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Abstract 

In this work, we have synthesized carbon nano-onions (CNOs) doped with nitrogen and 

iron carbide core. These nanostructures were synthesized pyrolysing various alcohol-

benzylamine reaction mixtures. These CNOs showed a certain degree of functionalization 

of their surfaces, depending of the solvent, as well as n-type doping due to the inclusion of 

N atoms in the graphene layers. Ratios of O atoms to C atoms as well as to N atoms of the 

pyrolyzed solution play an important role in the morphology of the CNOs and on the phase 

of the iron core. Differences in the morphology of the samples have an important effect on 

their electrical conductivity as well as in their electrochemical properties. Synthesized 

samples showing well-defined CNOs, the sintering between them is negligible, have a low 

conductivity and higher capacitance, while those samples showing the best conductivities 

and lower capacitances, the CNOs in samples are connected between them by turbostratic 

graphite ribbons, in similar way to the CNOs synthesized from carbon nanodiamond 

annealed in argon atmosphere. 

 

 

 

*Corresponding author. E-mail: sandov@ipicyt.edu.mx (Román López-Sandoval) 
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1. Introduction 

Nanoparticles can be protected from degradation due to environmental conditions, at the 

same time that their intrinsic properties are preserved when they are encapsulated. Some of 

the structures that encapsulate are carbon nanotubes or carbon layers [1,2]. The 

encapsulation of nanoparticles has attracted the attention for its promising applications, 

such as in information technology and biomedicine [3-6]. In some technological 

applications, such as in gas sensors, it is possible to use hollow carbon nanoparticles 

instead of carbon layers encapsulating nanoparticles [7-8]. In other cases, these carbon 

nanoparticles are quasi-spherical and consist only of concentric graphene layers [9-11]. In 

general, these kind of carbon are indistinctly called carbon nano-onions (CNOs) [11]. 

CNOs were discovered by S. Iijima in 1980 [9], but it was D. Ugarte who reported a 

reproducible technique for obtaining these nanostructures by irradiation of carbon soot 

with an electron beam [10]. Several techniques have been used for the synthesis of this 

material [11]. However, the most widely used method is the graphitization of carbon 

nanodiamonds at high temperatures (1100-1700 °C) in an inert gas or under vacuum 

conditions [11-14]. Other techniques to synthesize CNOs include laser excitation, ion 

implantation and chemical vapor deposition (CVD) [15-20].  

 CNOs have good electrical characteristics for their use in electrical double layer 

capacitors (EDLC) because they can be synthesized with small diameters <10 nm [21-24], 

which make them suitable for their use in EDLC. This is related to the fact that the smaller 

the CNOs diameters, the larger the exposed surface area and, thus, much larger the 

capacitance [11, 21-24]. However, the use of CNOs in EDLC, as well as in other possible 

technological applications, requires their surface functionalization [25-27] and, in some 

cases, the modification of their electronic properties [28-30]. In general, the surface 

functionalization of CNOs is carried out by chemical oxidation either with inorganic acids 

[31,32] or with potassium hydroxide [33]. This chemical activation generates surface 

oxygenated functional groups, which increase the solubility of the CNOs in polar solvents. 

However, this surface functionalization generates defects and, as a consequence, a loss of 

the sp2 character of the graphene layer, with a consequent loss of its great electrical 

conductivity. To retain the high conductivity of CNOs, it is necessary to perform a surface 

functionalization using mild conditions, such as diluted nitric acid [31,34]. On the other 
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hand, the electronic properties of CNOs can be modified introducing heteroatoms in the 

graphene lattice [35-39]. This method is effective to modify the physical and chemical 

properties of CNOs, resulting in a promising approach for their use in various applications. 

The incorporation of N atoms in the graphene layer generates an excess of electrons in the 

carbon nanostructures [28], which are called n-type nanostructures. Furthermore, CNOs 

doped with N present high catalytic activity in electron transfer reactions [37-39]. 

 In this paper, we report the synthesis of CNOs doped with N atoms, which encapsulate 

iron carbide nanoparticles. These materials were synthesized using spray pyrolisis at 850 

°C of several reaction mixtures. The reaction mixtures contained ethanol (with C/O = 2 

atom ratio) or isopropanol (with C/O = 3 atom ratio), as the main sources of carbon, 

benzylamine, as the agent containing the nitrogen dopant, and ferrocene as a catalyst. Two 

alcohol to benzylamine volume ratios were used in order to vary the quantities of C, O and 

N atoms in the reaction mixture. This allowed to observe the effect of different C/O and 

O/N ratios in the crystal arrangement of the graphene layers surrounding the metal 

nanoparticles, the phase of the synthesized iron nanoparticle, the amount of N heteroatom 

introduced in the graphene lattice, with the consequent change in their physical and 

chemical properties, and the anchoring of oxygenated functional groups on the surfaces of 

the nanostructures. This method of synthesis of CNOs is a low cost process and good 

controlled, since it allows the obtaining of pure CNOs, that is without the presence of other 

carbon nanostructures such as nanotubes, nanofibers, among others in the final yield. 

 

2. Experimental section 

2.1 Synthesis of CNOs  

Reaction mixtures were prepared using ethanol or isopropanol, as main sources of carbon 

and, benzylamine, as a reactive containing the nitrogen dopant. The relationships volume 

to volume (v/v) were 9 to 1 (91) and 4 to 1 (41) (alcohol to benzylamine), which 

correspond to 16.8:1 molar ratios (C/O=2.4 and O/N=16.8 atom ratios) and 7.5:1 (C/O=2.9 

and O/N=7.5 atom ratios) for ethanol  to benzylamine (EB) mixtures and 12.9:1 (C/O=3.6 

and O/N=12.9 atom ratios) and 5.7:1 (C/O=4.2 and O/N=5.7 atom ratios) for isopropanol 

to benzylamine (IB) mixtures. In general, volume ratios were used instead of molar ratios. 

In all experiments, the total volume of the solutions was set at 11 mL to which 3 wt% of 
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ferrocene was added. The reaction mixture was ultrasonicated during 20 minutes. The final 

homogeneous solution was transferred to a container to produce a spray that was 

thermolized at 850 °C using a tubular furnace and Ar as the gas carrier (0.20 L/min). 

Subsequently, the tubular furnace was cooled down to room temperature and the material 

was obtained by scraping the quartz tube.  

 

2.2 Characterization of CNOs 

Samples for conventional and high-resolution transmission electron microscopy (TEM, 

HRTEM) were prepared by dissolving the powder in isopropanol using an ultrasound bath 

for 20 minutes. A solution drop was put on lacey-carbon grid and the isopropanol was 

allowed to evaporate. Grids were examined using a TECNAI-F30 HRTEM microscope 

operated at 300 kV. Raman spectra were recorded at room temperature using an InVía 

Micro-Raman Renishaw system. The 514.5 nm (2.51 eV) laser excitation line was focused 

using the 50× magnification objective to a ~ 1µm spot. The X-ray diffraction analysis was 

performed using a SmartLab RIGAKU diffractometer, which has a copper tube as an X-ray 

generator and a NaI scintillation detector. The XRD measurements were obtained at room 

temperature with a step of 0.01° in a range of 35 to 70°. XPS measurements were 

performed with the PHI5000 VersaProbe II using a monochromatic Al-Ka X-ray beam.  

 

2.3 Electrode preparation and electrochemical measurements  

The working electrode (WE) was prepared using the following procedure: (1) a binder 

agent, poly(vinylidene fluoride) (PVDF), was dissolved in 5 mL of N,N-

dimethylformamide (DMF); (2) activated carbon derived from coconut shells (AC-CS), as 

well as synthesized CNOs, used as conductive additive and active material respectively, 

were added to the PVDF dissolution. The weight ratios (wt%) were 22.13/67.87/10 of 

PVDF, AC-CS and CNOs respectively. This mixture was stirred at 100 ºC, allowing the 

complete solvent evaporation to obtain a paste, which was deposited on a predetermined 

active area of a glassy carbon electrode used as current collector. Finally, the electrode was 

set to dry at 80 ºC.  The mass loading of the electrodes ranged from 5 to 10 mg cm2 which 

is a standard loading for evaluating the properties of an electrode for capacitors. The 

electrochemical measurements were carried out in an electrochemical cell with a three 
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electrode arrangement containing 2M KOH aqueous solutions using a VMP3 Bio-Logic 

SAS potentiostat/galvanostat controlled by EC-Lab software. The Hg/HgO/NaOH 1M 

system was used as a reference electrode and a platinum gauze as a counter electrode. The 

prepared electrodes were tested by cyclic voltammetry (CV) performed at different scan 

rates ranging from 1 to 5 mVs-1 in a potential window from -0.1 to 0.2 V. The specific 

capacitances were calculated from the CV curves by the following equation [33]: 

C = ∫ i dV/(mυ∆V) (1) 

where i is the response current, m is the mass of the CNOs, ∆V is the potential window, υ is 

the scan rate. 

 

3. Results and Discussion  

The synthesized materials were black powders that showed ferromagnetic properties. TEM 

micrographs (Fig. 1) revealed that the nanoparticles present quasi-spherical shape and have 

a core-shell structure, with an iron core and carbon shells. The CNOs diameters varied in 

the range of 5-14 nm, with the exception of EB-41 sample, which show a mix between 

small (<14 nm) and large CNOs (> 30 nm) (Fig. 1b). The synthesized nanoparticles have, 

in general, diameters < 15 nm, regardless of the alcohol used and the volume proportions 

of alcohol to benzylamine. The HRTEM micrographs show that the carbon layers are 

firmly surrounding the central nanoparticles (Figs. 2 and 3), and no gaps are observed 

between the iron core and the carbon shells. The interplanar distance between the graphene 

sheets is approximately 0.35 nm (Figs. 2 and 3), which is close to that of the (002) planes 

of the graphite indicating a good graphitization. Even more, the micrograph of sample EB-

91 (Fig 2a-b) shows well graphitized CNOs, which can be distinguished individually, 

while the carbon nanostructures of EB-41 (Fig. 2c-d and Fig. S1 in Supplementary 

information), IB-91 (Fig 3a-b and Fig. S2 in Supplementary information) IB-41 (Figs 3c-d 

and Fig. S3 in Supplementary information) samples are more similar to iron nanoparticles 

embedded in carbon nanosheets. These morphological differences, as will be shown below, 

have important consequences on the conductive and electrochemical properties of CNOs 

films. From these results, we can notice that the C/O ratio used in the reaction mixture is an 

important parameter that influences the differences observed in the synthesized CNOs. 

Also, it is possible to observe that the iron cores of these CNOs are crystalline and show an 
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interplanar distance of 0.20 nm (Figs. 2 and 3), which can be related to the (110) planes of 

the Fe-bcc (JCPDS 6-0696) or to the (031) planes of the Fe3C crystal (JCPDS 35-0775). 

Additional identification of the iron phase was carried out with X-ray diffraction 

measurements (XRD), whose XRD patterns are shown in Figure 4. XRD patterns indicate 

the presence of iron carbide (Fe3C, cohenite) in all synthesized samples. No characteristic 

peaks of iron oxide, such as magnetite or hematite, were observed, as previously reported 

by our group using alcohol mixtures [20]. This result is important since it indicates that the 

reaction mixture defines the type of iron core produced in the synthesized nanoparticles. 

On the other hand, the graphite peak (002) is very weak and wide in the XRD patterns, 

which shows that the carbon structures are partially graphitized and the samples consist 

mainly of iron carbide cores covered by a few layers of turbostratic graphite.  

 Another technique used for the characterization of synthesized CNOs was Raman 

spectroscopy. Fig. 5 shows the Raman spectra using a 514.5 nm laser line (2.41 eV) and at 

low laser power (0.5 mW), to avoid the erosion of the carbon shells protecting the iron 

cores of the synthesized samples. From figure, two Raman bands are observed: one at 

~1330 cm-1 (band D1) and the other at ~1595 cm-1 (band G). It was shown by Tuinstra and 

Koenig that the ratio of the maximum intensity of the band D (ID) to the maximum 

intensity of the G band (IG) is inversely proportional to the in-plane crystal size La, that is 

ID/IG ∝ 1/La [40]. This relationship is widely used to characterize the quantity and type of 

defects in graphitic materials [40, 41]. Tuinstra and Koening obtained this result studying 

the relationship between ID/IG ratios, using Raman spectroscopy, and the crystallite size of 

the graphene plane, using X-ray diffraction. Based on these ideas, Knight and White 

carried out a series of measurements and observed that the size of the graphite nanocrystals 

can be calculated using Raman spectra with the help of the following equation [40,41]: 

 

La (nm) = Cλ (ID/IG) -1 (2), 

 

since Cλ=512nm = 4.4 nm. This equation has been popularly applied to obtain results 

comparable to those obtained by X-ray diffraction. However, this equation is only valid 

when the Raman measurement is performed using a 514.5 nm laser line. A new equation 

for the calculation of crystal sizes was proposed by Cançado et al. [42], in which the 
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quotient of the integrated intensities of both Raman bands (AD/AG) is used for the 

calculation of the crystallites sizes for any excitation wavelength  

 

La (nm) = (560/ El
4) (AD/AG) -1 (3),  

 

where El  is the laser excitation energy used in the Raman measurement in eV units. 

However, for using these equations adequately, a good definition of the D1 band and the G 

band is necessary, which only occurs in single crystal or in polycrystalline graphite 

[40,42]. In the case of CNOs, as well as in other carbon nanostructures, other bands related 

with the disorder should be considered [43-46]: one at ~ 1180 cm-1 (D4), assigned to sp3 

carbon or to impurities, another at ~1500 cm-1 (D3), associated to the amorphous carbon, 

and another one at ~1620 cm-1 (D2), which has been related to the graphene layers at the 

surface of the graphite nanocrystals. Then, to obtain a good determination of the La sizes is 

required to consider the presence of these bands by an adequate deconvolution of the 

Raman spectra obtained from the synthesized nanostructures. For this reason, the Raman 

spectra were fitted using 4 Lorentzian and one Gaussian curves, which are shown in Fig. 5. 

From figure and curve fittings (Table I), we observe that the contributions of D2 band to 

the Raman spectra are negligible and it is not necessary to consider its contribution. From 

both equations the values of crystallite sizes La for the various synthesized CNOs using the 

different reaction mixtures are listed in Table II. From these results, it is possible to 

observe that depending on the formulas used to calculate the crystallite sizes, different La 

values are obtained for the same reaction mixture, and there is not a direct correlation 

between the C/O and O/N ratios of the different reaction mixtures with the size of the 

graphene crystallites. Additionally, from Table II we can note that the synthesized samples 

using the same alcohol to benzylamine reaction mixture, but with different volume ratios, 

have the same La tendency regardless of the formula used for their calculation. 

 In the Raman spectra obtained using low laser power (Fig. 5), there were not bands 

associated to iron carbide nanoparticles, which should be in the region between 200 and 

700 cm-1, similar to iron oxides nanoparticles [47-49]. This could be due to the Raman 

inactive vibrational modes of the single crystal of iron carbide [50]. However, some studies 

show the existence of Raman bands from iron carbide nanostructures [51], although 
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without mentioning the laser power used for their characterization. It is likely that iron 

carbide is a poor Raman scatterer, and then a high laser power is required for observing its 

Raman bands. For this reason, the laser power was increased to 2.5 mW for performing 

Raman spectroscopy of the synthesized samples. Additionally, with a high laser power, it 

is possible to study the thermal stability of the iron phase encapsulated by the layers of 

turbostratic graphite [49]. In Figure 6, Raman spectra of the different synthesized samples 

are observed. These Raman spectra show several bands: at 222 cm-1, 241 cm-1, 288 cm-1, 

302 cm-1, 405 cm-1, 495 cm-1 and 604 cm-1, which correspond to hematite (α-Fe2O3) [42]. 

At his laser power, Raman bands corresponding to the graphitic layers decrease in intensity 

and show an increase in the intensity of the D band with respect to the G band, indicating 

the amorphization of the graphitic layers as well as their erosion. This implies that the use 

of high power laser first removes the turbostratic graphite layers surrounding the iron 

carbide nanoparticles and, then, the iron carbide particles are laser heated at high 

temperatures, react with oxygen and change its phase to hematite. A similar effect is 

observed when these structures are heated up at 500 °C in room conditions. These results 

suggest that the vibrational modes of the iron carbide nanoparticles are Raman inactive and 

the Raman bands reported in the literature for these nanoparticles are phase 

transformations due to the high power used during their Raman characterization [50,51]. 

 One of the most interesting properties of CNOs is their good electrical conductivity, 

which make them attractive for applications in high-power EDLC capacitors or for their 

use as an additives in EDLC capacitors based on activated carbon particles, where only 

small amounts are used (~ 5-10% mass %) [21-24]. We have carried out electrical 

conductivity (σ) measurements of the synthesized samples using the four-point method in 

pellets fabricated using a mechanical press, obtaining the following results: σ = 0.7 S/cm 

(EB-91), σ = 2.2 S/cm (EB-41), σ = 3.5 S/cm (IB-91) and σ = 2.2 S/cm (IB-41). 

Additionally, we have used other film fabrication technique. Quartz substrates were 

introduced in the synthesis device and CNOs were directly deposited on these substrates. 

The conductivities of the films showed similar conductivities to those obtained for pellets 

fabricated with the same type of sample. We observe that the conductivity of the samples 

depends on the reaction mixture, obtaining the best results for samples where the C/O ratio 

is larger and O/N ratio is smaller. In addition, the highest conductivity value, 3.5 S/cm, of 
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IB-91film is comparable to the values reported by McDonough et al. (~ 4 S/cm) [52] and is 

an order of magnitude higher than activated carbon (<0.5 S/cm) [53]. However, from Table 

II, we cannot assume that the CNOs films with greater electrical conductivity present 

larger La sizes. Even more, in the case of reaction mixtures with the same alcohol but 

different volume ratios, the samples presenting larger La values (Table II) are those whose 

films show a lower σ. This result indicates that other parameters play a key role in the 

conductivity. One of them is the amount of amorphous carbon on the CNOs surface 

[45,46]. It has been considered that the ID4/IG ratio provides information on the relative 

amount of amorphous carbon in the sample [45]. The ID4/IG values of the synthesized 

samples correspond to 0.23, 0.16, 0.20, 0.16, for EB-91, EB-41, IB-91, IB-41 samples, 

respectively. Then, from these results, the EB-91 sample, despite having a larger La value, 

contains more amorphous carbon on its surface, which is in part responsible for its lower σ. 

In addition, the value σ in Table II  is inversely proportional to D4/Dtot, i.e. to the 

contribution of the amorphous carbon to the total area of D band. On the other hand, it has 

been shown that the synthesized CNOs from carbon nanodiamonds annealed in flowing 

argon show larger agglomerate sizes compared to those synthesized using vacuum 

annealing of carbon nanodiamond [46]. This increase in the agglomeration of argon 

flowing CNOs comes from particle sintering and redistribution of carbon during the 

thermal annealing. Fabricated films using CNOs annealed in flowing argon present better 

conductivities than fabricated films with vacuum annealing CNOs. The differences in 

conductivities between both kinds of samples are due to the presence of graphitic ribbons 

between argon annealing CNOs. From HRTEM micrographs (Figs. 2, 3 and Figs. S1-S3 in 

Supplementary information) of IB-91, EB-41 and IB-41 samples, which present the best 

conductivities, we observe that they are similar to graphite nanosheets with embedded iron 

carbide nanoparticles. If these nanostructures are studied in a detailed manner, it is 

observed that the CNOs in these samples are connected between them with turbostratic 

graphite ribbons, in a similar way to the argon annealing CNOs. This explains that even 

though the EB-91 sample is well graphitized compared with the others, these present lower 

conductivities. 

 Other important parameter for modifying the physical, chemical and electric properties of 

CNOs is the amount of N atoms in the graphene lattice as well as the chemical 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 10

environment surrounding them, where N atoms act as an electron donor. Survey and high-

resolution XPS measurements of the CNOs samples were carried out at two different 

points of the samples using a 100 µm X-ray beam size, allowing to corroborate the sample 

homogeneity. In the case of EB-91, IB-91, IB-41 samples, these showed similar atomic 

percentages of C, O, N, Fe at both measured points while those synthesized using EB-41 

reaction mixture showed atomic percentages of O, N, Fe different in the measured points 

(Table S1 in Supplementary information). These results are in good agreement with the 

TEM micrographs. TEM micrographs of EB-41 sample show that this is composed of a 

mixture of nanostructures with two different sizes of the iron carbide core, some with sizes 

less than 14 nm and others with sizes larger than 30 nm. In contrast, EB-91, IB-91, IB-41 

samples present a good homogeneity in the nanostructure sizes. High-resolution XPS 

measurements of C1s state of the four synthesized samples are shown in Fig. 7. From 

figure, it is observed that the C1s spectra show a peak at approximately 284.4 eV, with a 

tail at a higher binding energy. A detailed analysis of the data coming from the high-

resolution XPS spectra leads to the following attributions of the observed components 

(Table S2 in Supplementary information). The peak at 283.5 eV is assigned to the 

contributions of the C-Fe bonds [54,55]. The existence of this peak corroborates the 

presence of the iron carbide phase in the synthesized samples. In addition, the carbon 

layers encapsulating these metal nanoparticles show thicknesses less than 10 nm, where 

XPS is a superficial technique able to measure the chemical states of atoms that are 

between 0 to 10 nm of sample surface. A second peak related to graphitic carbon is 

observed at 284.4 eV, indicating that carbon layers are encapsulating metal nanoparticles 

[54-57]. In addition, a carbon atom contribution with a sp3 hybridization is found at 285.3 

eV [55-57]. From the Table S2, it is observed that the EB-91 and IB-91 samples show a 

greater ratio of the sp3 contribution to the C1s spectrum while EB-41 and IB-41 samples 

show a smaller sp3 contribution, which is in good agreement with Raman measurements. 

C1s spectra also show the presence of 3 additional peaks, which are due to carbon-oxygen 

interactions and are found at 286.7, 288.3 and 289.2 eV, corresponding to hydroxyl, 

carbonyl and carboxyl groups [56-58], respectively. The presence of the oxygenated 

functional groups comes from the use of alcohols in the reaction mixture, indicating that 

the CNOs present a certain degree of surface functionalization, which allows a good 
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dissolution of CNOs in polar solvents (Fig. S4 in Supplementary information). Using high-

resolution XPS measurements of O1s spectra of the synthesized samples, the presence of 

oxygenated functional groups was corroborated (Fig. S5 and Table S3 in Supplementary 

information). Additionally, EB-41 and IB-41 samples show a small contribution of a metal 

oxide, which was undetectable using X-rays, i.e. iron carbide cores contain a thin layer of 

iron oxide.  The presence of N atoms acting as a dopant within the graphene lattice is also 

observed in these C1s spectra, which may be related to the use of benzylamine as a 

precursor of the synthesized samples. The effect of N atoms in C1s spectra can be observed 

as two additional peaks at 286.1 and 287.3 eV, related to their sp2 and sp3 hybridization, 

respectively [56, 59]. Moreover, the XPS survey measurements show the following 

relationship IB-41> EB-41> EB-91> IB-91 in N average atomic concentration. From these 

results, we observe that although N atoms can act as electron donors of the graphene 

lattice, N doping cannot be responsible for the greater conductivity of IB-91 sample. High-

resolution XPS measurements of N1s spectra (Fig. 8 and Table S4 in Supplementary 

information) show the presence of nitrogen atoms in different chemical environments. The 

N1s spectra were deconvoluted in 4 peaks. The peaks are located at 398.6 eV, at 400.0 eV, 

at 401.1 eV and at 403.4 eV, which correspond to pyridinic nitrogen, pyrrolic nitrogen, 

graphitic nitrogen and pyridine-N-oxide groups, according to the reported in the literature 

[54, 56, 59-62].  

 Cyclic voltammetry was carried out with electrodes fabricated with representative 

samples of the two morphologies of the synthesized CNOs, EB-91 and IB-91, which 

correspond to the one with the lowest conductivity and the highest conductivity 

respectively. The CVs of the EB-91 and IB-91 electrodes (Figs. 9a and 9b, respectively) 

presented the characteristic rectangular shape of a capacitive behavior. At a scan rate of 1 

mVs-1, the electrode with the EB-91 sample presented the largest specific capacitance C = 

101.8 Fg-1, while the lowest specific capacitance corresponded to the electrode with IB-91 

sample, which was C=24.9 Fg-1. It is important to mention that the voltammogram of the 

conductive additive was flat.  These differences in specific capacitances are related to 

sample morphology, since the CNOs of EB-91 sample were observed as individual 

particles, thus, the surface area of each of them contributes to the capacitance. On the other 

hand, the IB-91 samples were observed as carbon nanosheets with embedded iron carbide 
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nanoparticles, therefore, the access of the ions to the surface of CNOs is hindered. These 

results highlight the importance of increasing the conductivity of the CNOs, but without 

affecting their effective surface area for their use in EDLC devices. 

 

4. Conclusions  

In this work, CNOs doped with nitrogen encapsulating iron carbides nanoparticles were 

synthesized using several alcohol-benzylamine mixtures. Two kinds of alcohols, ethanol 

(C/O = 2 atom ratio) and isopropanol (C/O = 3 atom ratio), were used as the main source 

of carbon, benzylamine mainly as the source of nitrogen and ferrocene as catalyst. 

Different alcohol to benzylamine ratios in the reaction mixtures were used to study the 

effects of different C/O and O/N ratios in the physical, chemical, electronics and electric 

properties of synthesized CNOs as well as the iron core. These ratios played an important 

role in the morphology, the amount of amorphous carbon of the samples, the N doping of 

CNOs, the electrical conductivity, the specific capacitance as well as the phase of the iron 

core of the synthesized samples. The iron cores consist of iron carbide nanoparticles and 

some of them have a thin layer of iron oxide on their surface. Due to the use of alcohol in 

the reaction mixtures, the synthesized CNOs presented oxygenated groups anchored on the 

CNOs surface, allowing their good dissolution in polar solvents. The synthesized sample 

with well-defined CNOs contained the biggest amount of amorphous carbon and its 

fabricated film showed the lowest electrical conductivity. On the other hand, the samples 

containing the smallest amount of amorphous carbon showed a morphology more similar 

to carbon nanosheets with embedded iron carbide nanoparticles and presented the best film 

electrical conductivities. In the best conductivity samples, the CNOs are connected 

between them with turbostratic graphite ribbons, which is similar to the CNOs obtained 

annealing carbon nanodiamonds in argon atmosphere. However, the most conductive film 

showed lower specific capacitance than the less conductive sample, indicating the 

importance of increasing the conductivity of the CNOs but without decreasing their 

effective surface area for their use in EDLCs.  
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Sample         D1     D3      D4 Dtot = 

D1+D3+D4 

G 

EB-91 Peak position 

  1341.6 cm-1  

   FWHM 

  151.8 cm-1 

  Peak area 

   143.4 

Peak position 

  1180 cm-1  

   FWHM 

   166 cm-1 

  Peak area 

    8.3 

Peak position 

 1510 cm-1  

  FWHM 

 122.7 cm-1    

 Peak area 

  24.6 

Dtot Area 

176.3 

D4/Dtot 

 0.14 

Peak position 

 1589.1 cm-1  

  FWHM 

  75.0 cm-1 

  Peak area 

   97.2 

EB-41 Peak position 

  1351.1 cm-1  

  FWHM 

 114.5 cm-1 

  Peak area 

 156.9 

Peak position 

  1180 cm-1  

   FWHM 

   160 cm-1 

Peak area 

   19.7 

Peak position 

 1510 cm-1  

  FWHM 

  102.3 cm-1 

Peak area 

  16.4 

Dtot area 

  193.0 

D4/Dtot 

0.085 

Peak position 

 1598.0 cm-1  

  FWHM 

  68.0 cm-1 

Peak area 

85.1 

IB-91 Peak position 

1354.9 cm-1  

  FWHM 

 180 cm-1 

Peak area 

166.7 

Peak position 

  1180 cm-1  

   FWHM 

   180 cm-1 

Peak area 

21.8 

Peak position 

 1510 cm-1  

  FWHM 

  89.3 cm-1 

Peak area 

16.8 

Dtot area 

205.3 

D4/Dtot 

0.082 

Peak position 

 1589.7 cm-1  

  FWHM 

  77.1 cm-1 

Peak area 

85.5 

IB-41 Peak position 

1366.4 cm-1  

  FWHM 

 205.5 cm-1 

Peak area 

136.1 

Peak position 

  1185 cm-1  

   FWHM 

 145.6 cm-1 

Peak area 

5.8 

Peak position 

 1510 cm-1  

  FWHM 

  68.5 cm-1 

Peak area 

12.9 

Dtot area 

154.8 

D4/Dtot 

0.083 

Peak position 

 1590.2 cm-1  

  FWHM 

  84.1 cm-1 

Peak area 

78.7 

 

Table I. Main parameters of the Gaussian and Lorentzian curves obtained after fitting of 

Raman spectra.  
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Sample  ID1/IG Crystallite sizes 

using Eq. 2 

AD1/AG ADtot/AG Crystallite sizes 

using D1 in Eq. 3 

Crystallite sizes 

using Dtot in Eq. 3 

EB-91 0.859   5.12 nm 1.475 1.81  11.26 nm  9.2 nm 

EB-41 0.928   4.74 nm 1.843 2.27  9.01 nm  7.31 nm 

IB-91 0.683   6.44 nm 1.951 2.40  8.51 nm  6.92 nm 

IB-41 0.589   7.47 nm 1.728 1.97  9.61 nm  8.42 nm 

 

Table II. Intensity and area ratios of the different samples as well as crystalline size La 

obtained using the Knight-White (Eq. 2) and Cançado (Eq. 3) equations. 
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Figures 

 

Figure 1. TEM micrographs of synthesized CNOs using the different alcohol-benzylamine 

reaction mixtures: (a) EB-91, (b) EB-41, (c) IB-91 and (d) IB-41. 
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Figure 2. HRTEM micrographs of ethanol-benzylamine reaction mixtures at different v/v 

ratios: (a) and (b) EB-91 sample; it is observed a good graphitization of carbon shell 

encapsulating the iron carbide nanoparticles. c) and d) EB-41 sample, the carbon shells 

encapsulating the iron carbide core are less graphitized. 
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Figure 3. HRTEM micrographs of isopropanol-benzylamine reaction mixtures at different 

v/v ratios: (a) and (b) IB-91 sample. c) and d) IB-41 sample. In both cases the carbon shells 

encapsulating the iron core are not well graphitized. 
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Figure 4. (Top) XRD diffraction patterns from the different synthesized samples. (Bottom) 

Iron carbide and magnetite crystallographic cards are shown. 
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Figure 5. Raman spectra of synthesized samples and their fitted curves. Raman spectra 

were obtained using a 514 nm laser line with a power of 0.5 mW.  
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Figure 6. Raman spectra of the samples using a 2.5 mW laser power. The carbon shells 

encapsulating the iron core are eroded due to the laser power used during Raman 

characterization. 
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Figure 7. C1s XPS spectra with their respective deconvoluted peaks of the synthesized 

samples: (a) EB-91, (b) EB-41, (c) IB-91 and (d) IB-41. 
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Figure 8. N1s XPS spectra with their respective deconvoluted peaks of the synthesized 

samples: (a) EB-91, (b) EB-41, (c) IB-91 and (d) IB-41. 
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Figure 9. Cyclic Voltamograms of electrodes fabricated with (a) EB-91 and (b) IB-91 

samples, in aqueous KOH 2 M at a scan rate of 1 mVs-1. Specific capacitance of (c) EB-91 

and (d) IB-91 electrodes at scan rates between 1 and 5 mV s-1. 

 

 


