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Abstract 

Knowledge of the carbon active sites for Oxygen Reduction Reaction (ORR) remains 

confusing and controversial and thus the detailed mechanism is still not clarified. Considering 

the nature of the carbon-oxygen interaction in active sites during the gasification reaction, it 

could be inferred that the sites for this reaction are the same as those participating in the ORR. 

Herein, the relationship between carbon-oxygen gasification properties and ORR activities was 

elucidated. Carbon materials including different structures and porosities were selected and 

extensively characterized in terms of structural and electrochemical properties. Regarding 

gasification properties, active surface area (ASA) and reactivity for carbon-oxygen reaction 

were determined. A good linear correlation is found between ORR activity and carbon-oxygen 

gasification reactivity. Interestingly, similar correlation is found between ORR activity or 

gasification reactivity and ASA, although two different slopes are observed for the analyzed 

samples, being higher for the carbon nanotubes (CNT) based samples. The results suggest that 

the active sites participating in the gasification reaction can be catalytic sites for ORR although 

the specific catalytic activity is determined by the carbon structure. Thus, active sites in CNT 

show higher activities toward ORR and carbon gasification reactivities than others. 
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1. Introduction 

Fuel cells (FC) convert chemical energy of fuel and oxidant into electric energy. Unlike 

batteries, they do not need recharging as long as fuel and oxidant are continuously supplied [1]. 

At the cathode of a proton exchange membrane fuel cell, oxygen is reduced by reaction with 

protons and electrons to produce water (1/2O2 + 2H+ + 2e− → H2O) [1]. The sluggish reaction 

kinetics of Oxygen Reduction Reaction (ORR) even on the best Pt-based catalyst requires high 

Pt loading (∼0.4 mg cm−2) to achieve a desirable fuel cell performance. Pt is a scarce and 

expensive metal and the Pt-based electrodes suffer from CO deactivation [2–5]. Hence, cathode 

development requires special attention to find the best catalyst and electrode structure to 

combine performance and stability [3]. Indeed, heteroatom (N, S, P, B and F)-doped carbon 

materials, transition metal oxides (e.g., CoO, Co3O4, Cu2O, MnO2) and metal nitrogen 

complexes (Co-Nx, Fe-Nx) on carbon nanomaterials can be promising candidates as non-

precious metal catalysts for ORR in alkaline medium [6–8]. Because of its desirable electrical 

and mechanical properties as well as large accessible surface area, new nanostructured carbon 

materials such as graphene and carbon nanotubes (CNT) have widely contributed to design 

advanced electrocatalysts [9].  

Nowadays, dopants, edges, and defects have been demonstrated to generate promising ORR 
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activity to metal-free nanocarbon materials by modification of electronic structure of the 

materials [10]. In the case of nitrogen doping, in general, it is concluded that carbon atoms near 

nitrogen are the active sites for ORR, although there are discrepancies about the structure of 

the most active sites [11–14]. Regarding the effect of carbon edges toward ORR, studies using 

highly oriented pyrolytic graphite by Shen et al. revealed that the activity is much higher at the 

edge of graphite than at the basal plane [15]. Tang et al. explained using DFT calculations that 

all-carbon topological defects can deliver an excellent activity for both ORR and OER, while 

topological defects containing nitrogen doping are expected to produce a higher enhancement 

[16]. In addition, structure of a nitrogen doped Stone-Wales defect provides active sites and its 

ORR activity can be tuned by the curvature around the active sites [17]. Defective activated 

carbon derived via heat treatment of the N-doped activated carbons demonstrated comparable 

activity to commercial Pt/C catalysts [18]. Combination of the defects or edge carbons and the 

electron transfer resistance ultimately determines the ORR performance of drilled CNT [19]. 

In consequence, it was proposed that the origin of ORR activity is a result of carbon 

restructuring and the possible formation of topological defects during the removal of high 

temperature CO desorbing functional groups [20].  

To sum up, a wide range of metal free carbon based catalysts have been explored for improving 
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ORR activities in recent years. However, knowledge of the critical active sites and underlying 

mechanism still remains confusing and controversial [16].  

Meanwhile, extensive investigation regarding carbon-oxygen gasification were carried out 

from which clear evidences about the involved active sites and the reaction mechanism were 

collected [21,22]. Oxygen-transfer reactions of carbon materials are at the heart of fuel 

combustion and gasification processes and much progress has been made in achieving their 

fundamental understanding [23]. As described by reaction (1), in carbon gasification or 

combustion the oxygen molecule reacts with the carbon reactive site (Cf1) from the carbon 

structure forming an intermediate that desorbs as CO or CO2.  

O2 + 2Cf1 = 2C–O     (1)  

In ORR, it was stablished that the first step in the reduction of oxygen is the one-electron 

reduction to superoxide ion, as detailed in Reaction (2) [24] 

O2 + e– + Cf2 = C–O2*    (2) 

Subsequent to Reaction (2) the adsorbed superoxide anion radical picks up a proton from the 

electrolyte solution to form and desorb a hydroperoxide ion HO2
-, thus regenerating the same 

carbon active site (Cf2). Radovic has questioned if the sites which are related to carbon 

gasification (Cf1) and ORR (Cf2) are different or not. Answering this question could bring light 
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to the understanding of the ORR mechanism and in tailoring carbon surfaces [25].  

In this sense, the concept of active surface area (ASA), which is derived from the studies of 

carbon gasification, was extremely useful to understand the reactivity of carbon materials [26]. 

Reactivity is another extensively used measurement for analyzing the oxidation behavior of 

carbonaceous solids [27]. The ASA has been recently applied not only to the carbon 

gasification reactions but also to electrochemical processes [28]. For instance, the value of 

irreversible capacity of lithium ion batteries or the electrochemical storage of hydrogen are 

directly related with the ASA [29,30].  

In summary, several electrochemical properties have been correlated with ASA. However, the 

correlations of ORR on carbon materials and carbon-oxygen gasification properties have not 

been identified. The aim of this study is to elucidate the relationship between carbon-oxygen 

gasification properties and ORR activities. For this purpose, heteroatoms and metal free carbon 

materials including different structures and porosities, such as activated carbons, carbon blacks, 

carbon nanotubes, carbon nanofiber and graphite were selected. After identifying structural and 

electrochemical properties of these materials, some insights about the mechanism for ORR in 

relation to carbon-oxygen gasification properties are proposed. 
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2. Experimental 

2.1 Material Preparation 

Commercial carbon materials and materials prepared in our laboratory were used in this study. 

Multi-wall Carbon Nanotubes (MW) with a 99 % of purity, outer diameter: 13-18 nm, length: 

3–30 µm and Single-Wall/Double-Wall Carbon Nanotubes (SW) with a 99 % of purity, outer 

diameter: 1-2 nm and length: 3–30 µm were purchased from Cheap Tubes Inc. (Brattleboro, 

Vt, USA). Carbon nanotube herringbone (labeled as Herring along this work) from TOKYO 

CHEMICAL INDUSTRY with a 95 % of purity, outer diameter: 10-20 nm and length: 5–15 

µm was also used. Graphite (KS4) from TIMCAL Ltd., commercial XC-72F Vulcan carbon 

black (XC72) from Cabot Corporation, CD-6008 carbon black (CB) from COLUMBIAN 

CHEMICALS and a highly microporous activated carbon (YPF) supplied from KURARAY 

were also used. A microporous char (AC) derived by carbonization of phenolformaldehyde 

polymer resin and carbon nanofiber (CNF) synthesized by our lab were used.  

It is known that presence of metallic impurities, such as those employed as catalysts in the 

production of carbon nanotubes, yield high catalytic activities with respect to oxygen reduction 

reaction [31] and carbon oxidation [32]. For this reason, the analyzed carbon materials were 

treated by 5 M hydrochloric acid at 50 ̊ C overnight to remove the inorganic matter. In addition, 
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SW treated with concentrated nitric acid at 70 ˚C for 12 h were also prepared [33]. This sample 

was labeled as SW_HNO3. The resulting samples were filtered and washed several times by 

distilled water until the pH of the filtrate was the same as that of the distilled water. Finally, the 

materials were dried at 120 ˚C, what was followed by physicochemical and electrochemical 

characterizations for analyzing the purity of the samples. 

2.2 Physicochemical characterization 

Transmission electron microscopy (TEM) images of the materials were taken with a JEOL 

JEM-2010 microscope operated at 200 kV. The samples were suspended in ethanol to obtain a 

homogeneous dispersion before drop-casting them on a copper grid and then placed in the 

measurement chamber. Porous texture of all the samples were determined by physical 

adsorption (N2 at -196 ˚C and CO2 at 0 ˚C) using an automatic adsorption system (Autosorb-6, 

Quantrachrome) after samples out-gassing at 250 ̊ C under vacuum for 4 h. The total micropore 

volume (pore size smaller than 2 nm) was calculated from the application of the Dubinin–

Radushkevich theory to the N2 adsorption at -196 ˚C. The narrow micropore volume (pore size 

smaller than around 0.7 nm) has been assessed from CO2 adsorption at 0 ˚C using the DR 

equation [34,35]. The densities of the adsorbed phase used for the calculations were 0.808 and 

1.023 g ml-1 for N2 and CO2, respectively. The apparent specific surface area was calculated 
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by the BET equation. 

2.3 Carbon-oxygen gasification characterization 

The severity of thermal treatment conditions (such as residence time, temperature and heating-

rate) during the carbon-oxygen reaction measurements have a significant effect on the ASA as 

well as reactivity [36]. Therefore, all of the purified carbon samples were treated by same 

thermal treatment conditions. The ASA gives a measurement of the number of reactive carbon 

atoms or carbon active sites corresponding mainly to edge planes and defects of a carbon 

sample [29]. The ASA of our samples was measured using an established method which is 

based on di-oxygen chemisorption [37]. Firstly, about 10 mg of purified samples were heat 

treated up to 920 ˚C at a heating rate of 20 ˚C min-1, flow rate of 100 mL min-1 and kept at 920 

˚C for 0.5 h under N2 to remove oxygen complexes on the carbon surface. Afterwards, 

temperature is lowered to 250 ˚C and kept for 1 h while keeping the inert atmosphere. Next, 

synthetic dry air (20 vol.% O2 in N2) is fed to the thermobalance for 7 h to perform the oxygen 

chemisorption step. The ASA was then determined from the weight uptake of the samples by 

the following equation assuming that each chemisorbed oxygen atom occupies an area of 0.083 

nm2 [37]. 

𝐴𝑆𝐴 =   
1

𝑤0
 ∙  

𝐴 × 𝑛 × (𝑤𝑐−𝑤0)

𝑁𝑂
  (3) 
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where A is the area that one oxygen atom occupies per edge carbon atom, n is Avogadro 

constant, w0 is the starting weight of carbon in the chemisorption step, wc is the weight of 

carbon after oxygen chemisorption and NO is oxygen atomic weight. 

Reactivities for carbon-oxygen gasification were determined by isothermal TGA analysis 

under synthetic dry air. About 10 mg of the purified samples were heated in a N2 stream up to 

920 ˚C at a rate of 20 ˚C min-1 and kept for 0.5 h. Next, temperature is lowered to the selected 

reaction temperature (typically from 500 ˚C to 670 ˚C) and kept for 1 h. Finally, synthetic dry 

air is fed, and the resulting weight changes were recorded continuously as a function of time. 

The reactivity was given by the following equation  

𝑅𝑇 =  − 
1

𝑤0
 ∙  

𝑑𝑤

𝑑𝑡
   (4) 

Where RT is the initial reactivity at a temperature T (gg-1h-1), 𝑤0 is the initial mass of the 

sample (g), on an ash free basis, and 
𝑑𝑤

𝑑𝑡
 is the initial rectilinear weight loss rate (gh-1) [32]. A 

TA thermobalance (SDT 600) with a sensitivity of 1 µg has been used for these measurements. 

2.4 Surface chemistry 

Temperature-Programmed Desorption (TPD) measurements are extensively used for 

characterizing the surface functionalities of carbon materials [38,39]. Oxygen complexes 

decompose mostly as CO2 and CO that are followed by TPD techniques [40]. TPD experiments 
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were performed in a thermogravimetric system (TA Instruments, SDT Q600 Simultaneous) 

coupled to a mass spectrometer (Thermostar, Balzers, BSC 200). The samples were heat treated 

up to 920 ˚C at a rate of 20 ˚C min-1 followed by keeping this temperature for 0.5 h under a 

Helium flow rate of 100 mL min-1 to clean the carbon surfaces. The CO and CO2 evolving from 

the samples during the heat treatment was monitored (TPD experiment). TPD experiments 

were also done for the samples after the heat treatment process (HT-TPD). Amounts of CO and 

CO2 desorbed from the samples during the experiments were quantified by calibration of 28 

and 44 m z-1 signals using calcium oxalate.  

Furthermore, the surface composition of the catalysts was investigated by X-ray photoelectron 

spectroscopy (XPS) in a VG-Microtech Multilab 3000 spectrometer, equipped with an Al 

anode. 

2.5 Electrochemical characterization 

Electrochemical activity tests towards ORR were carried out at 25 ˚C in a three-electrode cell 

with 0.1 M KOH electrolyte using a Autolab PGSTAT302 (Metrohm, Netherlands) potentiostat, 

a graphite bar as counter electrode and Reversible Hydrogen Electrode (RHE) electrode 

introduced in the working solution as reference electrode. A rotating ring-disk electrode 

(RRDE, Pine Research Instruments, USA) equipped with a glassy carbon (GC) disk (5.61 mm 
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diameter) and an attached Pt ring was used as working electrode. Since this study aims to get 

information about carbon active sites and to compare with ASA and carbon-oxygen reactivity 

data, all the samples used in this evaluation were also heat treated at 920 ˚C for 0.5 h under N2 

to remove the surface oxygen complexes as it was done for ASA and reactivity measurements. 

After this thermal treatment the samples were immediately characterized for ORR to minimize 

the influence of contact with the atmosphere. We have checked that the ORR activity is not 

modified when the annealed samples remain in contact with air for periods ranging from a few 

hours to a few days. In addition, a measurement done by protecting the heated sample in inert 

atmosphere was carried out with a highly microporous activated carbon (YPF) which contains 

relatively large amounts of edge sites and the results were not different to those in unprotected 

conditions. The samples were dispersed in a solution of 20 vol.% of isopropanol, 80 vol.% of 

water and 0.02 wt.% of Nafion@ (the weight ratio of Nafion@ to carbon sample is 1:5) to 

prepare a final dispersion of 1mg ml-1 of the carbon material. Typically, 100 µl of the dispersion 

was pipetted on the GC disk electrode (carbon sample loading of 400 µg cm-2) to obtain 

uniform catalysts layer for ORR study. The sample on the GC was dried by heating lamp for 

evaporation of the solvent. Cyclic Voltammetry (CV) and linear sweep voltammetry (LSV) 

were carried out from 1 to 0 V (vs. RHE). The CV was performed in both N2 and O2 saturated 
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atmosphere at 5 and 50 mV s-1. The LSV was done in an O2-saturated atmosphere for 1600 rpm 

at 5 mV s-1. LSVs of ORR were corrected for the capacitive current contribution, which was 

obtained from CV under N2 at 5 mV s-1. The potential of the Pt ring electrode was kept at 1.5 

V (vs. RHE) and its current was also measured during the LSV measurement. The electron 

transfer number (n) of ORR on the catalysts modified electrode was determined by the 

following equation. 

𝑛 =
4×𝐼𝑑

𝐼𝑑+𝐼𝑟/𝑁
  (5)       

where Id is disk current, Ir is ring current, and N is the collection efficiency of the ring which 

was experimentally determined to be 0.37.  

3. Results and Discussion 

3.1 TEM images 

TEM observations were carried out to get information about the carbon structure on a 

microscopic scale. The TEM images for KS4, XC72, CB, CNF, MW, Herring and SW are 

displayed in Fig. 1. TEM images for YPF and SW_HNO3 are presented in Fig. S1. Highly 

developed and stacked structures of 002 lattice fringes, which are typical of graphitic materials, 

are observed for KS4, Fig. 1a. For carbon black samples, namely XC72 and CB, nanosized 

spherical amorphous particles of different sizes are observed in TEM images, Fig. 1b, c, being 
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smaller for CB. This feature delivers more voids spaces (which could determine the porous 

texture of carbon blacks) between the nanosized particles on CB sample. Hence, larger BET 

surface area of CB than XC72 is measured as explained later in Table 1. CNF presented a 

disordered structure with fibril nanotexture (highlighted by white arrow), Fig. 1d. TEM image 

of AC illustrates the amorphous carbon structure which was previously studied [40], Fig. 1e. 

Finally, for carbon nanotube samples, different structures are observed. First, TEM of 

multiwalled carbon nanotubes (MW) shows that the graphite planes of the MW walls are 

parallel to the axis of the nanotube, Fig. 1f. Second, herringbone nanotubes (Herring) shows 

its characteristic nanostructure where the graphite planes forming the walls are most of them 

stacked forming an angle close to 45º with the axis of the tube Fig. 1g. Contrarily, single walled 

carbon nanotubes (SW) presented bundles of very thin carbon nanotubes, Fig. 1h. The diameter 

of nanotubes follows the order of Herring > MW > SW, in close agreement with their specific 

surface area values (Table 1).  

TEM images indicate that samples selected in this study have very different structures. The 

ordered, spherical particle and tube type structures of carbon materials are observed for KS4, 

XC72, MW, Herring and SW. In contrast, AC, CB, YPF and CNF displayed highly disordered 

carbon structure. 
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Fig. 1. TEM images of (a) KS4, (b) XC72, (c) CB, (d) CNF, (e) AC, (f) MW, (g) Herring and 

(h) SW. The arrow indicates the location of fibril structure. All samples were heat treated at 

920 ˚C for 0.5 h under N2 before the analysis. 

  

(e) 

(g) (h) 

5nm 

(f) 
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3.2 Thermogravimetric analysis 

The inorganic matter content of the samples prepared in this work was analyzed by TGA under 

synthetic air. Fig. S2 shows the TG curves of non-CNTs (KS4, XC72, CB, CNF and AC) and 

CNTs based samples (MW, Herring, SW and SW_HNO3). The TG weight loss indicated that 

the samples have a carbon content higher than 99.8% and 98.8% for non-CNTs and CNTs based 

samples, confirming that most of the metal content was removed by our purification procedures. 

The possible contribution of residual metal impurities toward ORR is explained in ORR 

measurements section. 

3.3 Characterization of surface chemistry 

Fig. 2 shows the CO2 and CO gas evolution profiles during TPD for all the carbon samples 

before and after heat-treatment at 920 ˚C for 0.5 h in He atmosphere, respectively. By 

comparing the TPD profiles between Fig. 2 (a), (b) and Fig. 2 (c), (d), removal of most of 

oxygen complexes on the carbon surface can be confirmed by the thermal treatment at 920 ˚C. 

Hence, the effect of oxygen functionalities on the carbon surface toward ORR activity should 

be negligible for our prepared carbon samples [41,42]. Nevertheless, the very small peaks 

observed for samples Herring and CNF at ca. 600 ºC can be related to traces of metal still 

present in these samples. 
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(a)                                        (b)  

 

 

 

 

 

(c)                                       (d)  

 

 

 

 

 

Fig. 2. Gas evolution profiles in He before (a) CO2 (b) CO and after (c) CO2 (d) CO heat 

treatment at 920 ˚C for 0.5 h of the carbon samples up to 920 ˚C at rate of 20 ˚C min-1 
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In addition, XPS spectra of the heat treated samples show the presence of C 1s and O 1s 

emissions (Fig. S3). None of the high-resolution XPS spectra reveal the presence of other 

heteroatoms like nitrogen, phosphorus, halogens, etc. (Fig. S4). The surface chemistry 

characterized by TPD and XPS for the samples is summarized in Table S1. 

3.4 Porous texture and carbon-oxygen gasification properties 

N2 adsorption isotherms at -196 ̊ C and CO2 adsorption isotherms at 0 ̊ C have been determined 

in all the samples to characterize their porous textures (Fig. S5 contains the nitrogen isotherms 

of the samples). Table 1 compiles the BET surface area (SBET), micropore volume (VDR
N2) and 

narrow micropore volume (VDR
CO2) calculated from N2 and CO2 adsorption for each sample. 

It can be seen that the materials have different porous texture. Specific surface areas ranged 

from 36 m2 g-1 (sample KS4) to more than 1700 m2 g-1 (sample YPF). XC72, CNF and MW 

presented similar SBET (196 ~ 287 m2g-1). CB, AC and SW showed intermediate SBET values 

(580 ~ 600 m2 g-1).  

Table 1 also contains the values of ASA and reactivity for carbon-oxygen reaction measured 

under synthetic dry air at 250 ˚C and 550 ˚C, ASA and R550, respectively. ASA is related to the 

structural ordering of the carbon materials [43]. Edge plane on carbon surface include all types 
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of defects that could be present in the carbon structures (stacking faults, single and multiple 

atom vacancies, dislocations, etc) which constitute ASA [26,44]. Therefore, generally ordered 

structures have low amount of edge sites whereas undeveloped structures contain higher 

concentration of edge site which are responsible for dissociative oxygen chemisorption, and 

thus leading to high ASA. For our prepared samples, KS4, XC72, CB and CNTs based catalysts 

display relatively low ASA (<14 m2 g-1). On contrast, AC, CNF and YPF which showed 

disordered carbon structures as revealed in Fig. 1, have higher ASA values (> 20 m2 g-1).  

Moreover, Table 1 reveals that nitric acid oxidation of SW affects their porous texture (note the 

enhancement of SBET, VDR
N2 and VDR

CO2). Furthermore, SW_HNO3 showed higher ASA and 

reactivity than SW which might be due to the formation of structural defects during the wet 

oxidation of SW_HNO3 [33,43]. Table 1 depicts that SBET, VDR
N2, and VDR

CO2 are not the 

factors determining ASA and R550 for non-CNTs. On the other hand, ASA and R550 might be 

related to SBET for CNTs based samples, suggesting that these samples share common structural 

features that are different to those of the others. 
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Table 1 Porous texture, ASA and R550 of the selected samples 

Sample* SBET 

/ m2 g-1 

VDR
N2 

/cm3 g-1 

VDR
CO2 

/cm3 g-1 

ASA 

/m2 g-1 

R550 

/g g-1 h-1 

KS4 36 0.01 -- 0.5 0.06 

XC72 254 0.10 0.05 4.7 0.74 

CB 583 0.26 0.17 14.0 1.14 

CNF 287 0.11 0.07 28.9 1.99 

AC 593 0.24 0.26 36.7 2.16 

YPF 1757 1.24 0.48 26.4 2.20 

Herring 123 0.05 0.03 2.2 0.47 

MW 196 0.07 0.02 2.8 2.00 

SW 587 0.21 0.13 6.1 2.39 

SW HNO3 976 0.35 0.17 9.4 2.91 

*All samples were heat treated at 920˚C for 0.5h under N2 before the analyses. 
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Fig. 3 illustrates the Arrhenius plots (rate vs. 1/T) [45] for the carbon gasification with oxygen 

obtained in this study. The activation energies in air for the samples were calculated from the 

slope in Fig. 3 obtaining values between 60 kJ mol-1 and 249 kJ mol-1, that are similar to those 

previously reported [22]. Thermogravimetric profiles of the samples at 480˚C, 500˚C, 530˚C 

and 550˚C under synthetic dry air are presented in Fig. S6, Fig. S7, Fig. S8 and Fig. S9.  

Literature provides evidences of ASA being a better descriptor of gasification reactivity than 

SBET. According to K.H. van Heek et al., good correlations between ASA and reactivity toward 

air and steam could be established for different chars and hydropyrolysis chars [46]. 

Additionally, a positive correlation between ASA and reactivity for a series of demineralized 

coal chars, PVDC chars and electrode carbon gasified in CO2 was found [47]. In accordance 

to these previous results, we have observed a good correlation between ASA and reactivity 

(R500, R530 and R550) for our demineralized carbons (Fig. 4). Interestingly, the slope of the plot 

of reactivity versus ASA for CNTs based samples is higher than that for non-CNTs based 

samples, independently of the chosen temperature for R determination.  

Since O2 dissociation step on CNT is predicted to be more exothermic and spontaneous than 

on its graphene counterpart [48], the higher reactivities of CNTs based samples could be due 

to their unique structure. Ebbesen et al. investigated the oxygen gasification of carbon 
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nanotube-containing materials in air and reported that the strong local curvature and imperfect 

geometry and/or the presence of five-membered carbon rings increase the reactivities of 

nanotubes [49]. Yao et al. concluded that oxidation of carbon nanotubes is influenced by 

curvature, pentagon and heptagon rings, and probably helicity [50]. The helicity is an additional 

factor for nanotubes which implies the existence of relatively exposed steps with high chemical 

potential where oxidation may occur preferentially. More specifically, the authors mentioned 

that a smaller tube diameter increases the curvature of the tube walls and the strain of the 

pentagons at the tip [50]. Thus, nanotubes with smaller diameter begin to oxidize first than 

those with higher diameter. From the thermodynamic analysis of O2 adsorption on armchair 

and zigzag nanotubes, decreasing trend in the thermodynamic parameters with increasing CNT 

diameter were also obtained [48]. Then, the high reactivities of SW and SW_HNO3 samples 

could be explained by their smaller diameters (1~2 nm). Morishita et al. studied the gasification 

behavior of MWCNTs [51,52]. The changes of appearance of a MWCNTs in the initial stage 

of gasification were evaluated by a fixed point TEM observation. These TEM images indicated 

that the gasification occurred preferentially at the structural defects in the MWCNTs rather 

than at the strain points of the topological defects [51,52]. Since SW_HNO3 contain more 

defects sites than SW, the reactivity of SW_HNO3 is higher than that of SW. 
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In summary, CNT based carbon samples show higher reactivities than non-CNT based catalysts 

despite their lower ASA (< 9.4 m2 g-1). As aforementioned, ASA can be considered as a 

measure of the number of active sites for carbon gasification in a carbon sample. Then, it could 

be concluded that the intrinsic activity (i.e intrinsic kinetic constant) for carbon gasification of 

the active sites on CNT is higher than those of non-CNT samples. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Arrhenius plots of reactivity for different carbon materials 
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Fig. 4. Relationship between ASA250 and R500 (white dot), R530 (red dot) and R550 (black dot) 

for prepared samples. Triangle dot: CNT based samples (Herring, MW, SW and SW_HNO3). 

Circle dot: non-CNT based samples (KS4, XC72, CB, CNF, AC and YPF).  

 

3.5 Electrochemical characterization 

Fig. 5 shows the voltammograms in N2 saturated 0.1M KOH between 0 and 1 V at 50 mVs-1 

of the samples that were previously heat-treated at 920˚C under N2. All the voltammograms 

have a quasi-rectangular shape which are typical of carbon materials where the capacitance is 

determined by electric double layer formation [53]. Gravimetric capacitance of the electrodes 

has been determined from the area inside the CVs (2, 14, 49, 33, 53 and 90 F g-1 for KS4, XC72, 
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CB, CNF, AC and YPF, respectively, and 14, 8, 46 and 60 F g-1 for MW, Herring, SW and 

SW_HNO3, respectively). It is found that the double layer capacitance of these materials are 

related to the SBET, Table 1.  

(a)                                      (b)  

   

 

 

 

 

 

Fig. 5. Steady state cyclic voltammograms for (a) KS4, XC72, CB, CNF, AC, YPF and (b) 

Herring, MW, SW, SW_HNO3 in deoxygenated (solid line) 0.1 M KOH solution at 50 mV s-1 

respectively. sample loading is 400 µg cm-2.  

 

 

 

3.6 Oxygen Reduction Reaction measurements 
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The ORR activity for all the samples was determined by measuring LSVs experiments between 

1 and 0 V at an electrode rotating rate of 1600 rpm in O2-saturated 0.1M KOH. The shape of 

the recorded curves shows a two-wave electrocatalytic process, the first one starting at 

potentials around 0.80-0.95V, and the second one ca. 0.4V, Fig. S10. H2O2 electrochemical 

reduction experiments done is our previous study manifested that H2O2 produced from oxygen 

reduction reaction is subsequently reduced, and the intensity and onset potential of the second 

wave is positively related to the amount of microporosity [54]. This process is out of the scope 

of this work. In this sense, Fig. 6 shows the LSV in the kinetically controlled O2 reduction 

reaction region and the beginning of the diffusional control region (i.e., potential region 

between 0.4 and 1V). The ORR activity of a 20 wt.%Pt/Vulcan commercial catalyst and the 

limiting current for oxygen reduction through 2 and 4 e- reaction pathways obtained from the 

Levich theory [55] (2.9 and 5.8 mA cm-2, respectively) at 1600 rpm are also plotted. For the 

analyses of the number of electrons transferred, Fig. 6 c and d, potentials between 0.4 at 0.75V 

were selected.  

In order to compare ORR activity, current densities have been determined at 0.7 V for all 

samples within the kinetically controlled O2 reaction region. The current density, number of 

electrons determined at 0.7 V and onset potential measured at -0.1 mA cm-2 on the LSV curves 
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are summarized in Table S2. SW_HNO3 has the highest current density as well as n while KS4 

showed the lowest values. In general, CNT based samples exhibited higher ORR activities 

(current density and n) than those of non-CNT based samples. It must be noted that if a very 

low amount of metal content in SW could be improving ORR activity, the activity of 

SW_HNO3 should then be inferior to SW. However, the opposite is observed, which suggests 

that the residual metal impurities are not playing a relevant role toward ORR measurements 

herein reported. Enhancement of ORR activity for SW_HNO3 could be correlated with possible 

formation of topological defects due to the removal of high temperature CO desorbing groups 

[20]. Moreover, the current density reached in diffusion control for CNTs based samples is 

higher than 2.9 mA cm-2 (i.e. ORR through 2e- mechanism) (Fig. 6a). Since n does not reach 4 

e-, Fig. 6c, the current densities recorded for CNT based samples could be the result of the 

combination of different active sites that catalyze ORR through 2e- and 4e- electron transfer 

pathways. This points out that active sites that are able to catalyze ORR to water through 4 e- 

reaction pathways are found in the surface of these samples and its concentration seems to be 

higher for sample SW-HNO3.  
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(a)                                   (b) 

 

   

 

 

 

(c)                                  (d) 

 

 

 

 

Fig. 6. LSVs during ORR on the disk electrode for (a) KS4, XC72, CB, AC, YPF, CNF and (b) 

Herring, MW, SW, SW_HNO3 and number of electrons (n) of the (c) KS4, XC72, CB, AC, 

YPF, CNF and (d) Herring, MW, SW, SW_HNO3 in O2 - saturated 0.1 M KOH solution at 1600 

rpm with a sweep rate of 5 mV s-1 respectively. Sample loading is 400 µg cm-2. All the samples 

were heat treated at 920 ˚C for 0.5 h under N2 before this ORR activity measurement. The 

values of Pt/Vulcan are included as reference. 
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To deepen into the relationship between carbon-oxygen gasification properties and ORR 

activities, the current density and n measured at 0.7 V versus ASA250 and R550 are compared 

in Fig. 7 and Fig. 8, respectively.  

 

(a)                                      (b)  

  

 

 

 

 

 

 

Fig. 7. ASA dependence of (a) Current density and (b) n measured 0.7V in O2 – saturated 0.1M 

KOH solution at 1600rpm. △: CNT based samples (MW, SW, SW_HNO3 and Herring). ◯: 

rest of samples (KS4, XC72, CB, CNF, AC and YPF). Sample loading is 400 µg cm-2.  
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(a)                                      (b)  

   

 

 

 

 

 

Fig. 8. R550 dependence of (a) current density and (b) n measured at 0.7V in O2 – saturated 

0.1M KOH solution at 1600rpm. △: CNT based samples (MW, SW, SW_HNO3 and Herring). 

◯: the other samples (KS4, XC72, CB, CNF, AC and YPF). Sample loading is 400 µg cm-2.  

 

In general, the ORR current density and n increase with ASA, Fig. 7, indicating that the carbon 

edge sites measured by ASA are the active sites with higher activity for ORR. It is known that 

the electrode kinetics on the basal plane is slower than on edge planes sites (around 7 orders of 

magnitude slower) [56]. Besides, there are several reports which illustrated that edge carbon 

atoms are able to improve ORR activity. Ball-milled graphite and CNT with more exposed 
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edges showed significantly improved ORR activity [13]. Gara et al. prepared basal plane 

pyrolytic graphite (BPPG) electrodes and edge plane pyrolytic graphite (EPPG) electrodes [56]. 

BPPG electrodes are cut so as to expose the hexagonal plane of the graphite layer while EPPG 

is cut perpendicular to BPPG, so as to expose as many graphite sheet ends as possible. It was 

demonstrated that the current for ORR on the EPPG was superior due to a large number of 

edge sites containing higher activity toward ORR [56]. Interestingly, as previously observed 

for the reactivity experiments in Fig. 4, the slope relating ORR current density and ASA is 

higher for CNTs based samples than that for non-CNTs based samples, Fig. 7.  

However, both the current density for ORR and n are well described for both set of samples by 

the carbon gasification reactivity, Fig. 8. This proportional relationship between reactivity and 

the ORR current density and n is manifesting for the first time that carbon gasification 

reactivity and oxygen reduction reaction share active sites and, at least, some of the starting 

steps in the reaction mechanism, no matter the porosity and structure of the involved carbon 

materials.  

TEM observations in Fig. 1 showed that the carbon samples possess different structures, while 

TPD and XPS analysis indicate that all of the samples contain very low amount of surface 

oxygen complexes and the absence of heteroatoms in their compositions, Table S1. Since 
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dopants effects for the ORR activities can be discarded, the structural differences could be the 

factor determining the activities observed. Indeed, the role of structural effects on ORR 

activities in CNT have been discussed. Zhang et al reported that the curvature effect plays 

important role in adsorption and reduction of oxygen for CNTs [57]. The limiting potential for 

ORR can be maximized by tuning the curvature around the active sites of CNT [58]. Bamboo-

shaped MWCNT demonstrated superior ORR characteristics to hollow-shaped MWCNT due 

to the disordered surface with pentagonal defects, rounded compartments, and edge plane sites 

[59]. CNT walls can modify electronic interaction and diffusion behavior of reactants for 

further catalytic activities [60]. In this work, the highest ORR activity and gasification 

reactivity values have been achieved for highly defective SW (i.e., SW-HNO3), confirming that 

the combination of large number of edge sites, a high curvature with smaller diameter of the 

tube and a high electrical conductivity are the most desirable features for the development of 

the most active carbon materials for ORR.   

 

4. Conclusions 

The relationship between ORR activities and carbon-oxygen gasification parameters (ASA and 

reactivity) were quantitatively identified for materials with different structures. In general, the 
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ORR activities of carbon materials increase with ASA. However, for a similar ASA value, CNT 

based samples showed higher ORR activities and carbon gasification reactivities than non-

CNT based samples. These results suggest that the active sites on CNT have higher activity 

toward ORR and carbon gasification. By checking the absence of impurities and the presence 

of a low amount of surface oxygen groups by TPD and XPS analyses, it was clarified that not 

only active edge sites measured by ASA but also the structure of carbon materials are the 

critical factors determining ORR activity and the possibility of enabling a 4e- reaction pathway. 

The unique features of CNT structure such as a reduced number of graphene layers in their 

walls and pronounced curvature, especially for those CNTs of smaller diameter, can be 

responsible for such increase in ORR activity. In addition, ORR activities and carbon 

gasification reactivity were linearly correlated which suggests that both reactions share the 

same active sites as well as some steps of the reaction mechanism. It has been found that CNT 

containing the highest amount of ASA and a low number of graphene layers (as in the case of 

SW) could be promising materials for designing effective ORR catalysts, what could be 

potential alternatives for the development practical cathodic materials in FC.  
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