Nafion® is frequently added to catalyst inks to improve the catalyst dispersion and 

the catalyst layer integrity. 

In this manuscript we compare the effects of Nafion® on the ORR catalysis by Pt and Co and 

Fe porphyrins and phthalocyanines supported on high surface area carbons under RRDE 

conditions. We will demonstrate that Nafion® present in the catalyst inks inhibits ORR to a 

different extent depending on the catalyst type and its relative amount compared to that of the 

carbon support.  

EXPERIMENTAL 

The following macrocyclic complexes were obtained from Aldrich and used as received: Iron 

(III) tetraphenylporphyrin chloride (5,10,15,20-Tetraphenyl-21H,23H-porphine iron(III) chloride, 

>94%, hereafter called FeTPPCl), iron(III) phthalocyanine chloride (~95%, hereafter called 

FePCCl), iron(III) octaethylporphyrin chloride (2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine 

iron(III) chloride, hereafter called FeOEPCl), cobalt(II) phthalocyanine (97%, hereafter called 

CoPC), cobalt(II) tetramethoxyphenylporphyrin (5,10,15,20-tetrakis(4-methoxyphenyl)-

21H,23H-porphine cobalt(II), 97%, hereafter called CoTMeOPP), cobalt(II) octaethylporphyrin 

(2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine cobalt(II), hereafter called CoOEP), cobalt(II) 

tetraphenylporphyrin (5,10,15,20-Tetraphenyl-21H,23H-porphine cobalt(II), 85%, hereafter 

called CoTPP).  

Anhydrous dichloromethane (DCM, ≥99.8% with 50-150 ppm amylene as stabilizer, Sigma 

Aldrich), Vulcan XC72, a high surface area (~240 m2 g -1) carbon (Cabot) were used as received. 
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All experiments were performed using 0.5 mol dm-3 H2SO4 at 25 °C as the background 

electrolyte. The electrolyte was prepared using a commercial sulfuric acid (Certified ACS Plus, 

Fisher Chemical) and Millipore® water. 

Highly ordered pyrolitic graphite (HOPG) grade SPI-2 (7 mm x 7mm x 1 mm platelet, mosaic 

angle 0.8° ± 0.2°, the lateral grain size up to 0.5 - 1 mm) was obtained from SPI Supplies and used 

as received. 

The working electrode in RRDE experiments was a Pine model AFE7R9GCPT electrode with 

a glassy carbon disk and a platinum ring. Its nominal collection efficiency of 37% was confirmed 

by independent measurements using potassium ferricyanide in potassium chloride electrolyte 

solutions. In some voltammetric experiments a 3mm glassy carbon disk electrode (Bioanalytical 

Systems) was used. 

Voltammetric HOPG electrodes were prepared as follows. A round opening was made with a 

steel punch (4.76 mm diameter) in a piece of Kapton® tape glued to a flat and smooth nylon block. 

Nylon was found to have a suitable hardness to allow for only a shallow penetration by the punch, 

which guaranteed smooth edges of the opening created in the tape without making damage to the 

punch cutting edge. After the round cutout was removed from the tape with a sharp tool, the tape 

was partially lifted from the block to expose the opening. Subsequently, an HOPG platelet, freshly 

cleaved with a piece of Scotch® tape, was placed on the block under the opening in the tape. The 

Kapton® tape was then carefully moved back down to create a seal between the edges of the 

platelet and the tape. A clean glass slide was used to press the tape against the HOPG. The quality 

of the seal thus obtained was subsequently examined under a microscope. Once the satisfactory 

seal was obtained, a piece of flexible copper foil was placed on the opposite (fully exposed) side 

of the platelet and the whole assembly covered with another piece of Kapton® tape. During the 
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last step, a special care was taken to avoid trapping air between the two Kapton® layers. Finally, 

the tape was trimmed with a razor. The electrode obtained in such a way was around 1.5 cm wide 

with the exposed HOPG surface area of ~0.18 cm2 and exhibited an excellent durability in aqueous 

sulfuric acid solutions. 

The counter electrode in all experiments was a graphite rod, whereas the reference electrode was 

a hydrogen electrode utilizing 6% H2 in Ar in equilibrium with Pt black coated platinum wire 

immersed in 0.5 mol dm-3 H2SO4. The equilibrium potential of the reference electrode at Los 

Alamos elevation (2100 m) is 39 mV positive than the potential of a reversible hydrogen electrode 

(RHE) in the respective solution at the sea level.  

In all RRDE experiments, the first scan was cathodic and the final potential was equal to the 

initial potential irrespective of the number of individual scans performed. The experiments were 

performed using electrode rotation rates ≥ 400 rpm and a scan rate of 10 mV s-1, which guaranteed 

undistorted convective diffusion transport of oxygen to the electrode surface. The ring potential 

was held at +1.24 V vs. RHE to assure transport controlled oxidation of hydrogen peroxide 

generated in ORR. The voltammograms were corrected for the respective background currents 

measured in oxygen free solutions under the identical conditions. The background corrected 

currents (icorr) were subsequently used to calculate the respective kinetic currents (ik) using 

standard mass transfer correction: ik = icorriL/(iL-icorr), where iL stands for the limiting ORR current.  

In order to accurately determine electrochemical surface properties of the catalysts deposited 

onto the RRDE, multi-cycle voltammograms in oxygen free atmosphere were recorded at 

significantly higher scan rates (100 – 1000 mV s-1). The voltammograms (and the capacitive 

currents extracted from them) reported in the paper were obtained from the second voltammetric 

cycles, which were not affected by uncontrolled electrode hold at the open circuit potential. 
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Two extensively characterized17-21 commercial Pt catalysts supported on Vulcan were used in 

the study: 20% Pt (BASF) and 4.8% Pt (TEC10V05E, Tanaka Kikinzoku Kogyo). The third 

studied Pt (4.8%) catalyst was supported on graphitized carbon. Its properties were not disclosed 

by the manufacturer. The necessary X-ray diffraction and BET measurements were performed by 

the authors of the paper. The respective numbers are 157 m2 g-1 for the BET surface area and 

4.8 nm for the average Pt particle size as determined from the Sherrer equation.22 For simplicity, 

the three Pt catalysts will be hereafter called Pt20V (20% BASF), Pt4.8V (4.8% Tanaka), and 

Pt4.8G (Pt on graphitized support), respectively.  

The catalyst inks for macrocyclic ORR catalysts were prepared using the following procedure. 

Around 40 mg of Vulcan XC72 were mixed with a few milligrams of the desired macrocycle and 

2 - 4 cm3 of DCM and slowly sonicated to dryness. Afterwards, the dry residue was sonicated for 

around 1 hour with 8 cm3 of isopropanol (IPA) and small quantities of 5% Nafion® solution (Ion 

Power, Inc.). The inks of Pt catalysts and of pure XC72 carbon were prepared by directly mixing 

the solids with IPA and Nafion® followed by sonication. The amount of 5% Nafion® solution 

used to prepare the catalyst inks varied from 0 to 2.7 μl per 1 mg of the carbon support and was 

found to be an important parameter determining the extent of ORR inhibition for various catalysts. 

The ratio of the volume (μl) of 5% Nafion® solution to the weight (mg) of carbon support used 

for the catalyst ink preparation will be denoted by R, where R = 1 corresponds to 1 μl of the 5 % 

Nafion® solution used for 1 mg of the carbon support, which is equivalent to 46.8 μg of pure 

Nafion® per 1 mg of the support. The inks of Pt catalysts were prepared in a similar way, i.e., a 

catalyst sample of ~40 mg was dispersed by sonication in 8 cm3 of IPA with small Nafion® 

addition. As with the non-precious catalysts, the Nafion® content in those inks is hereafter 

expressed by the parameter R, i.e., the ratio of the volume of 5% Nafion® in microliters to the 
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mass of carbon support in milligrams. All inks were stored in tightly closed glass vials at room 

temperature. 

A Pine Instruments bipotentiostat model AFCBP1 controlled by Aftermath software (Pine 

Instruments) was used for all rotating ring disk experiments. Unless otherwise stated, all 

experiments were performed for a constant total loading of 0.1 mg of the carbonaceous support, 

which corresponds to 0.4 mgcarbon cmdisk
-2. The deposition of the ink on the glassy carbon disk of 

the RRDE and its evaporation were monitored under a microscope.  

RESULTS 

1. The effect of Nafion on the electrochemical behavior of Vulcan XC72  

With its high specific surface area of ~240 m2 g-1, Vulcan XC72 significantly contributes to the 

overall surface area of catalysts utilizing it as the support and its interactions with Nafion® may 

alter the way the polymer electrolyte interacts with the catalyst particles. Consequently, the first 

part of our research was devoted exclusively to Vulcan, which was the catalyst support in all but 

one (Pt4.8G) studied catalysts. Cyclic voltammetry was selected to monitor changes in the 

available surface area of Vulcan in presence of Nafion®. The method is capable of directly 

measuring the electrical double layer charging currents of a conductive material, which are 

proportional to the surface area of the material remaining in contact with the electrolyte. Cyclic 

voltammograms were recorded for Vulcan XC72 inks containing from 0 to 1.5 μl of 5% Nafion® 

per 1 mg of carbon (0 ≤ R ≤ 1.5) in deoxygenated H2SO4 solutions at various scan rates ranging 

from 100 mV s-1 (Fig. 1) to 1000 mV s-1. The measured currents were proportional to the scan rate, 

i.e., exhibited capacitive character, in the entire potential range applied (0.04 – 0.74 V vs. RHE). 

They were virtually independent of Nafion® concentration for the inks containing up to and 
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including 0.6 μl of 5% Nafion® per 1 mg of XC72 (R = 0.6). However, when the Nafion® to 

carbon ratio (R) increased to 0.9 and above (0.9 < R ≤ 1.5), the measured currents dropped to 

 

 

Figure 1. Capacitive voltammetric currents measured for 0.1 mg of Vulcan XC72 mixed with 

various quantities of 5% Nafion® solution. Scan rate 100 mV s-1. R is the ratio of the volume of 

5% Nafion® (μl) to the mass of carbon (mg) used to make the carbon inks. The ratio of the 

capacitive currents at 0.3 V for various Nafion® contents to that measured in absence of Nafion® 

is plotted against R in the inset. The currents used to create the graph in the inset were averages of 

the absolute currents measured at 0.3 V in both forward and reverse scans. 

 

less than 20% and 10% of their initial values, respectively (Fig. 1). The suppressed currents still 

exhibited purely capacitive character. The changes in the capacitive currents demonstrate Nafion® 

adsorption on the carbon surface. The extent of the adsorption can be inferred from the measured 

double layer charging (capacitive) currents (idl). The charging current is proportional to the 
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differential (i.e., potential dependent) double layer capacity of both Nafion® covered (Cdl,Nafion®) 

and free (Cdl,free) carbon surface: 

   idl = (Cdl,free(1-Θ) + Cdl,Nafion®Θ)Arealv     (1) 

where Areal is the real surface area of the carbon deposited on the disk, v is the scan rate, whereas 

Θ is the surface coverage by Nafion®. Equation 1 neglects the contribution from the glassy carbon 

disk, whose surface area (~0.25 cm2) is significantly lower than that of the XC72 (~240 cm2 for 

the 0.1 mg loading). The equation can be used to calculate the surface coverages of the carbon 

surface by Nafion® for different Nafion® concentrations. In the calculations, the currents 

measured for the ink containing no Nafion® were identified with no surface coverage (Θ = 0), 

whereas the currents measured for R = 1.5 were assumed to correspond to Θ = 1 (maximum 

surface coverage) based on the observed flattening of the idl vs. R dependence at high Nafion® 

contents (inset in Fig. 1). The values of Θ obtained from eq. 1 were subsequently used to calculate 

the ratio of the surface area covered by Nafion® to the uncovered surface area (Θ/(1-Θ)). The 

resultant values were plotted vs. R to obtain the “adsorption isotherm” (Fig. 2). The real adsorption 

isotherm could not be determined, because the equilibrium concentrations of Nafion® in the inks 

corresponding to the measured surface coverage were unknown. They likely corresponded to 

unknown equilibrium states that were “frozen” at a later stage of the evaporation process due to 

the limited mobility of the large ionomer molecules between the already closely packed carbon 

particles. However, one can expect that the real adsorption isotherm would have a similar concave 

shape with even a steeper Θ/(1-Θ) increase at high Nafion® concentrations. At R≤ 0.6, virtually 

no adsorption is observed, i.e., the equilibrium Nafion® concentrations corresponding to the 
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virtually zero surface coverages (and Θ/(1-Θ)) are unaffected and directly proportional to R in this 

concentration range. When significant adsorption starts taking place, the  

Figure 2. Calculated (eq. 1) ratio of surface areas of Vulcan XC72 covered with Nafion® and not 

covered plotted versus Nafion® content (R) in the ink.  

 

R values are still unaffected, but the actual Nafion® concentration in solution is lowered by the 

adsorption. Consequently, the scale of the concentration axis will be contracted for R > 0.6 

compared to the R scale and the respective increase in Θ/(1-Θ) vs. concentration will be steeper 

than that in Fig. 2.  The concave shape of the adsorption isotherm is consistent with the presence 

of strong attractive interactions in the adsorbed layer and implies a self-assembly character of the 

adsorption. In absence of such interactions, the adsorption would be described by Langmuir 

isotherm, which predicts a straight linear increase in Θ/(1-Θ) with Nafion® concentration.23 The 

lowest Nafion® concentration in IPA sufficient to promote the self-assembly of the ionomer on 

Vulcan is unknown. However, it can be estimated from a correlation between the observed ink 

dispersion behavior and the electrochemical data (Fig. 1). The inks with R ≤ 0.6, whose 
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electrochemical behavior was virtually unaffected by Nafion® (Fig. 1), flocculated a short time 

after the sonication, irrespective of the sonication length. On the other hand, the inks with R ≥ 0.9 

were easily dispersed, stable almost indefinitely long and their respective double layer currents 

were significantly suppressed (Fig. 1). In those inks, Nafion® already acted as a surfactant 

protecting carbon particles from agglomeration. Hence, if the onset of Nafion® self-assembly is 

identified with R = 0.9, the respective minimum Nafion® concentration can be calculated as 

~0.21 mg cm-3 for a 5 mg cm-3 suspension of XC72 in IPA. 

As opposed to hydrophilic surfaces, which promote self-assembly of Nafion® through its 

hydrophilic (sulfonic) groups,24 the self-assembly of Nafion® on XC72 occurs through the 

Nafion® hydrophobic component (perfluorinated backbone), as indicated by the magnitude of the 

observed suppression of the capacitive currents (Fig. 1). The suppression would not occur or was 

significantly smaller, if the ionically conductive component of Nafion® remained in contact with 

the carbon surface. Moreover, a self-assembly of Nafion® on Vulcan through the ionomer's 

hydrophilic component would not improve the dispersion of carbon particles in the hydrophilic 

solvent (IPA). On the other hand, the self-assembly involving the hydrophobic Nafion® 

component virtually eliminates the strong repulsive interactions between that component and the 

hydrophilic solvent through the hydrophobic interactions of the ionomer’s backbone with itself 

and with the carbon surface.  

2. The effect of Nafion® on the electrochemical behavior of HOPG and GC 

That the self-assembly of Nafion® on Vulcan occurs through the ionomer's hydrophobic 

component remains in agreement with the hydrophobic character of graphitic surfaces, which 

markedly contribute to the overall surface area of Vulcan.25-26 In order to confirm the decisive role 

of graphitic surfaces in the self-assembly of Nafion® on Vulcan, a series of experiments were 
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performed with bare GC and HOPG electrodes in aqueous 0.5 M H2SO4 and mixed 35% (vol) 

isopropanol + 65% (vol) aqueous 0.5 M H2SO4 containing various quantities of either 5% Nafion® 

solution (sulfuric acid and IPA mixtures) or 50-fold diluted Nafion® solution in IPA (aqueous 

electrolyte). The experimental conditions were selected to mimic those encountered in the Vulcan 

inks. Contrary to our expectations, neither electrode material promoted self-assembly of Nafion® 

at the concentrations of up to 165 mg dm-3 (aqueous solutions) and 500 mg dm-3 (H2O + IPA 

solutions), as demonstrated by the lack of meaningful changes of the respective capacitive currents 

during up to six hour periods following the ionomer additions. However, a clear difference 

between the affinities of Nafion® to disorganized (GC) and graphitic (HOPG) carbon surfaces was 

demonstrated for solution cast Nafion® films. The films were fabricated through the deposition of 

10 μl aliquots of a Nafion® solution obtained by 50-fold dilution of the commercial (5%) Nafion® 

solution with isopropanol followed by a brief drying in air. While the presence of Nafion® film 

(confirmed both before and after the electrochemical experiments) had virtually no effect on the 

capacitive currents of GC, the surface of HOPG was found severely blocked (Fig. 3).  

The effect of Nafion® on the electrical double layer of HOPG (Fig. 3) is consistent with Nafion® 

self-assembly27 promoted by the attractive interactions between its hydrophobic component and 

the ordered and hydrophobic graphitic surfaces. In similarity to HOPG, carbon atoms in GC are 

also sp2 hybridized, but form a randomly distributed network of fullerene-like structures.28 In 

consequence, a polished surface of the material is expected to exhibit an “amorphous” character 

and significantly lower hydrophobicity, which cannot promote strong interactions with the 

hydrophobic component of the ionomer.  The structural differences between HOPG and GC 

confirm that the partially graphitic character of the Vulcan surface26 plays a decisive role in the 
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self-assembly phenomena described in the previous section. The lack of Nafion® self-assembly 

on flat HOPG surfaces in presence of liquid (electrolyte) phase does not contradict the above  

Figure 3. Capacitive voltammetric current densities measured for a 3 mm glassy carbon disk and 

a 4.8 mm HOPG electrode in 0.5 mol dm-3 sulfuric acid before (solid lines) and after depositing 

Nafion® film (see text). Scan rate 100 mV s-1. 

 

conclusion. As opposed to relatively small (~30 nm) Vulcan particles,19 which can be virtually 

encircled by a single Nafion® strand interacting through its hydrophobic backbone with the carbon 

surface and itself, significant extent of Nafion® ordering is required on virtually atomically flat 

HOPG surfaces.27 The respective entropy change is significantly less favorable than that associated 

with the Nafion® self-assembly on small carbon particles, which does not require a concerted 

alignment of multiple Nafion® molecules.27 Instead, a single Nafion® strand, whose length can 

vary from ~200 nm to ~ 2000 nm as estimated from the reported average molecular weight of the 

polymer,1 is sufficient to self-align around a ~30 nm Vulcan particle. The self-assembly of 
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Nafion® on small carbon particles may be additionally promoted by a favorable entropy 

contribution associated with the deagglomeration of the particles.  

3. Nafion® effects on the kinetics of ORR catalyzed by Co and Fe macrocycles adsorbed 

on Vulcan XC72 

In order to quantitatively evaluate Nafion® effects on ORR catalyzed by macrocyclic complexes, 

a model system meeting the specific requirements of high stability and well defined ORR 

mechanism had to be selected. All catalysts containing the macrocyclic complexes adsorbed on 

Vulcan XC72 dispersed with significant difficulty in pure IPA and even more so in water and 

Figure 4. Background corrected RRDE currents for ORR (disk – negative, ring – positive) 

recorded for 7.5% CoPC supported on Vulcan XC72 and two Nafion® contents. R = 0.3 - solid 

lines, R = 1.2 – dashed lines. Total carbon loading 0.1 mg. Rotation rate 400 rpm. Scan rate 

10 mV s-1.  

 

their inks easily flocculated afterwards. Addition of Nafion® to the inks facilitated the catalyst 

dispersion. The lowest amount of Nafion® that allowed for a barely acceptable quality of the 
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catalyst layer on the RRDE disk corresponded to R = 0.3. On the other hand, the inks with R = 1.2, 

which guaranteed almost full surface coverage of the carbon support by Nafion® (Fig. 1), did not 

flocculate and created uniform catalyst layers. The aforementioned selection of the model system 

was accomplished based on experiments performed for these two Nafion® contents.  

The experiments revealed that the iron macrocycle based catalysts (FeTPPCl, FeOEPCl, and 

FePCCl) were quickly deteriorating during RRDE measurements. In multiple scan experiments, 

every single cycle was shifted cathodically from the previous one, irrespective of the Nafion® 

content. The rate of deterioration was changing in the following order: FePCCl > FeTPPCl ≥ 

FeTOEPCl. On the other hand, the catalysts containing Co based complexes, i.e., CoPC, 

CoTMeOPP, CoOEP, and CoTPP produced more stable electrochemical behavior. For all Co 

based inks with R = 0.3, the forward (cathodic) scans of the background corrected RRDE 

voltammograms were virtually identical with the reverse (anodic) ones, indicative of a mixed 

kinetic/transport control of the reaction. The measured currents were practically independent of 

the number (up to ten) of cycles. For the same catalysts with R = 1.2, the background corrected 

oxygen reduction currents in the kinetic region of the forward (cathodic) scans were higher than 

those in the reverse scans (Fig. 4), but the catalysts were stable, i.e., virtually identical 

voltammograms were recorded irrespective of the number of cycles in the voltammetry. We found 

that surface confinement of oxygen was responsible for the higher ORR currents in the forward 

scans. The phenomenon was also detected for Fe based catalysts with R = 1.2, but it was obscured 

by the progressive catalyst degradation. Our subsequent paper will deal with the oxygen 

confinement in great detail. For the present study, it is essential that the currents in the reverse 

(anodic) scans were not affected by the phenomenon and determined exclusively by 

electrochemical kinetics and oxygen transport. Consequently, all kinetic data presented below for 
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the ORR catalyzed by the macrocyclic complexes were obtained from the respective reverse 

(anodic) scans. 

Except for CoPC (Fig 4), the ORR catalyzed by all studied macrocycles under RRDE conditions 

produced a single reduction wave at both R = 0.3 and R = 1.2. However, the number of electrons 

in ORR was noticeably increasing with the overpotential for these complexes, whereas it was 

practically constant and very close to 2 for the major wave in ORR voltammograms recorded for 

CoPC (Fig 4), which indicated that hydrogen peroxide was the main oxygen reduction product for 

that complex. The reaction stoichiometry for CoPC was also virtually unaffected by the quantity 

of Nafion® in the ink, whereas the relative contribution of the two-electron reaction was 

significantly higher at R = 1.2 than at R = 0.3 for the remaining complexes (Table 1). A single 

rotation rate of 400 rpm was selected for the kinetic analysis of the ORR catalyzed by the 

macrocyclic complexes. This rotation rate guaranteed the highest accuracy of the measurement of 

the transport controlled currents, which was required for the kinetic current determinations. Higher 

rotation rates, especially for R = 1.2, frequently resulted in not well defined limiting currents due  

Table 1. Number of electronsa) transferred in ORR catalyzed by cobalt and iron porphyrins and 

phthalocyanines. 

Catalyst n at R=0.3 n at R =1.2 
CoPCb) 2.05 - 2.34 2.20 - 2.37 
CoOEP 2.84 - 3.56 2.05 - 2.36 
CoTPP 2.62 - 3.12 2.27 -2.40 
CoTMEOP 3.10 - 3.24 2.40 - 2.65 
FeTPPCl 2.10 - 3.90 2.40 - 3.95 
FeOEPCl 2.40 - 3.92 2.20 - 3.80 
FePCCl 2.10 - 3.90 3.00 - 3.28 
a)The numbers show the range of n measured over the respective potential range corresponding 

to the kinetic currents shown in Fig. 4 
b)The major reduction wave (Fig. 3) 
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to a partial overlap of the currents originating from the ORR and the electrolyte decomposition. 

Figure 5 shows the kinetic, i.e., transport corrected ORR currents recorded for all studied 

macrocycles and two Nafion® contents (R = 0.3 and R = 1.2) in the catalyst inks. Very significant 

cathodic shifts are  

Figure 5. Kinetic ORR currents determined from first reverse (anodic) scans of RRDE 

voltammograms measured for Co and Fe porphyrins and phtalocyanines supported on Vulcan 

XC72. Nafion® content (R): 0.3 – solid lines, 1.2 – dashed lines. Total Vulcan XC72 loading 

0.1 mg. Rotation rate 400 rpm. Scan rate 10 mV s-1. Weight percentage of the complexes in the 

catalysts (excluding Nafion®): FeOEPCl – 8.1 (full black squares); FeTPPCl – 9.0 (half filled red 

squares); CoOEP – 7.6 (blue crosses); CoPC – 7.5 (full green circles); CoTPP – 8.6 (purple 

crossed squares); CoTMeOPP – 6.2 (orange triangles); FePCCl – 7.9 (light blue hexagons). 

  

observed for all inks with R = 1.2. The magnitude of the shift was similar for most macrocycles 

and varied between ~200 mV and ~300 mV with the ORR overpotential. For CoPC and FeOEPCl, 

the potential shifts did not exceed 200 mV. In close similarity with the Nafion® effects on the 

Page 20 of 56

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 
 

capacitive currents measured for XC72 (Fig. 1), the background currents (not shown) measured 

for the inks with R = 1.2 were also significantly lower than those recorded for the inks with 

R = 0.3. As demonstrated by the above data, the strong detrimental effect of Nafion® on the ORR 

catalysis by the Vulcan supported macrocyclic complexes is not selective. Consequently, similar 

effects of Nafion® on other carbon supported catalysts can be expected. 

The Nafion® and potential induced changes in the number of electrons involved in ORR and the 

inaccuracies in the determination of the respective limiting currents made us abandon 

Koutecky-Levich29 analysis for the majority of the studied complexes. The analysis was performed 

exclusively for CoPC, whose electrochemical behavior in ORR was relatively well defined. While 

the partial overlap between the first oxygen reduction wave and the ill-defined second one 

compromised the quality of the Koutecky-Levich analysis of the first wave, the results 

demonstrated that the Nafion® layer had virtually no effect on oxygen transport to the catalytically 

active sites. These data will be shown together with the respective Koutecky-Levich plots 

determined for the Pt catalysts (Fig. 12). Due to its stable and relatively better defined 

electrochemical behavior in ORR (Table 1) CoPC was also selected for further kinetic studies. 

4. Nafion® effects on the kinetics of ORR catalyzed by CoPC – ionomer and macrocycle 

loading effects.  

The low Nafion® quantity (R = 0.3) used in some of the previous experiments (Fig. 5) did not 

guarantee sufficiently good quality of the respective catalyst layers. Consequently, the smallest 

amount of Nafion® used for the studies described in this section corresponded to R = 0.6. Such 

amount of Nafion® resulted in somewhat better catalyst film quality without a significant ORR 

inhibition.  
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Inks containing three different CoPC quantities (1.7% (w/w), 5.7% (w/w), and 13.6% (w/w)) 

and variable quantity of Nafion® (0.6 ≤ R ≤ 2.4) were prepared. The quantities of CoPC in the 

three inks corresponded to ~100%, 350% and 910% of the full surface coverage, assuming CoPC 

molecules adsorbed flat on the entire carbon surface.30 If only basal (graphitic) carbon planes 

supported the phthalocyanine,31 there would be an excess of the compound for all three catalyst 

compositions. In either case, if CoPC molecules adsorbed flat and did not agglomerate on the 

carbon surface, all three catalyst compositions would produce the highest possible surface 

coverage by CoPc molecules with the excess of CoPC forming nonconductive and thus inactive 

crystals. Indeed, small shiny crystallites of the phthalocyanine were clearly visible under a 

microscope during the evaporation of the 5.7% and 13.6% inks containing 0.6 μl of 5% Nafion® 

solution per 1 mg of the carbon support (R = 0.6). While the crystallites were also visible for higher 

Nafion® contents, their number seemed to decrease with R and virtually none of them could be 

observed for R ≥ 1.5. Spectrophotometric measurements with CoPC suspensions in mixed 

IPA + Nafion® solutions revealed that Nafion® had no effect on CoPC solubility in the inks. 

Therefore, it was reasonable to assume that CoPC crystallites were present in the inks irrespective 

of the Nafion® content, but their view became progressively obstructed by better dispersed carbon 

particles in the inks with higher Nafion® concentrations.  

4.1. CoPC loading effect (R = 0.6). 

In agreement with the expected CoPC surface saturation, the activities of the catalysts containing 

1.7% and 5.7% CoPC were comparable (Fig. 6). However, the catalyst containing 13.6% CoPC 

was found more active (Fig. 6). Its higher activity resulted from a higher number of 

electrochemically active CoPC molecules on the surface as manifested by the better defined CoPC 

reduction/reoxidation peaks (at ~0.7 V and ~0 V) in the respective voltammograms recorded for 
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that catalyst in oxygen free atmosphere (inset Fig. 6). The faster ORR kinetics was not 

accompanied by a change in the reaction mechanism, i.e., the number of electrons in ORR stayed 

virtually identical to that observed for the other two catalysts (see the legend of Fig. 6).  The higher 

apparent surface density of the active sites in the 13.6% catalyst may result from a partial overlap 

between the adsorbed CoPC molecules (i.e., a higher loading than that corresponding to the close 

packed monolayer) and/or a large number of CoPC crystallites present in the catalyst layer. The 

latter may act as nonconductive spacers, which reduce the agglomeration of the carbon support 

particles likely occurring through the strongly hydrophobic phthalocyanine molecules. In  

Figure 6. Kinetic ORR currents determined from first reverse (anodic) scans of RRDE 

voltammograms measured for various quantities of CoPC supported on Vulcan XC72. R = 0.6. 

Total carbon loading 0.1 mg. CoPC contents (weight %) listed in the legend. Rotation rate 

400 rpm. Scan rate 10 mV s-1. Inset: cyclic voltammograms recorded for the catalysts in absence 

of oxygen at 100 mV s-1. CoPC contents (weight %): 1.7 – solid blue line; 5.7 – short dashed red 

line, 13.6 – long dashed black line. Reduction and oxidation peaks corresponding to CoPC are 

clearly visible only for the 13.6% CoPC (long dashed black line). 

Page 23 of 56

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 
 

consequence, a higher number of the active sites adsorbed on the surface of the carbon support 

may be exposed and participate in ORR. Further insight into the potential causes of the higher 

activity of the 13.6% catalyst will be presented in the following section.  

4.2. Nafion® concentration effects 

Figure 7 demonstrates the effects of increasing quantity of Nafion® on the catalytic activity for 

ORR of the catalysts containing 1.7%, 5.7% and 13.6% CoPC.  The reaction on all catalysts 

becomes strongly  

      

Figure 7. Effects of Nafion® on the kinetic ORR currents for catalysts containing three different 

quantities of CoPC: 1.7% (A); 5.7% (B); 13.6% (C). Total Vulcan XC72 loading 0.1 mg. Rotation 

rate 400 rpm. Scan rate 10 mV s-1. Nafion contents (R) and average number of electrons 

transferred in ORR (n) listed in the legend. 

 

inhibited, when Nafion® concentration in the catalyst increases. The observed reduction potentials 

shift cathodically by as much as 300 mV, when the Nafion® content increases from R = 0.6 to R = 

1.8.  
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 Figure 8. Capacitive currents at 0.3 V for three CoPC + XC72 catalysts plotted against the 

Nafion® content (R) in the ink. The values plotted are sums of the absolute currents measured in 

both forward and reverse voltammetric scans recorded at a scan rate of 100 mV s-1. Total Vulcan 

XC72 loading 0.1 mg. 

The changes in ORR kinetics for all three catalysts do not have a continuous character but occur 

rather stepwise within the narrow concentration range of Nafion®. The kinetic changes are not 

accompanied by any changes in the reaction selectivity for hydrogen peroxide (number of electrons 

in ORR listed in the figure). The catalysts containing 1.7% and 5.7% CoPC behave similarly in 

that a change in the reaction kinetics is already advanced at R = 1.2. For the catalyst containing 

13.6 % CoPC, the major kinetic change occurs after R reached 1.2. A similar “delay” is also visible 

in the graph showing the suppression of the respective capacitive currents by Nafion® adsorption 

(Fig. 8). This behavior may have its origin in the already postulated effect of CoPC crystallites 

acting as carbon particle separators, which make a larger fraction of the carbon surface available 
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for ORR but also for Nafion® adsorption. Moreover, the crystallites can compete with carbon 

particles as the hydrophobic centers for the self-assembly of Nafion®.  

A series of experiments (not shown) was also performed with CoPC catalyst films (5.4% CoPC), 

where various quantities of a diluted Nafion® solution (1 cm3 of 5% Nafion® diluted 100-fold in 

deionized water) were deposited on top of the catalyst films containing no Nafion®. In agreement 

with the self-assembly hypothesis, the ionomer introduced to the catalyst layer in this way had 

virtually no effect on either background currents or ORR kinetics even if the nominal content of 

Nafion® in the catalyst layer corresponded to R as high as 5 (234 μg of pure Nafion® per 1 mg of 

XC72). 

5. The effect of Nafion® on ORR catalyzed by carbon supported platinum 

The effects of Nafion® on ORR catalyzed by platinum were studied for three catalysts 

containing from 4.8% Pt to 20% Pt. The catalyst with the highest Pt content (20% Pt on XC72) 

was found to be virtually unaffected by Nafion® up to and including R = 2.7. Neither the cyclic 

voltammograms recorded for the catalyst in absence of oxygen nor the RRDE voltammograms 

recorded for oxygenated solutions were visibly changing within the specified range of Nafion® 

concentration in the catalyst ink. The same was true for the number of electrons transferred in 

ORR, which did not deviate from 4 by more than 0.02 under all studied conditions. In Fig. 9A are 

shown the respective voltammograms recorded for the catalyst in deoxygenated solutions. All, the 

hydrogen underpotential deposition (HUPD) (E < 0.4 V), platinum oxide formation (E > 0.8 V), and 

platinum oxide reduction (E < 1.0 V) regions in the voltammograms are well defined and 

practically insensitive to the Nafion® content. As the oxide formation and reduction processes 

occur with overvoltages, the ORR kinetics is slower, when the electrode potential is scanned 
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cathodically, as it starts when the Pt surface is partially covered with Pt oxide32. Consequently, in 

Fig. 9B are shown the respective Tafel plots obtained from the data collected  

Figure 9. Background currents (A) and ORR kinetic currents (B) measured for Pt20V (0.1 mg 

total carbon loading) containing various Nafion® quantities (R). Scan rate: 100 mV s-1 (A); 

10 mV s-1 (B). Rotation rate (B): 400 rpm. Scan directions (B) indicated by the arrows parallel to 

the Tafel plots. 

 

during both forward (cathodic) and backward (anodic) potential scans in the RRDE experiments. 

Somewhat slower ORR kinetics can be observed for the partially oxidized Pt surfaces (forward 

scans) of the inks containing higher quantities of Nafion® (R = 1.8 and R = 2.7). A slower ORR 

kinetics is also visible in the reverse scan recorded for the catalyst ink with R = 1.8. Since the 

respective background currents were virtually identical for all Nafion® contents (Fig. 9A), we 

believe that the observed kinetic differences for the catalyst are likely associated with inadequate 

background correction at low and high overvoltages, where the ORR currents are either very low 

or very close to the limiting currents and the standard mass transfer correction is least accurate.  
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In spite of the identical Pt content (4.8%) in the two low Pt loading catalysts, there were 

measurable differences in their electrochemistry (Fig. 10). The catalyst supported on graphitized 

carbon (Pt4.8G) exhibited generally lower background currents in the whole studied potential 

range, i.e., in the hydrogen UPD (HUPD), PtO formation/reduction and the double layer (determined 

predominantly by the carbon support) regions. This was true for all Nafion® concentrations in the 

inks (Fig. 10).  

 

Figure 10. Background currents measured for Pt4.8G (A) and Pt4.8V (B) catalysts containing 

various quantities (R) of Nafion®. Scan rate 100 mV s_1. Total carbon support loading 0.1 mg. 

 

The lower double layer currents for Pt4.8G have the origin in the more graphitic character of its 

carbon support (Fig. 3) and its lower specific surface area (156 m2 g-1 for the catalyst) compared 

to that of Vulcan in Pt4.8V (~240 m2 g-1). Lower HUPD and Pt oxide currents measured for Pt4.8G 

are expected from its larger Pt particle size (4.8 nm) compared to that of Pt4.8V (number averaged 

2.2 nm, surface averaged 2.6 nm18). The difference is better reflected in the respective Pt oxidation 
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and oxide reduction currents than in HUPD, which is not completely covered in the potential range 

selected for the measurements in Fig. 10.  

Both low Pt loading catalysts were affected by increased Nafion® concentration (R) in a way 

qualitatively similar (Figs. 10 and 11) to that observed for the organic macrocycles.  

 

Figure 11. ORR kinetic currents measured for Pt4.8G (A) and Pt4.8V (B) catalysts containing 

various quantities (R) of Nafion®. Scan rate 10 mV s-1. Rotation rate 400 rpm. Scan directions 

indicated by the arrows parallel to the Tafel plots. 

 

The background currents in the whole potential range dropped virtually stepwise with an 

increase in the Nafion® content in the ink demonstrating that both carbon and Pt surfaces were 

blocked by the ionomer. As expected, the respective ORR currents (especially in the anodic scan, 

i.e., for the reduced Pt surface) were also suppressed, but the kinetic changes were not 

accompanied by any change in the virtually 100% reaction selectivity for water. The largest 

negative departure from 4 of the number of electrons involved in ORR was 0.05 for the Pt4.8V 

catalyst at R = 1.90. The lack of substantial changes in the reaction selectivity demonstrates that 
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the Pt surface blocking did not involve individual Pt active centers but large fractions of the Pt 

surface area.  The surface blocking and the kinetic effects were notably smaller for the low loading 

Pt catalysts than those observed for the macrocyclic catalysts. The background currents dropped 

by a factor of no more than 3.5. The oxygen reduction potentials on the oxide free Pt surface 

(anodic scans) were shifted by up to 60 mV, which corresponds to a ~3-fold decrease in the kinetic 

current. However, the effects of Nafion® on both low Pt loading catalysts were not identical and 

small quantitative differences between those effects could be seen. The first noticeable loss of the 

electrochemically accessible surface area for the catalyst with the graphitized support (Pt4.8G) 

occurred between R = 0.63 and R = 1.27, whereas no surface losses could be observed for the 

catalyst with standard Vulcan support (Pt4.8V) before R reached 1.27 (Fig. 10).  This finding 

remains in agreement with the tendency of Nafion® to self-assemble on graphitic surfaces, 

demonstrated in this paper and elsewhere27, 33 and the more graphitic character of the carbon 

surface in Pt4.8G. The respective changes in ORR kinetics (Fig. 11) did not follow exactly the 

same pattern. For Pt4.8G, the kinetic ORR currents in the anodic scans (reduced Pt surface) were 

lowest for the ink containing the highest Nafion® quantity (R = 2.53), whereas the slowest ORR 

kinetics for the Pt4.8V was observed at R = 1.9. The difference most likely reflects the effects of 

carbon surface properties on the distribution of Pt particles.34 The kinetic currents measured for 

the Pt surfaces partially covered with Pt oxide (cathodic scans) were much less sensitive to the 

Nafion® content except for the ink composition corresponding to R = 1.27. Unexpectedly, the 

ORR currents measured for both low Pt loading catalysts in the forward scan were up to three 

times higher for this particular composition than for all other compositions corresponding to both 

higher and lower Nafion® contents. The departures of the kinetic ORR currents from the expected 

inverse proportionality between them and the measured background currents for the two low Pt 
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loading catalysts may have resulted from differences in the experimental conditions applied in the 

respective experiments. The background currents were recorded using a scan rate of 100 mV s-1 

(Fig. 10), whereas the kinetic currents were obtained from RRDE experiments employing a scan 

rate of 10 mV s-1 (Fig. 11). The latter may have enabled structural changes in the Nafion® layer35 

during the time consuming RRDE experiments. As opposed to CoPC, oxidized Pt is hydrophilic 

and its potential dependent surface may create conditions suitable for such changes.  

6. Nafion® effects on oxygen transport to catalytically active sites  

In Fig. 12 are shown the intercepts of the Koutecky-Levich plots obtained for the limiting 

oxygen reduction currents recorded for the two low Pt loading catalysts (Pt4.8V and Pt4.8G) and 

a 4.2% CoPC adsorbed on Vulcan XC72. As opposed to the measured ORR kinetics, the oxygen 

transport to catalyst particles in the two Pt catalysts is not affected by the self-assembly of  

 

Figure 12. Intercepts of the Koutecky-Levich plots for the limiting ORR currents in O2 saturated 

solutions measured from experiments performed at 400, 625, 900, 1225, 1600, 2025 and 2500 rpm 

rotation rates. The error bars reflect the respective errors of the intercepts obtained from the linear 

fitting and are too short to be seen for the Pt catalysts. 
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Nafion®. This fact combined with the lack of Nafion® effect on the ORR selectivity demonstrates 

that Nafion® blocks either entire Pt particles or the continuous fractions of their facets and the 

blocked surfaces do not participate in ORR at all.  Therefore, the ORR inhibition results entirely 

from a loss in Pt surface area due to its ionic isolation by the hydrophobic component of the 

ionomer. While the Koutecky-Levich intercepts for the CoPC catalyst are disturbed by quite 

significant errors, they oscillate around zero and do not exhibit any meaningful trend.  

This indicates that the Nafion® films do not block oxygen transport to the active CoPC particles. 

Consequently, the latter must be located either in small openings between Nafion® strands or in 

larger areas which remained unoccupied by Nafion® due to either steric barriers or an overall 

higher surface hydrophilicity (non-basal planes).  

DISCUSSION AND CONCLUSIONS 

The results presented in the previous sections demonstrate a significant affinity of Nafion® to 

pure Vulcan XC72, all non-precious macrocyclic complexes adsorbed on XC72 and low Pt content 

(4.8%) carbon supported catalysts but not to 20% Pt/Vulcan XC72. These observations 

demonstrate that the self-assembly of Nafion® on the catalysts is predominantly determined by 

the carbon support, but it is also influenced by the number, size and surface properties of the 

catalyst particles. The present data also show that the extent of ORR inhibition is different for 

different types of catalysts. The self-assembled layers of Nafion® led to a decrease of the kinetic 

ORR currents on the transition metal catalysts by up to two orders of magnitude, whereas the 

kinetics of ORR on the two low Pt loading (4.8%) catalysts decreased under similar conditions by 

less than one order of magnitude (Fig. 11). The differences in ORR inhibition between the Pt 

catalysts and the macrocyclic catalysts reflect the differences in their morphology. The iron and 

cobalt macrocycles are electrocatalytically active only as single or at most weakly agglomerated 
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molecules, since their respective crystals are nonconductive. The molecules of the macrocyclic 

catalysts possess highly delocalized π-electron clouds responsible for their hydrophobicity and the 

strong attractive interactions with the hydrophobic carbon surface, especially with its graphitic 

planes.31 These interactions promote a flat orientation of the macrocycles on the surface. Due to 

the flat orientation of the hydrophobic catalytic molecules on the hydrophobic surface, neither the 

surface hydrophobicity nor its morphology is significantly affected. In consequence, the Nafion® 

hydrophobic component can easily adsorb on both bare and catalyst coated carbon surfaces. The 

adsorbed macrocyclic complexes can participate in ORR only when they are not completely 

blocked by the hydrophobic backbone of Nafion®. In order for this to happen, they must be located 

below small openings between the adsorbed ionomer chains, which allow for the access of oxygen, 

water and H+ to the active sites. As there exist strong attractive interactions between the ionomer 

chains in the adsorbed layer, it is not difficult to imagine that only a small fraction of the 

catalytically active molecules can participate in ORR. The approximately two order of magnitude 

decrease in ORR kinetics resulting from Nafion® adsorption on the CoPC catalysts (Fig. 8) 

indicates that only 1% of the active centers retain their ability to reduce oxygen under such 

conditions.  

The situation is significantly different for the Pt catalysts. The preferred orientation of Nafion® 

molecules in contact with an oxidized Pt is that with its hydrophilic component facing the 

hydrophilic oxidized surface. In presence of liquid water (electrolyte), Nafion® maintains an open 

morphology at its interface with bare Pt surface,36 even if its hydrophobic component previously 

occupied that interface in absence of liquid water.35 Moreover, as oxygen was not eliminated 

during the preparation of the Pt catalyst inks, the surface of Pt particles was at last partially 

oxidized and thus hydrophilic. Therefore, no Pt surface blocking is expected for carbon supported 
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Pt catalysts under RRDE conditions unless the hydrophobic interactions between the catalyst 

support and Nafion® backbone are strong enough to impose the same Nafion® orientation over 

the neighboring Pt particles. This does not happen for Pt20V, where ~30 nm19 Vulcan particles 

support ~2.1 nm20 Pt nanocrystals, whose centers are on average only ~9 nm apart assuming a 

uniform hexagonal Pt particle distribution on the outer surface of the carbon particle. However, 

the estimated average distance of ~22 nm between ~2.2 nm Pt particles on Vulcan in Pt4.8V18 is 

sufficiently large to allow for the self-assembly of the ionomer on the support and its subsequent 

spillover onto the Pt particles.  The slightly stronger inhibiting effect of Nafion® on ORR catalyzed 

by Pt4.8G than that observed for Pt4.8V results from the combination of a number of factors. The 

more graphitic surface character of the support in Pt4.8G, which results in stronger attractive 

carbon-Nafion® interactions (Fig. 10) is likely the most important factor responsible for the 

observed difference. The relative roles of the differences in actual Pt surface areas (Fig. 10), carbon 

and Pt particle sizes and the uniformity/non-uniformity of Pt particle distribution34 in both low Pt 

loading catalysts are more difficult to quantify. However, the potential steric factors resulting from 

the larger size (4.8 nm) of Pt particles in Pt4.8G compared to that in Pt4.8V (2.2 nm) may partially 

neutralize the stronger Nafion®-support interaction and reduce the spillover of the Nafion® 

hydrophobic component onto the Pt particles. In consequence, the inhibition of ORR is not 

significantly stronger for Pt4.8G compared to that for Pt4.8V. 

The self-assembly of Nafion® around carbon supported catalyst particles and the formation of 

micelle-like structures with hydrophobic core and hydrophilic shell has important consequences 

for the catalyst activity determinations utilizing rotating disk electrodes. On one hand, the 

phenomenon helps making high quality, well dispersed inks, which meet the criteria for accurate 

RRDE experiments.16 On the other hand, it leads to ORR inhibition and underestimated catalyst 
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activities. One of the most dangerous features of ORR inhibition by self-assembled Nafion® under 

RRDE conditions is that it does not manifest itself in Koutecky-Levich analysis, which makes it 

difficult to detect. Our previous kinetic ORR results obtained for uncomplexed iron 

tetraphenylporpohyrin are also affected by the phenomenon and the reported effect of the axial 

coordination of the active center by polyvinylimidazole overestimated.37 If Nafion® self-assembly 

takes place during the fabrication of fuel cell catalyst layers, it may also compromise the cell 

performance. The phenomenon may have most significant effect on the fuel cell performance of 

the state of the art heat treated ORR catalysts,7-9 which are structurally related to the transition 

metal macrocycles studied by us, i.e., their active centers are embedded in strongly hydrophobic, 

π - electron rich environments. Consequently, their full potential as ORR catalysts probably cannot 

be realized in fuel cells utilizing Nafion® as the electrolyte.  
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Capacitive voltammetric currents measured for 0.1 mg of Vulcan XC72 mixed with various quantities of 5% 
Nafion® solution. Scan rate 100 mV s 1. R is the ratio of the volume of 5% Nafion® (µl) to the mass of 

carbon (mg) used to make the carbon inks. The ratio of the capacitive currents at 0.3 V for various Nafion® 
contents to that measured in absence of Nafion® is plotted against R in the inset. The currents used to 

create the graph in the inset were averages of the absolute currents measured at 0.3 V in both forward and 
reverse scans.  
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Calculated (eq. 1) ratio of surface areas of Vulcan XC72 covered with Nafion® and not covered plotted 

versus Nafion® content (R) in the ink.  
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Capacitive voltammetric current densities measured for a 3 mm glassy carbon disk and a 4.8 mm HOPG 
electrode in 0.5 mol dm-3 sulfuric acid before (solid lines) and after depositing Nafion® film (see text).  
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Background corrected RRDE currents for ORR (disk – negative, ring – positive) recorded for 7.5% CoPC 
supported on Vulcan XC72 and two Nafion® contents. R = 0.3 - solid lines, R = 1.2 – dashed lines. Total 

carbon loading 0.1 mg. Rotation rate 400 rpm. Scan rate 10 mV s-1.  
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Kinetic ORR currents determined from first reverse (anodic) scans of RRDE voltammograms measured for Co 
and Fe porphyrins and phtalocyanines supported on Vulcan XC72. Nafion® content (R): 0.3 – solid lines, 1.2 

– dashed lines. Total Vulcan XC72 loading 0.1 mg. Rotation rate 400 rpm. Scan rate 10 mV s-1. Weight 

percentage of the complexes in the catalysts (excluding Nafion®): FeOEPCl – 8.1 (full black squares); 
FeTPPCl – 9.0 (half filled red squares); CoOEP – 7.6 (blue crosses); CoPC – 7.5 (full green circles); CoTPP – 

8.6 (purple crossed squares); CoTMeOPP – 6.2 (orange triangles); FePCCl – 7.9 (light blue hexagons).  
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Kinetic ORR currents determined from first reverse (anodic) scans of RRDE voltammograms measured for 
various quantities of CoPC supported on Vulcan XC72. R = 0.6. Total carbon loading 0.1 mg. CoPC contents 
(weight %) listed in the legend. Rotation rate 400 rpm. Scan rate 10 mV s-1. Inset: cyclic voltammograms 

recorded for the catalysts in absence of oxygen at 100 mV s -1. CoPC contents (weight %): 1.7 – solid blue 
line; 5.7 – short dashed red line, 13.6 – long dashed black line. Reduction and oxidation peaks 
corresponding to CoPC are clearly visible only for the 13.6% CoPC (long dashed black line).  
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Effects of Nafion® on the kinetic ORR currents for catalysts containing three different quantities of CoPC: 
1.7% (A); 5.7% (B); 13.6% (C). Total Vulcan XC72 loading 0.1 mg. Rotation rate 400 rpm. Scan rate 10 
mV s -1. Nafion contents (R) and average number of electrons transferred in ORR (n) listed in the legend.  
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Effects of Nafion® on the kinetic ORR currents for catalysts containing three different quantities of CoPC: 
1.7% (A); 5.7% (B); 13.6% (C). Total Vulcan XC72 loading 0.1 mg. Rotation rate 400 rpm. Scan rate 10 
mV s -1. Nafion contents (R) and average number of electrons transferred in ORR (n) listed in the legend.  
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Capacitive currents at 0.3 V for three CoPC + XC72 catalysts plotted against the Nafion® content (R) in the 
ink. The values plotted are sums of the absolute currents measured in both forward and reverse 
voltammetric scans recorded at a scan rate of 100 mV s -1. Total Vulcan XC72 loading 0.1 mg.  
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Background currents (A) and ORR kinetic currents (B) measured for Pt20V (0.1 mg total carbon loading) 
containing various Nafion® quantities (R). Scan rate: 100 mV s -1 (A); 10 mV s -1 (B). Rotation rate (B): 400 

rpm. Scan directions (B) indicated by the arrows parallel to the Tafel plots.  
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Background currents (A) and ORR kinetic currents (B) measured for Pt20V (0.1 mg total carbon loading) 
containing various Nafion® quantities (R). Scan rate: 100 mV s -1 (A); 10 mV s -1 (B). Rotation rate (B): 400 

rpm. Scan directions (B) indicated by the arrows parallel to the Tafel plots.  
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Background currents measured for Pt4.8G (A) and Pt4.8V (B) catalysts containing various quantities (R) of 
Nafion®. Scan rate 100 mV s -1. Total carbon support loading 0.1 mg.  
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ORR kinetic currents measured for Pt4.8G (A) and Pt4.8V (B) catalysts containing various quantities (R) of 
Nafion®. Scan rate 10 mV s-1. Rotation rate 400 rpm. Scan directions indicated by the arrows parallel to the 

Tafel plots.  
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Intercepts of the Koutecky Levich plots for the limiting ORR currents in O2 saturated solutions measured 
from experiments performed at 400, 625, 900, 1225, 1600, 2025 and 2500 rpm rotation rates. The error 
bars reflect the respective errors of the intercepts obtained from the linear fitting and are too short to be 

seen for the Pt catalysts.  
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