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ABSTRACT 

Surface confinement of oxygen inside layers of Nafion® self-assembled on carbon supported 

oxygen reduction reaction (ORR) catalysts was studied. It is demonstrated that oxygen 

accumulates in the hydrophobic component of the polymer remaining in contact with the carbon 

surface. The amount of surface confined oxygen increases with the degree of carbon surface 

graphitization, which promotes the self-assembly of the polymer. Planar macrocyclic ORR 

catalysts possessing a delocalized system of π electrons such as Co and Fe porphyrins and 

phthalocyanines have virtually no effect on the surface confinement of oxygen, in accordance with 

their structural similarity to graphitic carbon surfaces where they adsorb. Platinum particles in 

carbon supported ORR catalysts with high metal contents (20%) disrupt the self-assembly of 

Nafion® and virtually eliminate the oxygen confinement, but the phenomenon is still observed for 

low Pt loading (4.8%) catalysts.  
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INTRODUCTION 

In a recent paper, we reported the existence of oxygen adsorption on the surface of a 

polyaniline-based heat-treated Fe/N/C catalyst of oxygen reduction reaction (ORR) in sulfuric acid 

media.1 The adsorption isotherm exhibited the Langmuirian2 characteristics, i.e., did not display 

any noticeable repulsive or attractive interactions between oxygen molecules in the adsorbed layer. 

As the amount of adsorbed oxygen correlated with the surface density of the iron sites, we 

postulated that the adsorption occurred either in the close proximity of or directly on the 

catalytically active Fe sites. Based on previous work,3-5 the latter comprise of iron centers 

coordinated by four in-plane pyridinic nitrogen atoms belonging to either a single (N4) or two 

separate (N2+2 – coordination) graphene planes and arranged like in two phenanthroline molecules. 

In the course of our more recent studies6 on oxygen reduction catalysis by transition metal 

macrocyclic complexes, e.g., porphyrins, phthalocyanines and corroles, we found the presence of 

similar adsorption phenomena. The active centers of the macrocyclic complexes are structurally 

similar to those postulated for the Fe/N/C composites in that they have a similar in-plane N4 

coordination of the metal centers and a π-electron rich environment surrounding them. However, 

an interesting fact about the oxygen adsorption observed for the macrocycles was that it occurred 

irrespective of whether the active center was Fe (III) or Co(II). Intrigued by the above finding, we 

performed a detailed study of the phenomenon. We found that it was induced by self-assembly of 

Nafion® on carbon6 in the catalyst inks. The results and conclusions of the study are presented in 

the following sections of the manuscript. 

EXPERIMENTAL 
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 5 

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) and Vulcan XC72, a high surface area (205 – 250 m2 g -1)7-10 carbon with the average 

particle size between 30 nm and 40 nm11-12(Cabot) were used as received. 

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. 

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 3 mm glassy carbon disk (Bioanalytical Systems), 

a 1.6 mm Pt disk (Bioanalytical Systems) and homemade 4.8 mm highly oriented pyrolytic 

graphite (HOPG) disk electrodes were used. The latter were fabricated by masking a 

7 mm x 7mm x 1 mm HOPG platelet from SPI Supplies (grade SPI-2, mosaic angle 0.8° ± 0.2°, 
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 6 

the lateral grain size up to 0.5 - 1 mm) with polyimide Kapton® tape using the methodology 

described previously.6 

The deposition of Pt nanoparticles on HOPG was performed using a technique similar to that 

applied by Ju and coworkers for palladium.13 A freshly prepared HOPG disk electrode was placed 

under potential (0.84 V vs. RHE) in a 2 mM H2PtCl6 solution in 0.5 M H2SO4. The potential was 

applied in order to prevent a spontaneous Pt deposition. After 10 seconds, a 100 ms potential pulse 

to 5 V was applied to create oxidized surface sites for Pt deposition. Ten seconds after the first 

pulse, a 20 ms potential pulse (-0.06 V vs. RHE) was applied to initiate fast H2PtCl6 reduction 

guaranteeing instantaneous Pt nucleation. After the pulse, the potential was changed to 0.24 V vs. 

RHE in order to deposit Pt on the nuclei deposited at -0.06 V. The electrode was held at 0.24 V 

vs. RHE for 20 s after which the potential was changed again to 0.84 V to stop the growth of Pt 

particles. The electrode was removed under potential from the solution, rinsed with Millipore water 

and dried in air. The electrochemically active surface area of such deposited Pt (typically 

~2.4 x 10-2 cm2) was determined from cyclic voltammetry in deoxygenated sulfuric acid solution 

and corresponded to ~13% of the surface area of the HOPG disk. Neither the size nor the surface 

distribution of the particles was determined.  

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 above sea level) is 39 mV positive than the potential of a reversible 

hydrogen electrode (RHE) in the respective solution at the sea level.1  

Oxygen concentration in the studied solutions was adjusted by using either pure oxygen or its 

mixtures with argon as the purging gas. The actual oxygen concentration in solution was 
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 7 

determined from the corresponding limiting RRDE currents corrected for the number of electrons 

transferred in ORR and the respective corrected currents measured for oxygen saturated solution 

(8.65 x 10-4 mol dm-3 at Los Alamos elevation of 2100 m1). 

Two well characterized7, 11, 14-16 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 X-ray diffraction and BET measurements were performed by the authors of the 

paper. In similarity to Vulcan, the carbon support in that catalyst exhibited low porosity (<2 nm), 

but the BET surface area of the catalyst (157 m2 g-1) was significantly lower than that of Vulcan, 

whereas the Pt particle size (4.8 nm from Scherrer equation17) larger than that (2.1 - 2.6 nm) for 

the remaining Pt catalysts.7, 14-16  As in our previous paper,6 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 procedure described in 

our previous paper.6 Briefly, ~40 mg of Vulcan XC72 were mixed with a few milligrams of the 

desired macrocycle and 2 - 4 cm3 of dichloromethane and slowly sonicated to dryness. The 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 were prepared by mixing the solids 

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

inks will be denoted6 by R and corresponds to the ratio of volume  of the 5% Nafion® solution 

expressed in microliters to the mass of the carbon support expressed in milligrams. The value of 

R varied from 0 to 2.7 μl per 1 mg of the carbon support, i.e., R = 1 corresponds to 1 μl of the 
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 8 

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

per 1 mg of the support. 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 in all experiments. Unless otherwise stated, all experiments were performed 

for a constant total loading of 0.1 mg of the carbon support, which corresponds to 

~0.4 mgcarbon cmdisk
-2. The deposition of the inks on the glassy carbon disk of the RRDE and its 

evaporation were monitored under a microscope. 

RESULTS 

1. Cyclic voltammetry of oxygen on Vulcan supported Co and Fe macrocycles 

As shown in our previous paper,6 cobalt phthalocyanine exhibits most stable electrochemical 

behavior among the macrocycles selected for the present study. Therefore, it was selected to 

demonstrate the concepts and approaches applied to quantify the surface confinement of oxygen 

and major relationships governing the phenomenon.  

Figure 1 shows selected RRDE voltammograms for ORR catalyzed by carbon (Vulcan XC72) 

supported CoPC (5.7%). In agreement with our previous work,6 higher Nafion® contents (R ≥ 1.2, 

for picture clarity the data for R = 1.2 and R = 1.5 not shown in Fig. 1) leads to significant ORR 

inhibition. The inhibition is associated with the blocking of the carbon surface by the hydrophobic 

component of Nafion,6 as demonstrated by the significant suppression of the respective 

background currents (inset in Fig. 1).  Within the studied potential range (up to -0.36 V vs. RHE), 

two oxygen reduction steps can be seen for R ≤ 0.9, but the inhibition of the reaction obscures the 

second reduction step at R ≥ 1.2 (shown for R ≥ 1.8 in Fig. 1). A hysteresis is also observed 

between the forward and reverse scans of the voltammograms recorded for the inks, where the 
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 9 

surface blocking takes place (Fig. 1). The hysteresis was found to decrease with the electrode 

rotation rate, which suggested that the currents in the forward scans were enhanced by oxygen 

adsorption, but no controlled study of the phenomenon was performed under RRDE conditions.  

 

Figure 1. Background corrected RRDE voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 

solution recorded for a 5.7% CoPC on Vulcan XC72. Total carbon loading 0.1 mg. Rotation rate 

400 rpm. Scan rate 10 mV s-1. Nafion® contents (R) in the catalyst inks listed in the figure. Inset: 

cyclic voltammograms (100 mV s-1) recorded for the same catalysts in deoxygenated 0.5 mol dm-3 

H2SO4 solutions. 
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 10 

The surface (diffusionless) character of the current enhancement was confirmed by standard 

cyclic voltammetry without electrode rotation. The respective stationary voltammograms 

exhibited tall and rather symmetrical oxygen reduction peaks whose heights increased with the 

electrode equilibration time at the open circuit. Typical voltammograms demonstrating the 

presence of surface confined oxygen for R ≥ 1.2 are presented in Fig. 2.  

 

Figure 2. Cyclic voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution recorded for a 

5.7% CoPC on Vulcan XC72. Total carbon loading 0.1 mg. Scan rate 500 mV s-1. Equilibration 

time 5 min at 400 rpm. Nafion® contents in the catalyst inks listed in the figure. Inset: kinetic 

ORR currents determined for the same catalysts from RRDE experiments at 400 rpm. Nafion® 

contents (R) in the catalyst inks and the respective numbers of electrons (n) transferred in ORR 

listed in the figure.  
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 11 

In agreement with the RRDE data (Fig. 1), two oxygen reduction peaks corresponding to the 

two ORR steps can be seen in the voltammograms recorded for R = 0.6 and R = 0.9 (Fig. 2). Two 

smaller reoxidation peaks are also seen in the reverse scans of these voltammograms. The ratios 

of the reverse to the forward peak currents were found to increase with scan rate and the reverse 

(anodic) peaks were almost absent at 100 mV s-1. No mechanistic study of the reactions 

corresponding to the two red-ox systems was performed. However, the first CoPC reduction was 

found to correspond to around 100% generation of hydrogen peroxide (see inset in Fig. 2) under 

RRDE conditions, whereas the number of electrons involved in the ORR at the potentials of the 

second step (visible in the studied potential range only at R ≤ 0.9) was higher than 2, but did not 

exceed 3. Upon the increase in R from 0.9 to 1.2, the two red-ox systems disappeared and were 

replaced by a large and relatively symmetrical oxygen reduction peak. Its position, height and 

width depended on Nafion® concentration in the catalyst layer. The peak width increased with R, 

whereas the peak current increased upon transition from R = 1.2 to R = 1.5, but then decreased 

with further R increase (Fig. 2). The peak position correlated with the ORR kinetics determined 

from the reverse scans of respective RRDE voltammograms (inset in Fig. 2).  

The voltammograms in Fig. 2 were recorded after 5 minute electrode equilibration (with 400 rpm 

rotation) at the open circuit potential in fully oxygenated solution. When applicable (R ≥ 1.2), such 

conditions guaranteed equilibrium between the fully oxygenated solution and the surface confined 

oxygen as determined from a series of voltammetric experiments performed after different 

equilibration times. An identical procedure was used to determine the equilibration times required 

to reach the surface confinement equilibrium for all other catalysts and oxygen concentrations in 

this study. 
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 12 

While the symmetry and the height of the voltammetric peaks measured for R ≥ 1.2 (Fig. 2) 

leaves no doubt that the major contribution to the measured currents originates from the reaction 

of surface confined oxygen, the measured currents are influenced by contributions from oxygen 

diffusing from the bulk of solution and the number of electrons involved in the reaction (inset in 

Fig. 2). Similarly, the peak widths and positions depend on the actual charge transfer kinetics (inset 

in Fig. 2). Such factors together with the adsorption kinetics have to be taken into account in order 

to correctly determine the equilibrium concentration of surface confined oxygen.   

The reduction charge of surface confined oxygen can be determined using a relatively simple 

procedure whose principle is briefly described below. If the geometric surface density of the ORR 

active sites is sufficient to result in planar diffusion of oxygen towards the electrode and there is 

no significant interplay between the completely irreversible reduction of surface confined oxygen 

and that diffusing from the bulk of solution, the peak currents (ip) corresponding to the two 

completely irreversible reaction mechanisms should be described by the equations derived by 

Laviron18 and Nicholson and Shain,19 respectively. These equations predict linear dependencies of 

the peak current on either the scan rate (v)18 or its square root (v1/2).19 One can also demonstrate 

that similar current(i) vs. v and current vs. v1/2 relationships should hold for the respective processes 

at any fixed difference (ΔE) between the measured potential (E) and the respective peak potential 

(Ep):  

iΔE surface = BΔE surface · v      (1) 

iΔE solution = BΔE solution · v1/2     (2) 

where iΔE surface and iΔE solution represent the currents of the surface confined and the dissolved 

species, whereas the constants B are different for the diffusing and surface confined species and 

depend on the selected ΔE for each process. The integration of eqs. 1 and 2 against time over ΔE 

results in: 
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 13 

    ΔE∫isurface = G(ΔEsurface)     (3) 

    ΔE∫isolution = H(ΔEsolution) · v-1/2     (4) 

where G and H are ΔE – dependent constants. If a sufficiently wide range of ΔE on both sides of 

the surface reduction peak is selected, the integral in eq. 3 becomes equal to the charge 

corresponding to the complete reduction of the surface confined species.  

    G(ΔE → ∞) → Qsurface      (5) 

The integration of an experimental voltammetric current containing the contributions from both 

adsorbed and dissolved species over a specific potential range fixes the ΔEsolution and ΔEsurface 

potential ranges. When the scan rate is changed, both of these ranges (ΔEsolution and ΔEsurface as 

measured vs. the respective peak potentials) cannot be preserved simultaneously by adjusting the 

overall potential range ΔE because of the generally different Ep vs. v relationships for surface 

confined18 and dissolved19 species. Consequently, the scan rate dependence of the electrolysis 

charge in a specific potential range ΔE measured vs. the peak potential cannot be expressed as an 

exact sum of eqs. 3 and 4 with scan rate independent parameters G and H. However, if the potential 

range for the integration is significantly wider than the expected differences in the scan rate 

induced shifts of the peak potentials for the confined and dissolved species, an approximate 

relationship should still hold: 

     Q ≈ Qsurface + H · v-1/2     (6) 
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The accuracy of eq. 6 is expected to improve with scan rate, which reduces the second term in 

the equation corresponding to the contribution from the dissolved species. The equation provides 

means to determine the reduction charge of the surface confined oxygen (Qsurface). The charges of 

interest can be extracted from the intercepts of the respective Q vs. v-1/2 plots. The procedure was 

successfully used by us previously to determine the amount of surface confined oxygen for a 

pyrolyzed Fe/N/C catalyst.1  

Figure 3. Cyclic voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution recorded for 

5.7% CoPC on Vulcan XC72. Total carbon loading 0.1 mg. Equilibration time 5 min at 400 rpm. 

R = 1.8. Scan rate (mV s-1): 100 (1), 200 (2), 300 (3), 500 (4), 700 (5), 1000 (6). Top inset: peak 

current vs. scan rate. Bottom inset: oxygen reduction charge plotted vs. inverse square root of the 

scan rate (see text for the charge determination methodology). 
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In Fig. 3 are shown the voltammograms recorded for the 5.7% CoPC catalyst at different scan 

rates after 5 minute equilibration at 400 rpm in fully oxygenated solution. As demonstrated by the 

virtually linear dependence between the peak current and the square root of the scan rate (top 

inset), the contribution of oxygen diffusing from the bulk to the measured currents is small. 

Consequently, eq. 5 quite accurately describes the measured reduction charge Q and the respective 

Qsurface can be reliably determined from a linear extrapolation of the measured charge Q against 

the inverse square root of time to zero. The corresponding linear relationship between Q and v-1/2 

is presented in the bottom inset in Fig. 3.  

The voltammetry of oxygen in presence of other macrocycles in this study and at lower than 

saturated oxygen concentrations was qualitatively similar to that described above for CoPC in 

presence of oxygen saturated solutions (Figs. 1 – 3). The respective ORR peaks were 

predominantly transport controlled for low Nafion® contents in the catalyst layers and exhibited 

mostly diffusionless character at higher Nafion® contents, which promoted self-assembly of 

Nafion®. The results obtained for the iron macrocycles, especially FePCCl and FeTPPCl, were 

affected by the low complex durability under the ORR conditions and were excluded from 

quantitative analysis.  

For the vast majority of catalyst layer compositions, including different macrocycles and 

Nafion® contents, the kinetics of the processes leading to oxygen confinement was fast enough to 

guarantee the equilibrium surface concentration of oxygen in less than five minutes at 400 rpm. 

As no detailed kinetic studies were performed, no strictly quantitative conclusions regarding 

structural and catalyst concentration effects on the kinetics of the phenomenon could be reached. 

However, two observations were made. First, the kinetics of oxygen adsorption was faster for all 

studied systems than that observed by us previously for the previously mentioned.  
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 16 

Figure 4. Two cycle voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution recorded 

for 8.1% CoTPP on Vulcan XC72 after different equilibration times at 400 rpm. Total carbon 

loading 0.1 mg. R = 1.6. Scan rate 1000 mV s-1. 

 

pyrolyzed Fe/polyaniline catalyst.1 Second, the peak potentials and widths for oxygen reduction 

correlated quite well with the kinetic ORR parameters determined for dissolved oxygen from the 

reverse (anodic) RRDE scans. However, the correlations were also influenced by the equilibration 

time, which moderately affected the shape and position of the reduction peaks. The phenomenon 

is illustrated in Fig. 4 for 8.1% CoTPP catalyst (R = 1.6), where the observed changes were most 

prominent.  They demonstrate an improvement in ORR catalysis of surface confined oxygen with 

the equilibration time. The enhancement of the apparent kinetics of the reduction of surface 

confined oxygen can hardly be attributed to changes in the intrinsic catalytic activity of the active 

sites. It most likely reflects potential-induced morphological changes in the catalyst layer, which 

affect the accessibility of the active sites and thus the apparent ORR kinetics.6 The changes in 
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morphology most likely involve Nafion®20 and the catalytically active molecules or their mobile 

fragments, e.g., side phenyl groups in CoTPP. The changes did not measurably affect the reduction 

charges of oxygen corresponding to adsorption equilibrium. 

2. Oxygen adsorption on macrocycle covered Vulcan XC72 

The equilibrium surface concentrations of oxygen for all studied catalyst compositions were 

determined using the procedure demonstrated for 5.7% CoPC to measure charges of the adsorbed 

oxygen (Fig. 3). The latter were subsequently corrected for the number of electrons involved in 

ORR to determine the number of moles of the adsorbed oxygen. In order to get accurate results, 

the number of electrons was determined from the respective forward (cathodic) RRDE scans, 

where surface confined oxygen contributed to the measured currents (Fig. 1). Moreover, the same 

electrode equilibration times were used in both voltammetric and RRDE experiments and the 

number of electrons from RRDE experiments was averaged over the potential range used for the 

charge integration in voltammetry. The effects of various factors on oxygen adsorption were 

studied and included the amount of Nafion® in the catalyst layer, the catalyst loading and 

composition, and the concentration of oxygen in solution.  

2.1. Nafion® content and active site concentration effects on oxygen confinement on Vulcan 

supported catalysts 

The effect of Nafion® quantity in the catalyst layer was studied for four catalysts containing 

CoPC as the active molecule and using exclusively oxygen saturated solutions. For three catalysts 

(1.7%, 5.7%, 13.6% CoPC), desired quantities of Nafion® were directly added to the catalyst inks, 

which were subsequently deposited on the RRDE tip. The fourth catalyst (5.4% CoPC) was 

deposited onto the electrode using an ink containing no Nafion®. Subsequently, a small quantity 
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of the solution obtained by 100-fold dilution with water of the commercial 5% Nafion® was 

deposited on top of the dry catalyst layer to obtain the desired Nafion® content in the layer. The 

surface concentrations of oxygen were determined using the procedure described in the previous 

section and assuming that the whole Vulcan XC72 surface area (~240 m2 g-1) participated in the 

oxygen confinement. The surface concentrations of oxygen are plotted in Fig. 5 together with the 

respective backgrounds currents measured at 0.3 V vs. RHE and 100 mV s-1. The data in Fig. 5 

demonstrate a correlation between the surface confinement of oxygen (ΓO2) and the suppression 

of the background currents by Nafion®. As the latter results from self-assembly of Nafion® on 

the carbon surface in the Nafion® containing inks,6 the observed changes in ΓO2 and background 

currents have virtually stepwise character and the surface concentration of oxygen tends to 

stabilize around 2.4 x 10-11 mol cm-2 at high R, irrespective of the CoPC content in the catalyst. As 

demonstrated in our previous paper,6 the actual number of active CoPC sites in the CoPC catalysts 

was not proportional to the mass percentage of CoPC due to carbon/CoPC agglomeration 

phenomena. However, the number of active sites per mass of the carbon support for the 13.6% 

CoPC catalyst can be estimated from the background currents and the measured ORR activities as 

up to 3 times higher than that for the catalysts with 1.7% and 5.7% CoPC. Consequently, a 

threefold increase in the number of active CoPC sites has virtually no effect on the observed 

surface confinement of oxygen. 
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Figure 5. Oxygen surface concentrations (bottom) and voltammetric background currents 

measured at 0.3 V vs. RHE and 100 mV s-1 (top) plotted against Nafion® content (R) in the 

catalyst layer. The background currents are sums of absolute currents measured in negative and 

positive scans. For the 5.4% CoPC catalyst, Nafion® was deposited on top of the Nafion® free 

catalyst layer as an aqueous solution obtained by 100-fold dilution of the commercial 5% 

solution. 

2.2. Oxygen adsorption isotherms for Vulcan supported macrocyclic complexes and their 

mixtures with respective ligands 

Oxygen adsorption isotherms were determined for selected macrocyclic complexes and mixtures 

of the complexes with their respective ligands at selected Nafion® contents (R) guaranteeing the 

maximum carbon surface blockage by Nafion®.6 The surface concentrations of oxygen were 

measured for four different oxygen concentrations in solution using the procedure outlined above. 
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Irrespective of the catalyst layer composition, a linear relationship was found between the surface 

(Γ) and bulk oxygen concentration. Such a relationship is described by the Henry’s adsorption 

isotherm, a limiting form of the Langmuir isotherm for low surface concentrations, where the 

adsorbed molecules virtually do not interact with each other. A typical adsorption isotherm is 

presented in Fig. 6, whereas the numerical data obtained for all macrocyclic catalysts are collected 

in Table 1. Inspection of the data in Table 1 reveals the lack of major effects of the macrocyclic 

complexes and their ligands on the surface confinement of oxygen. The non-specific character of 

the confinement indicates that neither the complexes nor their bare ligands play an important role 

in the phenomenon. On the other hand, the correlation between the surface confinement of oxygen 

and the self-assembly of Nafion® implies that the latter is exclusively responsible for the 

accumulation of oxygen on the surface. The only role played by the active centers in the 

voltammetry of surface confined oxygen is its reduction. In order to confirm the correctness of the 

above hypothesis, a series of experiments were performed with three carbon supported Pt catalysts. 

Two of them (Pt4.8V - 4.8% Pt on Vulcan and Pt4.8G - 4.8% on graphitized carbon) were 

previously demonstrated to promote self-assembly of Nafion®,6 whereas the third one (Pt20V 

- 20% Pt on Vulcan) did not support Nafion® adsorption up to and including R = 2.7. The results 

obtained for the Pt catalysts are summarized in the following section. 
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Figure 6. Oxygen adsorption isotherm for 8.1% CoTPP catalyst (R = 1.6) in 0.5 mol dm-3 H2SO4 

solution. 
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Table 1. Equilibrium (Henry’s) constants and concentrations of surface confined oxygen 

measured for Co and Fe macrocyclic complexes adsorbed on Vulcan XC72 in presence of 

self-assembled Nafion® layers.a) 

Catalyst R 

(μl (5% Nafion)/ 
mg (XC72)) 

Henry’s 
constant 

 

(cm) 

Correlation 
coefficient 

Γmeas
b) 

 

(mol cm-2) 

Γcalc
c) 

 

(mol 
cm-2) 

6.4% CoPC 1.3 (2.63 ± 
0.04) x 10-8 

0.998 2.22 x 
10-11 

2.28 x 
10-11 

5.0% CoPC + 
5.0% PC 

1.3 (2.36 ± 
0.55) x 10-8 

0.732 2.10 x 
10-11 

2.04 x 
10-11 

6.9% CoOEP + 
6.5% OEP 

1.5 (3.20 ± 
0.08) x 10-8 

0.998 2.83 x 
10-11 

2.77 x 
10-11 

8.1% CoTPP 1.6 (3.07 ± 
0.06) x 10-8 

0.998 2.72 x 
10-11 

2.66 x 
10-11 

6.0% CoTPP + 
6.2% TPP 

1.4 (3.01 ± 
0.12) x 10-8 

0.991 2.56 x 
10-11 

2.61 x 
10-11 

9.8% FeOEPCl 1.7 (2.56 ± 
0.26) x 10-8 

0.960 2.53 x 
10-11 

2.22 x 
10-11 

a)surface concentrations calculated assuming that the entire carbon surface participates in the 
surface confinement of oxygen 

b)measured in O2 saturated solution (8.65 x 10-4 mol dm-3) at 2100 m above sea level 
c)calculated from the adsorption isotherm for O2 saturated solution (8.65 x 10-4 mol dm-3) at 2100 

m above sea level 

3. Oxygen confinement in carbon supported Pt catalysts. 

Figure 7 shows background corrected voltammograms (100 mV s-1) of oxygen reduction on 

three Pt catalysts after 5 minute equilibration in oxygen saturated solutions. Only a slight distortion 

of the diffusion controlled ORR peak is observed for Pt20V with high Nafion® content (R = 1.8), 

whereas the voltammograms recorded for the two low Pt content catalysts exhibit significantly 
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higher peaks whose shapes reveal their predominantly surface controlled character. There are also 

differences between the voltammograms recorded for these two catalysts. The voltammogram 

obtained for Pt4.8G exhibits higher currents in the whole cathodic 

Figure 7. Background corrected cyclic voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 

solution recorded for three Pt catalysts after 5 min equilibration at 400 rpm. Scan rate 100 mV s-1. 

Nafion® contents in the catalyst layers listed in the legend. 

 

potential range than that recorded for its counterpart with non-graphitized support (Vulcan). The 

actual quantities of surface confined oxygen for the three Pt catalysts and different Nafion® 

contents were obtained from respective oxygen reduction charge vs. v-1/2 plots corrected by the 

number of electrons transferred in ORR. They are compared with the data obtained for the 

macrocyclic catalysts in Fig. 8. The quantities of surface confined oxygen in Figure 8 are referred 

to the mass of the carbon support rather than to its surface area, because the metal particles in the 
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different Pt catalysts occupy different and not exactly known fractions of the support surface areas 

and are affected (Pt4.8V and Pt 4.8G) or not (Pt20V)6 by Nafion® self-assembly. Moreover, the 

surface properties of carbon supports do affect the distribution of Pt particles in supported 

catalysts,21-22 which may influence Nafion® self-assembly in a similar way to that observed for 

Pt20V.  

 

Figure 8. Molar concentrations of surface confined oxygen per gram of catalyst support in oxygen 

saturated 0.5 mol dm-3 H2SO4 solution plotted against Nafion® content in the catalyst layer for 

three Pt catalysts on different carbon supports and six macrocyclic complexes of Co and iron 

supported on Vulcan XC72. Macrocyclic catalyst compositions: CoPC (6.4%), CoPC + PC (5.0% 

CoPC, 5.0% PC), FeOEP (9.8% FeOEPCl), CoTPP (8.1%), CoTPP + TPP (6.0% CoTPP, 6.2% 

TPP), CoOEP + OEP (6.9% CoOEP, 6.5% OEP). 
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Figure 8 reveals that almost two times higher quantity of oxygen can be confined at the interfaces 

between the graphitized carbon and Nafion® (Pt4.8G) than between Vulcan and Nafion® (Pt4.8V) 

even though the specific surface area of Vulcan (205 – 250 m2 g -1)7-10 is significantly higher than 

that of Pt4.8G (157 m2 g-1). A comparable amount of oxygen per mass of the carbon support to 

that measured for Pt4.8G can be confined at the Vulcan/Nafion® interface for the studied 

macrocyclic catalysts. On the other hand, almost no oxygen can be confined at the Vulcan/Nafion® 

interface in Pt20V catalyst. 

4. ORR catalyzed by Nafion® coated CoPC/HOPG and Pt/HOPG 

The data presented in the previous sections indicate that oxygen accumulates in the hydrophobic 

component of Nafion® self-assembled6 on hydrophobic graphitic surfaces. Highly ordered 

pyrolytic graphite (HOPG) with its almost atomically flat graphitic surface and demonstrated 

ability to promote self-assembly of Nafion®6, 23 seemed to offer a unique opportunity to determine 

the quantitative relationship between the concentration of surface confined oxygen and the real 

graphitic surface area from ORR measurements.  The expected contributions from surface 

confined oxygen in total oxygen reduction currents (charges) are much smaller for HOPG than 

those observed for the high surface area carbons. If 100% of the Vulcan surface area contributed 

to the oxygen confinement demonstrated in the previous sections, one could expect the geometric 

surface area charge density resulting from the reduction of oxygen confined on the surface of 

HOPG to be only around 10 µC cm-2. However, as proven by the results obtained for Pt4.8G, only 

a fraction of Vulcan surface area contributes to oxygen confinement, which gave us hope that the 

quantity of oxygen confined at HOPG/Nafion® interfaces would be sufficiently higher than 

10 µC cm-2 to be accurately measurable.   
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HOPG electrodes containing CoPC and Pt as oxygen reduction catalysts were prepared. The 

procedure to deposit Pt nanoparticles on HOPG is described in the experimental section. The 

method used to deposit CoPC on the graphite was as follows. A green and stable colloidal CoPC 

solution of known concentration in DCM was diluted with pure DCM to obtain a virtually colorless 

~3.6 x 10-5 mol dm-3 CoPC suspension (or solution?) in DCM, which was subsequently deposited 

onto an HOPG disk and allowed to dry to produce a catalyst layer containing ~2 x 10-9 mol cm-2 

CoPC (nominally in excess of 200 monolayers24) on the HOPG surface. As opposed to alcoholic 

(IPA and methanol) solutions of the other studied macrocycles, DCM was  

Figure 9. Background corrected cyclic voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 

solution recorded for 2 x 10-9 mol cm-2 CoPC (a) and Pt nanoparticles (0.024 cm2 surface area, b) 

deposited on ~4.8 mm HOPG disk and covered with a self-assembled Nafion® film as well as 

for an uncoated 1.6 mm Pt disk. Scan rate 1 V s-1. Inset: peak current density for the 

HOPG/Pt/Nafion® electrode plotted against the square root of scan rate.  
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not causing Kapton delamination from HOPG. The CoPC catalyst layers fabricated in the above 

way were found to lose almost 100% of their initial catalytic activity during a single voltammetric 

scan in oxygenated H2SO4 solutions. Their stability was significantly improved after the deposition 

of thin Nafion® films, but even then it was impossible to measure both the background and the 

ORR currents at more than a single scan rate without a visible loss in the electrode activity. 

Consequently, we abandoned any quantitative comparison between uncoated and Nafion® coated 

electrodes.  

In Figure 9 are shown background corrected voltammograms (first scans) of oxygen recorded at 

1 V/s for HOPG supported CoPC and Pt, coated with thin Nafion® films after 5 minute (CoPC) 

or 10 minute (Pt) equilibration at their open circuit potentials in fully oxygenated H2SO4 solution. 

Such equilibration times deemed sufficient to guarantee an equilibrium between the dissolved and 

surface confined oxygen.  For comparison, a voltammogram measured under the identical 

conditions using an uncoated 1.6 mm Pt disk (0.02 cm2) is also shown in Fig. 9.  

As seen in Fig. 9, the peak current densities for both HOPG supported catalysts are significantly 

lower than that measured for solid Pt. While the effect could be in part accounted for by the lower 

ORR Tafel slopes measured for the HOPG supported catalysts, it is believed to predominantly 

result from the spatial isolation of numerous active centers. When the distances between the active 

centers (particles) are larger than the diameters of the respective diffusion layers around them, the 

centers act as individual ultramicro- (or rather nano-) electrodes. The ORR current for such centers, 

while enhanced by the hemispherical oxygen diffusion, will be lower than expected from the total 

geometrical surface area they occupy and will exhibit a steady state character. The shape of 

voltammograms in Fig. 9 suggests a significantly non-uniform active site distribution on the 

HOPG surface. In some areas, the active centers are close enough to form a “uniformly” active 

Page 27 of 46

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



 28 

surface. Such areas are responsible for planar oxygen diffusion towards the electrode and the 

presence of the oxygen reduction peak current proportional to the square root of the scan rate (inset 

in Fig. 9). In other areas, where the active particles are far apart, a hemispherical diffusion to the 

individual sites occurs and contributes to the lower and time (scan rate) independent ORR currents 

(non-zero intercept of the peak current vs. square root of the scan rate in the inset in Fig. 9). One 

can imagine that oxygen potentially confined at the HOPG/Nafion® interface in the areas 

surrounding the isolated Pt particles can no longer be reduced without a (surface) diffusion step. 

Therefore, the separation of the reduction charges corresponding to the surface confined and bulk 

oxygen, which was implemented in Eq. 6 can no longer be used to determine the quantity of surface 

confined oxygen from the experimental results shown in Fig. 9. The determination of conditions 

necessary to achieve a uniform and sufficiently dense distribution of platinum particles on HOPG, 

which would enable the accurate determination of oxygen quantity trapped in the hydrophobic 

Nafion® component at its interface with HOPG is the subject of a forthcoming study. 

DISCUSSION AND CONCLUSIONS 

The results obtained for the two Pt catalysts with low metal content show that the amount of 

surface confined oxygen in presence of self-assembled Nafion® increases with the degree of 

surface graphitization. As opposed to strongly hydrophobic graphitic surfaces,25-26 amorphous 

carbon surfaces lack highly delocalized π electrons responsible for surface hydrophobicity. The 

atoms with unpaired electrons on amorphous surfaces easily undergo oxidation, which makes the 

surface even less hydrophobic due to the presence of oxidized functional groups.27 Such surfaces 

are not expected to promote self-assembly of Nafion® through its hydrophobic component, as 

observed previously6 and in the present study. To the contrary, if the surface is sufficiently 

hydrophilic, self-assembly of Nafion® through its hydrophilic component may occur.28 
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Consequently, graphitized carbon surfaces attract the hydrophobic Nafion® component much 

stronger than amorphous surfaces and are most likely exclusively responsible for the self-assembly 

of Nafion® and the resulting surface confinement of oxygen.  

The responsibility of hydrophobic interactions between graphitic carbon surfaces and the 

hydrophobic Nafion® component for the self-assembly of Nafion® on the carbon supported 

catalysts and the resulting surface confinement of oxygen is intuitively understood. However, the 

potential role of other factors in both phenomena should not be underestimated. It cannot be 

assumed that the entire graphitic surface of a highly dispersed carbonaceous material actively 

participates in these phenomena. As demonstrated above, the presence of hydrophilic Pt particles 

in Pt catalysts lowers the extent of Nafion® self-assembly and the oxygen confinement. The 

magnitude of the effect is expected to depend on the distribution of the catalyst particles between 

the hydrophobic and hydrophilic fractions of the carbos surface. Moreover, a complex morphology 

of high surface area carbon particles, especially their porosity is not expected to facilitate the 

self-assembly, as Nafion® molecules, in spite of their flexibility, cannot follow all microstructural 

features of the carbon surface. Most likely, the factor determining Nafion® self-assembly is the 

graphitic fraction of the surface on the carbon particle perimeter. Consequently, it is rather the 

graphitic fraction of the “geometric” particle surface area, which is responsible for the 

self-assembly and oxygen confinement. The latter is believed to result from the oxygen affinity to 

the hydrophobic component of the ionomer, which is known to be predominantly responsible for 

the oxygen solubility in the polymer electrolyte.29 However, the oxygen confinement may be 

enhanced by: (i) entrapment of O2 molecules in the pores of carbon particles, (ii) a synergistic 

effect from the attractive interactions between the π electron rich graphene planes and oxygen 

molecules, and (iii) carbon surface curvature.  
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The lack of any direct involvement of the metal centers of the macrocyclic complexes in the 

surface confinement of oxygen seems to contrast our previous conclusions regarding heat treated 

Fe/polyaniline composites.1 A correlation between the surface density of the active sites and the 

amount of surface confined oxygen was detected by us for those catalysts and attributed to oxygen 

adsorption occurring either directly on the active sites or in their immediate vicinity. The disparity 

between the previous1 and the current conclusions is most likely superficial. In reality, both results 

reflect the same phenomenon. As frequently postulated,3-5 the FeN4 active sites in pyrolyzed 

Fe/N/C composites are embedded in graphene planes and therefore their number is likely to 

correlate with the degree of surface graphitization. In turn, the latter is a key factor determining 

the extent of Nafion self-assembly and the resulting oxygen confinement, whereas the role of the 

very active sites in the reduction of surface confined oxygen is exclusively the electrochemical 

process, but not the adsorption itself. Such explanation of the previous results1 remains in 

agreement with the insensitivity of the surface confinement of oxygen to the nature of the active 

site demonstrated in this paper.  

As previously noted,6 the only active sites in a catalyst that can participate in ORR in the 

presence of Nafion® self-assembly are those with direct access to the electrolyte. Hydrophobic 

macrocyclic complexes, such as those used in the present study, likely adsorb exclusively on 

carbon graphitic planes30 and are especially susceptible to blocking by the Nafion® hydrophobic 

component and to complete elimination from the electrocatalysis. Therefore, any ORR results 

obtained for Nafion® containing catalyst inks have to be first examined for possible Nafion® 

self-assembly, which may lead to a strong inhibition of the reaction but also to its apparent 

“acceleration” resulting from possible surface confinement of oxygen. The latter will not be visible 

in RRDE data obtained using a staircase methodology,1 which allows for truly steady state 
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measurement. Catalyst supports such as graphitized carbons, graphene and carbon nanotubes are 

expected to be especially susceptible to the inhibition and oxygen confinement phenomena 

originating from Nafion® self-assembly. 
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Figure 1. Background corrected RRDE voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution 
recorded for a 5.7% CoPC on Vulcan XC72. Total carbon loading 0.1 mg. Rotation rate 400 rpm. Scan rate 
10 mV s-1. Nafion® contents (R) in the catalyst inks listed in the figure. Inset: cyclic voltammograms (100 

mV s-1) recorded for the same catalysts in deoxygenated 0.5 mol dm
-3
 H2SO4 solutions.  
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Figure 2. Cyclic voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution recorded for a 5.7% CoPC 
on Vulcan XC72. Total carbon loading 0.1 mg. Scan rate 500 mV s-1. Equilibration time 5 min at 400 rpm. 
Nafion® contents in the catalyst inks listed in the figure. Inset: kinetic ORR currents determined for the 

same catalysts from RRDE experiments at 400 rpm. Nafion® contents (R) in the catalyst inks and the 
respective numbers of electrons (n) transferred in ORR listed in the figure.  
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Figure 3. Cyclic voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution recorded for 5.7% CoPC 
on Vulcan XC72. Total carbon loading 0.1 mg. Equilibration time 5 min at 400 rpm. R = 1.8. Scan rate (mV 
s-1): 100 (1), 200 (2), 300 (3), 500 (4), 700 (5), 1000 (6). Top inset: peak current vs. scan rate. Bottom 

inset: oxygen reduction charge plotted vs. inverse square root of the scan rate (see text for the charge 
determination methodology).  
190x190mm (216 x 216 DPI)  
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Figure 4. Two cycle voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution recorded for 8.1% 
CoTPP on Vulcan XC72 after different equilibration times at 400 rpm. Total carbon loading 0.1 mg. R = 1.6. 

Scan rate 1000 mV s-1.  
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Figure 5. Oxygen surface concentrations (bottom) and voltammetric background currents measured at 0.3 V 
vs. RHE and 100 mV s-1 (top) plotted against Nafion® content (R) in the catalyst layer. The background 
currents are sums of absolute currents measured in negative and positive scans. For the 5.4% CoPC 

catalyst, Nafion® was deposited on top of the Nafion® free catalyst layer as an aqueous solution obtained 
by 100-fold dilution of the commercial 5% solution.  
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Figure 6. Oxygen adsorption isotherm for 8.1% CoTPP catalyst (R = 1.6) in 0.5 mol dm-3 H2SO4 solution.  
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Figure 7. Background corrected cyclic voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution 
recorded for three Pt catalysts after 5 min equilibration at 400 rpm. Scan rate 100 mV s-1. Nafion® contents 

in the catalyst layers listed in the legend.  
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Figure 8. Molar concentrations of surface confined oxygen per gram of catalyst support in oxygen saturated 
0.5 mol dm-3 H2SO4 solution plotted against Nafion® content in the catalyst layer for three Pt catalysts on 

different carbon supports and six macrocyclic complexes of Co and iron supported on Vulcan XC72. 

Macrocyclic catalyst compositions: CoPC (6.4%), CoPC + PC (5.0% CoPC, 5.0% PC), FeOEP (9.8% 
FeOEPCl), CoTPP (8.1%), CoTPP + TPP (6.0% CoTPP, 6.2% TPP), CoOEP + OEP (6.9% CoOEP, 6.5% OEP).  
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Figure 9. Background corrected cyclic voltammograms of oxygen saturated 0.5 mol dm-3 H2SO4 solution 
recorded for 2 x 10-9 mol cm-2 CoPC (a) and Pt nanoparticles (0.024 cm2 surface area, b) deposited on ~4.8 
mm HOPG disk and covered with a self assembled Nafion® film as well as for an uncoated 1.6 mm Pt disk. 

Scan rate 1 V s-1. Inset: peak current density for the HOPG/Pt/Nafion® electrode plotted against the square 
root of scan rate.  
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