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Abstract 

One of the biggest challenges in producing fuel cells at affordable prices is to synthesize 

carbon materials selectively doped with graphitic nitrogen, as it is considered the most active 

nitrogen species for the oxygen reduction reaction (ORR). So far, all strategies focus on the 

use of nitrogen-containing carbon precursors, which limits the functionalization of 

commercially available carbon materials. Here, we present a post-functionalization method to 

boost the catalytic properties of carbon materials for the ORR by selectively enriching 

activated carbons with nitrogen graphitic species. A commercial high-surface area activated 

carbon was post-functionalized by a two-step procedure. First, the commercial carbon was 

mixed with different carbon / urea weight ratios and heated in air at 350 ºC. Then, the 

functionalized materials were heat-treated at high temperature (from 700 to 1300 ºC) to tailor 

the amount and distribution of the different nitrogen species in the resulting carbon structure. 

Nitrogen functionalization using a carbon to urea weight ratio of 1:2 and heat-treatment at 

1100 ºC led to highly selective doping in graphitic nitrogen species, which provided the tools 

to individually asses the catalytic activity of these nitrogen species. In addition, this study 

presents a low-cost and easily feasible synthesis route to improve the catalytic activity of 

carbon materials, leading to an onset potential of almost 0.9 V compared to reversible 

hydrogen electrode for ORR in an alkaline electrolyte. Moreover, this study provides 

significant evidence for the key role of graphitic nitrogen. 
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Highlights 

 An efficient and selective N-functionalization of activated carbons is presented 

 This selective post-functionalization does not modify the textural properties 

 Carbon materials selectively enriched with graphitic nitrogen were produced 

 Graphitic nitrogen appears to be a highly active site for ORR 

Keywords: oxygen reduction reaction, electrocatalysts, porous carbons, nitrogen, 

functionalization, graphitic enrichment.  
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1. Introduction 

The oxygen reduction reaction (ORR) has a huge impact on the development of many 

electrochemical devices, such as fuel cells or metal-air batteries [1–4]. This reaction is 

considered a bottleneck in these technologies due to its sluggish kinetics and large 

overpotentials [5,6]. The commercial electrodes that are commonly used to catalyze ORR are 

extremely expensive to make this forefront equipment competitive in comparison with current 

fossil fuel-based engines [7,8]. The most common commercial ORR electrocatalysts are based 

on platinum nanoparticles supported on carbon materials [3,7,8]. Platinum is a rare material in 

nature, which drives the cost of the cathode to unsustainable levels. Moreover, these metal 

nanoparticles lixiviate and agglomerate under working conditions, reducing the catalytic 

activity over time [9,10].  

Several materials have been presented as attractive alternatives to platinum-based catalysts 

[5,11,12]. It is worth noting the significant findings in recent years on carbon materials, which 

have emerged as a promising option to develop low-cost ORR electrodes, given that carbon 

and carbon precursors are abundant in nature and that carbon-based electrodes are affordable 

for large-scale implementation [4,13,14]. 

In general, it is known that the catalytic activity of carbon materials is related to the amount 

and chemical nature of the active sites [15]. Undoped carbon materials have been shown to be 

far from the commercial electrocatalysts due to the homogeneous charge distribution along 

the carbon layers that does not facilitate the chemisorption of dioxygen molecules [16]. 

Nevertheless, surface area and well-controlled pore size distribution of carbon materials play 

an important role in the ORR catalysis. Indeed, a large surface area with well-developed 

microporosity has been shown to be favorable for achieving exceptional ORR activities 

[17,18].  
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Despite this, the introduction of defects or heteroatoms, in particular nitrogen (N), is crucial to 

achieve excellent catalytic properties in carbon-based catalysts [4]. In this sense, some N-

doped carbon materials have been shown to catalyze the ORR with almost platinum-like 

performance [19,20], although the origin of this high catalytic activity is still unclear. 

Important findings have been made in recent years, leading to a general understanding of the 

active sites of these carbon-based catalysts; the introduction of nitrogen atoms into the carbon 

layers results in an electron-withdrawal effect towards the adjacent carbon atoms, creating a 

positive charge density that facilitates chemisorption of dioxygen molecules and their 

reduction [21–23]. Although knowledge about the origin of catalytic activity is increasing, 

still some controversy exists about which N functional groups create the highest activities 

towards the ORR. Most scientists agree that pyridines and graphitic nitrogen seem to be the 

most promising species [13,24,25]. Nevertheless, due to the coexistence of different nitrogen 

species in most carbon materials, the individual evaluation of their catalytic activity is 

difficult. Recent results obtained with carbon materials selectively doped with graphitic 

nitrogen show high catalytic activity, close to that for platinum [26,27]. However, N-doped 

carbon materials that have been obtained with purely graphitic N require complex 

methodologies and the use of N-containing carbon precursors, making it impossible to extend 

the synthetic route to other carbon materials. Therefore, post-functionalization methodologies 

for purely graphitic N enrichment are mandatory in order to selectively introduce graphitic N 

species into multiple carbon materials while retaining most of the properties of the pristine 

carbon materials. Graphitic N can further improve the performance of carbon materials not 

only for ORR electrocatalysts, but also for multiple applications.  

In this study, highly efficient metal-free carbon-based catalysts have been synthesized from 

selective doping with graphitic nitrogen of a well-known commercial activated carbon and 

using a straightforward post-functionalization methodology. This high-surface area 



6 
 

commercial carbon was doped with urea at different carbon to urea mass ratios, and heat-

treated at several temperatures to tune its surface chemistry. Some functionalization 

treatments led to very efficient catalysts for ORR, approaching platinum-based 

electrocatalysts. The extensive characterization and electrocatalytic results provided important 

findings that corroborate the role of graphitic nitrogen in the catalytic activity towards ORR 

of N-doped carbon materials. 

2. Materials and methods 

2.1 Preparation of nitrogen-doped activated carbons 

A commercial activated carbon, MSC30 (Kansai Coke and Chemicals Co., Ltd. Japan), was 

functionalized using urea as a nitrogen precursor by a two-step procedure. First, MSC30 and 

urea were physically mixed in mass ratios of 1:1 and 1:2 and subjected to heat treatment in a 

quartz boat up to 350 ºC for 3 h with a heating rate of 5 ºC min
-1

 in synthetic air (50 mL min
-

1
). The resulting samples were cooled to room temperature. The samples were labeled 

MSC30-U1 and MSC30-U2, according to the carbon to urea weight ratio.  

After urea functionalization, MSC30-U1 and MSC30-U2 were heat-treated over a wide range 

of temperatures, from 700 to 1300 ºC, in order to vary the degree of functionalization and the 

contribution of the different nitrogen species. The heat treatment was performed in a tubular 

furnace with a heating rate of 5 ºC min
-1

 (or 2.5 ºC min
-1

 in the case of temperatures above 

1100 ºC) under N2 atmosphere (or Ar for temperatures above 1100 ºC). The obtained samples 

were labeled MSC30-Y-T, with Y being the functionalization process (U1 or U2) and T being 

the temperature of the heat treatment (700, 900, 1100, or 1300 ºC). 

2.2 Physicochemical characterization 

The mass contents of carbon, hydrogen, oxygen and nitrogen were determined using a Vario 

EL cube analyzer (Elementar). 10 mg of each sample was introduced into a combustion vessel 
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and treated at 1700 ºC in a mixed atmosphere of oxygen and helium. The resultant gasses 

were separated through a chromatographic column and quantified by a thermal conductivity 

detector with a sensitivity of 40 ppm. In a second separate combustion experiment, the 

oxygen-containing gases were reduced to CO, from which O quantification was performed. 

The surface chemistry and oxidation states of the nitrogen functional groups were studied by 

X-ray photoelectron spectroscopy (XPS), in a VG-Microtech Multilab 3000 spectrometer, 

with a non-monochromatised Al K X-ray source under vacuum. The C1s peak at 284.6 eV 

was used for binding energy corrections. The deconvolution of the N1s spectra was done by 

least squares fitting using Gaussian-Lorentzian curves. 

The morphology and structure of the heat-treated carbon materials were analyzed using a JEM 

– ARM 200F Cold FEG transmission electron microscopy (TEM) operating at 200 kV. Prior 

to the experiments, the carbon powder was dispersed in ethanol and deposited in droplets on a 

holey carbon grid. The chemical composition was followed using energy-dispersive X-ray 

spectroscopy (EDX), with a JEOL spectrometer (SDD) in scanning transmission microscopy 

(STEM) mode. STEM images were obtained in high-angle annular dark field (HAADF) mode. 

Raman spectroscopy was performed using a Horiba XploRa Raman apparatus equipped with 

a 50× long-range objective. The spectra were obtained between 800 and 2000 cm
-1

, using a 

holographic grating with 1200 lines per mm and a circularly polarized laser of 638 nm, 

filtered at 10% of its maximum energy to avoid heating of the samples.  

To measure the textural properties of the carbon materials, N2 and H2 adsorption isotherms 

were acquired at -196 ºC, on a 3Flex manometric sorption analyzer (Micromeritics, Atlanta, 

GA). Prior to adsorption measurements, all samples were outgassed under high vacuum and at 

110 ºC for 12h. Pore size distribution (PSD), cumulative pore volume and total surface area 

(SNLDFT) were calculated from the combination of N2 and H2 adsorption isotherms using a 
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two-dimensional non-local density functional model (2D -NLDFT) available in SAIEUS 

software (Micromeritics, Atlanta, GA) [28]. H2, instead of CO2, was used to determine pores 

between 0.3 and 0.7 nm because H2 has a smaller cross-sectional area but also a lower 

quadrupole moment than CO2. Therefore, H2 is more appropriate to characterize carbons with 

a high heteroatom content [29], which is the case in the present study. The other textural 

characteristics were obtained by integration of the PSDs, such as: total pore volume, VT; 

ultramicropore volume (pore diameter below 0.7 nm), Vult-µicro; supermicropore volume (pore 

diameter between 0.7 and 2 nm), Vsup-µicro; micropore volume (pore diameter below 2.0 nm), 

Vµicro; and mesopore volume (pore diameter between 2.0 and 50 nm), VMES. The BET area 

(ABET) was calculated by applying the Brunauer-Emmet-Teller theory, using the adequate 

relative pressure range [30,31]. 

2.3 Electrochemical characterization 

The electrochemical ORR tests were performed using a rotating ring-disk electrode (RRDE) 

in a conventional three-electrode cell on an Autolab PGSTAT302 potentiostat (Metrohm, 

Netherlands). The RRDE was equipped with a glassy carbon disk (5 mm in diameter) and a 

platinum ring as the second working electrode. The reference electrode consisted of a 

reversible hydrogen electrode (RHE) immersed in the working solution and a graphite rod 

was used as the counter electrode. 

The working electrodes for ORR measurements were prepared as follows: 1 mg of carbon-

based catalyst was ultrasonically dispersed in 0.25 mL of an aqueous solution of 0.2 wt.% 

Nafion® and 20 wt.% isopropanol. Then, 33 µL of carbon ink was deposited dropwise on the 

disk electrode to reach 685 µg·cm
-2

 of catalyst loading. Linear sweep voltammetry (LSV) was 

performed from 1.0 to 0.0 V vs RHE in 0.1 M KOH solution saturated with O2 at a scan rate 

of 5 mV·s
-1

 at 1600 rpm. Double-layer capacitive effects was compensated from a previous 

LSV curve in a N2-saturated 0.1 M KOH solution under the same experimental conditions 
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[32]. The platinum ring was held during the LSV experiments at 1.5 V vs RHE to calculate 

the H2O2 yield and the number of electrons transferred during the ORR experiments [33]. The 

onset potential (EONSET) was determined at a current density of -0.1 mA·cm
-2

 and the half-

wave potential (E1/2) was calculated as the potential at which the current is equal to half of the 

diffusion current. 

Long-term stability tests were performed by chronoamperometric analysis for the most 

catalytic sample. The working electrode was fixed at 0.70 V vs RHE for 10 000 s at a rotation 

speed of 1600 rpm and under continuous oxygen bubbling. The resistance to methanol 

poisoning was also tested by LSV analysis. LSV curves were obtained using the most 

catalytic sample before and after addition of methanol. For this experiment, methanol was 

added into the electrolyte to attain a methanol concentration of 1 M. 

3. Results and discussion 

3.1 Physicochemical properties 

A schematic representation of the experimental procedure can be found in Fig. 1a, which 

recalls what was explained in detail in Section 2.1. This also highlights the sustainability of 

the process, as no hazardous reagents were used in the synthesis of the N-doped carbon 

materials. Moreover, urea was used as cheap and abundant nitrogen precursor, which is 

obtained from ammonia and carbon dioxide. Thus, the proposed synthesis from urea and 

commercial carbon can be an ideal route to prepare N-doped carbon electrocatalysts while 

consuming greenhouse gases. 



10 
 

 

Fig. 1: (a) Schematic representation of the experimental procedure. Commercial activated carbon, MSC30, was 

functionalized with a MSC30 to urea mass ratios of 1:1 or 1:2. These samples were heat-treated from 700 to 1300 ºC in a 

nitrogen (˂ 1100 °C) or argon (≥ 1100 °C) atmosphere, with T being the temperature of the heat treatment. (b) HAADF 

image of MSC30-U2-1100 and EDX analyses of (c) carbon, (d) nitrogen and (e) oxygen of the same image. 

High-Resolution Transmission Electron Microscopy (HR-TEM) images (Fig. S1-S2) show 

that the heat-treated samples possess a disordered structure characteristic of activated carbon 

materials. Moreover, EDX spectroscopy, combined with STEM in HAADF, demonstrates the 

homogeneous distribution of oxygen and nitrogen species throughout the carbon structure, 

proving the successful functionalization of the MSC30 samples after heat treatment (Fig. 1b-

1e). 

The bulk and surface compositions of the carbon materials determined by elemental analysis 

and XPS are summarized in Tables S1 and S2, respectively. Table S1 also includes the 

(a) 

(b) (c) (d) (e) C N O 
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carbonization yield of the materials. Heat treatment of the pristine MSC30 in the presence of 

urea at 350 ºC successfully introduced nitrogen into the bulk and at the surface of the 

activated carbon. Treatment with urea at moderate temperatures often leads to the formation 

of C3N4. However, the temperature of 350 ºC does not allow the formation of C3N4 from urea, 

as it is known that temperatures around 550 ºC are necessary to produce in-plane ordering 

[34,35]. According to the literature, HNCO, NH3 and CO2 are the three main volatiles formed 

during urea functionalization at 350 ºC [36]. Although HNCO (isocyanic acid) is poisonous, it 

spontaneously reacts with water and hydrolyzes to carbon dioxide and ammonia. Interestingly, 

MSC30-U2 exhibits twice the surface nitrogen content (8.9 at.%) than its counterpart 

synthesized with a MSC30 to urea mass ratio of 1:1 (4.4 at.%). The second heat treatment at 

increasing temperatures from 700 to 1300 ºC resulted in a progressive removal of nitrogen 

species, which can be explained by thermal decomposition reactions involving urea-based 

functional groups [37]. A clear influence of the MSC30 to urea mass ratio on the 

functionalization degree was observed, i.e., the final nitrogen content was considerably higher 

when MSC30-U2 was used as starting material compared to MSC30-U1. This is best 

observed by the surface nitrogen content determined by XPS (Table S2). Total removal of 

surface nitrogen functionalities was obtained at 1100 °C for MSC30-U1, while a higher 

temperature, 1300 ºC, was required to obtain a carbon material without surface nitrogen using 

MSC30-U2 as the starting material. These results demonstrate that the nitrogen content of the 

final material can be easily tuned by controlling the MSC30 to urea mass ratio. 

XPS analyses were performed to evaluate the nitrogen speciation in the carbon materials. The 

full XPS spectra for all samples can be found in Figs. S3-S4. No significant differences were 

observed in the high-resolution N1s spectra before carbonization (Fig. S5). Low-temperature 

treatments in the presence of urea lead to the formation of nitrogen groups on the carbon 

surface instead of nitrogen atoms embedded in the carbon planes [38]. Moreover, the 
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formation of C3N4 is ruled out since the N1s spectra are completely different from those of 

crystalline C3N4 [34,35,39]. Therefore, the deconvolution of these N1s spectra reveals the 

presence of amines (-NH2) and imines (=NH) for both MSC30-U1 and MSC30-U2 materials 

prior to carbonization. The main changes in the surface chemistry of the carbon materials 

were found after the heat treatments (Fig. 2a and Fig. 2b).  

 

Fig. 2: N1s spectra of (a) MSC30-U1, and (b) MSC30-U2 samples after heat treatment at 700, 900, 1100 and 1300 ºC. The 

blue peak at 398.3 eV represents pyridines, the orange peak at 400.3 eV represents pyrroles or pyridones, and the red peak at 

401.2 eV represents graphitic nitrogen species. (c) Contributions of each kind of nitrogen species in the MSC30-U2 samples. 

(d) Surface N content determined by XPS in the heat-treated samples. (e) Schematic illustration of the conversion of pyrroles 
and pyridones into pyridines and the conversion of pyridines into edge-type graphitic nitrogen.   
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After heat treatment in an inert atmosphere, the N1s spectra of the resulting nitrogen-doped 

carbons were deconvoluted into three groups according to the literature [27,40,41]: pyridines 

at 398.3 eV (blue peak), pyrroles and/or pyridones at 400.3 eV (orange peak), and graphitic 

nitrogen groups (i.e., quaternary nitrogen) at 401.2 eV (red peak). Amines and imines are 

converted into heterocyclic functionalities at such high temperatures [41]. Fig. 2a-b show that 

the pyrolysis temperature significantly influences the N1s profiles, and consequently, the 

relative contribution of nitrogen-containing species (see Table S2). Activated carbons treated 

at the lowest temperature, 700 °C, showed three peaks in the N1s spectrum, which is 

indicative of a mix of pyridines, pyrroles/pyridones and graphitic N species. Pyridines are the 

main contribution (around 50%) at 700 ºC, followed by pyrroles/pyridones (≈ 30%) and 

graphitic-N functionalities (≈ 20%). With increasing temperature, the contribution of 

pyridines decreases while an increase of graphitic nitrogen is observed, especially for 

MSC30-U2-1100, in which all nitrogen is in the form of graphitic species (for MSC30-U1-

1100, no nitrogen was detected by XPS at this temperature). This is easily observed in the 

peak quantification, which is summarized for sample MSC30-U2 in Fig. 2c. The gradual 

elimination of nitrogen functional groups with increasing temperature is evident in Fig. 2d. 

No nitrogen content is detected for MSC30-U1-1100, while MSC30-U2-1100 shows an N 

contribution of 0.6 at.%.  

According to the literature, the changes in the N1s profiles are explained by: (i) the greater 

thermal stability of graphitic nitrogen, and (ii) local changes in the carbon structure, in which 

pyridine and pyrrole species are transformed into graphitic nitrogen species by condensation 

reactions at high temperature [41,42]. The increase in total graphitic N content, from 0.4 at.% 

in MSC30-U2-700 to 0.6 at.% in MSC30-U2-1100 can only be explained through the 

conversion of pyridines and pyrrole/pyridone species into graphitic nitrogen groups. The main 

feature of this conversion is that it proceeds in the edges of the carbon layers, leading to the 
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formation of edge-type graphitic species, whereas the most common location of graphitic 

species is the basal plane. Pels et al. proposed that pyridones and pyrrolic N species tend to 

convert to pyridine species at temperatures above 600 ºC through the loss of oxygen from 

pyridones and the expansion of pyrrole rings; however, such pyridines are also converted into 

edge-type graphitic nitrogen species if high temperature treatments are used (Figure 2e) [41]. 

This conversion is especially noteworthy since edge-type graphitic nitrogen groups are 

proposed as the highest ORR catalytic species in N-doped carbon materials [4]. It also worth 

mentioning that the surface nitrogen species were completely removed from the carbon 

surface at 1300 ºC, leading to an undoped (or weakly doped) carbon material. These results 

confirm the selective enrichment of the porous carbon material with graphitic nitrogen species 

after the 1100 ºC heat treatment of MSC30-U2.  

Raman spectroscopy was performed to study the structural order of the heat-treated carbon 

materials. Figure S6 shows the Raman spectra for the MSC30-U2_T samples. The ID/IG ratio 

shows a slight variation with heat treatment temperature, indicating that the structural order of 

carbon materials is progressively changed by the heat treatment. This change is gradual and 

moderate below 900 ºC, but becomes significant at temperatures above 1100 ºC, for which a 

clear narrowing of the D and G bands is observed. Nevertheless, these spectra remain 

typically those of highly disordered and non-graphitizable carbons. 

The textural properties of the N-doped and the pristine carbon materials were evaluated using 

N2 and H2 adsorption isotherms, and the results obtained are gathered in Table 1. H2 

adsorption isotherms were performed to characterize the pore size distribution down to 0.3 nm 

due to smaller cross-section and lower quadrupole moment. Fig. S7 shows the N2 and H2 

adsorption isotherms and Fig. S8 shows the cumulative pore volumes calculated by 2D-

NLDFT. The N2 adsorption isotherms show that after the functionalization process, part of the 

porosity of the pristine MSC30 is blocked by the surface groups that hinder the access of the 
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adsorbate to the micropores. Once the heat treatment is applied at low temperature, 700 ºC, 

these nitrogen groups lead to the production of heterocyclic nitrogen species in the carbon 

material, which release part of the blocked porosity and, therefore, increase the surface area. 

If the highest temperature is used during the heat treatment (i.e., 1300 ºC), a slight loss of 

surface area is observed due to pore constriction. Both of these effects can be observed in 

some of the textural properties shown in Table 1 (e.g. ABET, SNLDFT and Vµicro) as well as in the 

adsorption isotherms (Fig. S7) and the cumulative volume plot (Fig. S8). Fig. S8 shows that 

most of the pore volume of the pristine MSC30 is in the microporosity range, i.e., 

corresponding to pores below 2 nm, and which is maintained after urea functionalization and 

subsequent heat treatments. Similar profiles were found for all materials. Nevertheless, the 

developed textural properties of MSC30 are still present after functionalization and heat 

treatments. 

Table 1: Textural properties of the nitrogen-doped carbon materials obtained from N2 and H2 

adsorption isotherms. N2 adsorption isotherms were used to calculate ABET, and the combination of N2 

and H2 adsorption isotherms were used to calculate all other parameters. 

Sample 

Textural Properties 

ABET 

[m
2
/g] 

VT 

[cm
3
/g] 

VMES 

[cm
3
/g] 

Vµicro 

[cm
3
/g] 

Vsup-µicro 
[cm

3
/g] 

Vult-µicro 
[cm

3
/g] 

SNLDFT 

[m
2
/g] 

MSC30 3200 1.64 0.66 0.98 0.88 0.11 2500 

MSC30-U1 2660 1.31 0.50 0.81 0.74 0.06 2057 

MSC30-U1_700 2780 1.37 0.49 0.84 0.78 0.06 2060 

MSC30-U1_900 2740 1.34 0.50 0.88 0.77 0.11 2220 

MSC30-U1_1100 2870 1.47 0.57 0.90 0.72 0.18 2370 

MSC30-U1_1300 2420 1.30 0.52 0.77 0.59 0.18 2200 

MSC30-U2 2230 1.12 0.37 0.76 0.56 0.19 2030 

MSC30-U2_700 2480 1.22 0.40 0.83 0.64 0.18 2140 

MSC30-U2_900 2380 1.17 0.38 0.80 0.66 0.14 2010 

MSC30-U2_1100 2560 1.27 0.47 0.81 0.67 0.14 2040 

MSC30-U2_1300 2150 1.17 0.47 0.70 0.50 0.20 2040 

 

3.2 Electrocatalytic activity 

Figures 3a-b show the LSV curves before and after the heat treatment of the MSC30-U1 and 

MSC30-U2 samples, respectively. The MSC30 material was also included for comparison 
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(dashed lines). A summary of the ORR electrocatalytic parameters is given in Table S3. Heat 

treatment of MSC30 in the presence of urea at 350 ºC did not enhance the catalytic activity 

towards ORR, neither from the point of view of the onset potential, EONSET, nor from the point 

of view of the limiting current density, j, as shown by the LSV curves of the MSC30-U1 and 

MSC30-U2 materials. This fact might be related to the chemical nature of the nitrogen species 

in these samples, containing mainly amines and imines (see Supporting Information, Fig. S5). 

These nitrogen species have been shown to be inactive for oxygen reduction [4]. Moreover, 

the catalytic activity seems to be slightly reduced due to pore blocking by the non-active 

nitrogen functional groups, in good agreement with the results obtained by N2 and H2 

physisorption. 

A clear effect of pyrolysis temperature on electrochemical performance was observed. In the 

case of MSC30-U1 samples, the thermal treatment at 700 ºC improves the limiting current 

density, compared to pristine MSC30 (dashed line). This increase in catalytic activity 

continues up to 900 ºC, where the optimum catalytic activity appears to be achieved (onset 

potential of 0.85 V, E1/2 = 0.74 V, and limiting current density of -5.5 mA cm
-2

). At 

temperatures above 900 ºC, the higher the annealing temperature, the lower the current 

density, with values of -4.9 and -3.5 mA cm
-2

 for MSC30-U1-1100 and MSC30-U1-1300, 

respectively. Moreover, a shift to more negative values was observed in the onset potential 

with increasing temperature. This lower electrochemical performance for the samples treated 

at 1100 and 1300 ºC is explained by the total removal of surface nitrogen, as evidenced by 

XPS. These results demonstrate that nitrogen species are necessary to promote highly efficient 

ORR. For the analogous MSC30-U2 materials (Fig. 3b), the trend is slightly different since 

the N content is higher at all temperatures. For these materials, the same improvement in 

catalytic activity is observed up to 900ºC. However, unlike MSC30-U1, there is still an 

improvement in catalytic activity for the materials heat-treated at 1100 °C. This is noteworthy 



17 
 

since the N content of MSC30-U2-1100 (c.a. 0.6 at.%) seems to be high enough to reduce the 

dioxygen molecules. 

 

Fig. 3: LSV curves for N-doped carbon materials obtained after heat treatment of (a) MSC30-U1, and (b) MSC30-U2 in 0.1 

M KOH solution saturated with O2 at a scan rate of 5 mV·s-1. (c) Comparison of ORR curves for the most active materials in 

the same conditions as in (a) and (b). (d,e) H2O2 yield calculated from the current of the platinum ring during ORR 

experiments. (f) H2O2 yield and number of electrons transferred for MSC30-U2-1100. 

 

These results show that the initial nitrogen content of the as-synthesized MSC30-U1 and 

MSC30-U2 plays an important role on the catalytic activity of the resulting samples annealed 

at different temperatures. The electrochemical responses for ORR of the most promising 

materials are compared in Fig. 3c. MSC30-U2-1100 exhibits the highest catalytic 

performance for ORR with an onset potential of about 0.88 V, E1/2 of 0.78 V and 3.8 number 

of electrons transferred (see Table S3). The presence of this optimized electrocatalytic 

behavior for oxygen reduction seems to be related to the specific surface chemistry of this 
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sample, containing only graphitic-N species. The following most catalytic samples are 

MSC30-U1-1100 and MSC30-U1-900 with a significant decrease in EONSET to 0.85 V, E1/2 to 

0.74 V and number of electrons transferred to 3.6. The samples obtained from MSC30-U1 

show lower onset potentials probably due to: i) the lower temperature used during the heat 

treatment in the case of MSC30-U1-900, which does not allow the complete enrichment in 

graphitic nitrogen species, or ii) due to the lack of surface nitrogen species at temperatures 

above 1100 ºC (see the N1s spectrum in Fig. 2a). These results evidence that the most positive 

onset potentials were obtained for the sample with low nitrogen content (0.6 at.%), but in the 

form of exclusively graphitic nitrogen species.  

The hydrogen peroxide yield, which is indicative of ORR mechanisms, is shown in Fig. 3d 

and 3e. Interestingly, all materials show low H2O2 yield at higher potentials, meaning that the 

number of electrons transferred is close to 4 in the useful potential range (0.6-1.0 V vs. RHE), 

a crucial parameter for the energy density of fuel cell stations. Among all the materials, those 

prepared using MSC30-U2 were the ones that showed lower H2O2 yield and, consequently, 

higher number of electrons transferred during ORR, especially the material treated at 1100 ºC. 

Fig. 3f shows the number of electrons transferred and hydrogen peroxide yield for the most 

catalytic sample, MSC30-U2-1100, across the potential range. In addition, a minimum H2O2 

yield is observed, about 25%, and the number of electrons transferred remains constant, 3.5, at 

the less positive potentials. Therefore, the highly porous and graphitic nitrogen-enriched 

carbon material, obtained by urea functionalization and heat treatment at 1100 ºC, was found 

to be a highly competitive catalyst for ORR with high selectivity towards the 4-electron 

pathway. 

To support the role of graphitic N species in the catalytic activity of the MSC30 samples, we 

added two materials for comparison purposes in Fig. 4a. The first material is MSC30-1100, 

i.e., the sample MSC30 treated at 1100 ºC, to ensure that the enhancement of catalytic activity 
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was not related to an increase in structural order due to heat treatment of MSC30. The second 

material is Pt/C, i.e., the commercial platinum-based catalyst. Fig. 4a-b reveal that the highly 

efficient 4-electron ORR catalysis of MSC30-U2-1100 is related to the graphitic nitrogen 

species since the sample treated without nitrogen functionalization shows significantly lower 

catalytic activity. This finding further confirms that selective graphitic enrichment by simple 

N doping with urea and high-temperature treatment is an efficient and low-cost method to 

produce excellent metal-free N-doped carbon catalysts for ORR. Graphitic nitrogen species 

indeed modify the electron density of the adjacent carbon atoms, promoting ORR, as already 

concluded by theoretical and experimental studies [22,26,42–44].  
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Fig. 4: (a) LSV curves, and (b) H2O2 yield of pristine MSC30, MSC30-1100, and MSC30-U2-1100 in an O2-saturated 0.1 M 

KOH solution at a scan rate of 5 mV·s-1. A 20 wt.% Pt/C catalyst has been included in these figures following the same 

procedure. (c) Chronoamperometric analysis of MSC30-U2-1100 and Pt/C catalyst at 0.70 V vs RHE in an O2-saturated 0.1 

M KOH solution. (d) LSV curves of sample MSC30-U2-1100 before and after the addition of 1 M methanol into an O2-

saturated 0.1 M KOH solution at a scan rate of 5 mV·s-1. (e) Bibliographic search of metal-free carbon materials with the 

majority of nitrogen in the form of graphitic or pyridinic N; undoped carbon materials were included for comparison. (f) 

Bibliographic search of the latest published metal-free carbon-based catalysts towards ORR, including the commercial Pt/C 

catalysts for comparison; the data were obtained from [17,18,20,23,26,45-80]. 

 

Moreover, in order to verify these excellent catalytic properties, stability tests were performed 

for MSC30-U2-1100 and the commercial Pt-based catalyst. One of the main characteristics of 

carbon-based catalysts, compared to Pt-based catalyst, is their higher stability towards ORR, 

as shown in Fig. 4c. After 10 000 s of operation, MSC30-U2-1100 showed outstanding 

retention of Faradaic current towards ORR, 84 %, which is more stable than the commercial 

Pt-based catalyst showing only 78 % retention. Most of the activity loss of the Pt-based 

catalyst occur during the first 1,000 seconds, while MSC30-U2-1100 shows a gradual and 

slow loss of catalytic activity. Moreover, the Pt-based catalyst also shows important 

limitations towards MeOH poisoning, making it useless for MeOH-based fuel cells. The 
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MeOH poisoning test for the commercial Pt-based catalyst was performed (Fig. S9). 

Methanol was added to the electrolyte to reach a concentration of 1 M, and the ORR 

experiments were recorded before and after MeOH addition. Fig. S9 shows that MeOH 

oxidation prevails over ORR when using Pt-based catalyst. At the same time, carbon materials, 

and in particular MSC30-U2-1100, are catalysts that show excellent tolerance to MeOH 

poisoning. Fig. 4d shows the LSV curves of MSC30-U2-1100 before and after methanol 

addition. The catalytic performance of MSC30-U2-1100 showed no differences in EONSET or 

limiting current density under the action of methanol, supporting the strong resistance of the 

graphitic N-enriched carbon material to methanol poisoning.  

3.3 Comparison with the literature 

The paramount role of graphitic N was confirmed by a comparative analysis of different 

published carbon-based catalysts for the oxygen reduction reaction (ORR) in alkaline 

electrolyte. Fig. 4e and Table S4 show a detailed literature search of N-doped carbon 

materials with the majority of the nitrogen (> 50 at.%) in the form of graphitic or pyridinic N. 

As observed, metal-free carbon materials with pyridines as the main type of nitrogen show 

better catalytic activity compared to undoped carbon materials. The undoped carbon catalysts 

show a sluggish ORR activity with a 2-electron mechanism, while pyridine-based carbon 

materials show the reduction of oxygen molecules through an intermediate number of 

electrons transferred but a similar EONSET. However, the carbon materials with the majority of 

the nitrogen as graphitic species show the best catalytic performance for ORR in the N-doped 

carbon materials, with EONSET around 0.9 V vs RHE and a number of electrons transferred 

close to 4. This confirms that graphitic N appears to be the most promising nitrogen species to 

boost the ORR catalytic activity of N-doped carbon materials and that very good ORR 

catalysts can be obtained by selectively enriching activated carbons with graphitic N, as 

presented in this study. Graphitic N, especially that located at the edges of the carbon layers, 
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produces a dissociative ORR mechanism through bridging (C-O-O-C) bonding modes, 

leading to the chemisorption of the two oxygen atoms from dioxygen molecules and, 

consequently, to O-O bond cleavage and a highly selective 4-electron pathway [26]. At the 

same time, pyridine N and undoped carbons chemisorb oxygen molecules through a terminal 

(C-O-O) bonding mode, leading to an associative mechanism in which the 2-electron pathway 

predominates. 

Finally, Fig. 4f and Table S5 show the best performance of metal-free carbon-based catalysts 

in the recent literature. The green circle of this figure reflects the catalytic behavior of the 

MSC30-U2-1100 material. As can be seen, despite the superb ORR performance of this 

sample, there are carbon-based materials that still exhibit superior catalytic activities. 

However, it is important to note that these high performances were achieved by doping with 

multiple heteroatoms, using expensive reagents, such as graphene, or tedious and complex 

methodologies. Moreover, all these highly catalytic carbons were obtained from N-containing 

precursors, which make impossible to control the textural properties of the resulting materials. 

In contrast, this study proposed a selective and green post-functionalization route to obtain 

highly catalytic carbons without disturbing significantly the textural properties of the pristine 

materials, making it a promising synthesis method not only for preparing highly catalytic 

carbons for ORR, but also for improving the properties of carbon materials in multiple 

applications. 

4. Conclusions 

Highly porous and graphitic N-enriched carbon materials were prepared by nitrogen doping 

with urea of a commercial activated carbon material, MSC30, using a simple post-

functionalization method. Urea and MSC30 were mixed and heat-treated to obtain N-doped 

carbon materials with different nitrogen contents and functional groups distributions. Since 

the heat treatment had no significant effect on the textural properties, the functionalized 
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carbon materials thus prepared corroborated the key role of graphitic nitrogen in the 

successful catalysis of the oxygen reduction reaction (ORR). Moreover, these materials 

showed great potential in terms of catalytic activity (EONSET = 0.88 V vs RHE; H2O2 

selectivity < 20%; j = -5.0 mA·cm
-2

), exhibiting catalytic performance similar to that of 

leading metal-free catalysts and even commercial Pt-based electrocatalysts. Furthermore, this 

study provided an efficient and low-cost method to produce graphitic N-enriched carbon with 

excellent catalytic activity for ORR, high stability and resistance to methanol poisoning while 

retaining most of the textural properties intact. 
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