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Abstract 

Carbon and carbon/nitrogen Zeolite Templated Carbons (C-ZTC and CN-ZTC) were 

synthesized from pure ethylene and acetonitrile precursors and thoroughly characterized by 

nitrogen physisorption at 77 K, SEM, XRD, TGA, Raman spectroscopy and XPS. The CN-

ZTC presented high nitrogen content (C/N = 12.5) and a less condensed skeleton compared to 

C-ZTC. Reduced micropore volume of CN-ZTC was observed due to the formation of extra-

ZTC graphene-like species on the external surface, leading to high electron conductivity. The 

preparation of CN-ZTC based catalysts allowed for achieving conspicuously high ORR 

activity, featuring a half-wave potential of 0.81 V vs. RHE and high hydroxyl selectivity.  

 

Keywords: Zeolite Templated Carbons, nitrogen functionalization, oxygen reduction 

reaction, graphene. 
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1. Introduction 

Zeolite Templated Carbons (ZTCs) combine electron conductivity and high micropore 

volume. These unique structures have attracted much attention in recent years due to 

remarkable performances in a number of applications, including gas storage and energy 

conversion [1]. ZTCs are achieved through the polymerization of carbon precursors in the 

extended micropore network of a given zeolite template. After pyrolysis and dissolution of the 

zeolite, the ZTC is recovered and hence exhibits a negative copy of the texture of the zeolite 

template [2]. The exact atomistic structure of ZTCs is still a matter of debate, yet most models 

are based on either closed struts or open blade models [3].  

Carbon-based nanomaterials are particularly interesting for their use as catalysts in electrode 

fuel cells, such as in the oxygen reduction reaction (ORR) [4]. The ORR occurs at the cathode 

of fuel cells, e.g. hydrogen fuel cell that converts H2 into electricity through the H2 oxidation 

reaction. In alkaline conditions, the ORR ideally proceeds through four electron transfers to 

transform O2 into hydroxyl ions. This four-electron transfer is desirable for fuel cell 

applications, yet the less efficient two-electron pathway, which produces peroxide ion 

intermediates, often predominates [5]. 

 

 

Pt-based catalysts are still the most active ORR catalysts, allowing the reaction to proceed 

through a four-electron path [6]. These yet present important drawbacks related to their high 

cost, low availability and the poor durability of Pt. Pt is indeed prone to agglomeration during 

electrocatalytic use and readily poisoned through CO impurities in H2 fuel cells [7,8]. All this 

renders commercial Pt-based electrocatalysts in energy conversion devices improbable. 

E = 1.230 V vs. NHE  

E = 0.695 V vs. RHE  
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The development of metal-free catalysts represents a sound solution in the quest of 

circumventing the drawbacks encountered using Pt-based electrocatalysts [4]. Graphene has 

attracted great attention in this respect, due to its high availability. Good quality graphene can 

easily be obtained from graphite through oxidation and reduction treatments [9]. In order to 

modulate the electronic properties and to generate catalytically active sites, post-synthetic 

functionalization with heteroatoms (such as nitrogen or phosphor) is the most common 

solution [10]. This strategy yet limits the number of functional groups to a few percent. 

Hence, low ORR activities are generally observed for such graphene-based catalysts [11].  

Ryoo and co-workers rather recently reported the use of nitrogen containing ZTCs for the use 

as catalysts in ORR [12,13]. They synthesized ZTCs using aqueous solutions of nitrogen-

based molecules (such as acetonitrile and pyrrole), resulting in micropore materials featuring 

low nitrogen content (4 wt%). The approach is moreover interesting since it allows 

synthesizing the carbon structure and inserting nitrogen atoms in a one-step procedure. These 

presented high ORR activity with half-wave potentials of below 0.77 V vs. RHE in ORR 

using alkaline conditions. It is known that zeolites suffer from heavy dealumination in the 

presence of water vapor at high temperatures (>600 °C), leading to the partial or complete 

destruction of the zeolite framework [14]. This might negatively impact the condensation of 

the developing ZTCs and hence lead to higher resistive behavior.  

In the present contribution, we firstly compare the ORR activity of a purely carbon-based 

ZTC with that of a ZTC synthesized from pure acetonitrile. The nitrogen containing ZTC-

featured high nitrogen content and conductivity, and allowed to observe an important ORR 

activity. 

 

2. Experimental section 
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2.1 Materials 

Acetonitrile (Sigma Aldrich, anhydrous, 99.8%), NaX zeolite (Axence), calcium nitrate 

tetrahydrate (Sigma Aldrich, 99%), hydrofluoric acid (49% in water, Fisher Scientific), 

sodium bicarbonate (Sigma-Aldrich, 99%), boric acid (Sigma Aldrich, 99%), Hydrochloric 

acid (Fisher scientific, 37%) ethylene (>99.9% Air Liquide), nitrogen (99.995%, Air Liquide) 

and Pt-C (E-tek) were purchased and used as received. 

 

2.2 Cation exchange of NaX zeolite 

1 g of NaX was suspended in 100 mL of a 0.5 M aqueous solution of Ca(NO3)2 and stirred at 

80 °C for 2 hours. The zeolite was recovered by filtration, abundantly washed with deionized 

water and dried at 80 °C. The exchange cycle was thereafter repeated two times. After the 

third exchange cycle, the zeolite was calcined at 550 °C under air for 6 hours. 

 

2.3 Synthesis of C-ZTC 

The previously prepared Ca
2+

 exchanged X zeolite was introduced in a cylindrical quartz 

reactor containing a frit and activated in a tubular furnace at 150 °C for 1 hour under a 

nitrogen flow of 150 mL min
-1

 to remove physisorbed water. The oven temperature was then 

raised to 790 °C and after 1 hour at this temperature, gas was switched to a mixture of 6.67 

vol% ethylene in nitrogen for 4 hours. Finally, the furnace temperature was raised to 890 °C 

for 2 hours under nitrogen flow and then cooled down at room temperature. The hybrid 

compound consisting of zeolite and carbon species was recovered and treated first using 

concentrated HCl at 80 °C for 2 hours under stirring and then with 49 wt% HF at RT for 4 

hours under stirring in order to remove the zeolite. In order to neutralize the fluoride, 60 mL 
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of a saturated aqueous H3BO3 solution was added. The mixture was then neutralized by 

adding 60 mL of a saturated aqueous NaHCO3 solution. After 1 hour of stirring at room 

temperature, the carbon materials were recovered by filtration and washed using hot distilled 

water. After drying at 80 °C overnight, the final C-ZTC was obtained.  

2.4 Synthesis of CN-ZTC 

 For the synthesis of CN-ZTC, the same procedure as described in 2.3 was used until 

the activation step at 790 °C under 150 mL min
-1

 nitrogen flow. After the activation step and 

still under nitrogen flow, acetonitrile was fed at 790 °C using a syringe pump with a 2.5 mL h
-

1 
flow rate. After 4 hours of acetonitrile feeding, the syringe pump was stopped and the 

temperature was raised to 890 °C under nitrogen flow for 2 hours. Finally, the reactor was 

cooled to RT. The protocol used for the removal of the zeolite was the same as previously 

described. The final CN-ZTC was obtained after washing and drying at 80 °C. 

 

2.5 Characterization 

The structural packing density (SPD) was determined by thermogravimetric analysis (TGA) 

of the hybrid samples, using a SDT Q600 under synthetic air with a flow of 100 mL min
-1

. 

The sample was heated up to 900 °C with a ramp of 10 °C min
-1

. SPD corresponds to the 

amount of carbonaceous species (carbon and heteroatoms) per gram of zeolite (       
  ) and 

is calculated using equation 1. 

     
     

  
 (that corresponds to 

  

  
)    (1) 

With mi and mf the initial and final masses of the compound, and mC and mZ masses of 

carbonaceous species and zeolite.  
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Nitrogen physisorption was carried out using a Micromeritics 3Flex at 77 K. Approximately 

50 mg of sample was outgassed at 350 °C for 12 h before the measurement. Microporous 

volumes and specific surface area were calculated through t-plot method. The thickness of the 

nitrogen layer was calculated using reference isotherms of (i) a non-porous silica (used for the 

t-plot of the template X zeolite) and (ii) graphene (used for the t-plot of the ZTCs) [15]. Pore 

size distributions were determined using non-linear density functional theory (NLDFT) 

models available on SAIEUS software (NLDFT model developed for carbon materials with 

heterogeneous structure). X-Ray powder diffraction (XRD) patterns were collected using a 

PANalytical Empyrean X-Ray diffractometer using CuKα radiation (1.54059 Å) from 5 to 

50 °2θ ranging. Elemental analysis allowed to quantify the atomic amounts of carbon, 

hydrogen, nitrogen and oxygen and was performed using a Flash EA 1112/Flash 2000 

Thermo. Zeolite composition was determined using ICP-OES analysis using a Perkin Elmer 

Optima 2000 DV apparatus. Scanning Electron Microscopy (SEM) images were obtained 

using a JEOL JSM-790CF microscope. Raman spectra were obtained using 514 nm excited 

wavelength on a Labram HR 800-UV Horiba Jobin Yvon confocal microscope equipped with 

a Peltier cooled CCD detector with the application of a diffraction grating with 600 lines mm
-1

 

and a confocal hole of 200 µm. XPS analyses were carried out with a Kratos Axis Ultra DLD 

spectrometer using a monochromatic Al Kα source (1486.6 eV) operating at 180W (12mA, 

15kV). The operating pressure of the spectrometer was 9 x 10
-8

 Pascal. High-resolution 

spectra were recorded using an analysis area of 300µm x 700 µm and 40 eV pass energy. This 

pass energy corresponds to Ag 3d5/2 FWHM of 0.55 eV. Data were acquired with 0.1 eV 

steps. The binding energy was calibrated using C1s binding energy fixed at 284.8 eV as an 

internal reference. The following binding energies regions were recorded: C1s, O1s, and N1s. 

Atomic concentration ratios were calculated using sensitivity factors provided by the 

manufacturer. Peak fitting was achieved with Casa XPS software (version 2.3.24) applying 
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Gaussian-Lorentzian profiles (Lorentzian 30%) and adding asymmetric line shape to sp
2
 

carbon. Electrical conductivity was measured with a solartron 12962A sample holder 

associated with a Solartron SI 1287 electrochemical interface and an SI 1260 impedance/gain-

phase analyzer. Powder samples were crushed and introduced between two gold disk 

electrodes of 10 mm diameter. Distance between electrodes was measured with a micrometer 

and was typically comprised between 0.2 and 0.6 mm. The Ohmic resistance was measured 

by impedance spectroscopy at 0 V bias with 10 mV amplitude from 100 kHz to 1 Hz. The 

ohmic resistance value was taken for a 0° phase shift when no imaginary contribution occurs. 

Each conductivity value results from triplicates with a relative standard deviation ranging 

from 1.6 to 13%. The achieved values were normalized by the value observed for graphite.  

 

2.6 Electrochemical measurements 

Electrochemical experiments were carried out using a homemade three electrode Teflon cell 

at room temperature. A commercial hydrogen reference electrode (purchased by Gaskatel) 

and a glassy carbon slab were respectively used as reference and counter electrodes. The 

working electrode was a glassy carbon disk (geometric surface area of 0.196 cm
2
). For each 

experiment, 5.8 µL of catalytic ink was deposited onto the glassy carbon disk and allowed to 

dry under nitrogen. The catalytic ink was performed by mixing 10 mg of catalytic powder, 

750 µL of ultra-pure water, 250 µL of isopropanol and 60 µL of Nafion solution (5wt.% in a 

solution of aliphatic alcohols). The dispersion was finally dispersed by sonication to obtain a 

homogeneous solution. All experiments were carried out using a rotating disk electrode 

(Methrohm). All electrodes were connected to a biologic SP-300 potentiostat. The electrolyte 

was a 0.1 mol L
-1

 KOH solution saturated with nitrogen or dioxygen. Linear sweep 

voltammograms were recorded at different rotating rates (400 rpm, 600 rpm, 900 rpm, 1600 

rpm) by applying a scan rate of 5 mV s
-1

 to be under steady-state conditions.  
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3. Results and Discussion 

The zeolite X template presents a Si/Al ratio of 1.13 and a Ca/Al ratio of 0.49. The zeolite 

features a microporous material characteristic type I nitrogen physisorption isotherm and a 

micropore volume of 0.31 cm
3
 g

-1
 (Figure 1). The zeolite presents characteristic XRD peaks 

of the FAU phase and typical bipyramidal morphology.    

 

Figure 1. Nitrogen physisorption isotherm at 77 K (a), XRD powder pattern (b) and SEM 

image of the zeolite X template.   

 

Two different precursors were used for the synthesis of ZTCs, i.e. ethylene and acetonitrile, 

leading to C-ZTC and CN-ZTC respectively (Scheme 1).  

 

Scheme 1. Synthesis of Zeolite Templated Carbons (artist’s rendition).  
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Both precursors allow to completely obstruct the microporosity of the zeolite template. From 

the weight loss at TGA of the hybrid materials, the structural packing density (SPD) was 

calculated, which amounts to 0.30 and 0.34 gC gZ
-1

 for C-hybrid and CN-hybrid, respectively 

(Figure 2a). The slightly higher value for the CN-hybrid might indicate that some 

carbonaceous materials were formed on the surface of the zeolite crystals. It is further 

important to note that the weight loss is shifted to higher temperatures for the CN-hybrid 

(maximum heat flow raised for temperatures of 485 and 554 °C for C- and CN-hybrid 

respectively) which might be due to the presence of the nitrogen and to a different degree of 

condensation in the carbon skeleton. The heat of combustion for C- and CN-hybrid was 

calculated to be 5.7 and 11.7 kJ g
-1

, respectively, which further indicates the different 

chemical nature of the samples.   

 

Figure 2. TGA weigh loss curves (a) and heat flow as a function of the temperature (b) of the 

C-hybrid (black) and CN-hybrid (green).  

 

After dissolution of the zeolite the C-ZTC and CN-ZTCs were achieved. From the SEM 

images, very similar morphological features compared to the template zeolite were observed, 
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which indicates that for both sample particles with similar shapes and size were achieved 

(Figure 3).  

 

 

 

Figure 3. SEM images of C-ZTC (left) and CN-ZTC (right). Scale-bare: 1µm. 

 

The choice of the precursor molecule importantly impacts the textural properties of the final 

ZTC. Both materials, C-ZTC and CN-ZTC, present type I nitrogen physisorption isotherms 

(Figure 4a). Yet, the C-ZTC features a micropore volume of 1.101 cm
3
 g

-1
, which is 

approximately twice as high as the volume calculated for CN-ZTC (Table 1). The desorption 

branch achieves similar nitrogen volume values as for the adsorption at a relative pressure of 

0.43, which indicates that the skeleton is highly cross-linked in both cases [16]. A similar 

NLDFT pore size distribution was observed for both samples, indicating that the templating 

ability is similar for ethylene and acetonitrile in the applied conditions (Figure 4b). The C-

ZTC presents a peak in the XRD powder pattern centered at 6.4 °2, which is due to structural 

long-range order of the carbon skeleton (Figure 4c). As far as the CN-ZTC is concerned, a 

larger peak is here observed, which suggests higher structural irregularity in the skeleton. 

Moreover, a larger peak in the XRD powder pattern of CN-ZTC at around 24 °2 was 

observed, which can be ascribed to the (002) reflection resulting from the stacking of 
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graphene-like subunits [17]. The formation of such graphene layers on the surface of the ZTC 

particles probably explains the reduced micropore volume observed for the CN-ZTC. A 

further indication of the formation of such extra-ZTC species was indicated by the higher 

SPD for the CN-ZTC compared to the C-ZTC. Here from, it is possible to estimate that 

approximately 10% of the carbon/nitrogen develops on the external surface for CN-ZTC. This 

is most probably also the reason for the higher electron conductivity of CN-ZTC compared to 

the C-ZTC (Table 2). From TGA, full combustion of both samples can be observed at 660 °C 

and from which the absence of any zeolite residue can be inferred (Figure 4d). It is further 

interesting to note that the CN-ZTC presents a higher degree of water (weight loss below 100 

°C), which is probably due to the higher hydrophilicity of the material due to the presence of 

nitrogen.   
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Figure 4. Nitrogen physisorption isotherms at 77 K (a), NLDFT pore size distribution (b), 

XRD powder patterns (c) and TGA weight loss curves (d) of C-ZTC (black) and CN-ZTC 

(green). 

 

 

 

 

 

Table 1. Chemical and textural properties of C-ZTC and CN-ZTC. 

 SPD 

(gC gZ
-1

) 

Vmicro 

(cm
3
 g

-1
) 

SBET  

(m² g
-1

) 
C/H C/N 

Normalized 

conductivity (S m
-1

)* 

C-ZTC 0.30 1.01 2748 7.4 - 0.05 

CN-ZTC 0.34 0.48 1230 3.5 12.9 0.35 

*Normalized by the value recorded for graphite.  

 

Major differences in the chemical nature of the samples were deduced through elemental 

analysis. Whilst the C-ZTC features a C/H ratio of 7.4, this ratio is significantly lower for CN-

ZTC and amounts to 3.5. This clearly indicates that the skeleton in C-ZTC contains a higher 

degree of condensed aromatic cycles compared to CN-ZTC. To further investigate the 

chemical nature of the samples Raman spectra were recorded, which present typical features 

for carbon-based materials, such as for graphene and activated carbons [18,19]. The 

decomposition of the spectra allowed to distinguish six contributions [20]. The G band, which 

is ascribed to the bond stretching of all pairs of sp
2
 carbon atoms, is centered at 1597 and 

1604 cm
-1

 for C-ZTC and CN-ZTC, respectively. The blue-shift of the G-mode for the CN-

ZTC can be ascribed to the presence of extra-ZTC graphene-like carbon [21]. The D band, 

resulting from the breathing mode of sp
2
 carbon atoms in cycles, is centered at 1328 and 1348 

cm
-1

 for C-ZTC and CN-ZTC, which allows for a similar conclusion as for the G mode. The 
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relation of the intensities of the D and G mode is a mean to assess the amount of defects or 

edges in graphene-based materials. The ID/IG ratio is higher for the CN-ZTC (1.3 vs. 1.1 for 

C-ZTC), indicating a reduced skeleton thickness. Indeed La, i.e. the lateral distance [20], 

amounts to 4.11 and 3.49 nm for C-ZTC and CN-ZTC, respectively, confirming well the less 

condensed skeleton as inferred from the C/H ratio of materials. The higher intensity of the G-

mode of the CN-ZTC can be ascribed to the formation of pyrrolic N, which might feature sp
3
 

carbons [22]. Indeed, the presence of sp
3
 carbons can be further deduced from the higher 

contribution, classically ascribed as amorphous band [23], centered at 1566 cm
-1

 in CN-ZTC.  

 

Figure 5. Raman spectra and decomposition of C-ZTC (a) and CN-ZTC (b).   

 

This is further confirmed by the XPS spectra (Figure 6). Important differences can be drawn 

from the observation of the C1s photoelectron peak, which is larger for CN-ZTC and features 

a full width at half maximum (FWHM) of 1.8 eV, compared to 0.9 eV for the C-ZTC. It can 

generally be concluded that the larger the FWHM the more defects in the carbon structures 

(higher degree of carbon speciations) [24], which confirms the observation of the higher ID/IG 

ratio for the CN-ZTC calculated from Raman spectra. The C1s peak for C-ZTC and CN-ZTC 

is centered at 284.5 and 284.9 eV, respectively. It is to recall that pure graphene presents a 
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C1s peak typically centered at 284.4 eV (aromatic sp
2 

carbon) [25]. With increasing sp
3 

character
 
the peak shifts to higher energies, typically observed for graphene with structural 

defects [26]. This observation hence suggests that the CN-ZTC features a higher degree of sp
3
 

carbon, which is in agreement with the lower C/H ratio measured for this sample.  

A C/N ratio of 12.8 was measured by elemental analysis and confirmed by XPS. The N1s 

photoelectron peak observed for CN-ZTC could be decomposed into five contributions. 

Predominant contributions centered at 398.3, 399.3 and 401.0 eV were observed, which can 

be ascribed to the presence of pyridinic, pyrrolic and graphitic nitrogen, which amount to 

24.2%, 8.5% and 49.4% of the total nitrogen species, respectively. The contributions at higher 

binding energy are due to pyridinic-oxide and -* N sp
2
 interactions. Indeed, higher oxygen 

content was measured for the CN-ZTC and amounts to C/O ratio of 8.2, whilst the C/O ratio 

of the C-ZTC was found to be 20.0.  

 

Figure 6. X-ray C1s photoelectron peak of C-ZTC (a) and CN-ZTC (b). X-ray N1s 

photoelectron peak of CN-ZTC (c). 

 

The ORR activity of C-ZTC and CN-ZTC was evaluated by recording polarization curves at 

different rotating rates in the 1.0 – 0.2 potential range (Figure S1). A comparison of 

polarization curves recorded at 1600 rpm using C-ZTC, CN-ZTC and a reference Pt/C 
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catalyst is presented in Figure 7a. For C-ZTC and CN-NZTC samples, in reason of the large 

capacitive current, polarization curves were corrected by subtracting the current obtained in a 

nitrogen saturated electrolyte. Both C-ZTC and CN-ZTC catalysts feature high ORR activity 

that can be associated with their large specific surface areas (Table 1). CN-ZTC catalysts yet 

allowed for observing higher activities, achieving a half-wave potential of 0.81 V vs. RHE; a 

value which is slightly below that of the noble metal-containing Pt/C catalyst (0.86 V vs. 

RHE). These performances are slightly higher than that of classical N-doped graphene 

obtained from doping of graphene oxide [27] and are very similar to those obtained with 

recently developed biomass derived N-doped carbons [28].  

 

Figure 7. a) Polarization curves recorded with C-ZTC (red), CN-ZTC (blue) and a reference 

Pt-C catalyst (black) in an oxygen saturated 0.1 mol L
-1

 KOH electrolyte at a rotation rate of 

1600 rpm and at a scan rate of 5 mV s
-1

. b) Number of electrons exchanged per oxygen 

molecule as a function of the applied electrode potential for C-ZTC (red), CN-ZTC (blue) and 

Pt-C catalysts (black). 

 

The higher ORR activity of CN-ZTC in comparison to C-ZTC is clearly associated to the high 

percentage of nitrogen atoms as well as a higher electronic conductivity facilitating charge 
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transfer. Since CN-ZTC and C-ZTC exhibit the same morphostructural properties, this allows 

assessing that nitrogen functionalization and conductivity are important factors determining 

ORR activity more than specific surface area and structural long-range order. It is interesting 

to note that most of the nitrogen atoms in the CN-ZTC are of pyridinic or graphitic-like 

speciation. These latter are known to be the most efficient active sites for ORR [29]. Guo et 

al. demonstrated that the pyridinic nitrogen atoms were responsible for the formation of 

Lewis base sites on the adjacent carbon, which favor oxygen adsorption and facilitate the 

reduction process [30]. Moreover, it has been speculated that graphitic nitrogen decreases 

electron density on adjacent carbon atoms [29], thus promoting ORR.  

Based on the polarization curves recorded at different rotation rates, Koutecky-Levich plots 

presenting the evolution of j
-1

 as a function of Ω-1/2
 were obtained (Figure S2). The slope of 

linear fits was used to determine the number of electrons exchanged per oxygen molecule (n) 

during the reduction process, according to the Koutecky-Levich equation [31]: 

 

 
 
 

  
 
 

  
 

 

   
 
 

  
 

With              
 

   
 

  

In these equations, j,    and    are respectively the total current density, the kinetic current 

density and the diffusion limited current density. Ω (rpm) represents the angular velocity, F is 

the Faraday constant (96485 C mol
-1

),    is the bulk oxygen concentration (1.2 10
-6

 mol cm
-3

 

in 0.1 mol L
-1 

KOH electrolyte) [32], ν is the kinematic viscosity of the electrolyte (0.01 cm
2
 

s
-1

) [30] and    is the diffusion coefficient of molecular oxygen in a 0.1 mol L
-1

 KOH 

electrolyte (1.90 10
-5

 cm
2
 s

-1
) [33]. The constant 0.2 is used when Ω is expressed in rotation 

per minute. The evolution of n as a function of the applied electrode potential is presented in 

Figure 7b for C-ZTC, CN-NZTC as well as for a commercial Pt/C (10 wt.%) catalyst. For C-
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ZTC the electron transfer number drifts from 3.5 to 2.5 with increasing potential, indicating 

that both the two-electron and four-electron pathways are involved during the reduction 

reaction. By revenge an almost constant value of 3.5 is achieved for CN-ZTC, which indicates 

that the catalyst promotes rather the four-electron route, allowing hence for superior hydroxyl 

selectivity.  

 

4. Conclusion 

High nitrogen content in ZTCs could be achieved by the use of pure acetonitrile as precursor. 

The CN-ZTC featured morphological and textural characteristics similar to C-ZTC 

synthesized using ethylene. Reduced textural properties of the NC-ZTC could be ascribed to 

the presence of some extra-ZTC graphene-like species formed on the external surface. 

Significant differences in the composition of the CN-ZTC were observed in comparison to C-

ZTC, such as lower skeleton condensation and higher conductivity. Superior ORR activity 

was observed for the nitrogen containing ZTC achieving high half-wave potential and 

hydroxyl selectivity. The achieved results indicate that adjusting synthetic conditions could 

allow for tuning nitrogen content in ZTCs and hence their electronic properties, which would 

pave the way for the development of metal-free catalysts with excellent ORR activity.     
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Polarization curves and Koutecky-Levich plots are available as supporting information. 
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