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Abstract:  

Exhibiting a very high surface area, a good electrical conductivity and a high density of active sites, nitrogen-

doped graphenic materials are considered as promising catalysts for the oxygen reduction reaction (ORR). 

Seldom studied in acidic media, N-doped graphenic foams were tested here as the cathode catalysts of a polymer 

electrolyte membrane fuel cell (PEMFC). The materials were prepared via a solvothermal-based process, by 

reacting either cyclohexanol and ethanolamine or 1-(2-hydroxyethylethyl)piperidine with metallic sodium, under 

high pressure and temperature. Membrane electrode assemblies were prepared with a Pt/C anode, 212 Nafion 

membrane, and an 8 mm disk cathode based on the graphenic materials. The performance exhibited by the 

PEMFC was evaluated using chronopotentiometry and impedance spectroscopy, depending on the synthesis 

conditions. The kinetic parameters of the ORR were estimated by interpretation of the experimental data: the 

high Tafel slope found might express the partial control of oxygen diffusion through the graphenic microporous 

structure. Relationships between the electrochemical behavior of the materials and their structural properties are 

discussed. Moderately crystallized materials with a low oxygen content showed the highest catalytic properties, 

with a current density larger than 30 mA cm
-2

 and a maximum power density at 2.3 mW.cm
-2

. 
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1. Introduction  

In order to meet the demands of the European Union for strong reductions of emissions to combat global 

warming, the need for more efficient energy systems is critical. H2 fuel cells based systems could provide higher 

energy efficiency with nearly zero carbon emissions for stationary or transport applications [1]. Up to now, the 

most efficient catalyst for the sluggish oxygen reduction reaction (ORR) are platinum or platinum-alloy catalysts 

[2-5]. High market penetration of polymer electrolyte membrane fuel cells (PEMFCs) suffer from their need in 

platinum-based catalysts. For instance, the 114 kW fuel cell stack in Toyota’s Mirai contains approx. 30 gPt. The 

availability of platinum is subject to environmental, geopolitical and economic factors, carrying a high-risk of 

primary source disruption [6,7]. Development of alternative critical metal-free catalysts is thus essential for the 

expansion of H2 fuel cells. Various directions have been explored provide alternative materials e.g. transition 

metal catalysts and metal-free catalysts.  

Thanks to their high stability in agressive environment, their high electrical properties and their adaptable 

morphology, particular carbon-based materials appear promising metal-free catalysts for ORR. In particular, 

nitrogen-doped graphenic materials have drawn researchers’ attention since their high catalytic activity towards 

the ORR was demonstrated using density functional theory (DFT) calculations and experimental works [8-11]. 

N-doped graphenic materials can present higher stability than Pt-based catalyst during operation [12] and the 

active sites are less subject to poisoning, one of the main limitations of current Pt-based catalysts [13,14]. These 

recent years, focus on N-doped graphenic materials for ORR has been put on alkaline media, where their 

catalytic activity can exceed those of platinum-based catalysts [13,15-17]. However, because of the growing use 

of PEMFCs for transportation applications, studies in acidic media are also needed, even if the ORR remains 

rate-controlling in such conditions. Upon further progress, N-doped graphenic materials could ultimately provide 

an alternative to Pt-based catalysts in PEMFCs. 

Mechanisms responsible for the ORR activity in N-doped graphenic materials have been highly debated since 

several critical parameters play a role in this reaction. Nitrogen atoms can be present in five main functions in N-

doped carbon materials. First, pyrrolic-N and pyridinic-N are both bonded to two carbon atoms within 

pentagonal or hexagonal cycles, respectively. Graphitic-N substitutes one carbon atom and is therefore bonded to 

three carbon atoms inside the graphenic network. Surface functions such as amine or nitrile can also be found, 

mostly at the edges of the layers. Finally, N-oxides are also present, in the form of pyridine-N-oxide or 

pyridonic-N [18-19]. DFT calculations showed that mainly graphitic, pyrrolic and pyridinic-N are susceptible to 

provide catalytic activity towards ORR [8-11]. Besides, Wu et al. [20] demonstrated by DFT that hydrogen 

peroxide H2O2 – an undesired intermediate in ORR- can chemically adsorb on the surface of N-graphenic 

materials containing graphitic, pyrrolic or pyridinic-N in the presence of protons, thus indicating its possible 

reduction to water. The hypothesis was experimentally confirmed [12-16], showing that O2 is mainly reduced to 

water through a four-electron reaction. 

However, no experimental consensus on the most effective N-function has yet emerged because of the difficulty 

to obtain comparable materials containing very different proportions of nitrogen functions. Moreover, the 

chemical nature of the nitrogen-containing groups cannot be controlled during the synthesis. 

Common mechanisms suggest that the introduction of nitrogen atoms into the graphenic network modifies the 

global distribution of spin and charge densities of neighboring carbon atoms, influencing the oxygen adsorption 

and further electrochemical reactions around nitrogen atoms. While spin density would act on the positional 

selectivity of radical adsorption, charge density would be responsible for the attractive force between charged 

atoms. Zhang et al. [8] demonstrated that carbon atoms with a charge density larger than 0.15 were likely to 

serve as active sites. Guo et al. [21] experimentally established a linear relationship between the current density 

and the concentration of pyridinic-N. According to the authors, carbon atoms close to pyridinic-N behave as 
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Lewis bases owing to the possible electron pair donation. Since O2 is susceptible to adsorb on Lewis bases, 

neighboring pyridinic-N carbon atoms would be the ORR active sites. Another study [16] suggested that 

pyridinic-N facilitates O2 adsorption and eliminates intermediate H2O2 formation. In contrast, according to Lai et 

al. [22], graphitic-N species reduce the electron density on adjacent carbon atoms, improving electron transfer 

from carbon to nitrogen atoms: electron backdonation from nitrogen to adjacent Cpz orbitals out of the graphenic 

plan actually facilitates O2 dissociation.  

In addition to the direct electronic influence of nitrogen atoms on neighboring carbon atoms, nitrogen species are 

presumably markers of structural and microstructural changes in the carbon matrix. Parameters such as the size 

of the π-conjugated system [21], the pore diameter distribution [23] or the nature of carbon defects [24,25] have 

been shown to affect the catalytic activity, independent of heteroatom doping. The debate to elucidate which is 

the most active nitrogen specie could be biased without considering the intrinsic carbon defects present in the 

material due to the insertion of nitrogen or to the synthesis method. As a matter of fact, the pyrolysis temperature 

could have a direct impact on the carbon defect content and the π-conjugated system size. Florent et al. [23] 

observed that the hydrophobic ultramicropores in the carbon matrix, withdraw oxygen from the electrolyte and 

promote oxygen bond splitting and ORR. Moreover, pentagon and zigzag edge defects thanks to their specific 

electronic structures, were shown to be good candidates for ORR from a thermodynamic point of view [24]. 

Coupling nitrogen-containing catalytic centers to a controlled carbon matrix microstructure seems to be the key 

to obtain highly performing nitrogen-doped graphenic materials for the ORR.  

The present work aims to study the performances for ORR of nitrogen-doped graphenic foams, a material that 

exhibits very large surface area and various nitrogen functions, in fuel cell operation. Prepared after solvothermal 

route, the materials have been tested under H2 and air supply in a proton membrane fuel cell, which has not yet 

been reported in the literature to our state of knowledge. The catalytic efficiency of various N-doped graphenic 

materials on ORR in a complete fuel cell was measured in terms of voltage versus current density relationship. 

EIS measurements and voltage monitoring at a fixed current level allowed the kinetic parameters of the cathode 

reaction with these materials to be estimated. These parameters were then discussed depending on the operating 

conditions for their synthesis and the physico-chemical properties of these materials. 

2. Experimental  

2.1. Material synthesis 

Elaboration of the N-doped graphenic materials: 

Two sample series were synthesized, differentiated by the initial reagents employed for their synthesis, either a 

mixture of cyclohexanol and ethanolamine (abbreviated CE series), or 1-(2-hydroxyethyl)piperidine (abbreviated 

HEP series). 

o Elaboration of the CE series materials:  

A mixture of 0.1 mol of cyclohexanol (Sigma Aldrich, 99%), 0.1 mol of ethanolamine (Aldrich chemistry, 

>99.5%) was put in contact with 0.26 mol of metallic sodium (Merck Millipore) under inert atmosphere 

(nitrogen Air Liquide, alphagaz 2) in a 0.5 L Parr autoclave. Cyclohexanol and ethanolamine were used as 

received. Sodium rods were washed in petroleum ether to remove the paraffin oil then cut in small pieces and 

stored under nitrogen atmosphere. Sodium pieces were scrapped before use to remove the passivation layer that 

is formed even under protective atmosphere. The autoclave was sealed and nitrogen (Air Liquide, alphagaz 2) 

was introduced so that the pressure attained 70 bar. The reactor was then heated up to 350 °C at 8 °C.min
-1

, the 

internal pressure reached 200 bar, and the mixture was let to react for 72 h. Afterwards, the reaction was allowed 
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to cool down naturally to room temperature, and the solvothermal product was collected under nitrogen 

atmosphere. 

About 5 g of solvothermal product were placed in an Inconel® 600 crucible and then introduced in a vertical 

tubular oven. Depending on the planned conditions, the oven was heated at a heating rate of 20 °C.min
-1

 up to 

the reaction temperature in the range 750 °C - 900 °C for 4 h, then cooled down to room temperature naturally. 

The crucible was permanently kept under a nitrogen flow (Air Liquide, alphagaz 1) to avoid combustion of the 

carbonaceous phase and to eliminate pyrolysis gases. The pyrolysis product consisted of a greyish black powder, 

with in some cases sodium carbonate and sodium hydroxide white crystals. 

The pyrolysis product was crushed then sonicated 10 min in 200 mL of distilled water. The powder was washed 

alternatively with 1 L 6 mol.L
-1

 hydrochloric acid (Sigma Aldrich, ≥37%) and 1 L distilled water. The initially 

grey powder turned to black due to the removal of sodium carbonate and sodium hydroxide formed during the 

pyrolysis. The washed sample was finally dried at 100 °C for 24 h, and stored under air.  

o Elaboration of the HEP series materials:  

The elaboration process of the HEP series follows the one described for the CE series, except for the quantities 

of reagents initially introduced in the solvothermal reactor. 0.17 mol of 1-(2-hydroxyethyl)piperidine (ACROS 

organics, 99%) was introduced inside the solvothermal reactor with 0.34 mol of metallic sodium (Merck 

Millipore) under nitrogen (Air Liquide, Alphagaz 2). 1-(2-hydroxyethyl)piperidine was used as received. The 

pressure of nitrogen injected into the reactor and the other experimental parameters remained strictly identical as 

the CE series.  

2.2. Material characterizations 

Physisorption of nitrogen at 77 K was performed with a Micromeritics ASAP2020 adsorption apparatus. The 

samples were outgassed during 12 h at 300 °C before analysis. Specific surface areas were calculated using the 

BET (completed with the Rouquerol correction) and 2D-NLDFT models, micropore volumes and pore size 

distributions were obtained using 2D-NLDFT model: this model can actually avoid overestimation of the 

specific surface area by the BET model for microporous solids. 2D-NLDFT calculations were carried out using 

SAIEUS software, with a corrugation parameter λ=4.25 and an integration range from 0.4 nm to 29.3 nm. 

X-ray photoelectron spectroscopy (XPS) analysis was achieved with a Kratos Axis Ultra DLD, using an Al K1 

X-ray source (1486.6 eV). C-C and C-H bounds were taken as references at 284.6 eV. The analyzed area was of 

700 x 300 µm
2
 with a 5-10 nm depth. Deconvolution of the N1s spectra was carried out considering five 

contributions, namely pyridinic-N at 398.3 eV, aminic-N at 398.9 eV, pyrrolic-N at 400.0 eV, graphitic-N at 

401.4 eV and N-oxides at 402.4 eV. Deconvolution of O1s spectra revealed the presence of chemisorbed O at 

531.4 eV, carbonyl-O at 532.9 eV and ether or alcohol O at 535;2 eV.  

Raman spectroscopy investigations were conducted with a Renishaw inVia Quontor equipped with a 532 nm 

laser operating in the spectral range 100-3600 cm
-1

 in synchroscan mode. Samples were first dispersed in 

absolute ethanol then deposited on a glass slide. 

2.3. Preparation of the ink and MEAs: 

16 mg of N-doped graphenic foam were mixed with 50 µL of distilled water, 20 µL of Nafion
®
 Solution 

(Nafion
®
 perfluorinated resin, 10 wt.% in H2O, Aldrich) and 560 µL of 2-propanol (Sigma-Aldrich). The mixture 

was then stirred at 20,000 rpm for 30 s, before being sonicated for 15 min. The resulting ink was carefully 

deposited on a 8 mm disk of Sigracet 34BC GDL. 35 µL of ink were deposited on the GDL to prepare a GDE 

with a catalyst loading of 1.77 mg cm
-2

. The prepared electrodes were finally dried in an oven at 50 °C for at 
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least 4 hours. The thickness of the deposit has been estimated around 18 µm, considering an overall density for 

the carbon material near 1 g cm
-3

, corresponding to a porosity in the order of 50%.  

MEAs were prepared by assembling a 40 x 35 mm
2
 Nafion

®
 membrane (PaxiTech, NR212) , a 30 x 25 mm

2
 

piece of Pt-based GDE (Quintech, Sigracet 10BC, BC-H225-05S, 0.5 mg cm
-2

) on the anodic side, and 30 x 25 

mm
2
 piece of  GDL Sigracet 34BC. An 8 mm circular hole had been punched in the rectangular GDL piece, 

allowing insertion of the above prepared disk for the cathode. The different MEA components were assembled 

by brushing the coated surface with Nafion solution (Ion Power, water based at 10 wt.%) before pressing them 

onto the membrane at 20 bars. The MEAs formed and still under pressure, were heated up at 100 °C for 4 min. 

The resulting MEA and its expanding view are shown in Figure 1. 

2.4. Catalysts electrochemical characterization 

The prepared MEAs were inserted into the 5 cm
2 

Paxitech fuel cell and tests were carried out at ambient 

temperature: dry hydrogen was fed at 50 mL min
-1

 and fully humidified air was injected at 100 mL min
-1

 into the 

cathodic chamber. Hydration and maturation of the MEAs were conducted with increasing gradually the current 

density for at least two hours for steady, reproducible measurements with a Bio- Logic VSP3 potentiostat. 

Steady value of the cell voltage was measured in 30 min long tests at a given current density. Then, galvanostatic 

electrochemical impedance spectroscopy (GEIS) measurements were carried out at this current density level 

within the frequency range 10 kHz – 100 mHz with ten points per decade, the amplitude being fixed at 10% of 

the steady current. As shown in Figure 2, EIS spectra usually consisted of one very small loop for frequencies 

larger than 100 Hz corresponding to the response of the Pt/C anode, and a far larger, incomplete loop below 100 

Hz being for the cathode. The profile of spectra led us to model the cell as two (R-CPE) circuits for the anode 

and the cathode (subscripts a and c respectively), in series with the overall ohmic resistance of the cell, Rcell. As a 

matter of fact, EIS spectra did not allow to consider more complex models, with mass transfer control. Fitting of 

the spectra led to estimates for charge transfer resistances Ra and Rc, CPE parameters Qa, na, Qc, nc, and Rcell. 

The cell voltage V was expressed as follows: 

                             (1) 

Where V0 is the equilibrium cell voltage, near 1.23 V at the considered conditions neglecting the contributions of 

partial pressures in Nernst equation, I the cell current, a and c being the anode and cathode overpotentials 

respectively. Because the charge transfer resistance of the anode Ra has been found nearly constant at 1 Ω within 

0.1 Ω for all current values, a was approximated by the product of this resistance and the cell current. The 

cathode overpotential was expressed after Tafel’s law, involving the cathode exchange current density, i0, and 

the Tafel slope, b. However, because the cell voltage at open circuit was measured at a value far lower than V0, 

Tafel’s law has been modified by addition of “crossover” current density IFCO as follows: 

     
 

 
   

        

  
           (2) 

Therefore, the cell voltage was approximated as: 

                 
 

 
   

        

  
         (3) 

The specific cathode resistance, rc in Ω.cm
-2

, equal to (Rc.A) is defined as the derivative function on of the 

cathode overpotential with respect to the current density: 

   
   

  
 

 

         
           (4) 
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The interpretation of chronopotensiostatic measurements and impedance spectroscopy led to kinetic parameters 

b, i0 and iFCO to be estimated for all the materials tested. For discussion, parameter b was related to the Tafel 

slope, m, by: 

              
    

 
          (5) 

Finally the equivalent double layer capacitance of the cathode was estimated from parameters Q and nc, using the 

approximate relationship [26]: 

          
    

    
   

 
         

      
   

 
             (6) 

where c is the pulsation corresponding to the top of the charge transfer loop in Nyquist plot. 

3. Results and discussions 

Before presenting the results of the present work, properties of CE materials extensively characterized [27] are 

summarised below. CE materials obtained by pyrolysis at 850°C or more, exhibited a high crystallinity, as 

expressed by narrow bands D and G in Raman spectra. Specific surface area was in the range 1600-2240 m
2
.g

-1
, 

with microporous volume varying from 0.68 to 1.05 cm
3
.g

-1
, both properties having higher values at 750 and 

800°C. In all CE materials, pyrrolic-N functions were found to be the most abundant fraction of nitrogen atoms, 

whereas carbonyl functions were the predominant O-containing groups.   

3.1. Electrochemical measurements 

In a previous work [27], the experimental conditions used for the elaboration of the N-doped graphenic materials 

have been shown to have a great impact on their textural, structural, microstructural, and chemical properties. In 

particular, changing the temperature for the pyrolysis treatment allows tailoring of the material properties. In the 

present study, the catalytic properties of the N-doped graphenic materials have been investigated in regard of the 

pyrolysis temperature. Moreover, the influence of the change in reagents have also been studied by examining 

the performance exhibited by CE and HEP series materials.  

As a reference, measurements have been carried out on an N-free graphenic material, elaborated under 

experimental conditions established in a previous study [28]. The maximum power density has been measured at 

around 0.05 mW.cm
-2

, the cell voltage being close to 0.74 V at i=0 but dropping rapidly to reach 0.03 V at i=0,8 

mA.cm
-2

 (data not shown). This sample will help in understanding the influence of the nitrogen atoms insertion 

inside the graphenic network on the catalytic activity. 

Four pyrolysis temperatures have been studied for the CE series, from 750 °C to 900 °C, and three for the HEP 

series, from 800 °C to 900 °C. Higher temperatures have not been investigated because of the decreasing 

variation of the reaction yield with this temperature, found below 1 wt.% at 900 °C. At 750 °C, the materials 

were considered too poorly ordered, i.e. with insufficient crystallinity [27] to justify lower pyrolysis 

temperatures. Moreover, the electric conductivity of samples pyrolyzed at low temperatures was found much 

lower than that of samples treated at medium/high temperatures in relation to their compared crystallinity, being 

for instance at 0.010 ± 0.001 and 0.40 ± 0.04 S.cm
-1

 at 800 and 875 °C respectively [27]. 

Figure 3 shows the variations of the cell voltage and the power density with the current density, for CE (a) and 

HEP (b) series materials. Comparable trends can be observed for the two series, i.e. with the highest 

performances obtained with materials pyrolyzed at the lowest temperatures. In particular, CE-750 appears to be 

the most promising material with a maximum power density near 2.3 mW.cm
-2

 and tolerating a current density 

larger than 30 mA.cm
-2

. HEP series shows lower catalytic activity with a maximum power density at 0.9 

mW.cm
-2

, and a current density always below 10 mA.cm
-2

. The two maximum power densities are respectively 

46 times and 18 times higher than the one of N-free graphenic material.  
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The ohmic resistance Rcell deduced from the impedance spectra was always in the range 0.15-0.25 Ω: this value 

although significant is mainly due to the small area of the cathode (approx.0.5 cm
2
). Nevertheless, considering 

the current produced by the cell, the ohmic drop was always below 2.5 mV. Moreover, the anode overpotential 

estimated from Ra was below 15 mV in all cases, thus the deviation of the cell voltage to the equilibrium voltage 

corresponds fairly well to the cathode overpotential, including the effect of fuel crossover. The overall cathode 

resistance Rc varied from 7 to 380 , depending on the current density and the material evaluated. Finally, 

exponent n of the constant phase element lay in the range 0.69-0.75, a range slightly lower than that usually 

observed with Pt-based catalysts. The equivalent capacitance C deduced from rel. (6) for the various materials at 

their maximal performance, varied from 0.015 to 0.23 F.cm
-2

. Interestingly, the max power of the cell appears to 

be a linear function of the equivalent capacitance within 25% as shown in Figure 4. 

The fuel crossover, expressed as its corresponding current density iFCO as in relation (2), was in the order of 0.01 

– 0.1 mA.cm
-2

. The higher value found for CE-800 near 1 mA.cm
-2

, may be due to a defect in the membrane 

electrode assembly which drastically limited its open circuit voltage at 0.42 V. 

The values for the exchange current density i0, obtained from combined interpretation of impedance spectra and 

the V vs. i curves using relations (2) and (3), are in accordance with the cell performances, varying from 2.10
-3

 

mA.cm
-2

 for sample CE-750, to 4.10
-5

 mA.cm
-2

 for sample CE-900 (cf. Figure 5 (a)). Similar trend is observed 

for the HEP series. The compared reactivity of the materials are to be linked to their physicochemical properties: 

these aspects are further discussed in Section 3.2. 

Tafel parameter b was found to be an increasing function of the pyrolysis temperature (Figure 5 (b)) for both 

series of materials, being near 8.3 V
-1

 at 750°C, and 10.8 V
-1

 at 900°C. Kinetic parameters i0 and b follow 

opposite variations with the pyrolysis temperature, parameter b dampening the very strong effect of i0 values 

exhibited by CE-750 and CE-900 materials. Using relation (2), the current density to be delivered by the cell for 

an overpotential chosen arbitrarily at 800 mV varies only by a factor 7 between CE-750 and CE-900 materials 

(Table 1). The maximal power density allowed by the N-doped graphenic materials followed comparable 

decreasing trends with the increase in pyrolysis temperature (Figure 5 (c)).  

Besides, values for b correspond to Tafel slopes varying from 277 to 213 mV.dec
-1

, values approximately two 

times larger than those usually accepted for oxygen reduction on Pt surfaces in acidic media, ideally near 118 

mV.dec
-1

at 25°C. The strong difference may originate from the very different nature of the catalytic sites; 

however, Liu et al. [29] reported a 120 mV.dec
-1 

Tafel slope for the reduction of dissolved oxygen in 0.1 M 

HClO4 on their N-graphene. Mass transfer control from dioxygen transfer in the catalytic layer could provide 

another explanation: when diffusion becomes the rate-determining step inside this layer, the Tafel slope was 

shown to be doubled from the calculated one without diffusion control [30,31]. At ambient temperature, the 

theoretical Tafel slope for the ORR on Pt surfaces under mass transfer control would be near 236 mV.dec
-1

.  

The resistance at the cathode determined by impedance spectroscopy would then cover combined controls of the 

reduction rate by diffusion of oxygen to the N-functions and by charge transfer. Improvement of the MEA 

preparation, in particular through thinner and more regular catalytic layer and optimized addition of PTFE 

solution may allow substantial enhancement of the cathode performance by hindering mass transfer control.  

 

3.2. Correlation with physicochemical properties 

The electrochemical properties of the two material series described above, were compared to other 

physicochemical properties, e.g. textural properties, crystallinity or chemical composition, to extract pertinent 

correlations helping to understand which critical parameters should be optimized in order to increase the 

catalytic activity towards the ORR. Only the CE series has been treated here, since these materials have been 

extensively characterized [27] and because the electrochemical behavior of the two series appeared similar. 
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3.2.1. Textural properties 

If the evolution of the maximum power density allowed by one material appears correlated with its specific 

surface area (Figure 6), the data corresponding to CE-750 diverges. In their work, Byambasuren et al. [32] 

showed that in the case of N-doped mesoporous carbon materials promoted with 1.5% of iron, the smallest pores 

allowed highest mass transfer rates due to the higher surface area, and therefore leading to highest MEA 

performances. However, in their materials, pores were mainly wider than 4.1 nm, for which gas diffusion 

although hindered by Knudsen effect, can be effective. In the present case, the pore sizes reported in [27], are far 

smaller, with bimodal distributions, being in the ranges 0.5-1.1 and 1.2-2.0 nm for CE-750 and CE-800, and 0.7-

1.2 and 1.3-2.8 nm for CE-900 material. Because the overall cell performance depends on both the specific area 

and effectiveness of gas transfer, it might be postulated that diffusion in very small pores, i.e. below 1 nm 

becomes more rate controlling, the beneficial effect of the pyrolysis temperature on the specific area being 

annihilated by the more sluggish diffusion in materials CE-750 and CE-800. This hypothesis appears to be in 

accordance with the lower b values i.e. the larger Tafel slopes, observed with these materials than with CE-850 

or CE-900. Nevertheless, the above attempts in interpreting the data in Figure 6 do not explain the significantly 

higher performance of CE-750, so the effects of other factors have to be investigated. 

3.2.2. Carbon phase crystallinity 

Crystallinity of graphenic materials is an uneasy parameter to quantify. Nonetheless, Raman spectroscopy 

analysis can provide general trends on this property. Figure 7 (a) reports the variation of the maximum power 

density with the intensity of the defects bands D’, T and F. The D’ band at 1620 cm
-1

 is associated with defects 

in the graphene basal plans and can be clearly identified in the case of a limited amount of defects [33]. Bands T 

and F observed near 1100 cm
-1

 and 1500 cm
-1

 respectively [34, 35] can be attributed to the amorphous carbon 

fraction, hydrocarbon molecules or aliphatic molecules bound to the graphitic material [36, 37]. These 

observations are perfectly consistent with Jiang’s [24] conclusions on the positive effect of pentagons and zigzag 

edge defects on graphene efficiency for ORR. 

The increase in the intensity of the defects bands goes along with an increase in the catalytic performance of the 

MEA. This trend could be explained by a higher reactivity of the amorphous regions or by an augmentation of 

the tortuosity inside the carbon materials, sp
3
 carbon atoms disrupting the linearity of the sp

2
 carbon sheets due 

to the different angle between atoms, or by a higher reactivity of the amorphous regions. These observations tend 

to be confirmed by the variation of G and G’ bands intensities, emerging around 1580 cm
-1

 and 2700 cm
-1

 

respectively (data not shown) and respectively linked to the presence of sp
2
 carbon atoms and high order in the 

graphene network [38]. Moreover, G’ band is often considered as a marker for local order, its low significance 

expressing poor order in stacking of single graphene sheets. The highest power densities of the fuel cell were 

measured for the lowest intensities of G and G’ bands (Figure 7 (b)), confirming that amorphous carbon fractions 

can increase the catalytic properties.  

3.2.3. Chemical composition 

The chemical composition of the elaborated materials is also an important parameter to be considered in 

examining the electrochemical properties. The atomic amounts of carbon, nitrogen and oxygen elements 

measured by XPS are presented in Figure 8. Since the penetration depth of the light beam is estimated around 5-

10 nm, the results can be considered as corresponding to the “bulk” graphenic material, assuming a thickness of 

the graphenic walls in the range of 3-6 nm, corresponding to the stacking of 10 to 20 graphene layers, as found 

for N-free graphenic foams [28]. 

The power density is clearly correlated with the oxygen atomic amount in the samples, the highest power density 

being measured for the lowest amount of oxygen, namely CE-750 (Figure 8 (a)). This observation shows that 

oxygen-containing groups have a detrimental influence on the ORR with our N-doped graphenic foams. The 
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evolution of power density also tends to follow the carbon atom concentration (Figure 8 (b)). It appears logical to 

link the increase in carbon atoms with an increase in the number of active sites, resulting in higher performances 

for the MEA. Nevertheless, since oxygen is the second most abundant element in the studied materials, high 

carbon quantities correspond to lower oxygen quantities, and therefore to higher power densities.  

On the other hand, nitrogen atomic quantity does not seem to have a clear influence on the measured power 

density (Figure 8 (c)). In the domain studied, ranging from 0.8 to 2.3 at.%, high doping rates do not appear as 

necessary to allow good catalytic properties. However, it must be noted that the presence of nitrogen atoms 

inside the graphenic network is required to observe significant catalytic activity towards the ORR since the 

N-free graphenic material presents only extremely low activity. The atomic quantity of the three main nitrogen 

functions, i.e. pyridinic-N, pyrrolic-N and graphitic-N, have been extracted from deconvolutions of XPS N1s 

spectra. Their variations with the power density are plotted in Figure 9. 

None of the N-function contents shows a correlation with the power density, since these parameters change with 

the oxygen content and the density of defects in the carbon network, which have a greater impact on the 

electrochemical performances. However, the synthesis method used to obtain the 3D N-doped graphenic 

materials does not yet allow efficient control of nitrogen doping, so that separate benefits from one specific N-

function could not be evidenced in the present study. 

4. Conclusion 

The catalytic activity towards the ORR of N-doped carbon materials, although widely studied in the literature, is 

rarely evaluated in real condition tests inside a PEMFC. In this work, 3-dimensional N-doped graphenic 

materials have been inserted inside MEAs as cathodic catalysts for investigation of their intrinsic 

electrochemical properties. Electrochemical impedance spectroscopy measurements have been modeled using a 

Randles equivalent circuit in order to extract pertinent information yielding estimates for the exchange current 

density and Tafel slopes, by using voltage vs. current density variations. Moreover, the max. power allowed by 

the fuel cell appears to vary linearly to the equivalent capacitance of the cathode. 

Comparison between N-doped and N-free graphenic materials clearly shows the beneficial impact of the 

chemical modification on the ORR catalytic activity, with a nearly 46-fold higher activity with N-doped 

materials. Regardless of the solvothermal precursor, the electrochemical performances are closely linked to the 

pyrolysis temperature, the lowest temperatures, 750-800 °C, leading to the highest catalytic activities. The 

differences observed between the CE and HEP series let us think that significant improvements could be 

obtained from the research of an optimal solvothermal precursor. 

Even if the catalytic activity of N-doped graphenic materials in acidic fuel cells remains far below that of 

commercial Pt-based catalysts, several routes for improvement have been identified. Electrochemical 

performances could be linked to the textural properties of the materials since these exhibiting the highest surface 

areas possess the highest amount of active sites. The structural defects in the graphenic network seem to play an 

important part in the catalytic properties, even if their exact nature has still to be found. Nitrogen doping has 

been revealed necessary to bring out the catalytic properties towards the ORR, although its quantity seems to 

have no clear influence on the MEAs performances. On the other hand, the quantity of oxygen atoms has been 

shown to influence negatively the ORR reaction. Chemical reduction of the N-graphene materials by hydrazine 

[39] or ammonia [40] – similar in its principle to the reduction of graphene oxide – could be used to improve this 

parameter, and increase the quantity of nitrogen doping. Besides, the protocol for MEA preparations could be 

greatly improved, with thinner but more regular catalyst layers, and more effective dispersion of Nafion on the 

catalyst to reduce the significance of internal oxygen diffusion control, resulting in larger b parameter values, 
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then in higher power density. Finally, for other applications, other MEAs could be prepared with alkaline 

ionomers, for which higher cell performances could be expected.  
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Table 1: Calculated values of the i0/i0(900 °C) and i/i(900 °C) ratios for an 800 mV overvoltage 

  
Sample ID 

i0 Tafel's factor b i at |ηC| = 800 mV i0/i0(900 °C) i/i(900 °C)   

  (mA cm
-2

) (V
-1

) (mA cm
-2

) ratio ratio   

 

CE-750 2 10
-3

 8.3 1.5 55 7 

 

 

CE-800 6 10
-4

 9.1 0.8 15 4 

 

 

CE-850 1 10
-4

 10.4 0.4 3 2 

 

 

CE-900 4 10
-5

 10.9 0.2 1 1 

         

 

HEP-800 2 10
-4

 9.6 0.4 18 7 

 

 

HEP-850 3 10
-5

 10.7 0.1 3 2 

 

 

HEP-900 1 10
-5

 10.9 0.1 1 1 

  

 

Figure caption 

Fig. 1 View of a typical MEA, left with the disk cathode 

Fig. 2 EIS spectrum of the MEA prepared from CE materials at 30 mA cm
-2 

Fig. 3 Variation of cell voltages and power densities with the current density of N-doped graphenic materials 

obtained for different pyrolysis temperatures; CE series (a), HEP series (b) 

Fig.4 Variation of the maximum power density of the fuel cell with the equivalent capacitance of the HEP and 

CE graphenic cathodes 

Fig. 5 Variation of the exchange current density (a), the Tafel's factor b (b) and the maximum power density (c) 

with the pyrolysis temperature 

Fig. 6 Variation of the maximum power density with the specific surface area 

Fig. 7 Variation of the maximum power density with the Raman defects bands D’, T and F (a) and the G and G’ 

bands (b). Trend lines have been added for the sake of clarity. 

Fig. 8 Variation of the maximum power density with the atomic quantities of oxygen (a), carbon (b) and nitrogen 

(c) 

Fig. 9 Variation of the maximum power density with the atomic quantities of N-Pyridinic (a), N-Pyrrolic (b) and 

N-Graphitic (c) 
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