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ABSTRACT 

Metal-free nitrogenated amorphous carbon electrodes were synthesised via dc plasma 

magnetron sputtering and post-deposition annealing at different temperatures. The 

electrocatalytic activity of the electrodes towards the oxygen reduction reaction (ORR) was 

studied as a function of pH using cyclic voltammetry with a rotating disk electrode. The 

trends in onset potential were correlated to the carbon nanostructure and chemical 

composition of the electrodes as determined via Raman spectroscopy and X-ray 

photoelectron spectroscopy analysis. Results suggest that: 1) the ORR activity in acidic 

conditions is strongly correlated to the concentration of pyridinic nitrogen sites. 2) At high 

pH, the presence of graphitic nitrogen sites and a graphitized carbon scaffold are the strongest 

predictors of high ORR onsets, while pyridinic nitrogen site density does not correlate to 

ORR activity. An inversion region where pyridine-mediated activity competes with graphitic-

N mediated activity is identified in the pH region close to the value of pKa of the pyridinium 

cation. The onset of the ORR is therefore determined by the activity of different sites as a 

function of pH and evidence for distinct reduction reaction pathways emerges from these 

results.   
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1. Introduction 

The oxygen reduction reaction (ORR) is a cathodic process which is employed in H2/O2 

fuel cell devices which have been suggested as a green technology to mitigate emissions 

associated with fossil fuel combustion [1-3]. The implementation of the ORR currently 

suffers from a number of practical challenges including large overpotentials and the over 

reliance on precious metal catalysts [2, 4, 5]. Cathodes prepared using the most common 

catalyst, platinum on carbon (Pt/C), have been estimated to account for up to one half of 

overall fuel cell costs [6, 7]. Moreover Pt is highly susceptible to poisoning from a number of 

species including CH4, CO, MeOH, H2S, NO2, and SO2 [8] and the Pt/C catalyst also suffers 

from degradation in the form of nanoparticle agglomeration, ripening and detachment from 

the support [9, 10]. In recent years research has focused on replacing Pt with sustainable 

alternatives including non-precious metals such as Fe/C, Fe/C-N catalysts [11-14] and metal-

free electrocatalysts based on heteroatom doped carbon materials. In the latter category 

nitrogen-doped carbon materials in particular have shown promise with N-doped carbon 

nanotubes [2, 15, 16], graphene [17-20], and mesoporous carbon [21] all reported in the 

literature.  

Despite the fact that some N-doped carbons are more active than Pt/C [22-24] under 

alkaline conditions, the precise reason for this high activity is not well understood. Efforts 

have been made to identify the active sites for ORR on N-doped carbon using both 

experimental and theoretical methods [25-28], however these results are far from conclusive. 

For instance, the presence of pyridinic-N (Npyr) sites has been proposed to correlate to the 

ORR activity [25, 28, 29]. Graphitic-N (NG) sites have also been identified as the ones most 

active in the ORR in both experimental and theoretical studies [7, 30, 31], while several 

studies have identified both NG and Npyr as important for the ORR [32, 33]. These studies are 

however carried out using different types of carbon materials, ranging from graphene to 
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nanotubes to amorphous carbons, and using aqueous media at differing pH values. A study of 

pH dependence in the ORR activity using the same carbon electrode materials over the acid 

to alkaline range to the best of our knowledge has not been undertaken so far using model 

electrodes. This kind of study might contribute to explaining some of the controversy in this 

field.  

In this work we present a comprehensive study of the ORR activity of N-doped carbon 

materials as a function of pH. We have used model N-doped carbon electrodes prepared via 

sputter deposition and thermal treatment; this methodology had been shown by our group to 

result in excellent model materials with reproducible and smooth topography, low porosity 

and tunable N-content and N-site type, suitable for mechanistic investigations of carbon 

electrocatalysis [27],[34]. In this study we have focused on the effect of carbon electrode 

composition and pH on the onset of the ORR as evaluated using voltammetric studies under 

acidic and basic conditions as well as at a variety of intermediate values between pH 5 and 

pH 9. The onset of the ORR at each pH was correlated to the N-site chemistry and carbon 

scaffold nanostructuring as identified through a combination of XPS and Raman 

spectroscopy. Our experimental approach provides a simple and clear platform to identify (a) 

optimal synthetic principles for the design of ORR-active N-doped carbons over a wide pH 

range, and (b) evidence for a transition in the role of specific N-sites in determining onset 

behaviour. 

 

2. Experimental Methods 

Perchloric Acid (67-72%, Fluka), Sodium Phosphate monobasic and Sodium Phosphate 

dibasic (≥99.0%, SigmaAldrich) and KOH (semiconductor grade pellets, 99.99%, 

SigmaAldrich) were all used without further purification.  
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Glassy carbon disks (Ø 5mm HTW, Germany) were polished with progressively finer 

grades of alumina slurry (Buehler); further details are reported elsewhere [34]. Thin film 

electrodes of nitrogenated amorphous carbon (a-C:N) were deposited onto the GC disks via 

DC plasma magnetron sputtering in a chamber (Torr international) with a base pressure ≤ 2 × 

10
−6

 mbar and a deposition pressure in the range (2−7) × 10
−3

 mbar using a graphite target 

(99.999%, Lesker, 2.00’’ diameter and 0.125’’ thickness), as reported previously[27]. 

Nitrogen was introduced in the carbon scaffold by varying the proportion of N2/Ar gas during 

deposition, while keeping a constant total flow. After deposition, the resulting films were 

transported directly to a tube furnace and annealed under N2 atmosphere for 1 h at 700 or 900 

°C, as illustrated in Figure 1a. A total of four different nitrogenated carbon materials were 

used in our studies by varying both the N2/Ar mix (2 or 10%) and the annealing temperature 

(700 or 900 °C); these four materials are summarised in Table 1, together with the 

experimental conditions used for their preparation.  

 

Table 1: Nitrogenated carbon electrode materials and experimental conditions used for 

their deposition and subsequent annealing. 

 Sample N (sccm) Ar (sccm) Tannealing (˚C) 

a-C:N-1 a700  1.0  49.0  700  

a-C:N-1 a900 1.0  49.0  900  

a-C:N-2 a700  5.0  45.0  700  

a-C:N-2 a900  5.0  45.0  900  

 

Electrochemical studies were carried out using a three-electrode setup and a potentiostat 

(Metrohm Autolab AUT50324). The working electrode (a-C:N on GC disks, Table 1) was 

mounted in a static teflon disc holder (Pine); a Hydroflex hydrogen electrode (Gaskatel) and a 

graphite rod were used as reference and counter electrodes, respectively, as previously 
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reported [34]. Measurements were carried out in a jacketed electrochemical cell (Pine 

Instruments) thermostated at 25 °C. Prior to all experiments, the cell was cleaned using 

piranha solution (CAUTION: piranha solution can be explosive in contact with organics), 

and rinsed with copious amounts of Millipore water [34]. Cyclic voltammograms (CVs) were 

acquired over 0.05-1.00 V vs RHE in deaerated solutions of HClO4 (pH 1), phosphate 

buffered solutions (pH 5-9) or KOH (pH 13). A CV in Ar-saturated solution was used to 

subtract the capacitive background current from the waves obtained in O2-saturated solutions. 

Unless otherwise specified, error bars are calculated on the basis of data from four disks for 

each of the a-C:N materials.  

X-ray photoelectron spectroscopy (XPS) was carried out on a VG Scientific ESCAlab 

MK II system with an Al Kα source at 90° take-off angle. Wide surveys and core level 

spectra were collected at 50 and 20 eV pass energy, respectively. All spectra were analysed 

using a commercial software (CasaXPS
TM

); peaks were fitted with Voigt functions after 

Shirley background subtraction and atomic %ratios were obtained from peak area ratios after 

correction by Scofield relative sensitivity factors (C = 1, N = 1.8, O = 2.93). Raman spectra 

were measured with a Renishaw 1000 micro-Raman system equipped with an Ar
+
 laser at 

488 nm excitation (backscattering configuration). The incident beam was focused by a Leica 

microscope with a 50× magnification objective and short-focus working distance; incident 

power was kept less than 2 mW to avoid sample degradation and spectra were fitted using 

Origin Lab Origin pro 9.1 software. 

 

 

 

 

3. Results and Discussion 
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To investigate the effects of N-site type and concentration as well as of carbon scaffold 

nanostructuring on the ORR activity, we prepared four N-doped carbon model catalysts based 

on plasma sputtered amorphous carbon films. The synthetic protocol is illustrated in Figure 

 

Figure 1.  a) Schematic illustrating the preparation of a-C:N-1 a700/a900 and a-C:N-2 

a700/a900 electrodes. b) Deconvoluted N 1s spectra of nitrogenated electrodes. Dashed lines 

indicate the binding energies assigned to Npyr, NG and Nox peaks. c) Raman spectra of 

nitrogenated electrodes. The G, D and A peaks are indicated with dashed lines. The raw 

spectrum and envelope are offset slightly from component peaks for clarity.  

 

 

1a. Glassy carbon disks were used as the substrate for the deposition of nitrogenated 

amorphous carbon (a-C:N) thin films according to previously reported protocols [27, 34]. The 

N-content was varied by altering the N2/Ar ratio in the plasma deposition gas, resulting in 
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solid thin films of a-C:N that are uniform and featureless [34] over the geometric area of the 

disk. Two types of as-deposited a-C:N electrodes were produced using 2% N2 and 10% N2; 

these will henceforth be referred to as a-C:N-1 and a-C:N-2 respectively. After deposition the 

nanostructure of the a-C:N-1 and -2 electrodes was further modified via thermal annealing in 

a tube furnace at either 700 
o
C or 900

 o
C to induce different degrees of graphitization in each 

carbon scaffold, while preserving the smoothness of the original deposited films (see 

Supporting Information). The resulting annealed electrodes are referred to as a-C:N-1 a700 / 

a900 and a-C:N-2 a700 / a900 as shown on the right hand side of Figure 1a and as 

summarised in Table 1.  

 

Table 2. O/C at.%, N/C at.% and %-contribution of graphitic-N (NG), pyridinic-N (Npyr) 

and N-O (Nox) sites to the total N 1s peak obtained for model carbon electrodes via XPS.
a 

Sample O/C % N/C% NG % Npyr % Nox % 

a-C:N-1 a700 5 ± 3 7.4 ± 0.6 48 ± 8 40 ± 6 11 ± 10 

a-C:N-1 a900
b 4 ± 1 1.8 ± 0.3 75 ± 5 25 ± 5 - 

a-C:N-2 a700 6 ± 1 13 ± 2 44 ± 3 44 ±3 12 ± 6 

a-C:N-2 a900
b 2.6 ± 0.7 2.4 ± 0.6 74 ± 8 26 ± 8 - 

a – Errors reported are 95% confidence intervals with n = 3 in each case.  

b – Results reproduced from Reference [27]. 

 

Representative high resolution XPS scans of the N 1s region for each of the four 

electrodes are shown in Figure 1b with the resulting composition data reported in Table 2. 

Survey spectra showing that the electrodes are metal-free and deconvoluted C 1s envelopes 

are presented in the Supporting Information. The N 1s envelopes were fitted using three 

major contributions: a peak at ca. 398.5 eV which may be attributed to pyridinic-N (Npyr) 

sites, a second peak close to 401 eV which is associated with graphitic-N (NG), and a third 
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peak above 402 eV that is evident only in samples annealed at 700 
o
C, and that is normally 

assigned to N-oxide (Nox) moieties [29, 35, 36].  

The total N/C at.% is highest in the a700 samples (Table 2) with a-C:N-2 a700 

possessing the highest N/C at.% of 13 ± 2. Annealing at the higher temperature of 900 
o
C 

results in a total N/C close to 2 at.% in both cases. The N at.% content in our model N-doped 

carbon electrodes is comparable to that reported for model carbons obtained via ion 

bombardment of highly oriented  pyrolytic graphite (HOPG) and used for the study of the 

ORR by different research groups [25, 37-40]. The N-site composition obtained after 

annealing at the two temperatures was found to significantly differ. In a900 samples, the NG 

sites are the predominant N-sites (Table 2), which is consistent with this moiety being 

reported as the most stable one at high temperatures [41]. A contribution from Npyr sites of 

ca. 25% is observed in both a900 electrodes whilst no evidence of Nox sites is detected. By 

contrast, both a700 samples possess roughly equivalent amounts of both NG and Npyr sites 

and a minor contribution from Nox sites, since these thermally less-stable moieties are able to 

survive the annealing process at the lower temperature. Considering the similarities in N-

content and composition, the a900 surfaces serve as  N-doped  carbon model electrode 

systems with minimal contributions from Npyr and Nox sites to the surface chemistry, whilst 

the response of the a700 systems can be attributed to contributions from all three types of N-

site.  

In addition to the differences in surface composition just described, the four N-doped 

carbon electrodes are also highly distinct from one another in terms of the structural 

organisation of the carbon scaffold. Figure 1c shows deconvoluted Raman spectra of the 

electrodes in the 1800-1000 cm
-1

 region. Evident in each of the spectra are the typical 

features of a graphitized amorphous carbon, viz. the G peak at ca. 1590-1600 cm
-1

 and the D 

peak at ca. 1380 cm
-1

 [42-44]. A small satellite peak at ca. 1000 cm
-1

 is observed in some of 
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the spectra, which may be attributed to the underlying Si substrate on which the Raman 

samples were deposited [45]. Best fits for each of the spectra were obtained using a 3-peak 

Gaussian deconvolution; two contributions correspond to the G and D peaks, while a third 

peak was necessary to fit the shoulder evident in each spectrum at ca. 1510 cm
-1

. This peak is 

often referred to as the A peak and has been observed in previous work [27, 46]; it is 

proposed to be due to amorphous regions in the carbon scaffold in between graphitic 

crystallite domains.  

Table 3 summarises the most relevant Raman parameters derived from the 

deconvolution. All four electrodes display properties consistent with graphitization resulting 

from the thermal annealing process [42, 43]. In graphitized carbon scaffolds, the D to G peak 

height ratio, ID/IG, is positively correlated to the degree of disorder, as shown by Ferrari et al. 

[42, 44]. Both of the a700 electrodes display ID/IG close to 1, with the a-C:N-2 a700 being the 

most disordered (ID/IG = 1.07). The ID/IG values for the a900 samples are significantly lower, 

with a-C:N-1 a900 having the lowest ratio of all samples (0.73) and the a-C:N-2 a900 

material being slightly more disordered (ID/IG = 0.84) although still significantly more 

graphitized than either a700 sample. The lower G peak positions of a700 relative to a900 

materials also indicate that the former are less graphitized than a900 samples. A comparison 

of a-C:N-1 and a-C:N-2 at both annealing temperatures shows that for a given annealing 

treatment, the more heavily nitrogenated a-C:N-2 samples are more disordered than a-C:N-1. 

This may be explained in terms of the disorder introduced into the scaffold during the initial 

nitrogenation process, as this is known to introduce point defects, edges and interruptions in 

the scaffold associated with the incorporation of N sites [27]. Although much of these sites 

are removed by the annealing process as discussed above, this does not necessarily result in 

the complete graphitization of the scaffold. The degree of disorder in the initial structure in 

each case strongly influences the final structure obtained after the annealing treatment. 
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Table 3. Raman Parameters of a-C:N-1 a700/a900 and a-C:N-2 a700/a900 Electrodes. 

Sample ID/IG G position 

/ cm
-1 

D position 

/ cm
-1 

a-C:N-1 a700 0.95 1591 1397 

a-C:N-1 a900
a 0.73 1600 1379 

a-C:N-2 a700 1.07 1596 1400 

a-C:N-2 a900
a 0.84 1603 1385 

 

In summary, we prepared four N-doped carbon model electrodes with different N 

content and N-site chemistry through the post-deposition annealing of sputtered amorphous 

carbon films at different temperatures. XPS and Raman data indicated that a lower annealing 

temperature of 700 
o
C results in more disordered carbon materials with higher N content and 

a greater proportion of pyridinic N-sites. Annealing at the higher temperature of 900 
o
C 

produced more graphitized carbon scaffolds with predominantly graphitic N-sites. 

Electrochemical Characterisation 

The electrocatalytic activity of all four N-doped carbon materials in the ORR was 

evaluated in terms of the onset potential (Eonset) at varying pH via voltammetry. Figure 2 

shows linear sweep voltammograms (LSV) of the four electrodes in 0.1 M HClO4 (Figure 

2a) and 0.1 M KOH (Figure 2b), respectively. An N-free glassy carbon (GC) electrode is 

also shown in each case for comparison. It is clear from the figure that the activity trends 

across the four materials is significantly different in the acid and alkaline solutions. The 

voltammograms in acidic medium show generally poor activity, with the a-C:N-2 a900 

having no identifiable ORR onset in the potential window employed and being 

indistinguishable from the undoped GC electrode. The a-C:N-1 a900 shows some ORR 

activity, with Eonset of 0.12 VRHE at 0.1 mA cm
-2

 and of 0.29 VRHE at 0.001 mA cm
-2

. By 

contrast, a-C:N-1 a700 has much better onsets of 0.25 VRHE and of 0.55 VRHE at 0.1 and 0.001 
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mA cm
-2

, respectively, which compare very well to values obtained in acid media using other 

model nitrogenated electrodes [25, 37].  

At pH 13 (Figure 2b) there is a remarkable inversion of the trend in ORR activity among 

the four N-doped electrodes. The a-C:N-2 a900 electrode, which had no appreciable ORR 

activity at pH 1, has the highest ORR onset potential > 0.7 VRHE at pH 13, with similar values 

obtained for the a-C:N-1 a900 surface. The onset value observed is comparable or better to 

those typically reported for N-doped nanocarbon electrode materials with high performance 

under identical pH conditions [2, 47, 48]. By contrast, in this pH, the a700 electrodes have 

lower 

 

Figure 2. Linear sweep voltammetry (anodic branches) obtained at 2500 rpm of all 

samples in O2-saturated 0.1 M HClO4 (a) and 0.1 M KOH (b) solutions after Ar-background 

subtraction; scan rate 50 mV s
-1

. The dashed lines in each plot show the current density at 0.1 

mA cm
-2

. 
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onset potential values < 0.6 VRHE, with the Eonset of a-C:N-2 a700 in particular being 

comparable to the value for N-free GC. 

LSV curves were also obtained for the four electrodes in phosphate buffer solutions at 

intermediate pH values of 5.2, 7.3 and 9.2 as shown in the Supporting Information (Figure 

S3). Figure 3 shows a summary of the Eonset at 0.1 mA cm
-2

 obtained at varying pH, 

including those at pH 1 and pH 13 discussed above. Notably in this figure, both of the a-C:N 

a900 electrodes display a nearly linear improvement in Eonset with increasing pH. However, 

for the a-C:N a700 samples, the trend in activity is complex and significantly deviates from a 

monotonic increase. This is most evident in the case of the a-C:N-1 a700, whose Eonset 

 

Figure 3. ORR onset potential, Eonset for all four N-doped carbon electrodes as function 

of pH. . 

 

increases over pH 1-5, then decreases between pH 6-8 and subsequently increases up to the 

highest measured onset at pH 13. A comparison of current densities at potentials 100 mV 

more cathodic than Eonset, i.e. in the mixed mass-transport/kinetic region for all samples, is 

also shown in the Supporting Information (Figure S4). The current density data show that the 

average j values display an overall improvement in alkaline solutions, as is the case of Eonset, 

while being clustered together at all pH values. 
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The data in Figure 3 clearly show that a700 materials possess physical/chemical 

properties that are more advantageous at promoting the onset of ORR than those of a900 

materials under acid conditions. This advantage appears to persist up to pH values close to 5-

6 while, under basic conditions, the physical/chemical properties of a900 materials confer 

instead a significant advantage in terms of onset activity. The trend inversion in the 

intermediate pH region strongly suggests that the type and role of the active sites involved in 

electrocatalysis of the ORR are pH-dependent. 

 

4. Discussion 

Spectroscopic studies of the a-C:N-1 a700/a900 and a-C:N-2 a700/a900 electrodes 

indicate that these materials differ in their N content, N-site chemistry and carbon scaffold 

organisation. Many studies of N-doped carbon electrocatalysts have attempted to correlate 

their ORR performance to specific N sites, with Npyr sites in particular being specified as 

active sites in acidic media [25, 32, 49-51]. The presence of Npyr sites has been proposed to 

promote O2 chemisorption leading to an increased Eonset [25, 52]. N-doped carbons have also 

been shown to display ORR activity under alkaline conditions [53]. In an alkaline 

environment it has been shown that an alternative mechanism involving reduction of O2 to 

superoxide anion (O2
-•
) in the outer Helmholtz plane is viable; this can be promoted by weak 

non covalent interactions, which might be present even in the absence of specific 

chemisorption [30, 54-56].  

In the case of charge transfer to an outer sphere species, as is proposed to occur in 

alkaline environments, changes to the electrode properties that increase carrier density near 

the Fermi energy should result in improved reduction kinetics. The presence of NG sites 

increases the metallic character of carbon electrodes [57], and is thus expected to facilitate 

outer-sphere reduction processes [34]. The degree of graphitization can also play a role in 
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modulating charge transfer kinetics: high graphitic content leads to increased metallic 

character, while the lateral dimension of graphitic clusters is known to affect the density of 

exposed edges, which display faster kinetics in the ORR than basal planes [58-60]. Finally, 

the size of graphitic clusters can modulate the Fermi energy position in N-doped carbons thus 

changing the reductive character of the material, as shown for instance for graphene quantum 

dots and ball milled graphene electrodes [17, 61]. 

The more highly graphitised a900 electrodes, which display almost exclusively NG sites, 

yield negligible or very poor ORR activity under acidic conditions. However, their Eonset 

improves dramatically as the pH increases until they become the best performers at pH 13. 

Notably, in the case of a-C:N-1 a900 the Eonset varies linearly with a slope of 0.053 V pH
-1

 

which is strikingly close to the Nernstian shift vs RHE expected for a pH-independent outer-

sphere reduction of O2 [54]: 

   (1) 

which is reported at -0.33 V vs SHE [62]. These findings are consistent with the onset of 

ORR for NG-rich materials (a900) being determined by (1), which is predicted to be most 

sensitive to the electronic properties of the carbon electrode. The role of reaction (1) as the 

initial step in ORR, has in fact been shown to explain why even N-free carbon electrodes 

display ORR activity at pH>10 [56].  

The a700 electrodes, which contain a much higher proportion of Npyr sites, show the 

highest onset potentials at pH 1. This result supports the notion that good ORR activity is 

correlated to the presence of Npyr sites at low pH [25]. However, the dependence of Eonset on 

pH of a700 materials deviates dramatically from a linear trend. This is most pronounced in 

the case of a-C:N-1 a700 samples: an initial increase in Eonset over pH 1-5 is followed by a 

decrease between pH 6-8 and finally by an increase up to its highest Eonset value at pH 13. 

The overall increase in Eonset over pH 1-13 is unsurprising given that these materials were 
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also found to contain NG sites which are expected to facilitate the onset of ORR via reaction 

(1) at high pH. The collapse of Eonset in the intermediate pH region (see Figure 3), on the 

other hand, has not been previously observed in the literature, to the best of our knowledge.  

We propose that this behaviour can be attributed to the inactivation of Npyr active sites at 

pH > 5.2. This value is strikingly close to the pKa of pyridinium of 5.25 [63]: at pH 1 

pyridine moieties are predominantly in the protonated pyridinium form, whereas at pH>6 the 

lone pair of Npyr sites is mostly deprotonated. The lack of activity at pH 1 displayed by a900 

samples further supports the importance of Npyr-sites for the onset of the ORR at low pH. In 

the intermediate pH region the activity of a700 samples drops significantly while that of a900 

ones increases sufficiently so that all four electrodes have similar Eonset values at around pH 

7. The observed trends are therefore consistent with a progressive deactivation of Npyr-sites 

that is compensated by an increased importance of NG-site activity as pH increases and 

reaction (1) becomes the dominant initial step in the ORR. 

 Unlike NG-sites, Npyr sites do not act as proper dopants of the carbon scaffold [57]; this 

implies that NG-sites should be preferred over Npyr-sites at high pH, at which the 

concentration of pyridinium is negligible but the doping effect of NG remains important. At 

low pH, at which the outer-sphere electron transfer mechanism is too unfavourable to 

contribute to the ORR onset [54], the converse is true: protonated Npyr sites are preferable to 

NG sites to achieve ORR activity. This is consistent with most studies which point strongly to 

pyridinic sites as the active domains for N-doped carbon ORR being almost invariably 

carried out at low pH (see e.g. reference [25]). Computational studies indeed indicate that 

Npyr-protonation changes the electrophilic character and/or spin density in the adjacent carbon 

thus facilitating O2-adsorption [52, 64, 65].   

The presence of particular N moieties is not however the only parameter of interest in 

predicting a high ORR activity. The organisation of the carbon scaffold itself must also 
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contribute to trends in onset potential. This is most clearly illustrated by a comparison of the 

Eonset for the four electrodes at pH 13 (see Figures 2 and 3): the onset decreases in the order 

a-C:N-2 a900 = a-C:N-1 a900 > a-C:N-2 a700 > a-C:N-1 a700. The generally higher values 

of Eonset for the a900 samples may appear to contradict the claim that NG sites promote the 

ORR at high pH, since both a700 samples possess an overall higher NG/C%, i.e. a 

significantly larger density of NG-sites than both a900 samples.  

The superior activity of the a900 samples may be explained by the greater degree of 

graphitization of the carbon scaffold evident in the Raman data in Figure 1c and Table 3. 

The high ID/IG values observed for both a700 samples indicate that these materials possess 

significantly higher disorder and defect density in their scaffolds, which results in a lower 

metallic character than highly graphitized a900 samples. Thus, even though the a900 samples 

possess only ca. 2% N/C compared to 7.4 % for a-C:N-1 a700 and 14% for a-C:N-2 a700, 

these N sites are distributed in an overall more graphitic carbon network. This in turn results 

in a more metallic electrode material which is expected to display facile outer-sphere electron 

transfer to O2 [17].  

Comparing the response of the two a900 samples at pH 13 to one another, the onset 

potential is similar, as expected for two materials annealed at the same temperature with 

comparable N-content and N-site distribution. However the a-C:N-2 a700 has a higher Eonset 

at pH 13 than a-C:N-1 a700, even though both a700 samples were subjected to the same 

annealing treatment. In this case the higher N/C content (and therefore higher density of NG 

sites) of the a-C:N-2 a700 is likely the determining factor. Thus, both N content and scaffold 

organisation are important parameters for promoting ORR activity, with the former being 

more important for low or poorly graphitized materials and the latter being most relevant in 

highly graphitized samples subjected to higher temperature annealing treatments. 
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5. Conclusions 

The electrocatalytic behaviour of model nitrogenated carbon thin film electrodes with 

controlled N/C content and Npyr/Ng composition was evaluated in the ORR by cyclic 

voltammetry as a function of pH. Using post deposition annealing it was also possible to vary 

the degree of graphitisation in the carbon material. Results show that higher annealing 

temperatures select for materials with predominantly Ng-sites and high graphitic content. 

Lower annealing temperatures yielded instead a mixture of Npyr and Ng sites and greater 

disorder/defects in the graphitic structure. 

The most graphitic and Ng-rich electrodes display a nearly linear improvement in Eonset vs 

pH; this trend is consistent with the onset potential of the ORR being determined by an outer-

sphere electron transfer to yield the superoxide anion [54]. At low pH the activity of the same 

materials is poor or non-existent, thus confirming that Ng-sites cannot catalyse the ORR in 

acidic environment.  

On the other hand, the materials that display a high concentration of Npyr-sites and high 

defect concentrations show a dramatically different trend, with good onset potentials at low 

pH and a collapse of activity at near-neutral and alkaline pH values. Experiments at 

intermediate pH values identify an inversion region in the ORR activity for those materials 

possessing a high Npyr density. We propose this to arise because of a deactivation of the 

protonated form of pyridinic sites (pyridinium cation); this hypothesis is supported by the 

collapse of the onset potential occurring at a pH that matches the pKa of pyridinium. In the 

inversion region near neutral pH, a convergence of onset potentials for all four materials is 

observed. In this region, the progressive inactivation of pyridinic sites occurs in parallel with 

a progressive enhancement of the role of graphitic sites, which in their role as dopants can 

enhance the onset potential via reaction (1).  
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The complex trends in onset potential observed in our work as a function of pH and 

Ng/Npyr composition might partly explain the origin of some of the contradicting results 

reported in the literature on the role of specific N-moieties. The two N-sites play important 

roles and can become the dominant site depending on the pH region investigated. A further 

interplay with the graphitic nanostructuring in the carbon scaffold is also important in 

determining the observed onsets, particularly at high pH. Our results therefore clarify what 

might be optimal compositional principles for synthetic nitrogenated carbon electrodes for 

the ORR at different operating pH values.  
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