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SYNTHESIS, CHARACTERIZATION AND PHYSICAL PROPERTIES 

OF NITROGEN DOPED 3D CARBON NANOSTRUCTURES GROWN 

OVER SUBSTRATES BY THE CHEMICAL VAPOR DEPOSITION 

TECHNIQUE 

 

Abstract 

 

The growth of a variety of carbon nanostructures is still a hot topic, especially those 

that involve the growth of structures as building blocks to create 3D carbon materials. 

This doctoral dissertation project focused on techniques, catalysts, and precursors 

needed to grow these types of 3D carbon structures that are highly associated with a 

variety of applications in electronics, energy, chemistry, environmental remediation, 

medicine, and others.  

We described the state of the art associated with the growth techniques, catalyst 

characteristics, parameters, and precursors needed for the growth of carbon 

nanotubes, graphene, and other types of carbon nanostructures like helical structures, 

nanobelts, and highly defective carbon nanofibers. Also, it is explored the influence 

of bimetallic catalysts in the growth of carbon nanostructures by a chemical vapor 

deposition technique. 

The growth parameters of Co-Cu bimetallic thin films by a sputtering technique is 

investigated. Following the mixture of precursors used in our group for the growth of 

nitrogen-doped 3D carbon nanotube sponges, these were tested in a chemical vapor 

deposition system using the Co-Cu bimetallic thin film as a catalyst with a direct 

variation of temperature. Interesting interlaced and wrinkled carbon nanofibers were 

found. Besides, the growth of carbon nanobelts over Co-Cu thin films by the CVD 

technique was studied. This 3D carbon nanostructure is explored in their physical and 

chemical characteristics to determine a growth mechanism and the influence of Co 

and Cu nanoparticles. Tests with Ag and Au are also described. 
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An exciting aspect is that Cu plays a crucial role in the growth of these types of 

structures. This work includes an exploration of a series of experiments using Cu thin 

films to grow carbon nanostructures to determine the influence and effect of Cu NPS 

during the growth of the carbon nanobelts. It was found that Cu NPS can nucleate a 

highly defective CNT and helical carbon nanostructures depending on size and shape. 

The growth mechanism is discussed.  

Finally, it is described the growth of 3D carbon nanostructures named “carbon 

nanotube sponges” using Fe as a catalyst and the quartz tube as a substrate with 

different precursors in a CVD system. The carbon nanotube sponges where physico-

chemical characterized to determine potential applications. 

 

Keywords: Cu-Co catalyst, carbon nanobelts, carbon nanostructures, carbon nanotube 

sponges. 
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SYNTHESIS, CHARACTERIZATION AND PHYSICAL PROPERTIES 

OF NITROGEN DOPED 3D CARBON NANOSTRUCTURES GROWN 

OVER SUBSTRATES BY THE CHEMICAL VAPOR DEPOSITION 

TECHNIQUE 

 

Resumen 

 

El crecimiento de una variedad de nanoestructuras de carbono es aún considerado un 

tema relevante, en especial aquellos tópicos relacionados con el crecimiento de 

estructuras 3D de carbono en la que se emplean unidades constructoras. Este proyecto 

de tesis doctoral se enfoca en las técnicas de síntesis, así como en los catalizadores y 

precursores necesarios para el crecimiento de estructuras 3D de carbono, que están 

altamente asociadas a una variedad de aplicaciones en campos como electrónica, 

energía, química, remediación ambiental, medicina y otros. 

A lo largo de la tesis, describimos el estado del arte asociado a las técnicas de 

crecimiento, características de los catalizadores, parámetros y precursores necesarios 

para el crecimiento de nanotubos de carbono, grafeno, y otro tipo de estructuras como 

estructuras helicoidales, nanocinturones y nanofibras de carbono estructuralmente 

defectuosas. Además, se explora la influencia de catalizadores bimetálicos en el 

crecimiento de nanoestructuras de carbono por la técnica de deposición química de 

vapor. 

Se investigan los parámetros de crecimiento de láminas delgadas de un catalizador 

bimetálico a base de Co y Cu por la técnica de devanado catódico o sputtering. Esta 

lámina delgada es probada como catalizador bajo condiciones variantes de 

temperatura y empleando una mezcla de precursores anteriormente empleada en el 

grupo para la síntesis de estructuras 3D como esponjas de carbono nanoestructuradas 

y dopadas con nitrógeno. De forma interesante se observa la formación de nanofibras 

corrugadas y entrelazadas. Asimismo, se estudia el crecimiento de nanocinturones de 

carbono crecidos sobre la lámina delgada de Co-Cu. Se exploran las características 
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físicas y químicas con el fin de determinar el mecanismo de crecimiento y la 

influencia de las nanopartículas de Co y Cu en el crecimiento de estas nanoestrucutras 

3D de carbono. Pruebas con Ag y Au también son realizadas. 

En el desarrollo de esta tesis se encuentra aspectos interesantes sobre el rol del Cu ene 

el crecimiento de este tipo de nanoestructuras. Este trabajo de tesis incluye una serie 

de experimentos exploratorios empleando láminas delgadas de Cu, con el fin de 

determinar la influencia y efecto de las nanopartículas de Cu en el crecimiento de los 

cinturones de carbono. Se encontró que dependiendo de la forma y tamaño de las 

nanopartículas de Cu se favorece el crecimiento de nanotubos de carbono altamente 

defectuosos y nanoestructuras helicoidales de carbono. Se discute el mecanismo de 

crecimiento de estas nanoestructuras. 

Finalmente, se describe el crecimiento de nanoestructuras 3D de carbono llamadas 

“esponjas de carbono” en las que se emplea Fe como catalizador y un tubo de cuarzo 

como un substrato empleando una variedad de precursores en un sistema de 

descomposición química de vapor. Las esponjas nanoestructuradas de carbono fueren 

caracterizadas fisicoquímicamente con el fin de determinar alguna aplicación 

potencial.  

 

Palabras clave: Catalizador Co-Cu, nanocinturones de carbono, nanoestructuras de 

carbono, esponjas nanoestructuradas de carbono.  
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1.1 Chemical vapor deposition for the growth of carbon nanostructures 

In the last twenty years, the development of carbon nanomaterials like nanotubes, nanofibers, 

and graphene has developed considerably due to the progress of new techniques and 

technologies for their use and synthesis. The first discoveries developed by Sumio Ijima in 

1991 associated with the carbon nanotubes (CNT) synthesis, described them as enrolled 

graphitic layers. They obtained these CNT structures with a DC- filament arc-discharge vapor 

deposition system [1].  The synthesis developed by Sir. Harold Kroto (1989), where they 

synthesize the buckminsterfullerene that consists of semi-spherical nanocages completely 

closed with Cn atoms (n = 60, 240 or higher) using an arc discharge process [2]. The famous 

“scotch tape” graphene isolation technique used by Andrea Geim and Konstantine Novoselov 

in 2004 [3]  marked the way and encouraged an increase in the research associated with 

nanocarbon materials. Since then, some variety of carbon allotropes like nanoonions [4,5], 

carbon nanofibers (CNF) [6,7], nanocones [8,9], helical CNT [10,11] and others have been 

reported [12]. 

Different production methods are employed to produce CNT like laser ablation flame 

synthesis [13–15](figure 1.1a), high pressure carbon monoxide (HiPCo) [16–18], electrolysis 

[19,20], chemical vapor deposition (CVD) [21–23] (figure 1.1d). For instance, Zhang et al. 

[24]  described the synthesis of single-walled carbon nanotubes (SWCNT) and multiwalled 

CNT (figure 1.1b) by an electrical tube furnace at 1300 °C and 560 Torr where a graphite 

target (1.2% Ni-Co) was irradiated using a laser beam of Nd-yttrium-aluminum-garnet 

(YAG) with an energy density of about 3 J/cm2 per pulse. Nikolaev et al. [25] synthesize 

SWCNT by a gas phase catalytic process (HiPCO) at temperatures between 800 °C to 1200 

°C, pressures of 1 atm to 10 atm, and Fe(CO)5 as catalyst (figure 1.1c). Dimitrov et al. [26] 

describe the conditions for the use of electrolysis to produce CNT. A graphite cell working 

as anode is used as a container to support temperatures above 700 °C and as cathode is used 

graphite electrodes of approximately 6.5 mm isolated. LiCl or SnCl2-LiCl salts pre-dried are 

used as the electrolyte. The process is developed at high temperatures (1600 °C) combined 

with constant voltages of 4.0 V to 8.4 V. Couteau et al.[27] produced multiwalled CNT with 

high purity in a continuous rotary CVD system. They used a mixture of CaCO3 with Fe(III), 

Fe(II), and Co as a catalyst at temperatures of 720 °C with acetylene as precursor and nitrogen 
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as carrier gas in a continuous fixed-bed flow reactor (quartz) with a diameter of 80 mm and 

heating area of 750 mm.  

  

 

Figure 1.1: Schematic representation of common techniques used to produce CNT. (a) Laser 

ablation flame synthesis [14], (b) high pressure carbon monoxide [modified from [25]. (c) 

Salt assisted electrolysis [modified [19]]. (d) Chemical vapor deposition [modified from 

[23]]. 

 

In the case of the growth of CNF, similar techniques to those employed for CNT are used. 

The CNF can be described as sp2-linear filaments with diameter sizes around 100 nm where 

no hollow core is appreciated, and truncated conical structures or planar layers are commonly 

observed [28]. The more common technique used to produce them is vapor-grown, which 

consists of the pyrolysis or thermal decomposition of organic compounds. Different types of 

catalysts, temperatures, precursors considerably modify the growth mechanism and the 

carbon deposition over the nanoparticle. Also, it has been reported that bimetallic structures 

highly promote the formation of carbon nanofibers. Fan et al. [29] described the influence of 

sulfur by the incorporation of thiophene in a benzene/hydrogen mixture at 1200 °C for 45 

min with ferrocene as a catalyst. They produced nanoscaled and high yields of CNF 

influenced by a high concentration of thiophene (figure 1.2a). Rodriguez et al. [30] described 

the use of bimetallic particles based on Fe-Cu in order to modify the growth mechanism of 

CTN and produce CNF. The type of structure of the CNF varies influenced by the shape of 

the metallic nanoparticle, where planar layers (figure 1.2b) and herringbone structure (figure 
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1.2c) can grow over the planar and conical shapes of metallic nanoparticles (NPS), 

respectively.  

 

 

Figure 1.2: (a) Large production of CNF by the incorporation of thiophene in a 

benzene/hydrogen mixture used in a CVD system  [modified from [29]]. (b) In-plane and (c) 

herringbone CNF growth by the use of a bimetallic catalyst (Fe-Cu) in CVD[30]. 

 

In the case of graphene, two approaches used to describe the synthesis of graphene: the top-

down and the bottom-up approaches. In the case for top-down methods we can find 

electrochemical exfoliation [31–33] (figure 1.3a), micromechanical cleavage [34,35] (figure 

1.3b), exfoliation by solvent interaction [36,37](figure 1.3c), carbon nanotube unzipping [38] 

(figure 1.3d) and arc discharge [39] (figure 1.3e). Also, mixed techniques are usually 

employed for the synthesis of graphene. For example, Peng et al. [40] described a graphene 

nanoribbon aerogel obtained by the unzipping of carbon nanotubes sponge. By an aggressive 
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oxidation process, a transversal cutting effect was obtained in order to obtain the graphene 

sheets from CNT. In the case of the bottom-up techniques, the more developed are epitaxial 

growth over silicon carbide and chemical vapor deposition. Son et al. [41] described the 

growth mechanism of graphene over the surface of Si nanoparticles without the formation of 

silicon carbide. The graphene synthesis was taken by a chemical vapor deposition process at 

temperatures of 900 °C to 1100 °C and a mixture of CH4 and CO2 as a precursor. The 

deposited graphitic materials over the Si spheres are reduced with H2 at 1000 °C to reduce 

the Si nanospheres and graphitic structure. 

 

Figure 1.3: (a) Electrochemical graphite exfoliation using Pt and ammonium sulfate 

[modified from [31]]. (b) Mechanical graphene exfoliation using oxalic acid and heat 

[modified from [35]]. (c) Liquid phase exfoliation using N-methyl-2-pyrrolidone (NMP) and 

surfactants [37]. (d) CNT unzipping using a PMMA coating and Ar plasma to a transversal 

cut [38]. (e) Graphene sheets grew by arc discharge using Cu and CuO electrodes [39]. 

 



 

6 
 

The chemical vapor deposition system is more commonly used for the synthesis of all types 

of carbon nanostructures. Compared with other techniques, the CVD technique had some 

advantages: 

 The process is simple and economical. 

 It is easily scalable for mass production of carbon nanofibers and nanotubes. 

 A variety of carbon nanostructures can be produced, even for the same type of 

structure. For example: can be produced single-walled CNT, multiwalled CNT, 

aligned CNT, entangled CTN, helical CNT. 

 A variety of catalysts can be applied. 

 Mixed-effects can be obtained in one step. 

 Defined carbon nanostructures can be obtained by a specific pre-treatment of the 

catalyst and substrates. 

More recently, there is a lot of attention over the synthesis and growth of mixed carbon 

nanostructures to create 3D-macroscopic carbon nanostructures by the chemical vapor 

deposition technique[42–44]. For instance, Figure 1.4a described the carbon nanotube 

sponge synthesized by CVD technique and using 1,2-dichlorobenzene as a precursor; a 3D 

CNT arrangement described first time by Gui et al. [44]. Dong et al. [45] described a 

procedure to create a hybrid CNT-graphene. By the use of a bimetallic structure that consists 

of a Cu-thin film layer decorated with Si-NPS, it is possible to create a graphene surface 

catalyzed by the Si-NPS and the formation CNT catalyzed by copper nanoparticles that were 

diffused from the thin film. Figure 1.4b described the CVD procedure and the hybrid carbon 

structure obtained by one-step CVD synthesis compared with one prepared in two steps by 

spin coating had better results in a field-effect transistors test. Yan et al. [46] create a hybrid 

graphene-CNT structure by multiple CVD steps. First, the graphene was grown over a Ni-

matrix, then Fe and Al2O3 thin layers were deposited by e-beam evaporation, finally by CVD 

at 750 °C and using a mixture of ethylene and Ar/H2 gas the CNT were synthesized over the 

graphene structure (Figure 1.4c).  

With all the types of techniques described previously and the type of carbon nanostructure 

that can be synthesized, the chemical vapor deposition technique seems to be highly reliable 
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to produce quality carbon nanostructures, a variety of structures, and even 3D carbon 

nanostructures in one-step synthesis.  

 

 

Figure 1.4: (a) Carbon nanotube sponge described as a 3D arrangement of CNT with 

outstanding mechanical and oil sorption properties [modified from [44]]. (b) Cu-Si 

Bimetallic catalyst used to grow a hybrid graphene-CNT growing over Si NPS [modified 

from [modified from [45]]. Hybrid CNT-graphene structure obtained by the CVD system 

using Ni, Fe, and Al2O3 [modified from [46]]. 

 

1.2 The catalyst used for carbon nanostructures synthesis 

Despite all the applications enrolled in the CVD technique, the size and shape of the carbon 

nanostructures strongly depend on the type and shape of the catalytic surface and particles. 
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The more commonly used catalyst for the growth carbon nanotubes are Co [47], Fe [48], and 

Ni [49], while for the production of graphene, the more common substrates used are Cu [50] 

and SiO2 [51]. However, many reports are testing a variety of such elements like Al, In, Pt, 

Ti, Mg, Pd, K, Cs, Na, W, Mn, Mo, Ir [52], Au, Ag [53], and some oxides like CaCO3 [27], 

SiO2 [54], MgO, Al2O3 [55], TiO2 [56]and ZnO [57] as catalyst or substrate.  

Nevertheless, what makes that every metallic or non-metallic nanoparticle promotes the 

growth of carbon nanotube, graphene, or a CNF? The affinity of the crystal structure of 

metallic and non-metallic nanoparticles plays a crucial role in the growth mechanism. The 

diffusion capacity of C atoms into the crystal structure and the formation of carbides 

structures has a crucial role in the formation of CNT or CNF. Figure 1.5a shows the diffusion 

of diffusion constant (cm2/s) versus temperature (K) for some typical metals [58].  In the case 

of the carbide structures, the diffusion of carbon is limited to surface interaction or by the 

precipitation of carbon atoms or the diffusion trough the substitutional process. That is the 

reason for the lower diffusion rates for carbides compared with their basal metal structure. 

For instance, in the case of Fe(FCC) or Fe(BCC), both crystal structures had high diffusion 

constant; however, the diffusion decreases sharply for Fe(FCC) structure with low temperature 

(< 1173 °C) associated to an interstitial diffusion in BCC geometry. The metals with a higher 

diffusion constant below 1273 °C are Co, Ni, Fe, Pd, V, Fe, and Mo. Jourdain et al.[58] 

described that for Zn and  Cu, there is a low affinity to carbon. The affinity with Fe, Co, and 

Ni is finite, and for transition metals like Ti and Mo, there is a strong bond between C and 

the metal. 

Another exciting aspect associated with the growth of the graphitic network is related to the 

interaction of carbon atoms over a specific crystal phase of the metallic nanoparticle. Yazyev 

et al. [53] described by the first-principles technique how the atoms of carbon interact with a 

specific surface of metallic nanoparticles like Cu, Ag, Au, Ni, Pd, and Pt, specifically over 

the (111) crystal direction (Figure 1.5b). They found that the surface diffusion of carbon 

adatoms (surface atom) over crystalline structures is preferable over carbon dimer when it is 

used as a diatomic atom precursor that mono atom diffusion (Figure 1.5c). Also, they 

described that the interaction of carbon adatoms is preferable over the (100) for Ag, Au, Pd, 

and Pt, while it is preferable over the (111) in Cu and Ni.  
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Figure 1.5: (a) Diffusion constants for metals and metals carbides as a function of 

temperature[58]. (b) Interaction of carbon with metal surfaces. (c) Interaction of carbon 1. 

Adatom, 2 and 3, carbon dimer with Fe (111) metal surface[53].  

 

Lin et al.[59] described fours steps that happened during the growth of a CNT using a Ni 

NPS: 

 There is a time lag of around 774s before the catalysis of a CNT after the synthesis 

begins. 

 At 650 °C in Ni NPS, the nucleation is dominated by surface and bulk diffusion, 

while the formation of inner graphitic layers is related to interfacial diffusion. 

 For the continuous growth of graphitic layers, this is dominated by a surface carbon 

diffusion that nucleates at the base of the symmetric Ni catalytic particle.  

 As carbon is incorporated into the surface nucleation, the NPS becomes asymmetric 

and more graphitic layers stretch to the bottom, forming a cap that covers the particle. 

In the case of graphene growth, there are also differences associated with the growth 

mechanism in the crystal surface. For instance, the growth of graphene over a Cu layer 

considerably changes depending on the crystal direction. Ogawa et al. [60] found that in the 
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case of a Cu (100) film, the graphene synthesized had a multi-domain structure revealing a 

higher defective structure leaving domain boundaries and growing in a different direction. 

However, in the case of Cu(111) film, the graphitic structure grows homogeneously over the 

surface. This effect is probably associated with the surface deposition and lower activation 

energies for the incorporation of adatoms over the surface of Cu(111) [58]. 

  

1.3 Carbon nanotubes using Co: Growth characteristics  

As we described early, there are three metals commonly used for the synthesis of CNT, such 

as Ni, Co, and Fe in a CVD system. However, the growth of CTN varies considerably in 

these three cases. Huang et al. [61] report a comparative study of the catalytic potential of 

Ni, Co, and Fe for carbon nanotube growth. They found that Co metals promote the growth 

of CNT with a smaller diameter and lower growth rate compared with Ni and Fe. Also, they 

found that in the case of the graphitic layers synthesized by Co, this tends to have open walls 

over the graphitic structure and thinner walls compared for those synthesized by Fe and Ni. 

A similar result was obtained by Lee et al. [62] Where Co was used to produce thinner and 

defective CNT. Contrary, Hernadi et al. [63] explains that Co catalyst promotes the growth 

of highly homogeneously diameters and structure, and when it is deposited over the Yttrium 

substrate, the quality of the CNT is better compared with Fe. They also described that when 

using ethylene and n-pentane, the Co nanoparticles provoke non-homogeneous CNT. Gohier 

et al. [64] by a CVD technique using Co, Ni, and Fe found that the growth mechanism 

changes from “growth base” for small NPS (~ 5nm) to base-growth for nanoparticles above 

20 nm. Also found that Co tent to promote a dense deposit of CNT compared with Fe and 

Ni, which produce lower density depositions. 

Different experimental conditions are described for the growth of CNT using Co catalyst. 

For instance, Chai et al. [65] used CoO supported over different substrates like Al2O3 and 

SiO2 to grow CNT using methane. They found that the better temperature to grow CNT over 

SiO2 is 550 °C; however, when alumina is used, a better quality can be obtained from a range 

of temperatures between 550°C to 700 °C. Zheng et al. [66] uses a cobalt nitrate catalyzed 

mixed with ethanol and subsequently dispersed on alumina disk as a catalyst in a CVD 

system. They found that the growth of CNT from Co NPS is influenced strongly by the 
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temperature where a temperature of 600 °C is suitable for the growth of CNT. They also 

described that with a higher concentration of precursor (ethanol), the synthesis of amorphous 

carbon increases.  

 

1.4 Carbon nanostructures using Cu: Growth characteristics  

Cu metal has mainly been used as a catalyst for the growth of graphene due to the low 

diffusion of carbon atoms into the Cu crystal structure and the high energy need for the carbon 

saturation into Cu material. Li et al. [67] described a method to grow large-area graphene 

over a Cu foil. The experiment was developed at 1000 °C in a CVD system using methane 

and hydrogen as precursors. They described that the self-limited growth process of graphene 

over Cu is influenced by the high temperature, low C diffusion, and the poor C saturation of 

Cu film. However, no all surface of Cu in thin films is suitable to grow uniform graphene 

layers. Ogawa et al. [60] did a comparative study associated with the influence of the Cu(111) 

and Cu(100) orientations over the growth of graphene (figure 1.6a). They found that the 

Cu(111) direction promotes a highly uniform and single-crystal graphene sheet while the 

Cu(100) direction promotes the multi-domain graphene. This effect is related to the formation 

of C-C bonds adatoms in Cu structure that are aligned parallel to Cu surface in two major 

orientations [10]graphene/[011]Cu and [01]graphene/[011]Cu. Similar results were obtained by 

Rasool et al.[68] where they found that Cu(100) crystal produce grain boundaries leading to 

the growth of graphene sheets in a variety of orientations.  

Another way to control the grain boundaries formation of graphene an obtain single graphene 

crystals can be obtained by controlled surface oxidation of the copper foil. Duong et al. [69] 

described a process where multi-domain graphene sheets can be obtained after a selective 

oxidation treatment of the Graphene-Cu foil. By an ultraviolet oxidation process, the grain 

boundaries of graphene sheets promote the formation of a highly oxidized surface with C-O 

and C-OH bonds, this interaction with Cu surface promotes the formation of oxidized copper. 

This treatment helps to observe the graphene-CuO surface by an optical microscope (figure 

1.6b). 
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Interestingly, Cu nanoparticles have been used to grow helical carbon nanostructures and 

CNT. Xia et al. [70] explains the shape and size characteristics of Cu NPS to growth helical 

carbon nanostructures by the CVD technique. It is described that octahedrons and triangular 

prisms NPS of size around 40 nm and 70 nm respectively showing the [110] crystal direction 

tent to grow helical carbon nanostructures (figure 1.6c). This effect is associated with an 

anisotropic diffusion process and a non-homogenous precipitation process that induces 

differences over the growth of graphitic layers and finally variations on morphologies. In the 

case where Cu NPS are used to grow CNT, Xia et al. [70] described that nanoparticles with 

a size around 80 nm to 200 nm could synthesize CNT. Zhu et al. [71] also described that the 

growth of CNT in the CVD system using Cu foils is need temperatures between 700 °C a 

1000 °C. They found that Cu migrates from the foil, and Cu NPS diffuses over the graphitic 

network in order to provoke the growth of CNT. At temperatures of 700 °C, the nanoparticle 

is found at the tip, while for higher temperatures, small Cu NPS can be found inside the CNT. 

 

 

Figure 1.6: (a) Representative models for the growth of uniform graphene in Cu (111) and 

multi-domain graphene in Cu(100) [60]. (b) Growth of graphene influenced by CuO grain 

boundaries after ultraviolet oxidation [69]. (c) Influence of size and shape of Cu nanoparticles 

over the growth of helical, straight, and mixed CNT [70]. 
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1.5 Non-typical carbon nanostructures using mixed catalyst 

There are a few reports about the influence of bimetallic catalyst in the growth of carbon 

nanostructures. Rodriguez et al.[30] report the influence of Cu in Fe catalyst activity in a 

CVD system at 600°C using ethylene as a carbon precursor. They found a considerable 

modification of the growth mechanism where highly defective carbon nanostructures were 

obtained, like herringbone structures, stacked platelets, and defective surface CNF. 

Furthemore, a related research of Chambers et al. [72] test the effect of Cu over the behavior 

of Co during the growth of CNF. They found that Cu ratio impacts considerably over the 

growth rate and type of carbon nanostructures. While Cu is maintained low (1:3 in Cu:Co), 

the yield production maintains almost invariable. However, in higher concentrations (3:1 in 

Cu:Co), the production of carbon nanostructures decreases considerably. They observed 

intertwined agglomerates and highly defective CNT generated by big metallic particles, they 

attribute the defective structure to the influence of copper during Co catalytic growth.   

Mixture using Ni has also been done already. Guevera et al. [73] developed a procedure 

where Ni and Fe powders where mechanical mixed with Cu powder (30% at) in order to 

obtain an alloy that could be used as a catalyst in a CVD system. They found that the 

influence of Cu over the Ni catalyst promotes a higher carbon deposition at 550 °C with no 

substantial variation of morphology. 

Mixed catalysts are commonly used where Fe, Co, or Ni are involved in order to promote a 

series of effects like doping, morphological changes, or integration between different carbon 

nanostructures. For instance, Wang et al. [74] developed B-C-N doped SWCNT structures 

using a Fe-Mo bimetallic catalyst. Du et al. [75] synthesized graphene/vertically aligned CNT 

3D structure using SiO2 and iron phthalocyanine. He et al. [76] developed a hybrid CNF/CNT 

structure using a carbonized melamine sponge and Co(NO3)2, Ni(NO3)2, and Fe(OH)2 as a 

catalyst for CNT growth process. Kitiyanan et al. [77] developed SWCNT by a Co-Mo 

catalyst. Okazaki et al. [78] developed MWCNT and nano coils by the use of NPS of Fe-In-

Sn-O. Qi et al. [79] synthesized helical CTN and nanobelts structures by the use of a Fe-Cu 

catalyst at 450°C in a CVD system.   
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Figure 1.7: (a) Intertwined CNT agglomerates produced by Co-Cu nanoparticle [72]. (b) 

CNT/graphene hybrid nanostructure produced using SiO2 and iron phthalocyanine [75]. (c) 

CNF/CNT hybrid structure grown using a melamine sponge and Fe(OH)3 as a catalyst [76]. 

(d) Carbon nanobelts produced with a Fe-Cu catalyst [79]. 

 

1.6 References 

[1] S. Iijima, Helical microtubules of graphitic carbon, Nature. 354 (1991). 

[2] H.W. Kroto, The stability of the fullerenes Cn, with n = 24, 28, 32, 36, 50, 60 and 70, 

Nature. 329 (1987) 529–531. https://doi.org/10.1038/329529a0. 

[3] I.V.G. and A.A.F. K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, 

S. V. Dubonos, Electric Field Effect in Atomically Thin Carbon Films, 306 (2004) 

666–669. 

[4] K. Bogdanov, A. Fedorov, V. Osipov, T. Enoki, K. Takai, T. Hayashi, V. Ermakov, 

S. Moshkalev, A. Baranov, Annealing-induced structural changes of carbon onions: 

High-resolution transmission electron microscopy and Raman studies, Carbon. 73 

(2014) 78–86. https://doi.org/10.1016/j.carbon.2014.02.041. 

[5] V.L. Kuznetsov, I.L. Zilberberg, Y. V. Butenko, A.L. Chuvilin, B. Segall, Theoretical 

study of the formation of closed curved graphite-like structures during annealing of 

diamond surface, Journal of Applied Physics. 86 (1999) 863–870. 

https://doi.org/10.1063/1.370816. 

[6] Z. He, J.L. Maurice, A. Gohier, C.S. Lee, D. Pribat, C.S. Cojocaru, Iron catalysts for 

the growth of carbon nanofibers: Fe, Fe3C or both?, Chemistry of Materials. 23 (2011) 

5379–5387. https://doi.org/10.1021/cm202315j. 



 

15 
 

[7] K.P. De Jong, J.W. Geus, Carbon Nanofibers Applications (2).Pdf, Catalytic Review. 

42 (2000) 481–510. 

[8] S.N. Naess, A. Elgsaeter, G. Helgesen, K.D. Knudsen, Carbon nanocones: Wall 

structure and morphology, Science and Technology of Advanced Materials. 10 (2009). 

https://doi.org/10.1088/1468-6996/10/6/065002. 

[9] J.X. Wei, K.M. Liew, X.Q. He, Mechanical properties of carbon nanocones, Applied 

Physics Letters. 91 (2007) 1–4. https://doi.org/10.1063/1.2813017. 

[10] A. Shaikjee, N.J. Coville, The synthesis, properties and uses of carbon materials with 

helical morphology, Journal of Advanced Research. 3 (2012) 195–223. 

https://doi.org/10.1016/j.jare.2011.05.007. 

[11] Z. Ren, P.-X. Gao, A review of helical nanostructures: growth theories, synthesis 

strategies and properties, Nanoscale. 6 (2014) 9366–9400. 

https://doi.org/10.1039/C4NR00330F. 

[12] J. Zhang, M. Terrones, C.R. Park, R. Mukherjee, M. Monthioux, N. Koratkar, Y.S. 

Kim, R. Hurt, E. Frackowiak, T. Enoki, Y.Y. Chen, Y.Y. Chen, A. Bianco, Carbon 

science in 2016: Status, challenges and perspectives, Carbon. 98 (2016) 708–732. 

https://doi.org/10.1016/j.carbon.2015.11.060. 

[13] M. Yudasaka, F. Kokai, K. Takahashi, R. Yamada, N. Sensui, T. Ichihashi, S. Iijima, 

Formation of single-wall carbon nanotubes: Comparison of CO2 laser ablation and 

Nd:YAG laser ablation, Journal of Physical Chemistry B. 103 (1999) 3576–3581. 

https://doi.org/10.1021/jp990072g. 

[14] C.D. Scott, S. Arepalli, P. Nikolaev, R.E. Smalley, Growth mechanisms for single-

wall carbon nanotubes in a laser-ablation process, Applied Physics A: Materials 

Science and Processing. 72 (2001) 573–580. https://doi.org/10.1007/s003390100761. 

[15] C. Kocabas, M.A. Meitl, A. Gaur, M. Shim, J.A. Rogers, Aligned arrays of single-

walled carbon nanotubes generated from random networks by orientationally selective 

laser ablation, Nano Letters. 4 (2004) 2421–2426. https://doi.org/10.1021/nl048487n. 

[16] D.E. Johnston, M.F. Islam, A.G. Yodh, A.T. Johnson, Electronic devices based on 

purified carbon nanotubes grown by high-pressure decomposition of carbon 

monoxide, Nature Materials. 4 (2005) 589–592. https://doi.org/10.1038/nmat1427. 

[17] C.E. Dateo, T. Gökçen, M. Meyyappan, Modeling of the HiPco Process for Carbon 

Nanotube Production. I. Chemical Kinetics, Journal of Nanoscience and 

Nanotechnology. 2 (2002) 523–534. https://doi.org/10.1166/jnn.2002.125. 

[18] M.J. Bronikowski, P.A. Willis, D.T. Colbert, K.A. Smith, R.E. Smalley, Gas-phase 

production of carbon single-walled nanotubes from carbon monoxide via the HiPco 

process: A parametric study, Journal of Vacuum Science & Technology A: Vacuum, 

Surfaces, and Films. 19 (2001) 1800–1805. https://doi.org/10.1116/1.1380721. 

[19] R. Das Gupta, C. Schwandt, D.J. Fray, Preparation of tin-filled carbon nanotubes and 

nanoparticles by molten salt electrolysis, Carbon. 70 (2014) 142–148. 

https://doi.org/10.1016/j.carbon.2013.12.084. 



 

16 
 

[20] C. Schwandt, A.T. Dimitrov, D.J. Fray, High-yield synthesis of multi-walled carbon 

nanotubes from graphite by molten salt electrolysis, Carbon. 50 (2012) 1311–1315. 

https://doi.org/10.1016/j.carbon.2011.10.054. 

[21] H. Ohno, D. Takagi, K. Yamada, S. Chiashi, A. Tokura, Y. Homma, Growth of 

vertically aligned single-walled carbon nanotubes on alumina and sapphire substrates, 

Japanese Journal of Applied Physics. 47 (2008) 1956–1960. 

https://doi.org/10.1143/JJAP.47.1956. 

[22] C. Veríssimo, S.A. Moshkalyov, A.C.S. Ramos, J.L. Gonçalves, O.L. Alves, J.W. 

Swart, Different carbon nanostructured materials obtained in catalytic chemical vapor 

deposition, Journal of the Brazilian Chemical Society. 17 (2006) 1124–1132. 

https://doi.org/10.1590/S0103-50532006000600009. 

[23] A.M. Cassell, J.A. Raymakers, J. Kong, H. Dai, Large Scale CVD Synthesis of Single-

Walled Carbon Nanotubes, The Journal of Physical Chemistry B. 103 (1999) 6484–

6492. https://doi.org/10.1021/jp990957s. 

[24] Y. Zhang, H. Gu, S. Iijima, Single-wall carbon nanotubes synthesized by laser ablation 

in a nitrogen atmosphere, Applied Physics Letters. 73 (1998) 3827–3829. 

https://doi.org/10.1063/1.122907. 

[25] P. Nikolaev, M.J. Bronikowski, R.K. Bradley, F. Rohmund, D.T. Colbert, K. a Smith, 

R.E. Smalley, Gas-phase catalytic growth of single-walled carbon nanotubes from 

carbon monoxide, Chemical Physics Letters. 313 (1999) 91–97. https://doi.org/Doi 

10.1016/S0009-2614(99)01029-5. 

[26] A.T. Dimitrov, G.Z. Chen, I.A. Kinloch, D.J. Fray, A feasibility study of scaling-up 

the electrolytic production of carbon nanotubes in molten salts, Electrochimica Acta. 

48 (2002) 91–102. https://doi.org/10.1016/S0013-4686(02)00595-9. 

[27] E. Couteau, K. Hernadi, J.W. Seo, L. Thiên-Nga, C. Mikó, R. Gaál, L. Forró, CVD 

synthesis of high-purity multiwalled carbon nanotubes using CaCO 3 catalyst support 

for large-scale production, Chemical Physics Letters. 378 (2003) 9–17. 

https://doi.org/10.1016/S0009-2614(03)01218-1. 

[28] M.S. Kim, Yoong Ahm; Hayashi, Takuya; Endo, Morinobu; Dresselhaus, Carbon 

Nanofibers, in: R. Vajtai (Ed.), Springer Handbook of Nanomaterials, Springer, 

Houston, TX, 2013: p. 1234. https://doi.org/10.1007/978-3-642-20595-8. 

[29] Y.Y. Fan, H.M. Cheng, Y.L. Wei, G. Su, Z.H. Shen, Influence of preparation 

parameters on the mass production of vapor-grown carbon nanofibers, Carbon. 38 

(2000) 789–795. https://doi.org/10.1016/S0008-6223(99)00178-5. 

[30] N.M. Rodriguez, A. Chambers, R.T.K. Baker, Catalytic Engineering of Carbon 

Nanostructures, Langmuir. 11 (1995) 3862–3866. 

https://doi.org/10.1021/la00010a042. 

[31] C.Y. Su, A.Y. Lu, Y. Xu, F.R. Chen, A.N. Khlobystov, L.J. Li, High-quality thin 

graphene films from fast electrochemical exfoliation, ACS Nano. 5 (2011) 2332–

2339. https://doi.org/10.1021/nn200025p. 



 

17 
 

[32] S. Yang, S. Brüller, Z.S. Wu, Z. Liu, K. Parvez, R. Dong, F. Richard, P. Samorì, X. 

Feng, K. Müllen, Organic Radical-Assisted Electrochemical Exfoliation for the 

Scalable Production of High-Quality Graphene, Journal of the American Chemical 

Society. 137 (2015) 13927–13932. https://doi.org/10.1021/jacs.5b09000. 

[33] D. Wei, L. Grande, V. Chundi, R. White, C. Bower, P. Andrew, T. Ryhänen, Graphene 

from electrochemical exfoliation and its direct applications in enhanced energy storage 

devices, Chemical Communications. 48 (2012) 1239–1241. 

https://doi.org/10.1039/c2cc16859f. 

[34] J. Chen, M. Duan, G. Chen, Continuous mechanical exfoliation of graphene sheets via 

three-roll mill, Journal of Materials Chemistry. 22 (2012) 19625–19628. 

https://doi.org/10.1039/c2jm33740a. 

[35] T. Lin, J. Chen, H. Bi, D. Wan, F. Huang, X. Xie, M. Jiang, Facile and economical 

exfoliation of graphite for mass production of high-quality graphene sheets, Journal 

of Materials Chemistry A. 1 (2013) 500–504. https://doi.org/10.1039/c2ta00518b. 

[36] J. Song, X. Wang, C.-T. Chang, Preparation and characterization of graphene oxide 

paper., Journal of Nanomaterials. 448 (2007) 457–60. 

https://doi.org/10.1038/nature06016. 

[37] A. Ciesielski, P. Samorì, Graphene via sonication assisted liquid-phase exfoliation, 

Chemical Society Reviews. 43 (2014) 381–398. https://doi.org/10.1039/c3cs60217f. 

[38] L. Jiao, L. Zhang, X. Wang, G. Diankov, H. Dai, Narrow graphene nanoribbons from 

carbon nanotubes, Nature. 458 (2009) 877–880. https://doi.org/10.1038/nature07919. 

[39] H. Cho, I.S. Oh, J.H. Kang, S. Park, B. Ku, M. Park, S. Kwak, P. Khanra, J. Hee Lee, 

M. Jong Kim, Catalyst and doping methods for arc graphene, Nanotechnology. 25 

(2014). https://doi.org/10.1088/0957-4484/25/44/445601. 

[40] Q. Peng, Y. Li, X. He, X. Gui, Y. Shang, C. Wang, C. Wang, W. Zhao, S. Du, E. Shi, 

P. Li, D. Wu, A. Cao, Graphene nanoribbon aerogels unzipped from carbon nanotube 

sponges, Advanced Materials. 26 (2014) 3241–3247. 

https://doi.org/10.1002/adma.201305274. 

[41] I.H. Son, J.H. Park, S. Kwon, S. Park, M.H. Rümmeli, A. Bachmatiuk, H.J. Song, J. 

Ku, J.W. Choi, J.M. Choi, S.G. Doo, H. Chang, Silicon carbide-free graphene growth 

on silicon for lithium-ion battery with high volumetric energy density, Nature 

Communications. 6 (2015) 1–8. https://doi.org/10.1038/ncomms8393. 

[42] X. Gui, H. Li, K. Wang, J. Wei, Y. Jia, Z. Li, L. Fan, A. Cao, H. Zhu, D. Wu, 

Recyclable carbon nanotube sponges for oil absorption, Acta Materialia. 59 (2011) 

4798–4804. https://doi.org/10.1016/j.actamat.2011.04.022. 

[43] T. Yuan, J. Ruan, C. Peng, H. Sun, Y. Pang, J. Yang, Z.F. Ma, S. Zheng, 3D red 

phosphorus/sheared CNT sponge for high performance lithium-ion battery anodes, 

Energy Storage Materials. 13 (2018) 267–273. 

https://doi.org/10.1016/j.ensm.2018.01.014. 

[44] X. Gui, J. Wei, K. Wang, A. Cao, H. Zhu, Y. Jia, Q. Shu, D. Wu, Carbon nanotube 



 

18 
 

sponges, Advanced Materials. 22 (2010) 617–621. 

https://doi.org/10.1002/adma.200902986. 

[45] X. Dong, B. Li, A. Wei, X. Cao, M.B. Chan-Park, H. Zhang, L.J. Li, W. Huang, P. 

Chen, One-step growth of graphene-carbon nanotube hybrid materials by chemical 

vapor deposition, Carbon. 49 (2011) 2944–2949. 

https://doi.org/10.1016/j.carbon.2011.03.009. 

[46] Z. Yan, L. Ma, Y. Zhu, I. Lahiri, M.G. Hahm, Z. Liu, S. Yang, C. Xiang, W. Lu, Z. 

Peng, Z. Sun, C. Kittrell, J. Lou, W. Choi, P.M. Ajayan, J.M. Tour, Three-dimensional 

metal- Graphene- Nanotube multifunctional hybrid materials, ACS Nano. 7 (2013) 

58–64. https://doi.org/10.1021/nn3015882. 

[47] L. Huang, B. White, M.Y. Sfeir, M. Huang, H.X. Huang, S. Wind, J. Hone, S. O’Brien, 

Cobalt ultrathin film catalyzed ethanol chemical vapor deposition of single-walled 

carbon nanotubes, Journal of Physical Chemistry B. 110 (2006) 11103–11109. 

https://doi.org/10.1021/jp060693r. 

[48] X. Peng, K. Koczkur, A. Chen, Synthesis of well-aligned bamboo-like carbon 

nanotube arrays from ethanol and acetone, Journal of Physics D: Applied Physics. 41 

(2008) 095409. https://doi.org/10.1088/0022-3727/41/9/095409. 

[49] L.M. Ombaka, P. Ndungu, V.O. Nyamori, Usage of carbon nanotubes as platinum and 

nickel catalyst support in dehydrogenation reactions, Catalysis Today. 217 (2013) 65–

75. https://doi.org/10.1016/j.cattod.2013.05.014. 

[50] Z. Tu, Z. Liu, Y. Li, F. Yang, L. Zhang, Z. Zhao, C. Xu, S. Wu, H. Liu, H. Yang, P. 

Richard, Controllable growth of 1-7 layers of graphene by chemical vapour 

deposition, Carbon. 73 (2014) 252–258. https://doi.org/10.1016/j.carbon.2014.02.061. 

[51] S. Park, R.S. Ruoff, Chemical methods for the production of graphenes, Nat Nano. 4 

(2009) 217–224. https://doi.org/10.1038/nnano.2009.58. 

[52] S. Esconjauregui, C.M. Whelan, K. Maex, The reasons why metals catalyze the 

nucleation and growth of carbon nanotubes and other carbon nanomorphologies, 

Carbon. 47 (2009) 659–669. https://doi.org/10.1016/j.carbon.2008.10.047. 

[53] O. V. Yazyev, A. Pasquarello, Carbon diffusion in CVD growth of carbon nanotubes 

on metal nanoparticles, Physica Status Solidi (B) Basic Research. 245 (2008) 2185–

2188. https://doi.org/10.1002/pssb.200879573. 

[54] A. Bachmatiuk, F. Börrnert, M. Grobosch, F. Schäffel, U. Wolff, A. Scott, M. Zaka, 

J.H. Warner, R. Klingeler, M. Knupfer, B. Büchner, M.H. Rümmeli, Investigating the 

graphitization mechanism of SiO2 nanoparticles in chemical vapor deposition, ACS 

Nano. 3 (2009) 4098–4104. https://doi.org/10.1021/nn9009278. 

[55] A. Moisala, A.G. Nasibulin, E.I. Kauppinen, The role of metal nanoparticles in the 

catalytic production of single-walled carbon nanotubes - a review, Journal of Physics 

- Condensed Matter. 15 (2003) S3011. https://doi.org/10.1088/0953-8984/15/42/003. 

[56] Y. Zhang, I. Utke, J. Michler, G. Ilari, M.D. Rossell, R. Erni, Growth and 

characterization of CNT-TiO2 heterostructures, Beilstein Journal of Nanotechnology. 



 

19 
 

5 (2014) 946–955. https://doi.org/10.3762/bjnano.5.108. 

[57] M. Law, L.E. Greene, J.C. Johnson, R. Saykally, P. Yang, Nanowire dye-sensitized 

solar cells., Nature Materials. 4 (2005) 455–459. 

http://www.chem.uci.edu/~lawm/Nanowire dye-sensitized solar cells.pdf. 

[58] V. Jourdain, C. Bichara, Current understanding of the growth of carbon nanotubes in 

catalytic chemical vapour deposition, Carbon. 58 (2013) 2–39. 

https://doi.org/10.1016/j.carbon.2013.02.046. 

[59] M. Lin, J.P.Y. Tan, C. Boothroyd, K.P. Loh, E.S. Tok, Y.L. Foo, Dynamical 

observation of bamboo-like carbon nanotube growth, Nano Letters. 7 (2007) 2234–

2238. https://doi.org/10.1021/nl070681x. 

[60] Y. Ogawa, B. Hu, C.M. Orofeo, M. Tsuji, K.I. Ikeda, S. Mizuno, H. Hibino, H. Ago, 

Domain structure and boundary in single-layer graphene grown on Cu(111) and 

Cu(100) films, Journal of Physical Chemistry Letters. 3 (2012) 219–226. 

https://doi.org/10.1021/jz2015555. 

[61] Z.P. Huang, D.Z. Wang, J.G. Wen, M. Sennett, H. Gibson, Z.F. Ren, Effect of nickel, 

iron and cobalt on growth of aligned carbon nanotubes, Applied Physics A: Materials 

Science and Processing. 74 (2002) 387–391. https://doi.org/10.1007/s003390101186. 

[62] C.J. Lee, J. Park, J.A. Yu, Catalyst effec on carbon nanotubes synthesized by thermal 

chemical vapor deposition, Chemical Physics Letters. 360 (2002) 250–255. 

[63] K. Hernadi, A. Fonseca, J.B. Nagy, A. Siska, I. Kiricsi, Production of nanotubes by 

the catalytic decomposition of different carbon-containing compounds, Applied 

Catalysis A: General. 199 (2000) 245–255. https://doi.org/10.1016/S0926-

860X(99)00561-X. 

[64] A. Gohier, C.P. Ewels, T.M. Minea, M.A. Djouadi, Carbon nanotube growth 

mechanism switches from tip- to base-growth with decreasing catalyst particle size, 

Carbon. 46 (2008) 1331–1338. https://doi.org/10.1016/j.carbon.2008.05.016. 

[65] S.P. Chai, S.H.S. Zein, A.R. Mohamed, Preparation of carbon nanotubes over cobalt-

containing catalysts via catalytic decomposition of methane, Chemical Physics 

Letters. 426 (2006) 345–350. https://doi.org/10.1016/j.cplett.2006.05.026. 

[66] L. Zheng, X. Liao, Y.T. Zhu, Parametric study of carbon nanotube growth via cobalt-

catalyzed ethanol decomposition, Materials Letters. 60 (2006) 1968–1972. 

https://doi.org/10.1016/j.matlet.2005.12.060. 

[67] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung, E. 

Tutuc, S.K. Banerjee, L. Colombo, R.S. Ruoff, Large area synthesis of high quality 

and uniform graphene films on copper foils, Science. 324 (2009) 1312–1314. 

https://doi.org/10.1126/science.1171245. 

[68] H.I. Rasool, E.B. Song, M. Mecklenburg, B.C. Regan, K.L. Wang, B.H. Weiller, J.K. 

Gimzewski, Atomic-scale characterization of graphene grown on copper (100) Single 

Crystals, Journal of the American Chemical Society. 133 (2011) 12536–12543. 

https://doi.org/10.1021/ja200245p. 



 

20 
 

[69] D.L. Duong, G.H. Han, S.M. Lee, F. Gunes, E.S. Kim, S.T. Kim, H. Kim, Q.H. Ta, 

K.P. So, S.J. Yoon, S.J. Chae, Y.W. Jo, M.H. Park, S.H. Chae, S.C. Lim, J.Y. Choi, 

Y.H. Lee, Probing graphene grain boundaries with optical microscopy, Nature. 490 

(2012) 235–239. https://doi.org/10.1038/nature11562. 

[70] J.H. Xia, X. Jiang, C.L. Jia, The size effect of catalyst on the growth of helical carbon 

nanofibers, Applied Physics Letters. 95 (2009) 1–4. 

https://doi.org/10.1063/1.3271031. 

[71] J. Zhu, J. Jia, F.L. Kwong, D.H.L. Ng, Synthesis of bamboo-like carbon nanotubes on 

a copper foil by catalytic chemical vapor deposition from ethanol, Carbon. 50 (2012) 

2504–2512. https://doi.org/10.1016/j.carbon.2012.01.073. 

[72] A. Chambers, N.M. Rodriguez, R.T.K. Baker, Modification of the Catalytic Behavior 

of Cobalt by the Addition of Copper, Society. (1995) 10581–10589. 

[73] L. Guevara, C. Wanner, R. Welsh, M.A. Atwater, Using Mechanical Alloying to 

Create Bimetallic Catalysts for Vapor-Phase Carbon Nanofiber Synthesis, Fibers2. 3 

(2015) 394–410. https://doi.org/10.3390/fib3040394. 

[74] W.L. Wang, X.D. Bai, K.H. Liu, Z. Xu, D. Golberg, Y. Bando, E.G. Wang, Direct 

synthesis of B-C-N single-walled nanotubes by bias-assisted hot filament chemical 

vapor deposition, Journal of the American Chemical Society. 128 (2006) 6530–6531. 

https://doi.org/10.1021/ja0606733. 

[75] F. Du, D. Yu, L. Dai, S. Ganguli, V. Varshney, A.K. Roy, Preparation of Tunable 3D 

Pillared Carbon Nanotube À Graphene Networks for High-Performance Capacitance, 

(2011) 4810–4816. 

[76] S. He, H. Hou, W. Chen, 3D porous and ultralight carbon hybrid nanostructure 

fabricated from carbon foam covered by monolayer of nitrogen-doped carbon 

nanotubes for high performance supercapacitors, Journal of Power Sources. 280 

(2015) 678–685. https://doi.org/10.1016/j.jpowsour.2015.01.159. 

[77] B. Kitiyanan, W.E. Alvarez, J.H. Harwell, D.E. Resasco, Controlled production of 

single-wall carbon nanotubes by catalytic decomposition of CO on bimetallic Co-Mo 

catalysts, Chemical Physics Letters. (2000) 497–503. 

[78] N. Okazaki, S. Hosokawa, T. Goto, Y. Nakayama, Synthesis of carbon tubule 

nanocoils using Fe-In-Sn-O fine particles as catalysts, Journal of Physical Chemistry 

B. 109 (2005) 17366–17371. https://doi.org/10.1021/jp050786t. 

[79] X. Qi, W. Zhong, Y. Deng, C. Au, Y. Du, Characterization and magnetic properties 

of helical carbon nanotubes and carbon nanobelts synthesized in acetylene 

decomposition Over Fe-Cu nanoparticles at 450 °C, Journal of Physical Chemistry C. 

113 (2009) 15934–15940. https://doi.org/10.1021/jp905387v. 

 

  



 

21 
 

HYPOTHESIS, JUSTIFICATION, AND 

OBJECTIVES 

Hypothesis 

It is possible to obtain a coupled graphitic structure into a nitrogen-doped three-dimensional 

carbon nanostructure with the use of bimetallic catalytic particles (Co: Cu, Au, Ag) deposited 

over SiO2 substrate.  

 

Justification 

 There are few research works focused on the influence of bimetallic catalytic particles in 

the synthesis of 3D carbon nanostructures. In previous reports, it is demonstrated that 

bimetallic catalytic particles considerably modify the growth of CNT promoting defective 

structure, which could act as an anchor point for 3D networks. 

 It is known that Cu is well used for the growth of graphene sheets (In-plane growth) while 

Co, Ni, or Fe for the growth of CNT (vertical growth). 

 Doping and functionalization of carbon nanostructures is a way to modify their structural 

conditions as well as the electronic and chemical properties. 

 

Main Objective 

The growth of 3D carbon nanostructures by chemical vapor deposition strongly depends on 

the type of catalytic particle, temperature, and precursors. In this thesis, the main objective 

consists on determinate the influence of a mixed Cobalt (commonly used to growth CNT) 

and Cu (commonly used to growth graphene) thin film and Fe based catalyst in the growth 

of doped and functionalized 3D carbon nanostructures as well as determinate the growth 

mechanism influenced by the interaction of a variety of precursors over the crystal structure 

of Co, Cu, and Fe. Each chapter will contribute to the resolution associated to the influence 

of precursors, synthesis time and reduction process, along with the effect associated to the 

size and shape of metallic nanoparticles and sprayed metallic materials in the growth of a 
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variety of carbon nanostructures that promotes the formation of 3D nanostructured carbon 

materials.   

 

 

Objectives by Chapter 

Chapter 2: 

 Obtain the Co-Cu thin film growth parameters by a sputtering technique. 

 Test a variety of precursors in the growth of carbon nanostructures by the use of a 

Co-Cu thin film as catalysts. 

Chapter 3: 

 Determine the influence of reduction time before synthesis in the nanoparticle 

formation. 

 Determine the physical and chemical characteristics of the wrinkled carbon nanobelts 

(N-CBS). 

 Evaluate other metals like Ag and Au in the N-CBS growth. 

 Present a growth mechanism. 

Chapter 4: 

 Understand the mechanism developed by Cu substrate and Cu nanoparticle to grow 

carbon nanostructures in a controlled CVD system. 

Chapter 5: 

 Use a Fe-based catalyst to grow other 3D carbon nanostructures.  

 Determine the influence of different precursors in the growth of 3D carbon 

nanostructures. 

 Evaluate the physical and chemical structure characteristics. 

 Determine a growth mechanism approach. 
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CHAPTER TWO: 

BIMETALLIC CATALYTIC MISCIBILITY (CO-CU) 

IN THE GROWTH OF NEW CARBON 

NANOSTRUCTURES 

 

2.1 Introduction   

2.2 Growth of Co-Cu thin film of 20:2 nm thickness 

       2.2.1 Methodology 

       2.2.2 Results  

2.3 Test of Co-Cu thin film in a CVD system with different 

precursors 

      2.3.1 Methodology 

      2.3.2 Precursor effect in the growth of carbon nanostructures 

2.4 Influence of time in the growth of carbon nanostructures  

2.5 Conclusions 

2.6 References 
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2.1 Introduction 

The growth of new 2D carbon allotropes and 3D macroscopic carbon architectures is a topic 

of high interest where graphitic materials like carbon nanotubes networks [1,2], wrinkled 

graphene sheets [3,4], and nanofibers [5,6] works like unities in the growing of macroscopic 

systems. These materials can be used in supercapacitors [7], electrodes in lithium batteries 

[8], catalyst [9], oil sorbents [10], and ORR-reactions [11]. It has been demonstrated that the 

structure and physical-chemical properties of the 3D carbon nanomaterials depend 

principally on the synthesis conditions, precursors, and catalyst [12–14]. However, the use 

of bimetallic catalysts on the growth of this type of material is far to be understood [15]. 

Chambers et al. [16] reported a multi growth arrangement of carbon nanotubes on specific 

crystallographic planes of cobalt nanoparticles as a consequence of adding copper during the 

synthesis. Also, other mixtures like Ag-Co, Fe-Co, and Ni-Cu as a catalyst is reported to 

favor the growth of unusual morphologies [17,18].  

In this chapter would be addressed the results for the synthesis of Co-Cu thin films by 

magnetron sputtering technique and its use as a catalyst in a chemical vapor deposition 

system. Mixtures of different precursors like ethanol, thiophene, and benzylamine were used 

to grow nanostructured 3D carbon materials. Oxygen and sulfur molecules address high 

structural defects changing the type of growth from a growth-based to a tip-growth 

mechanism leading to the formation of carbon nanotubes, wrinkled carbon nanofibers, and 

corrugated macroscopic structures by an interlaced effect of the wrinkled carbon nanofibers. 

 

2.2 Growth of Co-Cu thin film of 20:2 nm thickness 

2.2.1 Methodology 

Si/SiO2 substrates of 8 cm x 8 cm and 2 mm thickness were cleaned using acetone (99.974 

%, Fermont), ethanol (96.5 %, CTR scientific) and Isopropanol (99.8%, CTR Scientific) in 

an ultrasonic bath during 30 min each and dried with a flush of N2 (99.9995 %, Infra). The 

substrates were cut into pieces of approximately 4 cm x 4 cm an attached to metallic support 

adequate for the mechanical arm of the physical vapor deposition system (PVD). 
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The PVD system used for the growth of Co-Cu thin films consists of a sputtering 

Intercovamex V3 high-vacuum equipment developed by the Intercovamex company. This 

equipment has a mechanical arm to introduce the sample and a central 304 stainless steel 

chamber of 14” diameter and 18” high where six metallic electrodes (cathodes) can be 

attached for the simultaneously or individual use to be deposited. A glow discharge argon 

cold plasma is generated by a direct current power supply (DC MDX-500) and a pulsed-

direct current power supply (Pinnacle-Plus). By two mechanical pumps and two 

turbomolecular pumps (ATP 80 and ATP 400), a high vacuum is reached (1x10-7 torr) at the 

main chamber. The deposition thickness is linear to time and depends on the vacuum, 

discharge parameters, and type of power supply. The samples were stored under a nitrogen 

atmosphere to prevent further oxidation. 

2.2.2 Results 

Previous works developed by Muñoz-Sandoval et al. [19] determined the initial parameters 

for the deposition of Co and developed the methodology for the growth of Cu thin films. 

Figure 2.1a schematizes the PVD process where a Si/SiO2 substrate was attached to the 

anode, and Co and Cu electrodes work as a cathode. A high electric field is applied to create 

a glow discharge plasma in order to sputter the cathode and deposit metallic ions on the Si 

substrate. Initial tests to corroborate the experimental conditions of Cu deposition were 

advanced. Figure 2.1b and figure 2.1c illustrate a transversal scanning electronic micrograph 

of the growth of thin films at 60 min and 75 min. The thickness of the Cu films was measured 

of 108.8 nm and 126.3 nm, respectively, which gives a deposition rate of 0.030 nm per 

second. A similar deposition scan was developed for Co. Table 2.1 depicts the specific 

conditions for each electrode (Co and Cu). For Co, a deposition rate of 0.02 nm per second 

with direct current at 30 W and the 2x10-2 torr is established. For the growth of 20 nm of Co, 

17 min 7 sec is necessary. In the case of Cu thin film, a deposition rate of 0.03 nm per second 

was established with a pulsed-direct current power supply at 15 W and 1.2x10-2 torr.  
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Figure 2.1: (a) Schema for PVD deposition process by a sputtering technique and glow 

plasma using Co and Cu electrodes. (b) and (c) represents a transversal SEM image and 

thickness measurement after 60 min and 75 min of Cu deposition, respectively. (d) SEM 

image after deposition of 20 nm of Co and roughness 3D visualization (inset). (e) SEM image 

after deposition of 2 nm Cu over Co, and 3D surface plot (inset).  

 

Table 2.1: Operational conditions for Co-Cu thin film deposition 

 Cobalt (Co) Copper (Cu) 

Power supply Direct current  Pulsed-direct current 
Potential 30 W 15 W 
Time for synthesis 17 min 7 seg 1 min 6 seg 
Pressure 2 x 10 -2 torr 1.2 x 10 -2 torr 

 

Figure 2.1c and figure 2.1d illustrate an SEM image of the Co (20 nm) and after the Cu (2 

nm) deposition, respectively. A full covered deposition was obtained over the SiO2 substrate 



 

27 
 

in both cases. Nevertheless, considering the contrast changes over the SEM image is possible 

to perform a surface 3D plot. For Co deposition, surface irregularities are observed after 

deposition with variations over 5 nm to 10 nm (Figure 2.1c inset). After Cu deposition, fewer 

surface variations are observed and a more well-distributed surface (Figure 2.1d inset). The 

behavior associated with the substrate over a reductive atmosphere is described in subsequent 

chapters.  

 

2.3 Test of Co-Cu thin film in a CVD system with different precursors 

2.3.1 Methodology 

Co-Cu thin films deposited over Si were used as a substrate in an aerosol assisted chemical 

vapor deposition system (AACVD). Figure 2.2a depicts the AACVD configuration, which 

consists of a nebulizer built-in reinforced glass with dimensions of 2.5 in diameter and 40 cm 

length that contains at the base a piezoelectric transducer (Ø 38 mm). This system is 

connected to a radiofrequency power supply (RBI Instrumentation) with a supply capacity 

of 0.8 MHz to obtain precursors droplets of around 8 m to a few nm [20]. The nebulizer is 

connected to a quartz tube of 1 in diameter and 1.1 m length. Two tubular furnaces (Tube 

furnace 21100) were used at different temperatures, the furnace near to the sprayer was set 

at 750 °C (F1) while the furthest was set at 850 °C (F2). A carrier gas of H2/Ar at 5%/95% 

was used. The end of the quartz tube was connected to a Liebig condenser and a solvent trap 

filled with acetone (~300 ml). Figure 2.2b illustrates a schematic representation of how 20 

pieces of 1 cm x 1cm of Co-Cu/Si thin film were positioned from the beginning of the 750 

°C furnace to the end of the 850 °C furnace. For practical comparison, the results described 

in the following chapters would be taken from the middle of F1 (S1), between F1 and F2 

furnace (S2), and in the middle of F2 (S3). Figure 2.2c shows the temperature profile 

generated by the interaction of F1 and F2 temperature flows inside the quartz tube measured 

with a 60 cm thermocouple bar (type K). The temperature described for S1, S2 and S3 related 

to its position are 749 °C, 801 °C, and 859 °C, respectively.  

In order to get the growth of carbon nanostructures over substrates, a mixture of precursors 

containing nitrogen, oxygen, and sulfur was addressed. Table 2.2 depicts the variation of 
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volume concentration for benzylamine (C7H9N, Aldrich), ethanol (C2H6O, CTR Scientific), 

thiophene (C4H4S, Aldrich) used inside nebulizer to be pyrolyzed inside the furnace.  

 

Figure 2.2: (a) Schematic representation of the AACVD system using Co-Cu/Si substrates 

and two tubular furnaces at different temperatures of 750 °C and 850°C. (b) Scale illustration 

shows the position of 1 cm x 1 cm substrates inside the quartz tube. (c) Temperature profile 

inside the quartz tube due to the interaction of F1 and F2. 

Table 2.2: Precursor concentration used to grow carbon nanostructures over the Co-Cu 

substrate. 

Solution Benzylamine 
(W/W %) 

Ethanol 
(W/W 
%) 

Thiophene 
(W/W %) 

Benzylamine (B) 100 - - 

Benzylamine-Tiophene (BT) 99.48 - 0.51 

Ethanol (E) - 100 - 

Ethanol-Thiophene (ET) - 99.87 0.12 

Benzylamine-Ethanol (BE) 49.90 50.09 - 

Benzylamine-Ethanol-Thiophene (BET) 49.75 49.93 0.32 
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It is worth to mention that the concentration of BET solution was taken from the reported by 

Muñoz-Sandoval et al. [14] used to grow nitrogen-doped carbon nanotube sponges in a 

chemical vapor deposition system. The other volume concentrations of solutions BT, ET and 

BE, are the results of eliminating one of the precursors in the mixture and get a 100 % W/W 

ratio.  

2.3.2 Precursor effect in the growth of carbon nanostructures 

Figure 2.3 depicts the scanning electron microscope for ethanol used as a precursor. Figure 

2.3a illustrates the type of morphology that grew over the Co-Cu substrate at the S1-E 

position (750 °C). Tubular carbon nanostructures were barely formed, and mainly the 

structure consists of carbon agglomerates. These agglomerates encapsulate Co-Cu-based 

nanoparticles (red arrows), and in some cases, these particles promote the growth of non-

perfect tubular structures (blue arrows). Figure 2.3b shows the micrograph at the S2-E 

position (800 °C). This SEM image depicts tubular carbon nanotubes that grew over the Co-

Cu substrate. A variety of CNT was observed. The presence of short and highly curved CNT 

(inset) where walls seem to be highly defective with the formation of knots and elbows 

promotes the bend of the tubular structures. Also, the presence of long CNTs (~2 m) was 

found. Figure 2.3c illustrates the type of carbon structures synthesized in the S3-E sample at 

850 °C.  Here no presence of long tubular structures was detected. However, agglomerates 

of carbon material with short CNT (~280 nm length) anchored were observed. These short 

and non-perfect tubular structures contain in almost all the cases a metallic particle at the tip, 

presumably Co nanoparticle. A comparison between the size diameters of the tubular 

structures found in S1, S2, and S3 (figure 2.3d) reveals that at lower temperatures the size of 

the CNT was lower (23 nm diameter) while, for S2 and S3 broader distributions were 

obtained with average diameters of 36 nm and 31 nm respectively.  

The type of tubular structure considerably changes when the benzylamine was only used. 

Figure 2.4a shows the type of structure found in the S1-B section. CNTs with a bumped wall 

structure (red arrows) were observed. Also, due to the curvature effect presented in the 

structure, some agglomerated of CTN were formed (blue arrows). The tubular structures had 

an average diameter of 40 nm and an average length of 2.3 m. Figure 2.4b illustrates the 

type of tubular structure found in S2-B. Highly curved tubular structures with the not 
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apparently defective arrangement build the sample. This curvature effect in CNT walls is 

widely related to the incorporation of nitrogen into the graphitic structure [21]. Also, some 

short defective structures and carbon agglomerates were detected (blue arrow). The tubular 

structure found had diameters from 20 nm to 160 nm and an average length of ~ 5 m. For 

S3-B (figure 2.4c), A mixture of straight-CNT (yellow arrow), carbon agglomerates (blue 

arrow), defective-CNT (red arrow), and highly curved-CNT (white arrow) is noticed. These 

tubular structures had diameters from 20 nm to 80 nm and lengths of ~3 m. An interlaced 

effect can be obtained due to the rolling effect of highly curved tubular structures (green 

arrow). Figure 2.4d illustrates a comparison made over the diameter size distribution where 

at the S2 position (800 °C), a broader diameter distribution was found. This behavior was 

similar to the found in the sample using only ethanol. However, in this case, the diameters 

are higher (average of 64 nm), almost two times the found in the ethanol sample (36 nm).   
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Figure 2.3: SEM image related to the synthesis of carbon nanostructures using ethanol (E) at 

S1 position (a), S2 position (b), and S3 position (c). (d) Tubular carbon nanostructure 

histogram for S1, S2, and S3 positions. 

 

 

Figure 2.4: SEM image associated with the carbon nanostructures obtained by the use of 

benzylamine (B) at S1 position (a), S2 position (b), and S3 position (c). (d) Tubular carbon 

nanostructure histogram for S1, S2, and S3 positions. 

 

Figure 2.5 illustrates the morphologies found in the experiment where a mixture of 

benzylamine and ethanol (BE) was employed. Figure 2.5a shows the S1-BE sample. At this 

condition of low temperature, the presence of a variety of tubular structures with considerable 
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diameter and length variations, and carbon agglomerates with short carbon nanotubes 

attached were identified. Some of the long and thin tubular structures are highly curved, and 

it was intertwined randomly (red arrow). The thicker tubular structures tend to be less curved. 

The inset in figure 2.5a shows a magnification over a section of a carbon agglomerate where 

it was appreciated short tubular structures with semi-spherical nanoparticles embedded in the 

structure (blue arrow) and some cases at the tip of the structure (green arrow). Figure 2.5b 

depicts the tubular morphologies found at S2-BE. In this case, the tubular structures had 

diameters well-distributed and highly deformed. The tubular structures are randomly 

arranged, and some of them had elongated and semi-spherical nanoparticles embedded inside 

(inset). For S3-BE (figure 2.5c), there is no trace of long tubular structures. Conversely, 

carbon agglomerates showing small tubular structures were observed. These tip sections of 

what appears to be carbon nanotubes contain metallic semi-spherical and elongated 

nanoparticles (inset) inside the structure in almost all the cases revealing a tip growth 

mechanism. Some of the particles also are fully encapsulated in a core-shell structure (red 

arrow). Figure 2.5d depicts that average diameter increases as the temperature increases 

being S1-BE the sample with the lowest diameter (22 nm) and S3-BE the sample with the 

highest diameter (52 nm) and broader distribution (from 10 nm to 120 nm). 

The previous results indicate the formation of two types of structures. However, for the 

ethanol and benzylamine mixture, the growth of carbon nanostructures considerably changes. 

For S1-E and S3-E, ethanol promotes the encapsulation of metallic nanoparticles in an 

“onion-like” nanostructure and the formation of thin (between 10nm and 60 nm diameter), 

short and rugged tubular nanostructures. In contrast, the use of benzylamine promotes the 

formation of long, thicker (from 20 nm to 160 nm) and highly curved tubular structures. The 

combination of precursors led to the formation of carbon agglomerates with tubular structures 

for S1-BE. It also led to the formation of metallic semi-spherical and elongated nanoparticles 

surrounded by carbon material for S3-BE. However, in all cases, the S2 position promotes 

the growth of tubular structures. In consequence, this position was taken as the main section 

to compare the effect of adding thiophene as a precursor and observe the variations reflected 

in the tubular structures.  
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Figure 2.5: SEM image related to the synthesis of carbon nanostructures using a 

benzylamine-ethanol mixture (BE) at S1 position (a), S2 position (b), and S3 position. (d) 

Tubular carbon nanostructure histogram for S1, S2, and S3 positions. 

 

Figure 2.6 illustrates a comparison between the synthesis using E, B, and BE and after the 

incorporation of thiophene in mixtures as ET, BT, and BET. Figure 2.6a-c depicts the tubular 

structures found in E, BE, and B, respectively described above. After the incorporation of 

thiophene in E (figure 2.6d), the formation of tubular structures is limited, leading to the 

formation of short-bumped tubular structures that at the tip or in the main body encapsulates 

a metallic nanoparticle (red arrow). Figure 2.6e shows the type of nanostructures obtained 

with the BET solution. The incorporation of thiophene modifies the nature of the tubular 

structure considerably to the point that there is no more trace of nanotube formation. The 
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metallic nanoparticle changes the growth mechanism, as can be seen outside the structure 

where corrugated carbon nanofibers are catalyzed from particular spots in metallic particles. 

The corrugated carbon nanofibers obtained interlaced to create a flat interconnected and 

corrugated macroscopic structure (red arrow). A similar effect is observed in the BT sample 

(figure 2.6f), but in this case, the corrugated graphitic structure agglomerates into random 

morphologies highly defected. 

 

Figure 2.6: Nanostructures that grew at S2 position for (a) E (b) BE, (c) B, and the effect 

after the incorporation of thiophene in each sample (d) ET, (e) BET and (f) BT. 

 

To have a better understanding related to the type of morphologies found in E, B, and BE 

without thiophene, TEM was employed. Figure 2.7a shows a low magnification micrograph 

for the E sample. Three types of morphologies are observed: 1) carbon nanotubes with 

bamboo shape morphology (yellow arrow), 2) Tubular carbon nanotubes without bamboo 

shape structure (blue arrow), and 3) encapsulated metallic nanoparticles surrounded by 

graphitic material. Figure 2.7b depicts the graphitic layers that structures the folded CNT. In 

this case, the graphitic layers were stacked (white square) similar to the formation of 

herringbone graphitic structure [22,23]. Also, graphitic layers were folded (white arrow), 
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showing two different directions in the fast Fourier transform analysis (inset). Figure 2.7c 

illustrates a metallic particle of around 15 nm that is surrounded by graphitic material, a 

structure that is known as “onion-like” [24]. An EDS analysis over the particle depicts that 

is mainly structured by Co, Cu, and O.  

In the case of the B sample, figure 2.7d depicts a low magnification micrograph where curved 

carbon nanotubes (red arrow), nanoparticles encapsulated (blue arrow), and particle 

aggregates presumably SiO2 from the substrate (green arrow) were observed. The CNT 

shows a bamboo shape structure and depicts a robust bending effect over the walls (figure 

2.7e red arrow). With no apparently defective edge structure, the CNT shows considerable 

changes over the growing directions leading to the formation of helical structures and highly 

curved carbon nanotubes. Figure 2.7f illustrates a high-magnification TEM image over the 

CNT wall, where graphitic layers are well ordered with an interlayer distance of 0.36 nm 

(inset). Also, the CNT shows a very-thin graphitic section (~12 graphitic layers) that 

structures the bamboo-shape. Figure 2.7g described the TEM micrograph of the type of 

morphologies found when benzylamine and ethanol are mixed. This sample is structured 

mainly by highly defective CNT with an irregular bamboo shape structure. Some of the CNT 

also contains at the tip metallic semi-spherical and elongated nanoparticles. The CNT shows 

a defective wall structure (figure 2.7h red arrow), and the bamboo shape does not show a 

periodic growth. Figure 2.7i illustrates a Z-contrast TEM image over a catalytic nanoparticle 

at the tip of a CNT structure. The elongated nanoparticle reveals that the main body of the 

nanoparticle contains Co and is surrounded by Co-Cu oxide as the presence of oxygen 

increases considerably in the EDX analysis.  

Figure 2.8 depicts the type of morphologies found after the use of thiophene in B, E, and BE 

solutions in the S2 position. Figure 2.8a illustrates the Z-contrast TEM image for the type of 

structures obtained using an ET mixture. The presence of graphitic carbon material highly 

defected contains metallic nanoparticles attached, and in almost all the cases are 

encapsulated. Figure 2.8b described an elongated nanoparticle of 47 nm length, where two 

different crystalline materials are observed in a core-shell configuration. An EDX line 

analysis of 10 points was applied in order to determine the nature of the two crystalline 
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material. Figure 2.8c describes de EDX results from P1 to P10. This result reveals that the 

core and the shell of the particle contain a high concentration of Co, Cu, and O.  

 

 

Figure 2.7: TEM micrograph of (a-c) E sample where a variety of morphologies are observed 

like carbon nanotube with bamboo shape (yellow arrow), carbon nanotube without bamboo 

shape (blue arrow) and Co-nanoparticle encapsulated (red arrow). (d-f) B sample where 

curved carbon nanotubes with bamboo shape are observed. (g-i) BE samples where deformed 

bamboo-shaped carbon nanotubes and Co@CuO were found. 
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Figure 2.8d shows the type of morphologies obtained in the BT mixture. For this sample, 

considerably changes over the type of structures are observed compared with the previously 

reported for the B sample (figure 2.7d-f). Vestiges of CNT formation are observed (yellow 

arrow). However, the main structure consists of corrugated, sharped, and highly defective 

graphitic structures (black arrows). Figure 2.8e shows sections of bamboo-like CNT that 

change morphology along with the structure and graphitic layers folds, leading to loss of the 

tubular structure. Also, the catalytic particle is encapsulated by corrugated graphitic material 

(yellow arrow). Figure 2.8f reveals that the wall of this corrugated structure the graphitic 

layers do not grow parallel in a tubular way; in this case, the graphitic layers stacks and goes 

transversal to the growth axis leading to high defects formation and sharp edges (red arrow). 

A similar effect is observed for the BET mixture. Figure 2.8g shows that the incorporation 

of thiophene to the BE mixture modifies the tubular structure (figure 2.7g-i) and changes 

entirely to the formation of highly defective carbon nanofibers (CNF) that interlace to create 

a macroscopic form. It is noticeable how sections of CNF go out of the macroscopic structure. 

Figure 2.8h depicts a section of a CNF (white square figure 2.8g) where no tubular core is 

observed, and graphitic sections are wrapped irregularly and randomly, as a consequence, 

the CNF shows a large number of curved and sharp edges. Figure 2.8i shows the catalytic 

particle that is responsible for the growth of the previously discussed morphologies. The 

particle is surrounded by a different type of crystalline material. Though a refinement 

developed using CrysTBox software [25] that uses the Fast-Fourier Transform to match the 

obtained information with a reference crystalline matrix, it was possible to determine that the 

main structure of the particle was structured by Co3Cu showing the (112) zone axis (inset 1). 

In contrast, the surrounded material (inset 2) reveals the presence of CuO in the (010) zone 

axis.  
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Figure 2.8: Comparative of mixtures after the incorporation of thiophene. ET mixture where: 

(a)  Z-contrast TEM micrograph of graphitic agglomerate where metallic particles are 

attached and encapsulated. (b) Line EDX analysis over an encapsulated nanoparticle. (c) 

EDX results from P1 to P10. BT mixture where (d) reveals the presence of highly defective 

graphitic structure and vestiges of CNT (yellow arrow). (e) the transition from bamboo shape 

CNT (red arrow) to defective graphitic structure with metallic nanoparticle encapsulated 

(yellow arrow). (f) Edge formation due to the stacking of graphitic layers. BET mixture 

reveals (g) interlace corrugated CNF into a macroscopic structure. (h) A section of defective 

CNF. (i) A catalytic nanoparticle of Co3Cu (inset 1) surrounded by CuO (inset 2).  
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To compare the graphitic characteristics of all mixtures, Raman was employed. Raman is 

highly used to several determinate aspects of the graphitic structure. Information related to 

the graphitic quality [26], p- and n- doping in the graphitic network [27–30], several graphitic 

layers [31], and the influence of functionalization and doping into the graphitic structure [32–

34]. Figure 2.9a depicts the Raman spectra from B, E, BE, BT, ET, and BET mixtures (in S2 

zone). In all cases are noticeable the D band, G band, 2D band, and D+D’ band. Also, in the 

case of the E sample,  the presence of Si signals (~510 cm-1) could be related to the Si/SiO2 

substrate [35] and the presence of CuO (~650 cm-1) could be related with onion-like Cu-Co 

metallic particles [36] observed previously on TEM micrographs. The D band is associated 

with the atom vibration associated with defective graphitic structure due to “breathing 

modes” (A1g symmetry) observed in sp2 carbon atoms on hexagonal rings and is commonly 

positioned at 1350 cm-1 for CNT. The G band is associated with the in-plane vibration known 

as “stretching mode” (E2g symmetry) over the C=C bonds contained in the graphitic network 

and commonly positioned at 1582 cm-1 [37]. The 2D band is a second-order vibration mode 

that is activated by the resonant vibration due layer numbers [30], and its position is 

influenced by the surface charge characteristics [28]. The D+D’ band is also described as a 

second-order vibration that its increment is associated with surface roughness due to the 

formation of wrinkled surface and whisker formation [38,39].  

The ID/IG ratio is commonly used to determine the degree of defects, as goes above unity 

[26], while the I2D/IG ratio is associated with the number of graphitic layers. Figure 2.9b 

illustrates the variation in the ID/IG ratio and the I2D/IG ratio. It is noticeable how before the 

use of thiophene, the ID/IG ratio for B and BE sample maintains below unity, and for E is 

lightly above the unity (~1.17). Nevertheless, after the use of thiophene, the ID/IG ratio 

increases considerably, reaching values of 1.69 and 1.72 for ET and BET, respectively. This 

ID/IG behavior is highly linked to the formation of sharp-edged CNF and defective 

morphologies found in these two samples. Furthermore, the I2D/IG ratio shows a significant 

behavior for ET and BET sample, indicating that the number of graphitic layers changes 

considerably after the incorporation of thiophene. Comparing this information with the 

described in TEM and SEM characterización, the I2D/IG ratio for the ET and BET samples 

can be connected to the low graphitic layers found in edges and folds of the CNT. Thiophene 



 

40 
 

has been widely used to produce unusual carbon nanostructures. Campos Delgado et al.  [40] 

used a mixture of ethanol, ferrocene, and small amounts of thiophene to produce graphitic 

nanoribbons. The growth of graphene nanoribbons and looped graphene sheets are associated 

with temperature synthesis. Vallés et al. [41] also described that the use of thiophene during 

the CVD process promotes the growth of Y intersections in CNT associated with the sulfur 

content. Also, they described that an increase of sulfur concentration in the gas phase 

promotes the formation of high defective carbon nanostructure, even in some cases limiting 

the directional growth of the carbon nanostructure. Following the reported in the literature, 

sulfur in the form of oligothiophene and thiophene structures can create helical symmetrical 

and asymmetrical carbon nanostructures due to the incorporation of sulfur atoms at the 

borders of graphitic structure[42].   

More meaningful information can be obtained from the Raman spectra. Figure 2.9c depicts 

the curve fitting performed over the D and G sections using Lorentz curves. Three more 

curves can be observed in addition to D (orange) and G (blue) curves. D1 curve (green) is 

related to the influence of sp3 carbon hybridization over the C=C vibration modes [43], D2 

curve (cyan) can be related to the effect over the C=C due the hydrogenated and –OH 

functionalities at borders in graphitic structure [34,44]. The D´ is commonly associated with 

a dispersive vibration mode due to defective structure [45].  Figure 2.9d shows the relative 

deconvoluted area under the curve for D, D1, D2, G, and D’ bands for each sample. It is 

possible to observe how the area of the D band increases for ET and BET. 

Similarly, the D1 band also increases, meaning an increase of defects related to sp3 C 

hybridization. In the case of the B and BT sample, the incorporation of thiophene increases 

the D2 band considerably,  possibly attributed to the incorporation of SH and S atoms to the 

graphitic structure and the degree of defects incorporated to the graphitic structure due to an 

increase of C-S-C doping or C-S functionalization [46,47]. BET is the sample with higher 

defects ratio as the D band, and D’ band has a higher area. 

Figure 2.9e illustrates the deconvolution performed using Lorentz curves over the 2D section. 

Two more signals beside the 2D (red) and D+D’ (blue) peaks were found. The G* is highly 

associated with surface roughness [38], while de 2D’ band is commonly observed over 

curved and corrugated graphitic structures [39]. For ET and BET samples, there are observed 
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more defined peaks, which could be indicative of higher surface and structures defects due 

to corrugation, folding, and high roughness. The position of the 2D band compared with the 

position of the G and D band could give information related to the concentration of electrons 

on the surface. Das et al. [28] described that the shift of the 2D band to lower values (~2660 

cm-1) is related to electron doping while a shift to higher values (~2700 cm-1) corresponds to 

hole doping. Ferrari et al. [48] depict that a shift to higher values over the G band (~1600 cm-

1) is associated with the electron doping while Casiraghi et al. [45] depicts that D band shifts 

to lower values as dispersion effect of borders increases. Figure 2.9f shows a comparison 

between the position of D, G with the 2D band. For D band, the samples containing 

benzylamine have a shift to higher values, which can be linked to an increase of the 

randomness of the defective structure [49]. For the G band, the BET mixture behaves 

differently to other mixtures with a shift to higher values (~1584 cm-1) associated with an 

increase of electrons doping the structure [48]. Similarly, can be appreciated that for B (with 

nitrogen incorporation) a shift over the 2D band to higher values (~2691 cm-1) indicates a 

hole doping while for E (with oxygen incorporation) a shift of the 2D band to lower values 

(~2676 cm-1) is related with electron doping. A work of density functional simulation (DFT) 

developed by Lopez-Urías et al. [50] over the influence of nitrogen doping and oxygen 

functionalization at graphitic borders depicts that pyrrolic nitrogen doping promotes a hole 

doping while quaternary and pyridinic electron doping while mostly all the oxygen functional 

groups promote an electron doping. In the case of B sample could be mainly associated with 

the formation of pyrrolic while for E sample with oxygen functional groups. In the case of 

the BET sample, the shift of the 2D band to lower values indicates an electron doping.   
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Figure 2.9: (a) Raman spectroscopy comparison for B, E, BE, ET, BT, BET sample. (b) ID/IG 

and I2D/IG ratio comparison. (c) Lorentz deconvolution over the D and G band section reveals 

the presence of five peaks: D1, D, D2, G, and D’. (d) Comparison of the relative area obtained 

in deconvolution for each sample. (e) Lorentz deconvolution over the 2D section reveals the 

presence of four signals: G*, 2D, D+D´, 2D´ bands.  

 
Figure 2.10 depicts the XRD diffraction patterns for all samples. Figure 2.10a illustrates the 

section between 2q = 10° to 90°, where it is possible to observe the main signals. In all cases, 
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the presence of the (002) peak is correlated with graphitic carbon. For B and BT samples, 

clear signals related to SiO2 are observed. This Si content could be due to a high interaction 

of SiO2 with the sample. For all cases, the metallic catalytic particle seems to be structured 

by Cofcc (COD 9011619, blue line) and Cufcc (COD 4313211, green line). The interaction 

between Cofcc and Cufcc can be presented in the form of a core-shell structure o by 

crystallographic phase miscibility where Cu or Co atoms can be replaced. Nafria et al. [51] 

described how, during the growth of Co-Cu nanoparticles and the oxidation-reduction 

process, the particles change its crystal structure from Cu@Co to Co@Cu in a process where 

Cu oxidizes. Also, Co covers the structure, and during the CuO reduction, it collapses and 

diffuses to the center. This behavior can be observed in a light displacement of the peak 2 

= 45 °. In our case, the peak position for Cufcc (111) and Cufcc (111) ~ 2 = 45° does not 

change considerably from its position in each sample. For BE and BET samples, there are 

also signals associated with the formation of CuO (COD 1011148). In the BET sample, the 

incorporation of thiophene led to the construction of the Cu2S structure.  

Figure 2.10b shows the deconvolution performed using pseudo-Voight curves over the C 

(002) peak of graphitic materials [52]. Two signals related to the stacking order of graphitic 

layers are observed. The -peak (magenta line) at 2 = 26.4 ° related to a well ordered 

graphitic structure into A-B-A stacking while the -peak (blue line) at 2 = 25.8 related with 

the turbostratic graphitic structure [53]. For E, the presence of a third signal at 2 = 

23.7°could be linked to an expanded graphitic structure due to a deficient oxidation process. 

Jeong et al. [54] described that after a controlled oxidation process in graphitic networks, 

diffraction patterns between 2 = 15.1° and 2 = 26.6° could be obtained due to high and 

poor oxidation process.   
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Figure 2.10: (a) XRD diffractograms from 2 = 10° to 90° where mainly crystallographic 

phases due to C, Cu, Co, CuO, Cu2S, and SiO2 are observed. (b) 2 = 23° to 28° over the 

C(002) peak where, through Pseudo-Voight deconvolution, it is possible to differentiate 

between -peak (highly-ordered) and -peak (turbostratic).  

 

Figure 2.11a illustrates the 2 position variation of the g-peak and p-peak related for all 

samples. It is possible to observe that for the -peak (related to well ordered graphitic 



 

45 
 

structure), there is not a significant variation over the six samples. At the same time, for g-

peak (turbostratic graphite), there is a higher variation for E sample that could be correlated 

to the incorporation of oxygen in the graphitic structure leading to an expansion of the 

graphitic layers. By the measurement of the area obtained by the deconvolution process can 

be associated with a relative concentration of a turbostratic and well-ordered graphitic 

structure (Figure 2.11b). While the BET sample has a higher concentration of turbostratic 

structure (58%) is associated with an increase of structural defects and the change of tubular 

structure into sharped and corrugated graphitic fibers. A similar effect can also be appreciated 

in the ET sample, where the defective structure could be associated with the high value of -

peak. The lower concentration of turbostratic structure is found in the E sample (10 %) that 

also shows a third signal related to an expanded graphitic structure, which has a significant 

contribution of 9%.    

 

 

Figure 2.11: (a) 2 degree variation over the -peak and -peak from the pseudo-Voight 

deconvolution on C(002) crystal direction through samples. (b) Deconvoluted area of the p-

peak, g-peak, and third peak (E sample) observed over the C(002) cristal direction in samples. 

 

2.4 Influence of time in the growth of carbon nanostructures 

After all results, the BET sample seems to be very interesting in order to observe significant 

structural changes at the first 30 min of synthesis. Also, the type of structure found in the 
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BET sample has a higher degree of defects, and somehow, the corrugated carbon nanofibers 

tend to intertwine, which probably after long time treatments will promote a three-

dimensional carbon structure.  

Figure 2.12 depicts the type of carbon nanostructures that grow using the BET solution over 

the Co-Cu substrate. Figure 2.12a illustrates the type of structures found at 0 min of synthesis. 

In this case, no trace of graphitic materials and semi-spherical metallic nanoparticles with a 

diameter of 49.4 nm ± 23 nm and higher value at 158 nm are observed. These nanoparticles 

are the result of the thermal treatment of the nanostructured thin films of Co and Cu and 

probably are also structured by a phase mixed with Co atoms and Cu atoms. Nafria et al. [51] 

describe that during the thermal reduction of CuO-Co2O3, there is a rearrangement over the 

crystal structure of nanoparticles depended on the metal concentration the formation of 

Cu@Co (high Cu concentration) or Co@Cu (high cobalt concentration) is observed without 

the formation of any allow. In our case, it is probable that the particles where growth in a 

Co@Cu core-shell structure. 

Figure 2.12b shows the carbon nanofibers after 30 min of treatment. This type of 

morphologies consists of corrugated carbon nanofibers that intertwine to create a 

macroscopic CNF with wrinkled edges. The size of these carbon nanofibers falls over 469 

nm ± 120 nm and above the 10 m length. Also, a metallic particle can be observed at the tip 

of one corrugated CNF (red arrow). Figure 2.12c depicts the type of carbon nanostructures 

found after 120 min of treatment. There is an increase in length, size, and diameter of the 

wrinkled carbon nanofibers and turns into thick-long wrinkled nanostructured belts (CNB). 

This CBS shows the dimension of approximately 300 nm thickness, 1.5 m with and above 

15 m length. Flat particles are observed at the tip of these structures (red arrow). 

 Figure 2.12d illustrates the type of morphologies found after 4 hours of treatment. In this 

case, the CBS with similar dimensions but wider (about 2.5 m) and thicker (about 400 um) 

are observed. Also, some short wrinkled CNF are identified. An interesting effect is observed 

over the surface of the CBS, where short and thin tubular carbon nanotubes grew, probably 

associated with small metallic nanoparticles anchored to the surface of the CBS that catalyzes 

the short CNT with diameters of 42.0 nm ± 7.2 nm. With the previous information, time 

synthesis has a high impact on the type of carbon nanostructure obtained. From CNF going 
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by three-dimensional carbon nanostructures and finally, after long time treatments, the 

formation of a hybrid graphitic structure of CNT over CBS can be observed. 

 

Figure 2.12: Time comparative of the type of structure that grows over the Co-Cu substrate 

using BET solution at (a) Synthesis at 0 min, where mainly nanoparticles are observed, (b) 

Synthesis at 30 min where corrugated intertwined nanofibers are observed. (c) Wrinkled 

carbon belt nanostructures growth at 120 min. (d) Growth of complex CNT-Wrinkled carbon 

belt structure at 240 min. 

 

In order to compare the variation of their graphitic structure with time, Raman spectroscopy 

was used.  Figure 2.13a shows the normalized Raman D-G region (from 1000 cm-1 to 1800 

cm-1) for samples at 30 min (blue line), 120 min (green line), and 240 min (red line). No 
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significant differences are observed. However, light variations over the intensity and 

positions are detected. Figure 2.13b shows the variation over the position of the D and G 

band. In all cases, the variation over the position is very similar. However, a slight shift to 

the right was observed for the 120 min. This shift observed previously indicates, in the case 

of G band, a relatively higher nitrogen doping or electron doping. In contrast, shift to the left 

could be related to an increase of the sp2 amorphous carbon [45,48]. For D band, in 120 min 

sample, displacement of the D band to higher values could be linked to an increase of defects 

randomness in the CBS. The ID/IG ratio indicates that the 30 min sample of the corrugated 

CNF has a higher defective ratio compared with the formation of the CBS (120 min) and 

CNT over CNB (240 min). Figure 2.13c illustrates the 2D region (from 2100 cm-1 to 3300 

cm-1) of the Raman spectra. In all three cases, the 2D section is very similar; however, there 

are variations over the position of the 2D-band. For 30 min and 240 min, the 2D band is 

shifted to lower values promoted by hole-doping (figure 2.13c). The shift observed in 120 

min sample in accordance with the displacement of the G-band is associated with electron-

doping [28]. The I2D/IG ratio indicates that the 30 min sample had graphitic sections with a 

lower number of graphene layers, probably correlated with the defective graphitic border 

sections in the corrugated CNF. 
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Figure 2.13: (a) D-G region for 30 min (blue line), 120 min (green line), and 240 min (red 

line) samples. (b) Displacement of the D-band and G-band compared with ID/IG ratio. (c) 2D 

region Raman spectra for three samples. (d) Displacement of 2D-band compared with I2D/IG 

ratio. 

 

2.5 Conclusions 

Different types of morphologies from CNT, CNF to 3D carbon nanostructure were growth 

by the use of a Co-Cu thin film as a catalyst in an AACVD system. The mixture of precursors 

like benzylamine, ethanol, and thiophene promotes the growth of a variety of carbon 

nanostructures due to the incorporation of oxygen, nitrogen, and sulfur. Corrugated CNT 

associated with high oxygen concentration, curved CNT related to high nitrogen content, and 

highly corrugated and defective CNF related to the incorporation of sulfur atoms is observed.  
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It is also observed how oxygen incorporation through the use of ethanol increases the number 

of defects. However, the effect of sulfur from thiophene is more aggressive, promotes high 

ID/IG ratios around 1.7 in Raman spectra, and modifies abruptly the types of graphitic 

structure that grows over Co-Cu films. The use of thiophene and the incorporation of sulfur 

combined with B and BE solutions change the growth mechanism from a growth-based 

mechanism to a tip-based mechanism where Co-Cu nanoparticles encourage the formation 

of wrinkled and corrugated highly defected carbon nanofibers. Also, the use of different 

precursors leads to electronic modification on the graphitic surface. The use of B promotes a 

hole doping, probably associated with nitrogen incorporation, the use of E promotes an 

electron doping associated with oxygen functional structures in graphitic network and BET 

mixture relays over the hole doping. 

 Interaction of sulfur and oxygen with Co and Cu leads to the formation of CuxO and CuS in 

a core-shell structure with Co following Co@CuxO-CuS, which works as a catalyst for the 

wrinkled and corrugated carbon nanofibers using the BET solution over 30 min of synthesis. 

However, after 240 min of synthesis time, these wrinkled carbon nanofiber grows to create a 

3D graphitic carbon nanostructure. This methodology could lead to the growth of a new type 

of graphitic morphologies over thin-film substrates.  

Contrary to expectations, the use of multiple precursors in manufacturing allows the growth 

of well-defined graphitic structures that can be obtained in one step CVD system procedure. 

Despite all the possible variables associated with the experiment like temperature variation, 

bimetallic catalyst and mixture of precursors, each of them plays a crucial role to synthesize 

a variety of morphologies with a high degree of functionalization, doped with nitrogen or 

with a high degree of defects that can be used in various applications. In nanoscience the 

specific interaction and nucleation of nanoparticles (Co and Cu) combined with an specific 

interaction with pyrolized productions from precursors allow us to have complex but well 

stablished morphologies.  
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3.1 Introduction 

The creation of new 2D carbon allotropes [1,2], or 3D macroscopic architectures [3,4] is 

changing the perspective of carbon nanomaterials research. Instead of investigating 

individual or groups of carbon nanomaterials, now the hybrid or complex 2D or 3D structures 

are the focus of many research groups.  Carbon nanotube networks [5], wrinkled graphene 

sheets [6], nanofibers [7] serve as building blocks for such exotic new 3D carbon 

nanomaterials. Supercapacitors, superhydrophobic, exceptional electrodes for lithium 

batteries, and other breakthrough applications have derived from such complex constructions 

[8–10]. The possibility of building arrangements, such as multiwalled carbon nanotubes 

(MWCNTs) networks, graphene-MWCNT hybrids, MWCNT sponges by different methods 

like CVD synthesis, template method, CNT suspension or hydrothermal reduction is a 

frequent topic of several theoretical and experimental investigations [11–16].  

Numerous techniques have been used to create such nanomaterials [3]. For example, nano-

building blocks of single-walled carbon nanotubes (SWCNTs) and MWCNTs were used as 

a construction unity to create macrostructures in a sol-gel solution [17,18]. 3D carbon 

nanostructures were fabricated using an inorganic or polymeric matrix as a template [19,20].   

It has been demonstrated that the structure and physical-chemical properties of such carbon 

nanomaterials depend preeminently on the synthesis conditions, precursors, and catalyst [21–

23]. However, the use of bimetallic catalysts to grow 3D carbon architectures is far to be 

understood [24]. Chambers et al. [25] reported a multi-growth arrangement of carbon 

nanotubes on specific crystallographic planes of cobalt nanoparticles as a consequence of 

adding copper during the synthesis. Other mixtures such as Ag-Co, Fe-Co, and Ni-Cu 

catalysts favored carbon nanostructures with unusual morphologies [26,27]. Doping is 

another important issue to be considered to produce carbon 3D frameworks. The presence of 

large amounts of sp3 hybridization, can be obtained by different dopants such as oxygen 

[28,29], boron [30,31], phosphorous [32,33], nitrogen [34] and sulfur [35,36].  In general, 

sulfur acts as an anchoring point for the incorporation of other species producing the 

formation of branches or the formation of negative curvatures over carbon nanotubes. Sulfur 

also promotes changes in the electrical properties of the complicated 3D MWCNTs 

frameworks [20,35–38]. Interesting is that carbon morphologies like wrinkled graphene and 

wrinkled N-CNTs can be used to fabricate complex 3D architectures without the participation 
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of foreign atoms [39]. Chen et al. [40] modified the structure of graphene layers by 

mechanical processes, achieving the formation of wrinkled graphene with super-

hydrophobicity properties.  In the present investigation, assembled wrinkled carbon fibers 

forming belts were produced using aerosol-assisted chemical vapor deposition (AACVD)-

based template synthesis.  

In this chapter, based on different characterization techniques, we provide evidence related 

to the formation of wrinkled nitrogen-doped carbon nanobelt structure (N-CBS) as a 3D-

carbon nanostructure by the use of a Co-Cu thin film deposition as a catalyst. We also provide 

a schematic description associated with the growth mechanism, the influence of time in size-

growth of Co-Cu nanoparticles, and the variation of morphology attributed to a change of Cu 

for Au and Ag. Also, to recreate the N-CBS, a growth mechanism was developed by the use 

of Co-Cu thin-films, a comparative description linked to the use of a Co-Cu granular mixture 

was included. 

 

3.2 Methodology  

A 20 nm - 2 nm cobalt-copper thin films were prepared following the methodology described 

in chapter 2 by a plasma deposition in an Intercovamex V3 sputtering system and by the 

described by Muñoz-Sandoval et al. [41]. Co-Cu substrates of around 1cm x 1cm are 

introduced to a quartz tube of 1.1 m length and one inch of internal diameter. The system is 

connected following the schema described in chapter 2, figure 2.2a. The furnace temperature 

near to the sprayer was set at 750 °C (Furnace 1), and the temperature of the subsequent oven 

(Furnace 2) was set at 850 °C.  A flow of 2.5 l/min of an H2-Ar (5%-95%) works as a carrier 

gas.  

To determinate the influence of a reduction process into the nucleation of the Co-Cu 

nanoparticles, substrates were taken to the temperature described above and maintained over 

0 min, 4 min, 8 min, and 12 min without turning on the sprayer then were cooled for its 

analysis. For the N-CBS growth, the reduction time was set at 4 min, the sprayer is then turn 

on, and the synthesis is carried by two hours. An important aspect to consider is that all 

samples described in this chapter correspond to the sample positioned between both furnaces 

at a temperature of 800 °C.  
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The samples were characterized by scanning electron microscopy (SEM) and backscattered 

electrons scanning electron microscopy (BSE-SEM) using a Helios Nanolab 600 Dual Beam 

(FIB/SEM) and a Quanta 250 (eSEM). High-resolution transmission electron microscopy 

(HRTEM), Z-contrast and energy dispersive X-ray spectroscopy (EDX) images were 

acquired using a TEM JEOL 200CX (200 keV), microscope. X-ray diffraction patterns were 

gotten by an RX Advance equipment with a copper tube and  = 1.54 Å. The Raman 

spectroscopy studies were performed by a Renishaw Micro-Raman equipment with a 532 

cm-1 laser wavelength, and the X-ray photoelectrons spectroscopy (XPS) PHI 5000 

Versaprobe II equipment with an Al-Ka (1486.7 eV) source was employed to get the 

concentration of C, N, O, Co, Cu and S at 23.9 eV of pass energy. The magnetic properties 

were measure using a physical property measurement system (PPMS) with a Dynacool 

Quantum Design at 300 K. For the electrochemical properties, a Calomel electrode in a KCl 

saturated solution was used as a reference electrode. The N-CBS were pulverized using a 

silica ball mill over 5 min and mixed in a 10 % w/w solution with Nafion ® (10% w/w on 

ethanol - Sigma), the suspension was deposited over a 2.2 mm diameter graphite electrode to 

be used as work electrode. The cyclic voltammetry was developed using a KCl 0.5 M solution 

as an electrolyte, with a potential window from -1.5 V to 1.7 V at a scan rate of 100 mV/s.  

 

3.3 Reduction time effect over the size of the catalytic particle 

Figure 3.1 illustrates the nanoparticle nucleation of the Co-Cu thin film after a thermal 

reduction process during a pre-treatment before the growth of the N-CBS. Four different 

reduction times of 0 min, 4 min, 8 min, and 12 min were tested in order to observe the changes 

in the size and shape of the Co-Cu nanoparticles. Figure 3.1a depicts the effect of submitting 

the Co-Cu thin films at a reduction time of 0 min. From the first moment, it is observed the 

formation of semi-spherical Co-Cu nanoparticles and the nucleation of graphitic material 

from the Co-Cu nanoparticles (yellow arrow). The nanoparticles observed had a size between 

50 nm and 250 nm were the highest concentration had a size around 50 nm. After 4 min 

reduction time (Figure 3.1b), the overall size of the Co-Cu nanoparticle decreases as a higher 

concentration of particles was between 20 nm to 40 nm. The higher size observed was around 

160 nm.  The main concentration of particles had a size of 50 nm, very similar to the 0 min 
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reduction time. Also, an increase in graphitic carbon was observed as the catalytic growth of 

graphitic material is carried out (yellow arrow). Figure 3.1c illustrates the changes observed 

after 8 min of reduction pre-treatment. Evidence of the formation of elongated particles (red 

arrow) surrounded by small Co-Cu particles of around 80 nm (yellow arrow) and graphitic 

material was observed. The nanoparticles maintain a size between 20 nm to 100 nm. Figure 

3.1d shows that after 12 min of the reduction process, a bimodal size distribution it was 

observed with main sizes at 55 nm and 110 nm. Faceted nanoparticles (red arrow) and highly 

defective graphitic structure coming from Co-Cu particles (yellow arrow) were also detected.  

 

Figure 3.1: Nanoparticle nucleation of the Co-Cu thin film after a reduction pre-treatment in 

the CVD system at the time of (a) 0 min, (b) 4 min (c) 8 min and (d) 12 min.  
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In summary, the growth of Co-Cu nanoparticles from the thin film is carried out from the 

first minutes with the main size of about 50 nm. As time increases, two effects occur: 1) A 

particle size diminution with particles around 40 nm; 2) The nucleation of nanoparticles 

leading to a size increase. This effect was well observed at 12 min of reduction time. Also, 

the presence of elongated nanoparticles surrounded by small Co-Cu nanoparticles (~100 nm) 

at the 8 min is significant.  

 

3.4 Synthesis of the 3D wrinkled carbon belt structure 

Figure 3.2a depicts a low magnification SEM image of the N-CBS sample obtained after 

submitting the Co-Cu thin film substrate to the CVD process (see figure 2.2 S2-position 

chapter 2). The sample was structured by the N-CBS, where the main dimensions are 2.3 m 

± 1.2 m width, 0.38 m ± 0.16 m thickness, and 13.2 m ± 8.8 m lengths reaching lengths 

of above 50 m (inset).  Figure 3.2b shows some N-CBS with widths of 3.9 m and 2.2 m 

that illustrates fibers at the edges and highly curved sections (yellow arrow). High 

magnification SEM image (figure 3.2c) clearly shows a frontal view of one N-CBS that 

exhibits a porous texture and corrugated surface. The main structure seems to be structured 

by highly intertwined CNF. Also, the N-CBS appears to have periodic growth. An FFT 

analysis over the surface (inset) and a 3D surface plot developed using the contrast 

differences (inset) reveal curvature probably associated with a growth process influenced by 

the flow variations generated by the nebulizer.  

Three types of nanoparticles were observed in the W-CBS. Figure 3.2d illustrates an 

agglomerate of irregular Co-Cu nanoparticles, which leads to the formation of smaller and 

irregular N-CBS with no particular growth direction. Figure 3.2e shows an elongated particle 

(~ 1.1 m length) that some other Co-Cu particle agglomerates. This particle presumably is 

responsible for the growth of the N-CBS. A particular characteristic of this nanoparticle is 

that the N-CBS grows in one direction (red arrow) what probably was associated with a tip 

growth mechanism. Figure 3.2f shows an individual Co-Cu nanoparticle (yellow arrow) that 

promotes the growth of intertwined and irregular CNF agglomerates that seems to be an 

intermediate part or unities of the CBS.  These intertwined CNF agglomerates had widths 
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around 0.5 m (figure 3.2g), shows individual CNF at the borders (yellow arrow figure 3.2h) 

and seem to have a continuous growth leading a porous and irregular structure (figure 3.2i). 

 

 

Figure 3.2: SEM images of the synthesized N-CBS. (a) Low magnification image revealing 

the N-CBS grown over Co:Cu thin film. (b) N-CBS of ~2.2 m and 3.9 m width and 

showing highly curved sections (yellow arrow). (c) Front view of N-CBS reveling periodic 

growth every 0.3 m by FFT and surface 3D plot (inset). (d) Nanoparticle agglomerate 

leading to irregular N-CBS growth. (e) Elongated Co-Cu nanoparticle that catalyzes the N-

CBS. (f) An intermediate N-CBS structure by an individual Co-Cu particle. (g) Intertwined 

intermediate N-CBS. (h) Intermediate N-CBS revealing individual CNF at the edges (yellow 

arrow). (i) Porous intermediate N-CBS. 
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Figure 3.3 illustrates the backscattered electron (BSE) SEM images associated with the 

metallic particles contained in the N-CBS sample. Figure 3.3a depicts a low magnification 

BSE-SEM image where the brightest spots are associated with metallic particles. These 

elongated nanoparticles seem to be distributed in all samples and apparently at the tip of one 

N-CBS (figure 3.3b).  A high-magnification BSE-SEM image over the face of one N-CBS 

(figure 3.3c) shows that the main also contains small nanoparticles distributed all over the 

belt structure. The nanoparticles have a size between 2 nm to 5 nm. Figure 3.3d depicts an 

agglomerate of Co-Cu nanoparticles that lead to the formation of intertwined CNF. Figure 

3.3e illustrates an individual Co-Cu nanoparticle responsible for the formation of defective 

intertwined CNF. By BSE-SEM (Figure 3.3f), it is possible to observe that also these small 

structures are fully covered by nanometric Co-Cu nanoparticles (~ 2 nm) embedded in the 

main body. 

 

Figure 3.3: (a) BSE-SEM image at a low magnification where N-CBS are observed. (b) 

Elongated nanoparticle at the tip of one N-CBS.  (c) The face view of one N-CBS that reveals 

nanoparticles (~ 2 nm) distributed all the body. (d) Co-Cu nanoparticle agglomerate. (e) 

Presumably, a Co-Cu nanoparticle. (f) Intertwined CNF intermediate structure fully 

decorated with nanoparticles.    
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Figure 3.4 depicts TEM and HR-TEM images of the N-CBS structure and the wrinkled 

carbon nanofibers. Figure 3.4a illustrates a single N-CBS with an 800 nm width, irregular 

edges, and wrinkled morphology. Evidence on the internal structure of N-CBS can be 

observed in figure 3.4b, showing clearly that the N-CBS were formed by assembled wrinkled 

carbon fibers.  Due to the irregular junctions between carbon fibers, some holes were created 

(yellow arrows). Figure 3.4c shows an individual wrinkled carbon fiber, presumably the 

building block that leads to the formation of the N-CBS. This carbon fiber was highly 

corrugated and revealed a high wall defective structure. An HRTEM image of the wrinkled 

carbon fiber reveals that the structure consists of curved graphite material with an estimated 

interlayer distance of ~3.5 Å (figure 3.4d). Defective graphitic layers promoting the hole 

formation in the graphitic network (holey graphene) were also observed (figure 3.4e). 

Another exciting aspect is the presence of small metal nanoparticles presumably Cu, with 

diameters around 5 nm anchored on the surface of the carbon fiber can be appreciated in 

figure 3.4f.  

Figure 3.4(g-h) illustrates a TEM comparative image of the wall-graphitic layers in an N-

doped CNT like the observed in B-Sample-Chapter 2 and the wrinkled carbon nanofibers 

that build the N-CBS. Figure 3.4g shows the wall in an N-doped MWCNT with well-aligned 

graphite layers (see yellow square), the corresponding FFT analysis (black) and refinement 

(green) are also shown. However, in the case of the wrinkled carbon nanofiber (figure 3.3h), 

the wall structure is so curved that it shows the multidirectional growth of graphitic layers, 

respectively (inset). 

A TEM image depicted in figure 3.5a, it is possible to observe a catalytic particle responsible 

for the growth of the wrinkled carbon fiber. EDS analysis (figure 3.5b) demonstrated that the 

nanoparticle is mainly structured by Co, Cu, and O. Notice that the carbon fiber preferentially 

grows one of the faces of the cobalt particle (figure 3.5a). Furthermore, the Co nanoparticle 

is surrounded by a thin layer of ~3.5 nm. Chambers et al. [25] reported that carbon fibers 

grow preferentially perpendicular to the face defined by the plane (111) of Co nanoparticles.  

HRTEM allows us to better identify the structure of the thin layer (figure 3.5c). By a fast 

Fourier transform (FFT) refinement over the green square reveals an interlayer distance of 

~2.63 Å (figure 3.5d), which corresponds to the (012) crystallography plane of CuO. Figure 

3.5e shows a Z-contrast TEM image of a Co nanoparticle with a ~20 nm diameter. Figure 
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3.5f depicts an elemental line-scan along the nanoparticle, revealing the presence of Co, Cu, 

O, and S. Notice that the main contribution comes from Co, followed by Cu and O with traces 

of S. TEM observations suggest that the wrinkled carbon nanofibers grew from Co@CuO-

CuS nanoparticles.  Likely sulfur and copper-oxide hinder the growth of carbon nanotubes, 

forming defected carbon fibers. Assembled defected carbon fiber formation occurs when 

many cobalt nanoparticles described above come together.  

 

 

Figure 3.4: TEM and HRTEM images of N-CBS structure. (a)-(b) Top views of N-CBS. The 

arrows in (b) indicate the wrinkled carbon fibers. (c) High magnification image of wrinkled 

carbon fiber. (d)-(f) HRTEM images of wrinkled carbon fibers. (d)  Curved graphite layers 

with an interlayer distance of ~3.5 Å, (e) holed wrinkled graphitic section, and (f) Cu-
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nanoparticles of ~2 nm diameter anchored on the surface of wrinkled carbon fiber. (g)-(h) 

Illustrates a comparative refinement over a HRTEM image of the N-CNT (B-sample Chapter 

2) and wrinkled carbon nanofiber of the N-CBS.  

 

Figure 3.5: (a) HRTEM images of a catalytic Co-Cu nanoparticle. (b) EDS analysis 

revealing the presence of Co, Cu, and O in the catalytic particle. (c) Few layers of copper 

oxide surrounding the Co nanoparticle. (d)  The FFT analysis on the region enclosed in (c) 
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yielded an interlayer distance of 2.63 Å, which corresponds to the (012)  crystallographic 

plane of cobalt-copper oxide. (e) Z-contrast TEM image on a Co nanoparticle of ~20 nm 

diameter and the corresponding elemental line-scan along the nanoparticle (f), revealing Co, 

Cu, O, and S.  

The assembled wrinkled carbon nanofibers adopt a belt morphology when cobalt 

nanoparticles are hosted on the surface of the copper-oxide bar-shaped structures. Figure 3.6a 

exhibit a macroscopic view of a Co-Cu thin film exposed to heat treatment for 2 hours in the 

absence of precursors under Ar-H2 flow. There are two types of nanostructures obtained after 

this procedure: mainly cobalt-copper semi-spherical nanoparticles with size around 136.7 nm 

± 68.2 nm and bar-shaped Co-Cu particles (yellow arrows) distributed along with the sample. 

Figure 3.6b shows an elongated Co-Cu particle observed in figure 3.6a white rectangle. This 

particle with a length of around 1.1 m is surrounded by semi-spherical nanoparticles of 

around ~80 nm and some extremely small of around 20 nm. An EDS analysis over the particle 

reveals a high concentration of Cu (40.2 wt%), followed by Co (14.7 wt%) and O (9.7 wt%). 

The bar shape Cu particles are very similar to those observed at the tip of the N-CBS 

structures (figure 3.2e) and those observed in early reduction time, as described in figure 

3.1c. 

 

 

Figure 3.6: (a) Macroscopic SEM view of a Co-Cu substrate after 2h of the reduction process 

at 800 °C where the yellow arrow indicates the formation of bar-shaped structures. (b) Zoom 

developed over the white rectangle in (a) over a bar shape particle. Inset reveals a high 

concentration of Cu over the elongated particle (40.2 wt%).  
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Figure 3.7a displays an EDS-mapping analysis over a bar-shaped Co-Cu particle, as 

described above. The EDS analysis reveals that the semi-spherical Co-Cu particles are mainly 

structured by Co and O, while the bar shape particle is structured primarily by Cu and O. The 

XRD characterizations of N-CBS revealed the presence of different crystalline phases (figure 

3.7b). The peak at 26.4° corresponds to the (002) crystallographic plane of graphite materials 

with an interlayer distance of ~3.4 Å.  Signals of Co and Cu in a face-centered cubic structure 

were identified with crystallographic open database COD 4313211 and COD 9011619, 

respectively, and preferentially oriented in the (111) crystallographic plane. Copper oxide 

(II), copper sulfide (I), and copper peroxide (II) (COD 1011148, COD 9005550, and COD 

1521320) were also identified. The presence of Si comes from the Si/SiO2 substrate. 

 

 

Figure 3.7: (a) EDS-mapping analysis of cobalt (blue), copper (red), and oxygen (green) 

obtained from nanoparticles exhibited in figure 3.3b. Note that the bar-shaped particle is 

formed by copper-oxide, and the spherical nanoparticles are structured mainly by Co. (b) 

XRD pattern of N-CBS showing the presence graphite material, Co (FCC), Cu (FCC), CuO, 

CuO2, Cu2S, and Si. (c) TGA with an oxidation temperature of 546 °C and a remaining weight 

of 2.5% at 950 °C. (d) XRD patterns of the TGA remaining material, revealing the presence 

of Co3O4, Cu2O, and Si.  

 

TGA results for N-CBS are shown in figure 3.7c. The sample lost 1% of its weight at 150 

°C, likely due to the removal of oxygen functional groups or water evaporation. At 500 °C, 

a lost weight of ~2% was reached. This behavior is related to the oxidation of amorphous 
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carbon. Finally, 97.5% of its weight is lost at 545 °C. This fact indicates that the N-CBS are 

thermally stable. The sharp oxidation showed in the TGA curve could be related to the fact 

that N-CBS are graphitic structures with several edges and defects. N-CBS are thermally 

stable with an oxidation temperature higher than that obtained for nitrogen-doped carbon 

nanotube, which is 430 °C [33]. The residual or remaining material at 950 °C was 2.5% of 

the initial total weight of the sample, revealing the presence of Cu4O3, Co3O4, and Si by XRD 

(figure 3.7d).  

 

Raman spectroscopy characterization is depicted in figure 3.8a. The typical peaks of graphite 

materials were identified as the D-band peak located at 1345 cm-1 which is related to defects 

(vacancies, edges, corrugation), the G-band peak observed at 1580 cm-1 associated with the 

C-C stretching mode in graphite materials, the presence of the overtone 2D-band peak at 

2677 cm-1 and the D+G peak at 2916 cm-1 are related to the formation of few-layer graphite 

and irregular surfaces respectively. Deconvolution analysis of the G-band peak (figure 3.8b) 

revealed the presence of two peaks G1 and G2 centered at 1577 cm−1 and 1597 cm−1, 

respectively. The G1-band peak is attributed to in-plane vibration of the C-C bonds, whereas 

the G2 peak is due to the influence of doping or defective structure in the type of electron 

doping, commonly associated with a p-doped surface [42–44]. G-band splitting has also been 

observed in multiwalled carbon nanotubes and few-layer graphene. In multiwalled carbon 

nanotubes, the two-peak decomposition of the G-band Raman peak was related to the 

innermost and outermost layers [45], where the displacement to the right could be affected 

by functionalities or doping on the outermost layer in MWCNTs. In few-layer graphene, the 

G-band splitting was attributed to p-type doping [46]. The ID/IG ratio is commonly associated 

with a graphitization degree and is a defective structure estimate. In this case, the estimated 

ratio of the intensity of the D-band and G-band peaks (ID/IG) is 1.1, indicating the formation 

of a highly defective structure.   

 

XPS measurements were carried out for the surface elemental analysis of N-CBS samples. 

The presence of carbon (93.5%), nitrogen (1.9%), and oxygen (4.6%) was identified over the 

surface spectra figure 3.8c. A deconvolution analysis allows us to identify the binding 

energies of bonds, doping structures, and chemical functional groups attached to the surface 
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of the N-CBS. The full width half maximum (FWHM), the peak gravity center, and the 

integrated area under each curve are indicated in table 3.1, 3.2, and 3.3. Figure 3.7(d-f) 

depicts the expanded XPS spectra for C1s, O1s, and N1s regions, respectively.  For C1s peak, 

it was found sp2 and sp3 hybridized carbon and oxidized carbon species such as C-O, C=O, 

and COO- which could be attributed to the presence of phenolic, carbonyl, carboxyl, epoxy 

groups (Table 3.1). These carbon-oxygen bonds could also be part of more complex systems 

such as ethoxy, ether, and ester groups attached to the N-CBS surface. Also, in the case of 

the C-C sp3 hybridization can be associated with the formation of amorphous carbon, 

diamond-like carbon structures, or the formation of combined sp2-sp3 carbon structures.  The 

expanded O1s peak (Table 3.3) revealed the presence of C-O, C=O, COO-, being the C-O 

(40.8%), the more representative (figure 3.8e). The C-O bonds could be associated with 

phenolic groups on the surface or the incorporation of oxygen in an ester chemical group. 

The O-C=O species could be attributed to the presence of ester or carboxyl groups. A low 

concentration of copper oxide species is detected. However, due to the limited atomic 

concentration detection of XPS equipment (~0.1 At %), it is possible that phases like CuO 

were surface traces while a higher concentration of Cu2O was detected (~0.4 %). 

The expanded N1s peak (figure 3.8f) revealed the presence of N-pyrrolic, N-pyridinic, N-

quaternary doping, and N-O bonds of nitrogen functionalization.  A quantitative estimation 

from the deconvolution analysis yielded that N-pyrrolic and N-pyridinic doping dominate in 

the sample with a 33.7% and 32.6% respectively (Table 3.2). These types of doping are in 

graphite layers in the presence of defects, such as vacancies and edges. The N-pyrrolic doping 

in N-CBS is relevant for chemical reaction applications. Previous investigations 

demonstrated that wrinkled graphene sheet doped with N-pyrrolic are highly efficient for 

oxygen-reduction reaction (ORR) catalyst activity [47,48]. Furthermore, N-pyridinic or N-

substitutional doping does not produce a considerable alteration of the structure and introduce 

electrons into the systems. Both features are essential for electronic device applications 

[49,50].  
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Figure 3.8: (a) Raman shift of N-CBS. The ratio of the intensity of the D-Raman peak and 

G-Raman peak (ID/IG) is indicated. (b) Deconvolution analysis of the G-Raman peak showing 

the presence of two peaks (G1 peak placed at 1577 cm-1 and G2 peak at 1597 cm-1). (c) XPS 

survey scans revealing N, C, O, and S. (d-f) Deconvoluted XPS spectra. (d) C1s spectra 

indicating sp2 hybridized carbons (C=C), sp3 hybridized carbons (C-C), and C=O, C-O, COO-

, and metal carbide compounds. (e) O1s spectra show Cu(II), Cu(I) oxide, COO-, C=O, and 

C-O bonds. (f)  N1s spectra present the N-pyridinic, N-pyrrolic, N-quaternary, and pyridine-

oxide. Binding energies are indicated in table 3.2. 
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Table 3.1: Deconvolution results of C1s XPS spectra N-CBS. The gravity center in eV, full 

width at half maximum (FWHM), and the area under the curve of the different chemical 

species (%) are shown.  

Bond type 

in C1s 

Binding 

energy center 

(eV) 

FWHM 

(eV) 

Relative 

% 

Total 

 % 

Carbide 283.8 1.0 2.8 2.6 

C=C 284.7 0.8 59.7 55.8 

C-C 285.4 0.6 11.9 11.1 

C-O 286.0 0.9 9.5 8.8 

C=O 287.0 1.7 7.2 6.7 

COO- 288.3 3.7 5.5 5.1 

 291.6 3.5 3.4 3.1 

 

Table 3.2: Deconvolution results of N1s XPS spectra of N-CBS. The gravity center in eV, 

full width at half maximum (FWHM), and the area under the curve of the different chemical 

species (%) are shown.  

Bond type in 

N1s 

Binding 

energy center 

(eV) 

FWHM 

(eV) 

Relative 

% 

Total 

% 

Pyridinic 398.6 1.8 32.6 0.6 

Pyrrolic 400.1 1.6 33.7 0.6 

Quaternary 401.2 1.5 17.4 0.3 

N-O 402.8 3.0 16.2 0.3 

 

Table 3.3: Deconvolution results for O1s XPS spectra in N-CBS. The gravity center in eV, 

full width at half maximum (FWHM), and the area under the curve of the different chemical 

species (%) are shown. Red color indicates data values below At% limit detection. 

Bond type in O1s 
Binding energy 

center (eV) 

FWHM 

(eV) 

Relative 

% 

Total 

% 

CuO 528.9 0.7 1.6 0.0 

Cu2O 530.3 1.3 9.0 0.4 

C=O 531.3 1.3 14.0 0.6 

C-O 532.5 1.4 40.8 1.8 
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COO- 533.8 1.5 26.9 1.2 

COOH 534.5 1.8 7.7 0.3 

 

3.5 Growth mechanism approach 

The formation of N-CBS structures is far to be clear; however, based on the characterizations 

presented above, some ideas on how these structures grow could be suggested. Figure 3.9a 

displays a possible growth mechanism of N-CBS. Before turning on the sprayer, the Co-Cu 

film is transformed into Co@Cu semi-spherical nanoparticles and CuO bar-shaped particles 

like “monoliths” that are randomly dispersed over the substrate like the observed in Figure 

3.9b. During the first moments when a vaporized precursor reaches the substrate. Figure 3.9c 

depicts how the dispersed semi-spherical particles begin to grow wrinkled carbon 

nanostructures, and the CuO bar-shaped particle tent to be surrounded by Co@Cu particles.  

Figure 3.9(d-h) illustrates the growth process after the two-hour synthesis treatment of the 

Co-Cu film. Figure 3.9d schematizes that when the sprayer is turned on, vapor containing 

carbon, oxygen, and sulfur interact with Co@Cu nanoparticles. We believe that S and O 

promote the formation of CuO and Cu2S islands surrounding the Co nanoparticle (black 

square). These islands limit the growth of carbon structures, and the uncovered cobalt 

promotes the formation of complex graphitic structures like the wrinkled carbon nanofibers. 

Doung et al. [51] described how CuO structures work as a grain boundary limiting the growth 

of graphitic sections. Figure 3.9f shows that an individual Co@Cu nanoparticle tent to grow 

interlinked wrinkled carbon nanofibers that grow at different spots in the metallic particle. 

When the sulfured and oxygenated Co@Cu nanoparticles come together to form 

agglomerates, these promote the growth of thinner N-CBS, as shown in figure 3.9g. The N-

CBS morphologies emerged due to the formation of CuO bar-shaped nanoparticles covered 

by sulfured and oxygenated Co@Cu nanoparticles (figure 3.9h). However, more 

experimental studies are needed to understand how the N-CBS grow fully. 
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Figure 3.9: Schematic representation of the growth mechanism followed two steps. (a-c) 

pre-treatment of the Co-Cu substrate provokes the formation of copper oxide monoliths and 

semi-spherical nanoparticles. (d-h) After synthesis, the formation of the semi-spherical 

particles leads to the formation of wrinkled carbon nanofibers, and the Co-Cu monoliths the 

formation of the N-CBS.  
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3.6 Effect of other metals (Co-Ag and Co-Au) in the growth of 3D carbon 

nanostructures 

3.6.1 Methodology 

Following the same methodology described in chapter 2 and previously in this chapter, a 20 

nm – 2 nm cobalt-silver and cobalt-gold thin films were prepared by a sputtering plasma 

deposition in Intercovamex V3 equipment. The deposition rate of silver was established with 

a pulsed power supply, Ar pressure of 1.9 x10-2 torr and deposition time of 37 seconds. In 

the case of the 2 nm of gold deposition, pulsed power supply was used following the energy 

of 15 W, a 1.9x10-2 torr of Ar pressure, and 13 seconds of deposition.  

To evaluate the influence of the Ag and Au metals in the N-CBS growth same procedure 

depicted in chapter 2 was employed. Thin films of 20nm (Co) and 2 nm (Ag, Au) where 

deposited on Si/SiO2 substrates of 1cm x 1cm are used as a catalyst in a two furnace CVD 

system. Furnace 1 was set at 750 °C, and the subsequent Furnace 2 was set at 850 °C.  A flow 

of 2.5 l/min of an H2-Ar (5%-95%) works as a carrier gas. The synthesis time was set at 2h.  

 

3.6.2 Results 

Figure 3.10 illustrates a corresponding SEM image associated with the influence of other 

metals like Ag and Au over the growth of the N-CBS. The samples obtained at 750 °C, 800 

°C, and 850 °C were described as S1, S2, and S3, respectively (see figure 2.2, chapter 2).  

Figure 3.10a-c develops the effect of Ag in the growth of N-CNB. The S1-Ag (figure 3.10a) 

shows the main production of defective CNF and CNT. However, there is no visual evidence 

associated with the formation of orientated carbon structures. The S2-Ag sample (figure 

3.10b) illustrates the formation of structures with homogeneous thickness. These structures 

are very similar to the intertwined CNF structure observed in figure 3.2h and figure 3.2i when 

Cu has used; however, no signal of N-CBS structures are observed. These structures have 

diameters of 223 nm ± 45 nm, smaller for those reported for Cu that had a diameter of around 

500 nm. Also, the length of these intertwined CNF is smaller (~1.06 m ± 0.38 m). Some 

semi-spherical particles are also observed at the tip of these structures (yellow arrow). Figure 

3.10c shows the structures obtained at 850 °C. The growth mechanism changes completely, 



 

76 
 

and only traces of CNF or CNT formation are observed while the main structure seems to be 

welded in an amorphous carbon structure. This effect could be a consequence of the Ag 

melting coating the substrate surface and limiting the growth of tubular structures.  

Figure 3.10d-f illustrates the effect of Au nanoparticles over the growth of N-CBS. The type 

of structures observed at 750 °C (S1-Au Figure 3.10d) are highly similar to the observed 

using Ag however, a high ratio of CNT over defective CNF were observed. Also, 

nanoparticles (~ 40 nm) are observed at the tip of some defective CNF (yellow arrow). Figure 

3.10e depicts the S2-Au sample (800 °C). Here the formation of long, curved, and intertwined 

CNF and small CNF are observed. Still, no formation of N-CBS structures is detected. The 

thickness of these structures oscillates between 300 and 600 nm. Figure 3.10f shows the S3-

Au sample (850 °C), where no more trace of intertwined CNF is observed. The growth 

mechanism changes, and the formation of highly curved and defective CNF are observed. 

 

 

Figure 3.10: Synthesis with Co-Ag substrate: (a) Formation of defective CNF and CNT at 

750 °C; (b) Intertwined CNF and presence of semi-spherical nanoparticles (yellow arrow) at 

800°C; (c) Graphitic carbon sections welded at 850 °C. Synthesis with Co-Au substrate: (d) 

Defective CNF and CNT with semi-spherical nanoparticles (yellow arrow) at 750 °C; (e) 

Intertwined CNF at 800 °C; (f) Curved and defective CNF. 
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In order to observe if there exist graphitic structural differences between the S2-Cu sample 

where the N-CBS grew and the same sections using Ag and Au (S2-Ag and S2-Au 

respectively), Raman spectroscopy was employed. Figure 3.11a shows a comparative 

between S2-Cu, S2-Ag, and S2-Au samples. The D-band associated with the “breathing 

mode” process and the G-band related to the in-plane vibration of graphitic structures [52,53] 

are highly noticeable in all cases. Also, the presence of the second-order vibration modes like 

2D and D+D´ are well observed in all samples. However, the G* and the 2D´ associated with 

curvature and high surface irregularities [54,55] are better observed in S2-Au and S2-Ag 

probably associated with the curvature and surface irregularities of the observed defective 

CNF. The ID/IG ratio associated with the degree of a defective structure as goes over the unity 

[56] indicates a high defective structure for all samples.  

Figure 3.11b illustrates the displacement of the D-band and G-band. The changes in D-band 

are commonly associated with the edge concentration and space distribution [57], while the 

variations in G-band are generally associated with electronic changes in the graphitic network 

[58]. In this case, the S2-Cu and S2-Au are very similar, where D band had values of 1340 

cm-1 and 1344 cm-1, respectively, which could be indicative of an increase due to border 

effect. However, for the S2-Ag sample, the D-band displaces to a higher value, probably 

indicating an increase of borders randomness.  In the case of G-band, S2-Cu and S2-Au had 

similar values of 1588 cm-1 and 1586 cm-1, while S2-Ag increases to 1596 cm-1 (~10 cm-1). 

The shift of the G-band to higher values from 1584 cm-1 (reported for CNT) is associated 

with a N-doping effect [59] and to a p- or n- doping i.e. increasing or decreasing electrons in 

the system. In this case, it could be related to electron-doping. Figure 3.11c depicts the 

relative area obtained after a deconvolution process developed from 1000 cm-1 to 1900 cm-1 

using a Lorentz fitting. No significant changes are observed for the contribution of the G-

band and D2 band related to a hydrogenated surface. However, for the S2-Cu sample where 

N-CBS structure was observed, D1-band increases its relative area indicating a higher 

concentration of sp3 structures connected to the intertwined effect of CNF and the formation 

of the N-CBS structure. For S2-Au and S2-Ag, this value is lower and could be associated 

with the formation of thinner defective CNF and the limitation of the growth of N-CBS 

structure. 
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Figure 3.11: (a) Raman spectroscopy comparative between S2-Cu, S2-Ag, and S2-Au. (b) 

Displacement of D-band and G-band. (c) Relative area percentage associated with the D1, 

D, D2, and G bands obtained by the deconvolution process using Lorentz fitting.  

 

3.7 Conclusions 

In conclusion, we have proposed a novel method to synthesize amazing sp2 carbon material 

with fascinating structural irregularities. This material consists of nitrogen-doped carbon 

nanobelts structures (N-CBS), which were synthesized using the template-based chemical 

vapor deposition method. Cu-Co films fabricated using magnetron sputtering were used as a 

template. N-CBS grew when a nebulized solution containing ethanol-benzylamine-thiophene 

was pyrolyzed and passed through the reactor for 2 hours. The N-CBS grew in the zone where 

both tubular furnaces are joined at 800 °C (S2). A closer examination of the N-CBS revealed 

that these are formed by assembled wrinkled carbon fibers laterally joined.  By TEM 

characterizations, we demonstrated that the corrugated carbon fibers have highly defected 

sp2 carbon materials. Our finding provides a novel carbon material with several structural 

irregularities (holes, edges, corrugation, doping), which could serve as an excellent ORR 

catalyst. Furthermore, this material could use as a high capacity electrode for supercapacitors 

and lithium-ion batteries in nano-devices. Other templates formed by noble metals like Au 

and Ag were tested for the synthesis of these exotic carbon structures. However, no signs of 

N-CBS formation other than the formation of defective intertwined CNF that are the base of 
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the N-CBS structures. The findings here found demonstrate that the development of very thin 

films under special conditions of temperature, pressure and catalyst could be arranged to 

fabricate exotic carbon nanomaterials. 

The construction of three dimensional carbon nanomaterials under this conditions presents 

not only highly defective morphology in a unique way, but promotes the nitrogen doping, 

oxygen functionalization and Cu NPS that could improve their chemical or physical 

properties.  
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4.1 Introduction 

In the last three decades, carbon nanotubes and graphene have attracted the attention due to 

their outstanding physical-chemical properties [1–5] and their potential application in 

electronics systems [6–8], sensors [9,10], energy devices [11–13], and biomaterials [14]. 

While for the production of carbon nanotubes has been led by different version of chemical 

vapor deposition (CVD) [15–20], the production of graphene has been performed using 

different techniques such as CVD [21–23], silicon carbide sublimation [24,25], molecular 

monomer coupling [26,27], liquid-phase exfoliation [28–30], and also mechanical exfoliation 

[31]. Nevertheless, the low cost, large mass production, good reproducibility, and easily in 

the process control make the CVD a viable method to produce and modify carbon 

nanostructures.   

Three of the most used catalysts for the synthesis of carbon nanostructures are cobalt [32,33], 

nickel [34,35], and iron [36,37]. Cu is mostly used for the synthesis of graphene due to low 

carbon solubility values (<0.0001 % at.), low cost and easy manipulation [38]. Li et al. [39] 

improved the synthesis of large-area graphene using copper foils (25 m thickness) as a 

catalyst in a CVD system at 1000 °C. They found that the graphene growth is self-limited to 

the Cu surface foil and it grows mainly by a surface-catalyzed reaction rather than by a 

precipitation process. They also found that during the cooling process the precipitation of 

carbon atoms increases the number of graphene layers. Cu foils have been used as a substrate 

for the growth of another type of carbon nanostructures [40,41]. For instance, Atthipalli et 

al. [42] reported the use Ni and Inconel films deposited on Cu-foil substrate to be used in a 

CVD system to fabricate multiwalled carbon nanotubes (MWCNTs) with a mixture of xylene 

and ferrocene as precursors. They showed that Inconel substrate interacts directly with the 

copper substrate and influence the growth of dense bundles of MWCNTs leading to high 

capacitive behavior ideal for supercapacitor applications. Lahiri et al [43]. used Cu-foils to 

deposit Ti and Ni layers to grow well-aligned MWCNTs by CVD method. The obtained 

MWCNT material was used into an emission field equipment. They found that the MWCNT-

Cu material has a high resistance to structural damage and good emission stability. 

Nevertheless, the engineering of growing carbon tubular nanostructures over copper 

substrates to be utilized as a catalyst is open to research and developing [44]. For example, 

Zhu et al. [45] described the formation of bamboo-like CNTs over Cu-foil (without any 
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modification) at different temperatures using a CVD system and ethanol as a precursor. They 

concluded that the formation of Cu nanoparticles (NPs) migrated from the Cu substrate was 

responsible for the formation of the carbon tubular structure.   

Following the above investigations, in this work, we analyze the different carbon 

nanomaterials grown on Cu-foils placed alongside the reactor in a CVD experiment. We have 

found that a diverse carbon nanostructure can grow depending on the position where the Cu-

foil was located at the reactor. In particular, herringbone-like stacking and helical structures 

were fabricated for the first time in Cu-foils using ethanol as only carbon source.  Also, pre-

treatments such as sonication and reduction of Cu-foils play a crucial role in the growth of 

carbon materials. In the following, the experimental setup, the characterization techniques, 

result discussion, and conclusions will be addressed. 

 

4.2 Methodology for the use of Cu films in a CVD system 

Cu foils of 0.25 mm thickness (Aldrich, 99.99%) were used as a substrate to grow carbon 

nanomaterials. Rectangular pieces of 4cm  1 cm of Cu-foil were cleaned in an ultrasonic 

bath by using sequentially ethanol (96.5% - CTR Scientific), isopropanol (96 % - CTR 

Scientific) and acetone (99.97 % - CTR Scientific) for 1 hour each. The use of ethanol and 

isopropanol is for The Cu-foil pieces were dried for 5 min at 65 °C inside a convection oven. 

To prevent any trace of copper oxide on the surface of cleaned Cu-foils, they were reduced 

inside a quartz tube of 1.1 m long by using a mixture of 5 % w/w H2/Ar flow at 0.1 l/min.  

After that, six Cu-foils were placed along the quartz tube with a separation distance of 5 cm 

and classified as S1 to S6 being S1 the closest to the gas inlet. During the vapor-catalytic 

chemical vapor deposition (VC-CVD) experiment, the ethanol vapor was transported by a 

gas mixture of H2/Ar with a flow rate of 1.0 l/min. The synthesis process is maintained at 

980 °C for 1 hour. All samples were characterized using a Helios Nanolab 600 Dual Beam 

with a backscattered electron detector (BSE-SEM) and secondary electron detector for 

scanning electron microscopy (SEM), a Tecnai F30 for high-resolution transmission electron 

microscopy (HRTEM). To study the quality of samples a Renishaw micro Raman 

spectrometer with 532 nm excitation laser wavelength was employed. To determinate the 

surface chemistry Fourier transformed Infrared Spectroscopy (FTIR) was developed in a 

Thermo-Scientific Nicolet 6700 equipment at a scan of 128 with an ATR tip. The crystalline 
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phases were determined using an X-ray diffractometer Bruker D8 Advance in a wide-angle 

X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) configurations. The 

furnace temperature profile was measured every two centimeters inside the furnace 

employing a K-type thermocouple with a stainless steel probe of 50 cm length and 3 mm 

diameter. For the electrochemical measurements, a saturated Calomel electrode (E = 0.241 

NHE) was used as a reference electrode and the Cu-foils with carbon materials grown on 

their surface were used as a working electrode. A Pt gauze was used as contra electrode. The 

cyclic voltammetry measurements were performed by using a KCl 0.5 M solution as support 

electrolyte, in a potential window from -0.7 V to 0.7 V at a scan rate of 20 mV/s.   

 

4.3 Position influence in the growth of helical carbon nanostructures 

Figure 4.1a displays the position of the Cu foils (S1 to S6). Notice that S5 is partially inside 

the furnace, whereas S6 is completely out of the furnace. From temperature profile alongside 

the reactor (figure 4.1b) we found that the temperature at the zone where S6 was placed (317 

°C) is really smaller than at zone where S3 was 949 °C.   

 

 

Figure 4.1: (a) Schematic representation of the vapor-catalytic chemical vapor deposition 

system (VC-CVD). Six Cu-foils were located alongside the quartz tube (reactor), which were 

labeled by S1, S2, S3, S4, S5, and S6. The ethanol vapor was transported by a gas composed 

by H2/Ar (5% / 95% wt/wt). (b)The furnace temperature was kept at 960 ºC and the 

temperature profile alongside the furnace can be seen in. 
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Figure 4.2 shows the carbon material grown alongside the reactor. In S1 (figure 4.2a), it is 

observed the presence of carbon nanotubes with diameters of ~50 nm, carbon nanowalls, and 

multilayer graphene-wrapped Cu-NPs (see figure 4.2a).  In S2 to S4 (figure 4.2b-4.2d), Cu-

NPs coalesced, making large Cu aggregates that were surrounded by small Cu-NPs and 

partially covered by possibly carbon material. Few carbon nanotubes are also found. We 

believe that ethanol thermal decomposition in ethylene and water played a crucial role in the 

state of these small Cu-NPs [46].  Ethanol is probably decomposed at the beginning of 

furnace and ethylene and water vapor travel to S1 and S2, forming carbon-like films (Figure 

4.2a, and 4.2b). Apparently, in this zone, there is no reaction because the temperature is stable 

(Figure 4.1b). However, at S3 the temperature starts to diminish, and in S4 the change is 

abrupt. S3 micrograph apparently shows 200 nm diameter carbon formations at the surface 

(Figure 4.2c). In the case S4, the carbon-like structures are more disordered and it is possible 

to observe agglomerates of small nanoparticles (~18 nm) immerse in that carbon-like 

formations (Figure 4.2d). In this site, the reduction of temperature possibly provokes the 

formation of nanoparticles at the surface whose size (~15 nm) is ideal for the growth of CNTs 

at such temperature [47] (figure 4.2e-4.2f). At S5 and S6 this situation is more important than 

at S3 and S4. The water vapor and ethylene are cooling and could react with the small Cu 

nanoparticles forming the nanostructures observed. It can be noted that such nanostructures 

present similar diameter than the nanoparticles.  

Similar structures were also found by Verissimo et al.[48] reported the growth of carbon 

helical structure or nanocoils on partially oxidized Ni films. Also, Cui et al.[49] fabricate 

long single-walled CNT over Cu nanoparticles over Si/SiO2 substrate and found that the 

carbon nanostructures obtained are due the nucleation of small copper nanoparticles over the 

edge of a silicon substrate. Qin et al. [50] grew CNFs with helical morphology, but they used 

acetylene as carbon source and copper tartrate for the nucleation of the copper catalyst. It 

seems that the sizes and configuration of Cu-NPs strongly depend on the position of SN (N 

= 1-6) that were placed (see Figure 4.3). For example, in S1 at 960 °C can be observed Cu 

NPs agglomerates surrounded by graphitic materials and apparently over carbon films (figure 

4.3a). In S3 (figure 4.3b), decreases the formation of Cu-NPS agglomerates over carbon 

layers. For S4 (figure 4.3c), the continuity of carbon film is lost and Cu-NPs can be observed 

with less carbon coating. S6 (figure 4.3d) is where Cu-NPs are distributed with a bimodal 
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size distribution of ~15 nm and ~ 150 nm. They are also covered partially with carbon 

materials. Zhu et al. [45] explained that the formation of Cu-NPs could be due to the diffusion 

through the graphite carbon layers. This situation was studied by Jackson et al. [51] where 

they concluded that migration of Cu could be due to a high interaction with graphite and 

through porous carbon layers.  

 

Figure 4.2: Different carbon nanostructures were grown alongside the reactor (S1-S6). (a) 

S1: Cu-NPs surrounded by graphite and graphite oxide, as confirmed by XRD. (b) S2: short 

carbon nanofibers. (c) S3: showing the presence of Cu-NPs covered by graphite material and 

tubular carbon nanostructures. (d) S4: large Cu-NPs surrounded by carbon films materials. 

(e) S5 showing the presence of helical carbon nanotubes and ultra-thin carbon nanotubes. (d) 

S6 exhibiting thin carbon nanotubes and defective Cu-NPs. 
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Figure 4.3: SEM images in the backscattered mode for (a) S1, (b) S3, (c) S4, and (d) S6, 

revealing the presence of Cu-NPs (the brightest regions). 

 

Figure 4.4a depicts the XRD patterns for S1-S6, exhibiting mainly three peaks attributed to 

Cu-FCC crystal (PDF card 00-004-0836) with the (111) preferential crystallographic plane. 

The intensities corresponding to the Cu (200) peak were also measured. In this case, the 

intensity increases for S2 but then linearly decreases for S3, S4, S5, and S6 (figure 4.4b). 

This plane has been critical to growth continuous polycrystalline graphene structure [52], but 

Cu (111) is used to obtain oriented graphene growth. The theoretical ratio between Cu(111) 

and Cu(200) is approximately 2.21. In our case, only in S1 is observed such value (figure 

4.4c). In other cases, there is a preferential growth of the Cu(111) crystal size (obtained by 

Shcherrer equation) as the temperature decreases (figure 4.4d). Figure 4.4e illustrates a 

considerable intensity reduction of the Cu (220) peak intensity for S5 (Table 4.1), increasing 
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the Cu(111)/Cu(220) ratio. Ogawa et al. [53] reported the growth of graphene on Cu-films. 

They found that the multidomain graphitic structure is grown on the Cu(100) face.  

Furthermore, the intensity reduction of the Cu(200) for samples collected near the furnace 

outlet (S5 and S6) could be attributed to the growth of Cu-NPs that derive in faceted 

nanoparticles with well-determined planes over the Cu(111). For S5 and S6, lattice planes of 

(111), (200), and (220) correspond to Cu2O in an FCC crystal (PDF 01-077-7719). Probably, 

the decomposition process of the ethanol and the formation of copper oxide over the surface 

play an important role in the process of the helical nanostructure and carbon nanofibers 

growth [54,55]. Inspection on the XRD patterns at low angles revealed the presence the (002) 

crystal plane, typical of graphite materials (PDF-03-065-6512), see Figure 4.4f. This C(002) 

peak was clearly identified for S1 and probably S6. Interestingly, presence in S1 of expanded 

graphite materials was also identified at 2=14.13°, which corresponds to an interlayer 

distance of 6.24 Å. This is clear evidence of the presence of graphite oxide [56]. Additionally, 

another signal at 2=16.8° correspond to an interlayer distance of 5.27 Å could be associated 

with poor oxidized graphite [57].  

 

Table 4.1: S1 to S6 XRD Intensities of crystal planes for the Cu–FCC structure (PDF card 

00-004-0836). 

 

  

 

 

Sample 
Normalized Intensity 

(111) 

Normalized 

Intensity 

(200) 

Normalized 

Intensity 

(220) 

S1 1.00 0.44 0.11 

S2 1.00 0.82 0.44 

S3 1.00 0.66 0.16 

S4 1.00 0.37 0.10 

S5 1.00 0.27 0.04 

S6 0.95 0.18 1.00 
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Figure 4.4: (a) XRD patterns for S1-S6 with mainly a Cu-FCC phase (PDF 00-004-0836). 

(b-e) Normalized intensities of the different crystallographic planes obtained from the XRD 

patterns. Cu(111) plane (square symbols), Cu(200) crystallographic plane (circle symbols) 

and Cu(220) crystallographic plane (triangle symbols). Notice that the intensity of Cu(200) 

and Cu(220) crystallographic planes for samples S5 and S6 the dotted line indicates the 

theoretical ratio for reference Cu-FCC phase material (PDF 00-004-0836). Also, the 

measurement of crystallite size using the Scherrer equation and temperature versus position.  

(f) Close up inspection in the 10-30 degrees range revealed the presence of three peaks in S1, 

these signals correspond to the (002) crystallographic plane, typical of graphitic material 

(25.8 °), the (002) crystallographic plane attributed to graphite oxide (14.1 °) and graphite 

poorly oxidized (16.8 °). 

 

A Raman spectrum is a fingerprint of the different graphite material grown on the Cu-foils. 

We have identified different features of the Raman spectra according to the Cu-foil position 

in the furnace (see figure 4.5a). The samples exhibited the typical bands of graphite materials 

revealing exciting trends. The D-band that is attributed to defected graphite materials 

revealed changes in intensity and width in the different samples. In the cases of S2, S3, S4, 

and S5, the intensity increases with a narrow shape related to the formation of nanocrystalline 
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graphite[58]. For S1 and S6, D bands with low intensities and wide bands were observed. 

However, the G band for all cases is relatively wide, being more appreciable in S4, S5, and 

S6. The ratio between the D band intensity (ID) and G band intensity (IG) provides a 

quantification of the defects in graphitic materials. Therefore, large values of ID/IG mean that 

defects dominate. Notice that S1 and S6 exhibited the lowest values of ID/IG revealing the 

presence of well-ordered graphite material (S1) and low sp3 amorphous or turbostratic carbon 

(S6) [59]. S5 showed the most significant value of ID/IG, indicating a high degree of defects 

(table 4.2). This increase could be due likely to the inter-walls interaction and lattice 

distortion on the helical nanostructures [60]. Figure 4.5b depicts the FTIR analysis developed 

on the Cu foils at different positions. For S1 the presence of C-O from ether configuration 

(~1050 cm-1) is observed. For S2 to S6 the C=C bond (~1510 cm-1) is well appreciated. This 

C=C bond is related to the formation of the graphitic structure. A magnification of the 

stretching vibrations due C-H bond (doublet at ~2900 cm-1) and the C-H rock vibration (780 

cm-1) could be related to a continuous hydrogenation process of edges and sp3 carbon 

hybridization. Also, the presence of C-O bonds at 2200 cm-1, 1250 cm-1, and 1050 cm-1 are 

related to the formation of carbon monoxide and ether structures, respectively. These 

compounds can be associated with water formation and interaction with C [17]. 

A detailed analysis of D- and G-bands is shown in figure 4.6, where both peaks were 

deconvoluted using Lorentz curves. In almost all cases, five Lorentz curves were necessary 

to adjust the Raman spectra, except to S1 where only four were used. The interpretation of 

the different Lorentz curves has been widely discussed in the literature[61–64]. D1-band is 

related to the influence of C-sp3 hybridization, D-band, which correspond to the defects, D2-

band attributed to C-H bonds, D3-band associated with C-OH bonds at the surface, G band 

represent the C=C bonds into graphite material, and D´-band is associated to the dispersive 

vibration mode.  It is clear from figure 4.6 that the width and intensity of the Lorentz curves 

change in each sample. The area under each Lorentz curve provides an estimation of the 

different carbon material involved in the sample. For S6, absence of the D´-band and the 

appearance of the D3-band could be associated with phenolic functionalization on the 

graphitic layer [65]. However, the deconvoluted bands are not enough to differentiate 

between tubular or laminar growing along the reactor.  It is necessary for a more in-depth 

study of the role of Cu-foil and its effect on the growth of carbon samples.  
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Table 4.2: Peak position and intensity of the D, G, and 2D-bands and the ratio of intensities 

ID/IG and I2D/IG for S1 to S6. All data were derived from the Raman spectra deconvolution 

analysis using Lorentz distribution curves.  

    D-band   G-band   2D-band   Ratio 

Sample  Pos  I (a.u.)  Pos  I (a.u.)  Pos  I (a.u.)  ID/IG  I2D/IG 

S1  1351 3270  1602 3790  2713 470  0.8 0.1 

S2  1357 4460  1591 2843  2706 2110  1.5 0.6 

S3  1356 5308  1590 3237  2701 1260  1.6 0.2 

S4  1357 3889  1589 2376  2704 835  1.6 0.2 

S5  1357 7562  1594 4195  2705 1064  1.8 0.2 

S6   1349 3056   1606 3169   2754 278   0.9 0.1 

 

 

 

Figure 4.5: (a) Raman spectra depict structural variations through S1 to S6 where intensities 

ID/IG are indicated. (b) FTIR analysis developed through S1 to S6, where signals related to 

C-H, C-O, and C=C are observed. 
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Figure 4.6: Deconvoluted Raman spectra from S1 to S6 in the range of 1000 cm-1 to 1850 

cm-1: D1-band (~1200 cm-1) related to the influence of C-sp3 hybridization, D band (~1350 

cm-1) which correspond to the defect formation, D2-band (~1510 cm-1) linked with the C-H 

bonds, D3-band (~1450 cm-1) linked with the C-OH bonds effect over the surface, G band 

(~1590 cm-1) represent the C=C bonds in-plane vibration and the dispersive vibration mode 

D´-band (~1620 cm-1).  

 

The 2D region of the Raman spectra could help to understand more details of the graphitic 

nature over the samples. Figure 4.7 displays the deconvoluted 2D-band fitted using 

Lorentzian curves. The intensity of 2D-band decreases from S2 to S6 while the D+D´-band 

intensity remains the same. This D+D´-band is related to the high dispersive effect due to 

defects in the carbon structure [66]. This behavior is probably related to the growth of edges 

formation in the multiwalled helical nanostructure, nanocoil and nanotube graphitic 

structures (S5 and S6). In the case of the G*-band which is linked to surface roughness [67] 

, the area under the curve varies from S1 to S6, where S6 showed a higher relation value. 

This tendency is possibly associated with the Cu-NPs-graphite shell structure and strain 

effects observed in S6 [68,69]. The 2D´ band is regularly associated with the roughness 

surface aspects and corrugated morphology that were observed in S1 and S6 (table 4.3).  
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Table 4.3: Peak position and maximum high intensity (I) for the D1, D2, D3, and D´, G*. 

D+D´, 2D´-bands for S1 to S6. All data were derived from the Raman spectra deconvolution 

analysis using Lorentz distribution curves. 

  D1  D2  D3  D´ 

Sample   Pos  I (a.u.)  Pos I (a.u.)  Pos  I (a.u.)  Pos  I (a.u.) 

S1  1215 292  1524 1234  N.D. N.D.  N.D. N.D. 

S2  1160 114  1527 254  N.D. N.D.  1620 1619 

S3  1182 257  1516 679  N.D. N.D.  1620 2359 

S4  1198 220  1511 608  N.D. N.D.  1620 2042 

S5  1234 457  1504 776  N.D. N.D.  1621 2123 

S6  1246 533  1543 1644  1451 1039  N.D N.D. 

          

  G*  D+D'  2D' 

Sample  Pos  I (a.u.)  Pos  I (a.u.)  Pos  I (a.u.) 

S1  2583 135  2888 499  2986 240 

S2  2477 121  2948 796  N.D. - 

S3  2466 102  2941 632  N.D. - 

S4  2478 117  2940 512  N.D. - 

S5  2523 94  2945 956  N.D. - 

S6  2625 142  2885 290  2998 180 
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Figure 4.7: Deconvoluted Raman spectra for S1-S6 from 2300 cm-1 to 3200 cm-1 using 

Lorentz curves. Four vibration modes were identified G*-band at ~2500 cm-1, 2D-band at 

~2700 cm-1, D+D´ band at ~2950 cm-1, and 2D´-band at ~3050 cm-1.   

 

Figure 4.8 shows SEM images revealing a diversity of carbon nanostructures grown in zone 

S5. Figure 4.8a shows a wide Y-shape carbon fiber with diameters of ~480 nm (red arrow), 

carbon tubular structures (blue arrow), and helical structures (green arrow) were also 

detected. Figure 4.8b displays a higher magnification of Figure 4.8a, showing clearly the 

helical nanostructure (green arrow) and very small ~17 nm diameter tubular nanostructures 

(blue arrow). Figure 4.8c displays 25 nm diameter curling CNTs from S5, where some of 

them are forming junctions (red arrows). The inset in this figure depicts the diameter 

distribution where CNTs with 15 nm to 40 nm were found. Figure 4.8d shows the helical 

structure with a continuous coil pitch of ~27 nm diameter and a coil diameter of ~ 50 nm. 

This type of structure was also observed by Yudasaka et al. [70] where they attributed this 

coil morphology to a strain effect due to the incorporation of aromatic nitrogen. In our case, 

without the presence of nitrogen in the structure, the coil effect could be attributed to 

diffusion variation over irregularly shaped nanoparticles leading to non-uniform extrusion 

promoting curvature on CNF and CNT.   



 

99 
 

 

Figure 4.8: SEM images from S5. (a) Low magnification image showing carbon nano- and 

micro-materials. (b) Small diameter carbon nanotubes and helical carbon nanostructures. (c) 

High magnification images of multiwalled carbon nanotubes (c) and helical carbon structures 

(d). The insets in (b) and (c) show the diameter and the coin pitch distributions, respectively.  

 

Figure 4.9a depicts a TEM image of a helical nanostructure found in S5. This helical structure 

has a ~70 nm average coil irregular diameter and coil pitch of 19 nm; The inset is a 

representation of a continuous tubular coil structure with a helix angle of ~82°. Figure 4.9b 

micrograph corresponds to a smaller helical structure (~50 nm) were the helix angle (~73°) 

is slightly different as the showed in the inset.  Figure 4.9c shows the cross-section of the 

helical structure, revealing the carbon layers. The inset in this figure demonstrates the 

presence of the layered carbon material (19 carbon layers). Figure 4.9d shows CNTs with a 
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bamboo shape structure with surface irregularities corresponding to S5. Peng et al. [71] 

reported similar bamboo-like carbon nanotubes with diameters around ~100 nm, when Cu-

foils was used as catalyst and ethanol was employed as the carbon feedstock in a CVD 

experiment. Our carbon nanotubes of around 30 nm (figure 4.9e) showed a defective 

bamboo-like and also curved structures. The inset shows the bamboo shape structure with tip 

termination of the CNT. The growth of curved graphitic layers could be promoted by the 

irregular shaped Cu-NPs with pointed shape [72,73]. Figure 4.9f illustrates the tip of a 

bamboo shape CNT where graphitic layers (3.64 Å) goes outside the tubular structure (yellow 

arrows), leading to border formation.  

 

Figure 4.9: TEM and HRTEM images from S5. (a-b) Helical-tubular carbon nanostructure 

(c) Cross-section of the helical structure revealing ~19 graphitic layers. (d-e) Carbon 

nanotube with a deformed bamboo shape structure. (f) HRTEM image showing the graphitic 

layers of carbon nanotubes and deformed bamboo shape structures (red arrow). 
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Figure 4.10 displays HRTEM images of other carbon nanostructure found in S5. Figure 4.10a 

shows a carbon fiber-like built by a carbon layer arrangement adopting a herringbone-like 

stacking [74,75]. The carbon layers were stacked along with the axis carbon fiber (figure 

4.10b). This peculiar stacking was possibly formed by spherical or semi-spherical with 

pointed edges Cu-NPs [76]. Figure 4.10c displays two encountered carbon nanotubes with a 

bamboo shape. It seems like they coalesced but with different orientations (see inset). These 

nanostructures have not been observed before, probably two almost coalesced Cu 

nanoparticles were oriented at different directions when catalyst this twin CNTs.  

Figure 4.10d depicts carbon nanotubes with layer stacking very similar to those found in 

Figure 4.10a but they seem also attached to forming a double CNT. Cervantes-Sodi et al. 

[77] reported the synthesis of nanospring (helical structure) using SiO2-iron nanoparticles as 

a catalyst and attributing the coil morphology anisotropy of micro catalyst surface and the 

different rates of carbon dissolution that causes a gradient in the fiber extrusion velocity. In 

our case, Cu-NPs shape and orientation could be responsible for the growth of carbon 

nanotubes and helical nanostructures. Also, Qin et al. [50] describe a reconstruction of Cu 

NPs can be reached at a temperature above 220 °C, (underwater and ethylene atmosphere 

preferable), leading to the lower surface energy formation following the crystallographic 

planes {111} < {100} < {110} orientations. In our case, probably the decomposition of 

ethanol and the formation of water and ethylene increases the high oriented reconstructed Cu 

NPs (111) having its maxima over S5 and S6 (figure 4.4e). This situation led to the formation 

of highly oriented crystalline Cu-NPs. Water interaction with these amorphous C that coats 

and contaminates the Cu-NPS helps to its oxidation and removal, which increases its catalytic 

potential [78]. 
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Figure 4.10: HRTEM images of carbon nanofibers from S5. (a) A continue stacking of short 

graphitic layers grown in one direction. Curved short graphitic layers were stacking, leading 

to high border formation (yellow arrow) (b). (c-d) Graphitic layers with a bamboo shaped-

herringbone stacking  

 

Figure 4.11a shows a carbon layer covered spherical Cu-NP (100 nm diameter). Also very 

small Cu-NPs (~6 nm diameter, yellow arrows). It seems these small NPs are distributed in 

the body of CNTs and over the graphitic layers that cover the Cu-foil. Figure 4.11b depicts 

an HRTEM image of such Cu-NP of 5.9 nm diameter, and a detailed analysis of this particle 
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is described in figure 4.11c, here the FFT analysis revealed the well-defined crystallographic 

directions. An inverse FFT analysis showed an interlayer distance of 2.65 Å, which 

corresponds to Cu (110) spacing of the FCC structure [79].  

Figure 4.11d shows a TEM image of a ~60 nm Cu-NP inside at the tip of a helical 

nanostructure from S5. This Cu-NP presents an irregular shape with a thin film of CuO on 

the surface top. Notice that few graphite layers surround this Cu-NP. An interesting elongated 

conic-shape Cu-NP (60 nm base 200 nm long) inside carbon fiber is shown in figure 4.11e. 

This kind of morphology (conical-shaped nanoparticle) usually is characteristic of bamboo-

like multiwall carbon nanotubes, and CNF fabricated with Fe and Fe3C [80]. Figure 4.11d 

displays a Cu-NP with an irregular truncated large conical shape (500 nm high 200 nm base) 

nanoparticle associated with the formation of irregular “bamboo-shaped” curved carbon 

nanotubes. Considering the size and shape of the Cu-NPs, several authors have discussed the 

optimal size where diffusion of C atoms diffused over the Cu matrix. It has been found that 

semi-spherical ~10 nm diameter Cu-NPs nanoparticles lead to the CNT formation and 

particles of 100 nm ~ with preferred crystalline orientation over the Cu(111) plane with a 

pointed shape lead to herringbone fiber formation. Also, truncated conical particles are found 

to promote the bamboo-shaped CNT structure. This could be a consequence of a tip growth 

mechanism due to Cu special geometry[72,81]. These results are concomitant with our case. 

The smaller Cu-NPs lead to the formation of defective CNT followed by nanocoiled CNT 

and bigger shaped particles (> 40 nm) lead to the formation of herringbone fibers and 

herringbone CNTs.  Figure 4.12 depicts a gallery of TEM images where nanoparticles of ~ 5 

nm are diffused over the graphitic netwkork and attached over the walls of CNT and CNF. 
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Figure 4.11: TEM and HRTEM images from S5. (a) Cu-NPs embedded into graphitic layers. 

(b) Cu-NP showing a single-crystal pattern and its corresponding FFT and I-FFT analysis 

are shown in (c). (d) Cu-NP with irregular morphology. (d)  Cu-NP with a conical shape. (e) 

Cu-NP with a truncated conical shape. 
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Figure 4.12: (a)-(c), (h) Cu NPs dispersed over the graphitic matrix, (d)-(g), (i) small 

nanoparticles diffused inside the carbon nanotubes. 

 

4.4 Surface modification by a pretreatment over Cu films 

In order to study their surface morphology, atomic force microscopy (AFM) characterization 

was performed on Cu-foils prepared and used to grow the carbon nanomaterial.  Figure 4.13a 

shows atomic force microscopy images, revealing the surface relief with valleys and heights 

of the pristine Cu-foil (Cu-Ref). After the Cu-foils were sonicated using ethanol (Cu-Et) and 
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isopropanol (Cu-Iso), no relative surface variation was observed as roughness average (Ra) 

did not change considerably (figure 4.13b and figure 4.13c respectively) which could be 

indicative of low surface interaction. Figure 4.13d shows the last sonication process using 

acetone. The sonication using acetone (Cu-Ace) exhibits damaged on their surface with 

irregular regions leading to a high surface roughness of 113 nm. However, after a reduction 

process (Cu-Red) at 700 °C, the Cu-foils surface showed a less rugged surface (figure 4.13e). 

The FTIR analysis (figure 4.13f) was developed in order to observe chemical damage over 

each cleaning process. For ethanol and isopropanol, O-H stretch vibration (~3100 cm-1) are 

observed indicative of traces of alcohols over the surface. Nevertheless, no signals of copper 

oxide formation were observed. After the use of acetone, no more traces of alcohol were 

observed, but instead low hydrogenated and C-O interaction with the surface was observed 

probably due to the exfoliation and light reduction effect on the surface. The surface changes 

can be observed by SEM images in figure 4.14. 

 

 

Figure 4.13: Atomic force microscopy images showing the roughness of the surface and 

surface roughness average (Ra). (a) Pristine Cu-foils. (b) Cu-foil after ethanol sonication 

treatment, (c) Cu foil after second cleaning step using isopropanol and after sonication. (d) 

Last cleaning process using acetone and after sonication (e) Cleaned Cu-foils after a 

reduction process. (f) FTIR analysis developed in each step of the Cu-foils cleaning process. 
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Figure 4.14: SEM micrograph of the Cu-foil after the cleaning and sonication procedure in 

each step using ethanol (Et), isopropanol (Iso) and Acetone (Ac).  

 

Figure 4.15a displays the resistivity of Cu-foils with SN (N=1-6) measured by a four-probe 

arrangement. No meaningful changes were appreciated as the resistivity maintains values 

around the pristine Cu-foil value of 8.0210-5 ohm-cm-2, nevertheless the S2 showed higher 

resistivity (8.9410-5 ohm-cm-2).  This could indicate a higher C/O ratio leading to a high 

resistance effect [82]. It can be noticed that in S5 with a high presence of helical nanostructure 

and the “bamboo-shaped” carbon nanotubes, the resistivity is less than that showed by 

pristine Cu-foil. Lau et al. [83] described that this type of coiled CNT structure could be 

considered as superconductors. Nevertheless, in this case, only a lightly enhanced 
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conductivity was obtained. This can be associated with the coil carbon nanostructure and Cu-

NPs formation. Figure 4.15b shows the results obtained from the cyclic voltammetry 

measurements, for pristine Cu-foil (ref) two anodic peaks were obtained near to 0.41 V and 

0.59 V (black dotted line), these signals are related respectively to the oxidation reactions: 

Cu  Cu+1  and Cu+1  Cu+2 + e-. Also, a cathodic signal was obtained at -0.16 V.  For S5 

containing helical nanostructures can be observed an increase in the voltamperogram width 

that can be related to an increase in surface capacitance of this material, that results in a 

displacement of the anodic/cathodic peaks towards higher values (blue dotted line). Figure 

4.15c displays the oxidation potential (corrected to NHE) of Cu°  Cu +1 + e- reaction for 

S1 to S6. Regarding the pristine Cu-foil, the potential is ~0.55 V, which is around the standard 

electrode oxidation potential for Cu° (0.52 V). S5 and S6, also exhibit values of the oxidation 

potential very close to the 0.52 V value. This effect could be attributed to the low ionic 

diffusion through the interface diffusion layer in graphite nanostructures [84].  The higher 

values of oxidation potentials for S1 to S4 could be attributed to the deposition of graphitic 

material.  The charge capacity (figure 4.15d) of materials can be related to the anodic (Ipa) 

and cathodic (Ica) peak potential intensities [85].  The S5 shows the higher charge capacity, 

corresponding to a quasi-reversible process (Ica/Ipa ~ 1), this effect could be a consequence 

of the formation of the helical nanostructures but also to the formation of copper oxide [86]. 

For S6, with the lower values of Ipa and Ica, the charge capacity was reduced considerably, 

due to the enhanced formation of amorphous carbon [87].  
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Figure 4.15: (a) V vs I plot (four-probe measurements), the values of the slope (Ω/cm2) 

represent the resistivity and are given in the inset. (b) Cyclic voltammetry measurements in 

the range of -0.7 V to 0.7 V with a scan rate of 20 mV/s. (c) Oxidation potential and (d) 

anodic and cathodic currents of S1 to S6.   

 

Oxide metal surfaces are regularly hydrophilic; however, some metal surfaces have a 

hydrophobic surface, Cu has a lower hydrophobic character compared with other metals like 

Au, Ag or Hg [88]. After the cleaned and reducing treatment, the oxygen-related molecules 

are removed from the Cu-foil surface. Figure 4.16a depicts the contact angle of a water 

droplet set on the surface of Cu-foils. The pristine Cu-foil exhibited a contact angle of 109.3 

°. After the cleaning treatment of Cu-foils, the water droplet shown a contact angle of 93.5°, 

which could be likely due to the decrease of oxygen molecules and an increase of surface 

roughness [89].  Figure 4.16c shows the contact angle for S1-S6. The lowest contact angle 

(72.2 º) was obtained for S1. This fact could be related to the presence of oxidized graphite. 
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The largest contact angle was observed for S5 that is possibly associated with the tubular 

structures. Notice that the contact angle for S6 is close to that obtained for the pristine reduced 

Cu-foil. These facts, through S1 to S5 hydrophobicity, could be related to high surface defects 

variation from the formation of graphene walls and tubular carbon nanostructures. According 

to the above results (SEM, TEM, Raman, AFM, and Cyclic voltammetry), S5 could be used 

over diverse applications such as humidity-proof coating for electronic devices, high duration 

of batteries, and fuel cell devices [90]. 

 

Figure 4.16: Contact angle measurements for (a-c) Cu-foils at the pretreatment and before 

being exposed to vapors and (c) Cu-foils after the CVD experiment.   

 

4.5 Growth mechanism approach  

In the present study, the modification of Cu-foils previous to the synthesis of carbon 

nanostructures and the position of the Cu-substrates in the VC-CVD system was significant. 

Figure 4.17a depicts the variation of the surface roughness obtained through a cleaning 

procedure and a thermal reduction process, reaching a roughness average of 84 nm.  

Considering the nature of the VC-CVD system developed at 980 °C in a continuous flow of 

ethanol, the main decomposition reaction reported for this system considers the formation of 

water and acetylene[91].  In this case, the acetylene favors the precipitation of C atoms for 
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CNT growing, and the Cu nanoparticles crystallization over (111) plane [50] and water, 

works as an intermediary that reacts with the amorphous carbon for the production of CO 

and CO2 [17,78]. On our samples, we observed vibrations modes related to the C-O 

compound by Raman and FTIR spectroscopy (see figure 4.5). Also, the position of the Cu-

foils in the reactor plays an important role in the growth of interesting carbon nanomaterials. 

Figure 4.17c shows the different scenarios considering the position of three Cu-foil inside 

the furnace. For example, S1 is where a high deposition of carbon material takes place. As 

the graphitic carbon layer is formed, the copper nanoparticles migrate from the interlayer C-

Cu section to the surface with the formation of Cu NPs – Carbon agglomerates. As we get 

deeper into the furnace, the deposition of carbon due to the decomposition of ethanol is lower. 

At this stage, shaped Cu-NPs could be found on the surface of the graphitic layer covered by 

graphitic material, in some cases, it is considered that the water formed by the decomposition 

of ethanol could lead to the removal of a-C and activation of the Cu-NPs to the formation of 

short CNT. In the case of the substrate where the temperature drops it is considered that a 

high interaction of water with Cu-NPs lead to the formation of highly crystalline tip shaped 

Cu-NPs over the Cu (111) plane with size between 15 nm to 200 nm, what increases the 

potential of Cu-NPs to synthesis tubular carbon nanostructures. Depending on the shape of 

the Cu-NPs the diffusion of carbon into the Cu-NPs can lead to the formation of Helical-

CNT, CNT, Herringbone-CNT, and Herringbone-CNF. 
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Figure 4.17: Growing mechanism explained in three stages: (a) Modification of roughness 

of copper foil due to a cleaning and reduction process. (b) Ethanol decomposition mechanism 

in a CVD process. (c) Growing stages inside the quartz furnace where water interaction with 

Cu substrate and graphite plays a role in the growth of different carbon nanostructures.  

   

4.6 Conclusions 

We demonstrated that Cu-foils is an effective substrate for the production of a helical shape, 

herringbone tubular graphitic structures and graphite carbon materials using only ethanol as 

carbon source. At the center of the reactor (S1), graphitic material was grown over the Cu-

foil, leading to an increase over the oxide-reduction potential of Cu species in the Cu-

substrate. However, at the end of the furnace (S5) where the temperature decreases the 

interaction of the formed water by the decomposition of ethanol, and the Cu-foils promote 
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the growth of helical CNT combined with herringbone-CNT and CNF as the formation of 

CNT. The temperature profile alongside the furnace and the position inside the furnace are 

determinant parameters that provoke the growth of well-oriented and shaped Cu-NPs that 

influence the formation of a variety of tubular carbon nanostructures. The formation of 

graphite is mostly produced over other sections. Cu NPs shape and size play a significant 

role in the determination of the type of tubular structure synthesized. As far as we know, it is 

the first time that hydrogen-reduced copper substrates are used to grow helical-tubular carbon 

nanostructures and herringbone type nanotubes with small graphene pieces as building 

blocks over the copper substrate in a simple one-step synthesis method. 
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5.1 Introduction 

 A way to maintain the material properties of carbon nanostructures at the bulk level is using 

carbon allotropes as “building blocks” to create 3D carbon frameworks [1–3]. For example, 

using the single wall and multiwall carbon nanotubes [4,5], graphene intercalation [6,7], and 

other combinations, several nanostructured architectures have been fabricated [8,9].   Dai et 

al. [10] created a carbon nanotube sponge using a pumped chemical vapor deposition (CVD) 

device and 1, 2-dichlorobenzene, ferrocene on a piece of quartz glass. They found that 

junctions between carbon nanostructures provide mechanical stability, elasticity, and 

excellent fatigue resistance. Luo et al. [11] synthesized well-aligned carbon nanotubes (CNT) 

by a two-step process. First, they produced the CNT by CVD, and subsequently they mixed 

them with sodium dodecyl sulfate (SDS) in aqueous solution over sonication to create a CNT-

SDS sponge via van der Waals interactions, this material exhibited a low density (< 50 

mg/cm-3), high porosity (>99.9 %) and high conductivity (~1.25 S/cm).  He et al. [9] 

combined a melamine foam matrix impregnated with cobalt and iron solution in a CVD 

carbonization process to grow a hierarchical porous structure foam of nitrogen-doped CNT 

with a high capacitance performance. Regarding applications, three-dimensional carbon 

structures have been used in energy, medicine, material, and environmental sciences [12,13]. 

For example, Lu et al. [14] synthesized a hybrid sulfur/graphene carbon sponge with a high 

specific capacitance of 6.0 mAh/cm2 at the first 11 cycles and stable capacity of 4.53 

mAh/cm2 after 300 cycles.  Gui, et al. [15]  developed a CNT-sponge with oil absorption 

capacities of 100 times its weight with the possibility of being used several times after a 

burning process without losing its absorption capacities.   

 

Another issue for fabricating carbon-bulk nanostructures with exceptional electrical and 

chemical properties is the introduction of foreign atoms in the carbon network [16,17]. It is 

known that the incorporation of heteroatoms on the graphitic network induces structural and 

electronic transport changes. For example, phosphorous over the carbon network increase 

the surface area and the electrical density with potential application as a supercapacitor 

electrode [18]. Boron is used to inducing elbows, knees, and corrugated walls into carbon 

nanotubes and else increases the yield of high-oleophilic carbon nanotube sponges [19,20]. 

On the other hand, sulfur is used to create Y junctions has been reported that a carbon 
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electrode sulfur and nitrogen co-doped increases the dynamic reaction and the cycling 

performance of LiS2 batteries [21,22]. Furthermore, a high concentration of nitrogen 

promotes bends inwards the graphite layers and the formation of the “bamboo shape” 

structure [16,23]. Svintsiskiy et al. [24] reported that the nitrogen in carbon nanotubes was 

at the internal arches as in the external surface of the graphitic wall while for the nitrogen in 

platelet carbon nanofibers tend to be at the edges bending the graphitic layers. Additionally, 

nitrogen pyridinic and pyrrolic doping and amine functionalization on three-dimensional 

carbon nanostructures is used for the development of metal-free catalyst [25–27]. However, 

over the edge of non-saturated carbon atoms, nitrogen can be incorporated directly in a C-N 

bond or C-N-O bond. For example, the nitrogen can be found at the edges of carbon 

nanostructures built-in amines, amides, lactam, nitrogen oxides, pyridine-N-oxide, 

pyridinium, and hydrazone functional groups [28–30]. 

Furthermore, one of the main issues of using different precursors to fabricate carbon 

nanostructures relays over the idea of functionalization and doping with nitrogen, oxygen, 

phosphorus, sulfur, boron [31–34], and other non-common atoms like silicon, aluminum, and 

chloride [35–37].  This process modifies the electronic structure and chemical surface 

reactivity of carbon graphitic structures [35]. In the case of three-dimensional carbon 

nanostructures, different precursors have been addressed to create a tunable structure for 

different applications. Gui et al. reported the growth of a carbon nanotube sponge (CNS) with 

extraordinary absorption capacities of 140 times its weight. They used 1,2-dichlorobenzene 

as a precursor mixed with ferrocene and incorporated into a syringe-aerosol assisted chemical 

vapor deposition (AACVD) system to grow the CNS over a quartz sheet [12]. Muñoz-

Sandoval et al. reported the synthesis of a nitrogen-doped carbon nanotube sponge using a 

mixture of ferrocene, thiophene, benzylamine, and ethanol [38]. Erbay et al. synthesize an 

interconnected carbon nanotube structure in a sponge configuration using a mixture of 

acetylene and ferrocene with an extraordinary energy power density (2150 W/m3) compared 

with commercial carbon felts [39]. Shinde et al. depict the use of a mixture of aminoguanidine 

hydrochloride, phosphoric acid, methane sulfonic acid, and ammonium persulfate to create a 

phosphorous-sulfur co-doped carbon nitride sponge to be used as an electrode for Zn-Air 

batteries [26].  Zhao et al. synthesize CNT using 1,2-dichlorobenzene by syringe pump-CVD 

method and were incorporated into a  polydimethylsiloxane (PDMS) matrix to increase the 
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mechanical strength and viscoelastic behavior [40]. The growth mechanism of carbon 

nanotube sponges is still under debate, whereas the doping or functionalize effect over the 

structure is also a topic to take into account [1,41,42]. 

 

 

5.2 Growth of carbon nanotube sponge using pyridine mixture 

5.2.1 Experimental details  

Nitrogen-doped and functionalized carbon nanofiber sponges (N-CFS) were synthesized by 

the AACVD technique. Figure 5.1 shows the approach which involves the pyrolysis using 

two different sprayers: i) sprayer A with an ethanol (C2H5OH), thiophene (C4H4S, 0.124 

wt.%) and ferrocene (Fe(C5H5)2 1.252 wt.%) solution; ii) sprayer B with a 1:1 volume ratio 

of benzylamine (C6H5CH2NH2) and pyridine (C5H5N) solution mixed with thiophene (C4H4S, 

0.5 wt.%) and ferrocene (Fe(C5H5)2, 2.5 wt.%). The AACVD experiments were carried out 

at 1020 °C for 4 hours. In the case of the sprayer-A, an Ar gas with a flow of 0.8 l/min 

transported the cloud, and in the case of sprayer B, the gas carrier was a mixture of Ar-H2 

(95%-5%) with a flow of 1.0 l/min. The resulting material was collected from the reaction 

quartz tube by scraping and classified according to different zones in the quartz tube. 

Scanning and transmission electron microscopy characterizations (SEM and TEM) were used 

for morphological studies of the samples via a Helios Nanolab 600 Dual Beam and an FEI 

Tecnai F30, respectively. A Renishaw micro Raman spectrometer with a 532 nm excitation 

laser wavelength was used to evaluate the crystalline structure. The carbon, nitrogen, and 

oxygen content in the carbon N-CSTNs were measured by XPS (PHI 5000 VersaProbeII). 

Thermogravimetric analysis was performed using an STA 6000 Perkin-Elmer equipment in 

a temperature range of 50-950 °C with a heating speed of 10 °C /min under the dynamic flow 

of oxygen (20 ml/min). The magnetization saturation was measured by Dynacool equipment 

(Quantum Design) at 300 K.  For the electrochemical properties, an Ag/AgCl electrode 

(0.197 V vs. NHE) was used as a reference electrode, and the N-CFS was used supported 

over a 916 stainless steel mesh to be as work electrode. The cyclic voltammetry was 

developed using an HCl 0.5 M solution as an electrolyte, with a potential window from -0.6 

V to 1 V with variation in the scan rate from 10 mV/s to 400 mV/s.   
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Figure 5.1: Schematic representation of a modified aerosol assisted chemical vapor 

deposition (AACVD) method used to synthesize the N-CFS materials. The AACVD 

arrangement consists of two independent sprayers feeding the reactor. The samples were 

synthesized at 1020 C. The decomposition temperature ranges for the different precursors 

involved in the synthesis are also shown.      

 

5.2.2 Results and discussion 

Figure 5.2 depicts the SEM images of the synthesized N-CFS material, where the overall 

construction is constructed by entangled and interconnections of curved and robust carbon 

nanofibers.  The junctions and knots are observed in figure 5.2a. Three types of morphologies 

were identified: i) branched and curved tubular carbon nanostructures with diameter of ~250 

nm, where the entangled effect promotes in some cases the formation of junctions (red 

arrow); ii) thinner carbon fibers with diameter of ~120 nm producing complex knots (green 

arrow) and iii) the formation of spherical agglomerates of graphitic material (yellow arrow). 

Figure 5.2b depicts a magnification over one section of branched carbon fibers. Here is 

observed a cross-linked effect of carbon fiber with the formation “Y” and “+” junctions (red 

arrows). High magnification images reveal a rough appearance of the carbon nanofiber 

surface, see figures 5.2(c-d). The cross-section of two carbon fibers is shown in figure 5.2c, 

where flat-type termination (blue arrow) and elliptical termination (red arrow) are observed. 

Also, Figure 5.2d shows the surface profile along the dashed line on the carbon fiber, 
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revealing the valleys and elevations with a distance of ~85 nm between them (see the inset 

plot).  

 

 

Figure 5.2: SEM images of carbon sponge material.  (a) General view of the N-CFS where 

three morphologies are visible: curved tubular carbon nanostructures, curly carbon 

nanotubes, semi-spherical carbon aggregates. (b) Junctions between the carbon nanofibers 

(red arrow). (c) Cross-sections of the N-CFS with cylindrical geometry and unfolded 

graphitic structure (red arrow) and elliptical geometry (blue arrow). (d) Line-profile along 

the carbon fiber showing the surface reliefs.  

The TEM image of carbon fibers showed a zigzagging behavior with a corrugated aspect, see 

blue and red arrows (figure 5.3a). Figure 5.3b displays the N-CFS with a highly deformed 

structure where protuberances are exhibited over the walls leading to bulky-smooth curves 
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(red arrow) of sharp graphitic edges (blue arrow). Over the tip end of the N-CFS (Figure 

5.3c), an unfolding effect is observed where the graphitic layers seem to be surrounding the 

structure similar to a graphite whisker structure [43]. The inset in figure 5.3c depicts a defined 

crystalline section embedded in the graphitic layer with an interlayer distance of 3.34 Å, 

presumably SiO2 material as a consequence of interaction with the quartz tube. Figure 5.3d 

depicts two carbon fibers with irregular diameter, and high-stress sections are observed (red 

and green squares). Figure 5.3(e-h) illustrates the HRTEM images of the red and green 

squares. In figure 5.3d, the red box shows how the growing direction of the carbon fiber goes 

transversal to its axis, which indicates a “platelet-like” structure of carbon fiber [44]. In the 

case of the red box (figure 5.3e), homogeneous graphitic layers are observable; after an FFT 

treatment of the section, an interlayer distance of 3.6 Å was determined (figure 5.3f). Over 

the green box in figure 5.3g, the carbon fiber illustrates the transversal direction of the 

graphitic layers with an interlayer distance of 3.7 Å, lightly expanded considering the 3.45 Å 

interlayer distances for multiwalled carbon nanotubes containing nitrogen [45]. Figure 5.3i 

shows a section of carbon fiber where two directions of the graphitic layers where observed. 

At the center, the graphitic layers go transversal to the growing axis while at the border, 

curved graphitic layers resembling a wrapping effect are observed (blue arrow). Figure 5.3j 

illustrates presumably iron-base catalytic nanoparticle of ~65 nm surrounded by ~8 nm of 

graphitic material. A smaller Fe-base nanoparticle (13 nm) seems to interrupt the longitudinal 

growth of graphitic layers (red arrow). By Z-contrast-TEM analysis over one carbon fiber 

(figure 3k), it is possible to observe that material with high atomic density is concentrated at 

the center of the carbon fiber. Nevertheless, the material is dispersed like elongated clusters 

embedded in graphitic layers (figure 5.3l). Energy-dispersive X-ray spectroscopy developed 

at the center of a carbon fiber reveals a high concentration of Si (figure 5.4).  
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Figure 5.3: TEM and HRTEM images showing the different materials contained in the 

sample.  (a) Typical carbon fiber structure part of the N-CFS structure. (b) Bulky CNF with 

surface irregularities. (c) Tip of a carbon fiber showing unfolded graphitic layers are 

observed; the inset shows a section of the graphitic material with an interlayer distance of 

3.34 Å.  (d) Carbon fiber, the red and green enclosed areas are analyzed in (e-h) by FFT 

refinement.   (i) Borders and layered carbon fibers. (j) Iron nanoparticle (~65 nm) partially 

surrounded by graphitic material.  (k) Z-contrast-TEM image over the main body of the CNF 

where the bright spots indicate higher density material (Si). (l) An HR-Zeta contrast-TEM 

image where the material concentrates at the center of the CNF. 
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Figure 5.4: (a) HR-TEM image of typical carbon fiber that forming the N-CFS. (b) 

Elemental analysis over the white square in section (a).  

 

Figure 5.5a illustrates the X-ray diffraction pattern of the N-CFS material. A high-intensity 

peak identified at 26 degrees corresponds to the C (002) plane attributed to the graphitic 

structure. Also, a broad signal from 43 to 46 degrees was identified as iron compounds due 

to the formation of iron carbide (PDF 00-035-0772) and -Fe (PDF 00-006-0696). A 

deconvolution analysis was developed over the C (002) plane using two pseudo-Voight 

curves [46] (figure 5.5b). Two signals were identified as -peak related to well-ordered 

graphitic layers at 26.1 degrees (3.41 Å), and -peak related to the formation of turbostratic 

carbon at 25.4 degrees (3.48 Å), see table 5.1. It is clear from XRD characterization that the 

N-CFS is principally formed by a high oriented graphitic material (52.9 %) and a high 

concentration of turbostratic carbon (47.0 %). Nevertheless, to understand the nature of the 

graphitic structure, Raman spectroscopy was employed.  

Figure 5.5c shows the identified D-band and G-band related to the breathing mode of the sp2 

C-C vibration due to structural defects and vacancies (1354 cm-1) and the in-plane sp2 C-C 

vibration mode (1584 cm-1) respectively [47]. Also, second-order vibration modes were 
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identified at 2667 cm-1 like 2D band related to a number of graphitic layers and the electronic 

configuration over the structure [47,48], in this case, the position of the 2D band shifted to 

the left could be related to a high electron concentration at the surface [48]. The D+D’ band 

at 2896 cm-1 is related to a dispersion effect due to high defects formation [49]. A signal in 

2133 cm-1 lightly visible could be related to the formation of graphynes type structures or 

alternated carbon-nitrogen lineal chains with C≡N bonds [50,51], possibly formed as a 

consequence due to the decomposition mechanism of pyridine. A deconvolution using 

Lorentz curves was developed over the D and G section using four peaks (figure 5.5d) where 

the formation of a D* and a D**  bands are related to the influence of sp3 C-C of amorphous 

carbon (1224 cm-1) and the C-H influence over the edge of graphitic layers (1496 cm-1) 

[52,53] (table 5.2). Additionally, the D** band can also be related to the effect of C-O 

functionalization over the C=C sp2 bond on the graphitic structure [54]. The position of the 

D band and G band decreases (~15 cm-1) to lower wavelengths compared with carbon 

nanotube sponge synthesized using benzylamine [41], this could be due to the presence of 

edges (D band) and high defects by bond disorder or owing to functionalization effects (G 

band) [55–57]. The ID/IG relation of 0.85 indicates a low defective graphitic carbon structure 

[47].  

 

Table 5.1: Deconvolution data over the C(002) plane using pseudo-voight adjustment.  

Center/ 

 2 

Peak FWHM /  

2 

% 

Relative 

Interlayer 

distance / 

Å 

25.62  2.4 47.0 3.5 

26.03  1.1 52.9 3.4 

 

Table 5.2: Deconvolution data using Lorentz curves for Raman spectra over the D and G 

band. 

Band Center / 

cm-1 

FWHM / 

cm-1 

Intensity 

(a.u.) 

Relative 

Area (%) 

D* 1224.5 181.2 56.2 8.3 

D 1354.7 158.2 364.3 49.2 

D** 1496.8 122.2 111.6 11.8 

G 1584.7 80.6 425.9 30.4 
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Figure 5.5: (a) XRD diffraction pattern showing the C(002) peak attributed to graphitic 

material and signals associated with -Fe (green), and Fe3C (blue). (b) Deconvolution over 

the C (002) signal into two peaks: -peak at 2 = 26.1° related with the formation of well-

aligned carbon nanostructure and the -peak at 2 = 25.2° related with the formation of 

turbostratic graphene sheets and amorphous carbon. (c) Raman spectra from different 

synthesized samples using an excitation source of 533 nm (1.958 eV) laser. The D- band, and 

G-band for N-CFS at 1348 cm-1 and 1582 cm-1, respectively. The ID/IG ratio (0.87) indicates 

a less defective structure. (d) Deconvolution of Raman spectra using Lorentz fitting. Two 

more peaks are visible, the formation of D**-peak (1496 cm-1) and D*-peak (1224 cm-1) 

related to the influence in the sp2 vibration modes by –sp3 C-H bonding, C-O bonding, and 

amorphous carbon.  
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Chemical surface features of the carbon fibers using XPS are shown in figure 5.6. The XPS 

survey revealed a high concentration of oxygen and nitrogen at the surface, reaching 9.2 

wt./wt. % and 2.9 wt./wt. %, respectively (figure 5.6a).  Also, non-common incorporation of 

Si over the surface is observed (1.3 wt./wt. %).  Figure 5.6b depicts the expanded high-

resolution C1s peak. The C=C attributed to the graphitic structure, and the C-C due to the sp3 

aliphatic structures were deconvoluted. Besides, a considerable amount of the C at the surface 

related to the carbide formation (36 wt./wt. %) was detected. This fact could be related to the 

bond energies of Fe3C formation (283.6 eV). Also, the interaction of carbon atoms with the 

Si (282.7 eV) is observables [58]. The formation of oxygen functionalities was identified 

with the energy formation of C-O (285.7 eV), C=O (286.5 eV), and COOH (287.4 eV) [59]. 

In the case of the C-N bond energy, this overlaps with the C-O energy vibration [60]. Figure 

5.6c illustrates the deconvolution for the N1s region. A large amount of formation of the N-

pyrrolic doping (N-5) is observed compared with N-pyridinic (N-6) and N-quaternary (N-

Q). Furthermore, nitrogen functionalization is distinguished with energies corresponding to 

the amide, imine, and amide configuration (N3) [61,62], the pyridine-N-oxide (P-NOx), and 

the nitro (NOx) [63,64]. A signal below 398 eV is detected as N-Si binding energy possible 

due to the formation of C-Si interconnected graphitic materials [65]. In the case of the O1s 

section (figure 5.6d), the main contribution is observed over the C-O/COO- binding energies 

a part of hydroxyls, esters, amides, and anhydrides functionalities (532.1 eV) [66]. The 

presence of the FeO(OH) (530 eV) could be a consequence of the partial oxidation of external 

iron particles and Si-O bonds (533 eV) possible as part of a Si-O-CNT reaction [67]. More 

oxygen species were recognized as carbonyl functionalities (530.9 eV) and carboxylic 

functional groups (533.8 eV).  

 



 

134 
 

 

Figure 5.6: (a) XPS survey scans revealing the presence of N, C, O, and Si. (b-d) 

Deconvoluted of the high-resolution XPS spectra. (b) C1s spectra showing the presence sp2 

hybridized carbons (C=C bonds), sp3 hybridized carbons (C-C bond), and carbonyl C=O, and 

metal carbide compounds (c) O1s spectra showing the presence C=O, C-O, and Si-O bonds. 

(d)  N1s spectrum revealing the presence of N-pyridinic (N-6), N-pyrrolic (N-5), N-

quaternary (N-Q), and pyridine-oxide (P-NOx), and nitro structures over the surface (NOx), 

also the observation of nitrogen functionalities (N3) and N-Si bond. Deconvolution data such 

as binding energies, type of bond, FWHM, and integrated area can be seen in table 5.3. 

 

Table 5.3: Deconvolution data of the high-resolution XPS spectra. Results for C1s, O1s, and 

N1s peaks. 

Region Group Binding energy 

(BE) , eV 

FWMH 

eV  

% Relative % Total 

C 1s SiC 282.7 1.1 11.7 10.1 
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Fe3C 283.6 1.2 24.3 21.0 

C=C 284.6 0.8 32.2 27.9 

C-C 285.1 0.7 13.6 11.8 

C-OH / C -

N 

285.7 0.9 10.6 9.2 

C=O 286.5 1.2 4.9 4.2 

COOH 287.4 1.3 2.5 2.2 

      

O 1s FeO(OH) 530.0 1.2 17.2 1.6 

C=O 530.9 1.3 28.3 2.6 

COO- / C-O 532.1 1.3 42.7 3.9 

SiO2    533.0 1.0 8.3 0.8 

COOH 533.8 0.8 3.5 0.3 

      

N 1s N-Si 397.8 1.4 8.9 0.2 

N-6 398.8 1.6 19.2 0.6 

N-3 400.4 1.0 13.4 0.4 

N-5 401.1 1.0 30.6 0.9 

N-Q 401.9 1.0 18.2 0.5 

P-NOx 403.0 1.2 6.6 0.2 

NOx 404.6 1.0 3.1 0.1 

 

 

Figure 5.7a displays the FTIR spectra of N-CFS material. Signals were associated with the 

formation of the C-Hx aliphatic structure, probably as part of an amine, ester, and ether 

functionalities by the doublet over ~2900 cm -1. The complement of the oxygen functional 

groups can be observed between 1650 cm-1 and 1850 cm-1, where stretching vibrations due 

C=O configurations overlap and are related to the formation of carbonyl, carboxylic acid, 

quinone, pyrone, ester, and amides functionalities [60]. The C-O vibration at ~1250 cm-1 is 

related to the formation of ester and ether chemical compounds, probably part of the structure 

as furans or pyrans and anchored to the graphitic structure on the surface. In the case of 

nitrogen vibration modes related to nitrogen species, those associated with the formation of 

amide and amine functionalities are appreciated near the ~3500 cm-1. The identification of a 

signal around 1645 cm-1 could be related to the formation of the amide structure. Geo et al. 

[57] indicate three significant peaks for amide structure anchored to MWCNT placed at 1639 

cm-1 (O=C-N), 3320 cm-1 (N-H), and 2930/2852 cm-1 (-CH2-/-CH3) and a overshadow peak 

at 1565 cm-1 due to the C=C vibration mode associated with the incorporation of amide 



 

136 
 

groups. Vibration modes related to the formation of nitrile structure and sp C ≡ C vibration 

mode nitriles and carbides were identified at ~2180 cm-1, possibly associated with the light 

formation of graphyne structure [51].  Figure 5.7b schematize the different configuration that 

the oxygen and nitrogen atoms acquire for doping or functionalization. For oxygen, the 

functionalization of the graphitic structure can be achieved by the incorporation of amines, 

amides, imines, and the formation of the nitro group and Pyridine-N-oxide being these two, 

the more common [68]. TGA characterizations demonstrated that the sample is thermally 

stable (figure 5.8a), with a negligible loss of weight for DT< 570 C and DT < 686 °C 

probably associated to a two types of graphitic structures. At the end of the oxidation process 

at ~710 ºC can be observed that almost all the carbon structures were destroyed (figure 5.8b-

c). The residual material contains sharped carbon edges and agglomerated pieces of the 

carbon materials (figure 5.8e). 

 

 

Figure 5.7: (a) FTIR spectra revealed the presence of C-O and C=O (ketone, aldehyde, 

carboxylic acid, ester, and ether functionalities) and nitrogen bond related to the amine/amide 

functionalization, also a weak signal of cyanide bond vibration. (b) Schematic representation 

of oxygen and nitrogen functionalities in a graphene sheet, notice that most of the functional 

groups are at the edges.   
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Figure 5.8: (a) Weight loss vs. temperature plot from TGA measurements. (b) SEM image 

of the pristine carbon nanotube sponge. (c-e) SEM images, revealing the sample evolution at 

different temperatures. The images in (c-e) were obtained by performing three independent 

TGA measurements with a final temperature indicated in each image. These temperatures 

are just less than those obtained in the TGA curve. 

 

Figure 5.9a illustrates the cyclic voltammetry curve at a rate of 10 mV/s. It is notable for the 

absence of the quinone oxide-reduction process due to the high surface oxygen content. This 

situation could be indicative that the main of the oxygen groups lay in the formation of ethers 

and ester functionalities. A light protuberance is observed over the -0.1V that can be related 

to the influence of nitrogen species like nitrogen doping and N-H functionalities like amines 

and amides in the oxidation process [69–71]. Figure 5.9b depicts the increase of the discharge 

rate (10 mV/s to 600 mV/s), showing a growth of capacity growth almost linear to the 

potential rate (not showed). Figure 5.9c illustrates the magnetization curve of the N-CFS 

structure with a coercive field of Hc = 245 Oe and saturation magnetization of Ms = 1.93 

emu/g. This behavior could be compared to the hard ferromagnetic materials (Hc > 125 Oe) 
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[72,73].  The saturation magnetization presents a value of 1.8 emu/g at ~0.5 T, which is 

comparable with the reported for pure CNT (Ms < 10 emu/g) [74]. Note that the reverse 

magnetization is probably by a coherent reversal mechanism, however at M=0, the direction 

of magnetization changes spontaneously. We did not find another magnetic material different 

from Fe3C, but this behavior could be created due to the size of nanoparticles and the lack of 

magnetic material. Figure 5.9d displays the adsorption and desorption isotherm. Due to the 

characteristic of the adsorption curve, this can be categorized as type III, where weak 

interaction of the adsorbate and the surface of the N-CFS structure. Also, the Barrett-Joyner-

Halenda (BJH) model (inset) to determine the pore size distribution reveals that the 

mesoporosity domains over the macroporosity and no signals of microporosity were 

observed.  

 

 

Figure 5.9: (a) Cyclic voltammetry using a scan rate potential of 10 mV/s. (b) A charge 

capacity increase as the potential rate increases. (c) Magnetization curve of the N-CFS 
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structure where saturation reaches the 2 emu/g and coercive field of 242 Oe. (d)  N2 

adsorption-desorption isotherm for the N-CFS structure where the behavior is related to a 

type III isotherm, and the main macroporosity is observed (inset). 

 

5.2.3 Incorporation of functional groups into the N-CFS 

The decomposition temperature of pyridine (~680 °C) [75] and how the nitrogen is delivered 

from the molecule could be crucial to understand the effect of the different nitrogen-

precursors on the structure of the carbon nanotubes. The decomposition mechanism of this 

precursor should be different since nitrogen in pyridine is found in an aromatic benzene-like 

ring, while in benzylamine, the nitrogen is found as an amine functional group (CH2-NH2) 

joined to a benzene ring. Ninomiya et al. [75] suggest that for pyridine decomposition, the 

less energetic state is the formation of cyanovinylacetylene (˙HC=CCH=CHCN) radical, 

leading to the formation of minor fragments like of hydrogen cyanide, acetylene, and 

acrylonitrile.  While, for the benzylamine decomposition, Song et al. [76] described that at 

high temperatures, the benzylamine leads to the formation of benzyl radical (C6H5CH2˙) and 

NH2.  It is expected that the pyridine favors the formation of N-quaternary and N-pyridinic 

since nitrogen is found in an aromatic benzene-like ring. In contrast, benzylamine should 

favor the creation of N-pyrrolic or nitrogen functionalities due to the amine functional group 

(CH2-NH2) joined to a benzene ring. In this case, the ethanol decomposition could give rise 

to the formation of ˙CH2OH and ˙CH3 radicals [77].  

 

5.2.4 Theoretical procedure 

Electronic calculations were performed using density functional theory (DFT) [78,79]. The 

generalized gradient approximation with the Perdew, Burke, and Ernzerhof parametrization 

was chosen for the exchange-correlation functional [80] as implemented in the SIESTA code 

[81]. The wave functions for the valence electrons were represented by a linear combination 

of pseudo-atomic numerical orbitals using a double-ζ polarized basis (DZP) [82], while the 

core electrons by norm-conserving Troullier-Martins pseudopotentials in the Kleinman-

Bylander non-local form [83,84]. The real-space grid used for charge and potential 
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integration is equivalent to a plane wave cut-off energy of 150 Ry. We used a graphene 

supercell of 6×6 with 140 atoms.  In the non-periodic axis, we used a minimum of 30 Å to 

avoid lateral interactions.  A sampling of the 2D Brillouin zones was carried out with 

60×60×1 Monkhorst-Pack grids. Density matrix and energy tolerances were both taken as 

10-5 eV. A variable cell structural relaxation was performed on all systems to include the 

strain effects introduced by the functional groups. The geometry optimization was performed 

by conjugate gradient minimization until the maximum force was < 0.04 eV/Å.  

 

From the results above presented, there is an intriguing situation concerning sponge surface 

composition and its electrochemical activity.  On one side, the XPS characterizations showed 

a high oxygen concentration (9.2 %), while on the other side, the cyclic voltammetry 

characterizations do not show the redox process related to the quinone 

(C=O)/hydroquinone(C-OH) electron transfer process. Functional groups containing only C-

O-C bonds does not participate in the redox process due to the oxygen atom can only form a 

maximal two sigma bonds. The high resolution deconvoluted O1s analysis showed that C-O 

bond concentration is over the other oxygen chemical species, suggesting the presence of 

ether groups such as furans, pyrans, epoxy, methoxy, and ethoxy, among others. Notice that 

these groups have a hydrophobic feature, which could also explain the hydrophobic 

properties of N-CFS. To explain the role of these ether (C-O bonds) functional groups, we 

performed density-functional calculations considering different oxygen functional groups 

anchored on the surface of a graphene sheet [85]. The calculation method is described in 

Supplementary Information. Figure 5.10 displays the optimized structures of furans, pyrans, 

epoxy, methoxy, ethoxy, and ethyl-ester functional groups. From Mulliken population 

analysis, the epoxy and furan functional groups pulled out 0.096 and 0.864 electrons, 

respectively, from the graphitic structure. Conversely, pyrans injected electrons (0.245 

electrons). In both cases, electron-donating and withdrawing functional groups could create 

regions negatively charged, which could be anchoring sites for chemical species positively 

charged. Figure 5.11 shows the optimized structure of single-walled carbon nanotubes 

(SWCNT) with furan and pyran functional groups. We observed that the SWCNT(5,5) 

presents a positive curvature around the functional groups due to the pentagonal defects. 

From Mulliken population analysis, the furan and pyran functional groups donate electrons 
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to the carbon nanotube. The furans donate 0.546 and 0.305 electrons for SWCNTs (5,5) and 

(10,0), respectively. The pryans donate 0.170 and 0.217 electrons for SWCNTs (5,5) and 

(10,0), respectively.  The presence of oxygens into the graphite lattice (furans and pyrans) 

may promote the existence of defects, principally vacancies, and curvature effects. Thus, the 

vacancies surrounded by oxygens negatively charged could be attractors of cations such as 

K+, Na+, and Li+, among others.  

 

 

Figure 5.10: Relaxed structure graphene sheet with different oxygen functional groups. (a) 

Furans (oxygen in pentagonal rings), more details on the creation of this defect is reported in 

Ref. [68]. (b) Pyrans (oxygen in hexagonal rings), here vacancies were generated into the 

graphitic lattice, and carbon doubly coordinated were replaced by oxygens. (c) Epoxy 

(oxygen adatom joined to two carbon atoms).  (d) Methoxy with C-O bond. (e) Ethoxy with 

C-O bond. (f) Ethyl-ester with C-O and C=O bonds. In (d-f), the functional groups were 

attached to a carbon atom surrounding a vacancy. The oxygen, carbon, and hydrogen atoms 

are set in red, cyan, and gray colors, respectively. 
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Figure 5.11: Relaxed structure of single-walled carbon nanotubes containing (a) furan and 

(b) pyran functional groups.  Results for SWCNTs (5,5) and (10,0). Notice that the SWCNT 

(5,5) with furan functional groups exhibit positive curvature.   

 

5.2.5 Conclusions 

We produced entangled nitrogen-doped carbon nanofiber sponges using an aerosol-assisted 

chemical vapor deposition method. The N-CFS material is formed by carbon fibers of around 
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200 nm diameter with a rough appearance, making junctions and knots. The main features 

exhibited by our N-CFS were: exhibited (1) high oxygen concentration, (2) nitrogen-doping 

and nitrogen-functionalization, (3) transversal graphite layer stacking, (4) Si interaction with 

CNF, (5) ferromagnetism at room temperature, and (6) electrochemical activity. The N-CFS 

exhibited a coercive field of 245 Oe, similar to that found in carbon nanotubes. The cyclic 

voltammetry did not show the quinone peak, suggesting that oxygen functionalities are more 

related to the ether, ester, and aldehydes structures, as also confirmed by XPS and FTIR 

characterizations. The magnitude of the oxidation and reduction currents was higher than that 

found in carbon nanotubes produced by nitrogen precursors. DFT calculations showed that 

pyran and furans are structurally stable, which incorporates electrons to the graphite 

structures.  

 

5.3 Growth of a magnetic carbon nanotube sponge using 1,2-

dichlorobenzene 

5.3.1 Experimental details  

The AACVD technique was used to synthesize the CNS. Figure 5.12 shows the approach 

which involves the pyrolysis using the aerosol assisted chemical vapor deposition system 

induced by a high-frequency ultrasonic system.  The precursors employed were ferrocene 

(Fe(C5H5)2) with 1,2-dichlorobenzene (C6H4Cl2) in a saturated mixture with a concentration 

of 0.06 g/cm3. Our AACVD consists of the following parts: i) a quartz tube (substrate) of 1.1 

m length and 1-inch internal diameter; ii) a nebulizer system (RBI instrumentation) to 

incorporate the vaporized solution into the quartz tube; iii) a carrier gas mixture of H2/Ar.  

The AACVD synthesis was carried out at 860 °C using a tubular furnace and a mixture of 

H2/Ar (5%/95%) with a flow of 2.0 l/min for three hours. The resulting material was collected 

from the quartz tube by internal scraping.  

Scanning electron microscopy (Helios Nanolab 600 Dual Beam) and transmission electron 

microscopy (FEI Tecnai F30) characterization were used for morphological studies of the 

samples. A Renishaw micro Raman spectrometer with a 532 nm excitation laser wavelength 

was used to evaluate the crystalline structure. The carbon, nitrogen, and oxygen concentration 
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in the CNS was obtained by XPS (PHI 5000 VersaProbeII). Functional groups by Fourier-

transform infrared spectroscopy (FT-IR Nicolet 6700). Thermogravimetric analysis was 

performed using an STA 4000 Perkin-Elmer equipment in a temperature range of 50-950 °C 

with a heating rate of 10 °C /min under oxygen atmosphere (20 ml/min). The compression 

test was developed in a tensometer type W (Monsanto) with load capacities from 600 N to 

20 kN. For cyclic voltammetry measurements A CNS suspension was prepared using 10 mg 

of CNS and 1 ml of isopropanol, then sonicated for 10 min. The suspension is deposited into 

an ITO glass electrode by a drip process. The solvent is left to evaporation at 110 °C for 2h. 

A section of 0.66 cm2 was homogenously covered. A saturated Ag/AgCl electrode (E = 0.197 

NHE) was used as a reference electrode. The CNS-ITO electrode run as a working electrode. 

A Pt wire was used as a counter electrode. The cyclic voltammetry measurements were 

performed by using an H2SO4 0.1 M solution as support electrolyte, in a potential window 

from – 0.2 V to 1.0 V at a scan rate of 10 mV/s to 400 mV/s.  

 

 

Figure 5.12: Aerosol assisted chemical vapor deposition system (AACVD) to synthesize the 

chloride functionalized CNS. 

5.3.2 Results and discussion 

Figure 5.13a illustrates a scanning electron microscopy panoramic view of the carbon tubular 

structures that conform to the CNS.  These tubular structures are randomly ordered, but some 

of them are attached (red rectangle).  Figure 5.13b shows another section where thin tubular 
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carbon nanostructures of ~32 nm diameter can be observed. Their lengths are more than 3 

m, with sections where two or more tubular structures are attached together (red rectangle). 

Also, they have constricted sections, square tip termination, and are highly folded (blue 

arrows). By backscattered electrons (BSE-SEM) image (figure 5.13c), it is possible to 

observe that the carbon tubular structures are filled with metallic nanowires with alterations 

in its diameter and structure (red arrows). It could be detected the presence of semi-spherical 

metallic nanoparticles surrounded by carbon material. Figure 5.13d depicts the EDX spectra 

obtained over a wire nanoparticle inside the tubular structure (white square in figure 5.13c). 

The EDX revealed the presence of C (68.1 wt. %), Fe (27.5 wt. %), O (3.3 wt. %), Cl (0.6 

wt. %) and Si (0.2 wt %). The spherical nanoparticle showed a concentration of Cl (0.7 wt. 

%) and Fe (26.4 wt. %) (figure 5.14).  
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Figure 5.13: (a-b) SEM images of CNS. (c) BSE-SEM image showing metallic wires inside 

MWCNTs. (d) EDX analysis over a metallic nanowire shows the presence of Fe, Cl, and Si. 

 

 

Figure 5.14: (a) BSE-SEM image where metallic wires are observed inside the tubular 

nanostructure and spherical metallic particles. (b) EDX analysis over one metallic sphere 

showing the presence of Fe, Cl, and Si. 

 

Figure 5.15a displays a TEM micrograph where morphologies like MWCNTs with internal 

metallic nanowire (blue arrow), MWCNTs with no particle inside (green arrow), the graphitic 

structure surrounding a semi-spherical metallic nanoparticle (red arrow), and constricted 

MWCNTs (black ellipse) were observed. Figure 5.15b depicts a tip termination of MWCNT 

with a metallic nanoparticle inside. Three spots were analyzed by EDX, where it is possible 

to observe that the nanoparticle is Fe-based. Oxygen signal in EDX is probably associated 

with the substrate or due to contamination on the Fe-based nanoparticle surface [86]. Also, 

traces of Si were located at the nanoparticle center (spot 2) and edge (spot 3). The Si atoms 

could come from the substrate.  Figure 5.15c illustrates a section with four attached 

MWCNTs, where one of them has an internal nanoparticle. One of these MWCNTs had 

deformed bamboo shape structures, and some sections of the tubular structure are collapsed 

(red arrows). A metallic nanowire is observed inside one MWCNT.  
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The HRTEM image over the white square (figure 5.15d) depicted the iron-based nanowire 

with a diameter of 21 nm and surrounded by very well-ordered graphitic layers (23 layers).  

Notice that the carbon nanotube arrangement varies from the showed in figure 5.15b. The 

Fast Fourier Transform analysis (inset) over the metallic nanoparticle shows the lattice plane 

and directions associated with the diffraction planes of Fe3C nanowire. Wepasnick et al. [30] 

correlated functionalities in TEM images as irregular formations at the CNT surface. They 

displayed HRTEM images similar to the observed in figure 5.15d, where such irregularities 

are present in the CNS surface (blue arrow).  

 

 

Figure 5.15: (a) Panoramic TEM image where are observed metallic nanowires fill the 

MWCNTs and semi-spherical metallic particles (red arrows). (b) Three EDX analyses over 
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an isolated Fe-based nanoparticle: spot 1 was over the tip section of the MWCNT; spot 2 at 

the main body of the Fe-based nanoparticle; and spot 3 at the final section of the Fe-based 

nanoparticle. (c) Section of glued MWCNTs with collapsed structure (red arrows) and filled 

with Fe-based nanoparticle. (d) HR-TEM developed on the white square depicts a 21nm 

diameter Fe-based nanowire inside MWCNT, inset illustrates the crystallographic directions 

associated with Fe3C. 

Figure 5.16a illustrates a zone axis of another particle inside MWCNT. Through the FFT 

(figure 5.16b) and Inverse-FFT (figure 5.16c) analysis, it is possible to observe the particle 

crystallographic planes. In this case, the distances of 0.381 Å, 0.305 Å, and 0.514 Å 

corresponding to the (-100) zone axis of orthorhombic Fe3C nanowire (figure 5.16d) [87]. 

Wang et al. described that using 1,2-dichlorobenzene to grow carbon nanostructures lead to 

the formation of -Fe and -Fe particles inside the tubular structures of MWCNTs [88]. 

Nevertheless, in this case, it promotes the formation of Fe3C. 
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Figure 5.16: (a) HRTEM image of a Fe3C wire inside the tubular structure. (b) FFT analysis 

developed over the white square in (a). (c) Zone-axis HR-TEM image that enhances the 

crystal structure. (d) Cell structure representation of (c) that shows the (100) plane for Fe3C. 

 

XPS inspection survey spectra (figure 5.17) depicts primarily four elements (Cl, Fe, C, and 

O). Table 5.4 depicts the binding energies, FWHM, relative percentage (%Rel), and the total 

percentage (%Total), considering the information observed in survey spectra and associated 

with the high-resolution regions of C1s, Cl2p, O1s, and Fe2p. Figure 5.18a illustrates the 

C12p deconvoluted region using Gaussian-Lorentzian (90%-10%) curves. In this case, were 

observed energies related to the formation of chloride bonds like C-Cl at 200.8 eV, which 

are correlated to the formation of methyl-chloride functionalities. Also, multiple aromatic 

chloride functionalities observed at 202.3 eV and 203.2 eV can be associated with the 
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incorporation of Cl atoms at the edges of the graphitic structure and the formation of 

covalent-chloride functionalities [89]. Besides, it was possible to deconvolute energies linked 

to the Fe-Cl bond. The total amount of Cl species is 0.8 %, where 0.6 % corresponds to 

chloride functionalities.  

Figure 5.18b depicts the Fe2p3 XPS region where bond energies connected with Fe metallic 

(0.11 %), Fe-C (0.14 %) can be found. In the case of Fe-O (0.09 %) and Fe-Cl (0.06 %), the 

low At% concentrations associated with the atomic detection limit of XPS analysis and 

deconvolution data obtained from the main Fe signal suggests that traces of this elements are 

observed at the surface (red-colored table 5.4). The deconvoluted area can also estimate the 

surface chemical species anchored to the graphitic surface. For instance, the C1s region 

(figure 5.18c) reveals a concentration of C-O total functionalities (C-O, C=O, and COOH) 

of ~9.1 % that could be a consequence of the interaction of oxygen from the quartz tube and 

interaction with the atmosphere [60]. The functionalities associated with C-Cl could be 

overlapped at the C-O functionality position, and the C-Cl3 bond at 291 eV could be 

overlapped with  interactions  (~4.5 %) [37]. The C-C sp2 hybridization (62.8.0 %) is 

higher compared with the C-C sp3 hybridization (11.9 %). The surface total oxygen 

concentration observed in the XPS survey could contain the contribution of oxygen from 

SiO2; however, it overlaps with the position of C-O functionality. Figure 5.18d displays the 

O1s spectrum where different oxygen species are appreciated like C-O due phenolic (532.0 

eV), C=O of carbonyl (531.0 eV), C-O-C related with ether (533.1 eV) and COOH associated 

to carboxyl acid (534.3 eV) functionalization.  
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Figure 5.17: Survey XPS spectra where signals related to C, O, Fe, Cl, and Si are observed. 

The atomic concentration of the involved chemical elements is shown in the inset. 

 

Figure 5.18: High-resolution XPS deconvoluted spectra of the CNS.  (a) Cl2p spectra show 

the energies related to the Cl functionalization of the graphitic structure (200.5 eV, 202.2 eV, 

and 203.2 eV) and the related to the iron interaction (198.5 eV and 200.1 eV). (b) Fe2p 

spectra reveal the bond energies associated with the formation of Fe-O, Fe-Cl species. (c) 



 

152 
 

C1s spectra show the presence of sp2 hybridized carbons (C=C bonds), sp3 C-C bond, 

phenolic (C-O), carbonyl (C=O), and carboxylic (COOH) functionalization and the related 

to the C-Cl and Fe-Cl interactions. (d) O1s spectra where mainly phenolic (C-O) and ether 

contribution (C-O-C).  

 

Table 5.4: XPS data information obtained from the survey (Figure 5.17) and deconvolution 

performed over the high-resolution regions of C1s, Cl2p, O1s, Fe2p (figure 5.18). Red-

colored indicates bond energy traces associated with low detection limits. 

Region Group BE (eV) FWHM (eV) % Rel % Total 

C1s Fe3C 283.7 0.6 5.1 4.7 

C=C 284.6 0.7 67.0 62.8 

C-C 285.4 0.7 12.7 11.9 

C-O 286.1 0.6 4.5 4.2 

C=O 286.8 0.6 2.0 1.8 

COOH 287.9 1.9 3.2 3.0 

C-Cl 290.7 2.5 5.2 4.8 

      
Cl2p FeCl2 198.6 0.6 6.9 0.0 

FeCl3 200.0 0.9 9.4 0.0 

C-Cl 200.8 1.0 48.9 0.3 

C-Cl 

(Aromatic) 

202.2 1.0 29.4 0.2 

C-Cl 

(Aromatic) 

203.1 0.6 5.1 0.0 

      

O1s Fe2O3 529.1 1.3 2.1 0.0 

FeOOH 530.1 0.9 9.4 0.2 

C=O 531.0 0.9 16.6 0.5 

C-O 532.0 1.0 46.2 1.4 

C-O-C 533.1 1.2 21.3 0.6 

COOH 534.3 0.9 4.16 0.1 

      
Fe2p Fe metallic 707.2 0.9 22.8 0.1 

Fe3C 708.0 2.0 28.8 0.1 

Fe2O3 / FeO 710.3 2.4 18.2 0.0 

FeCl2 713.1 3.4 11.54 0.0 
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FeO 720.2 1.4 11.5 0.0 

FeCl2 722.0 3.9 6.94 0.0 

 

Figure 5.19a illustrates CNS weight loss versus temperature. In the first stages, the sponge 

showed at 400 °C, a weight-loss of 2.70 wt. %. This fact is probably due to water 

vaporization, loss of the oxygen, and decomposition of chloride functionalities [90]. There is 

a small up of mass weight from 400 °C to 500 °C, probably to oxidation of Si [91]. Two 

maximum decomposition temperatures TD1 at 574.9 °C (71.5 wt.% loss) and TD2 at 618.8 °C 

(8.29 wt.% loss) can be correlated first with the oxidation process of the MWCNTs and 

second to some graphitic material surrounding the metallic material as was observed in figure 

5.15d, respectively. Decomposition temperature for well-ordered MWCNTs is reported to 

start at 600 °C [92], and for graphitic core-shell materials are between 485°C and 710 °C 

[93]. Our CNS presents a residual material of 17.5 wt% that could be associated with the 

formation of iron oxide. In this case, the molar C:Fe ratio is about 31.07:1.  

 The XRD pattern depicts the crystallographic planes of graphitic carbon (COD 96-101-

1061), -Fe cubic structure (COD 96-110-0109), -Fe cubic structure (COD 96-901-507296) 

and Fe3C in an orthorhombic structure (COD 96-901-4028) (figure 5.19b). A refinement of 

the XRD pattern reveals a crystallographic phase of 86.7 % for graphitic carbon, followed 

by Fe3C (6.7 %) and -Fe (4.1 %) and traces of -Fe (2.6 %). 

 Figure 5.19c depicts the Fourier-transform infrared spectroscopy analysis developed over 

the CNS. Signals linked to the formation with covalent Cl species are observed between 870 

cm-1 and 737 cm-1. Vibration modes from 869 cm-1 and 829 cm-1 can be associated with the 

formation of saturated halogenated species like trichloromethyl radical (CCl3) or 

dichloromethyl radical (CHCl2), also identified with multiple-aromatic chloride species 

[94,95]. The vibration between 759 cm-1 and 739 cm-1 has a connection with the stretching 

vibration of C-Cl of chloromethane and single halogenated aromatic surfaces [96]. The C-Cl 

functionalities are also associated with the capacity of CNT to absorb light in the UV-Vis 

spectra and could promote amine or amides functionalization in the CNT surface [97,98].  In 

the case of oxygenated functionalization, the presence of –OH vibration at 3415 cm-1, C=O 

around 1650 cm-1, and C-O-C at 1000 cm-1 reveals the formation of phenolic, ketones, 
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aldehydes, carboxylic acid, ether and ester functionalization [99]. The presence of C=C 

stretching vibration due to aromatic sp2 hybridization is marked at 1520 cm-1 [100].  

 Figure 5.19d depicts the Raman spectra of the CNS, where signals at 220 cm-1 and 286 cm-

1 are regarded as the formation of Fe3C [101]. Moreover, the existence of signals between 

390 cm-1 and 670 cm-1 are attributed to amorphous Si (a-Si), Si-Si, and Si-H phases [102].  

For graphitic structure, the D band correlated with the breathing mode of defective structure, 

and the G band correspond with the in-plane C=C vibration are positioned at 1346 cm-1 and 

1587 cm-1, respectively. The ID/IG ratio indicates the degree of the defective structure as the 

ratio goes over unity [103]. For the CNS, the ID/IG is below the unity (0.8), indicative of a 

low defective structure [47]. The intensity and shape of the 2D band are associated with the 

number of graphitic layers [47], and their position changes due to doping over the graphitic 

structure where higher electron concentration at the surface is found when the 2D band shifts 

to lower values from 2685 cm-1 and contrary [48]. In this case, the CNS structure has an 

intense signal at the 2D-band placed at 2690 cm-1
 with an intensity of 0.68 times the G band 

can be associated to hole doping over few-layered CNT structures. Also, the presence of G*-

band can be related to the formation of surface roughness and the D+D´ band with the 

formation of wrinkled and whisker formation [104,105]. Dimovski et al. reported an 

increment of the intensities of D+D´ and 2D´ bands for corrugated graphitic structures, effect 

that can be present also in carbon nanotube tip termination [105].  
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Figure 5.19: (a) TGA plot showing a contribution of 2.7% due likely to functional groups, 

79.7% due to graphic structure, and 17.5% due to iron structure. (b) The X-ray diffraction 

pattern shows the relative diffraction patterns of graphitic carbon, -Fe, -Fe, and Fe3C. (c) 

FTIR spectra illustrate the vibration modes of oxygenated species (C-OH, C-O, C-O-C) and 

the related to chloride species due to the formation of C-Cl3 and C-Cl. (d) Raman spectra 

illustrate de D-band, G-band, and the 2nd order vibration modes like 2D-band, G*-band, 

D+D’-band, and 2D´-band.  

Figure 5.20a depicts the magnetization curve for the CNS. The saturation magnetization (Ms) 

is 192.7 emu/g (~1.45106 A/m). This value is similar to the reported by Weissker et al. [106] 

for iron carbide nanowires inside MWCNTs. The Fe3C nanowires, in that case, were below 

60 nm diameter and hundreds of nanometer lengths. They obtained Ms = 9.8105 A/m [106], 

being one of the highest values reported until now. The CNS structure as composite has a 
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coercive field strength of 502 Oe at room temperature (figure 5.20b). This value is similar 

for MWCNTs filled with Fe nanowires that present values from 445 Oe to 660 Oe [107,108], 

which are higher than Fe bulk (~0.9 Oe) [109] and Fe3C bulk (100 Oe) [74]. Su et al. [74] 

reported similar values obtained in complex flower-like carbon nanostructured clusters. 

Morelos-Gómez et al. [110] demonstrated that the coercive field of Fe3C nanowires is 

associated with the length and size of the nanowire inside MWCNTs. For example, they 

fabricated MWCNTs with diameters of 19.2 nm. The coercive field, in this case, was ~400 

Oe at 300 K, while as the diameter of Fe3C particle decreases, the coercive field increases. 

In our samples, the coercive value of 502 Oe could come of the mixture of crystallographic 

phases of -Fe, -Fe, and Fe3C.  

 

 

Figure 5.20: (a) Magnetic hysteresis loop for CNS reaching the saturation (MS) at 197.2 

emu/g. (b) Close-up over the magnetization curve depicts a coercive field of 502 Oe and a 

remanence of 77.2 emu/g at 300 K.   

 

Figure 5.21a shows the cyclic voltammetry using the CNS as a working electrode at a scan 

rate of 10 mV/s in an H2SO4 media to increase the wettability and the pseudocapacitance 

over the oxygen functionalities [111]. An intense anodic signal (A) is observed around 0.476 

V with its respective cathodic peak (A´) at 0.389 V. The Ep was 0.087 V being in a quasi-

reversible redox process [112]. This quasi-reversible redox process could be related to the 

Fe2+/Fe3+ oxide-reduction process [113] of iron species that structures the iron carbide 
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nanowires and exposed iron nanoparticles. Also, a secondary peak-pair B and B´ is observed 

at 0.641 V and 0.234 V, respectively. This redox process could be connected with the 

hydroquinone/quinone oxide-reduction process [71].  This fact is in concordance with the 

XPS and FTIR results, as revealed in the presence of Fe, Fe3C, Fe2O3, FeCl2 metallic 

structures, and OH and C=O oxygen functionalities. Li et al. obtained a squared voltammetry 

curve using iron filled MWCNTs in HNO3 between 0-2 V. The square cyclic voltammetry 

(CV) curve exhibits high charge capacities [13]. In our case, the deformation of the CV curve 

and semi-square curve could be a consequence of the increase of electron transport in 

graphite material due to Cl species [114]. Janas et al. [115] described how the 

functionalization with Cl increases the electrical conductivity of the CNT due to the influence 

of the electron density of Cl atoms over the sp2 C-C electronic density generated by the 

graphitic structure.  

Figure 5.21b depicts the cyclic voltammetry loops for different scan rates. As the scan rate 

increases, the charge capacity should increase linearly.  Figure 5.21c illustrates the linearity 

of the anodic current (A) as the scan rate increases. Besides, an increase in the scan rate 

produces an increase over the A/A´ peak and the potential difference between the anodic and 

cathodic peaks (Ep) following the linearity. Figure 5.21d depicts the galvanostatic charge-

discharge cyclic process with a 1.4 V limit potential and over 200 cycles. Figure 5.21e shows 

the changes in charge capacity after several cycles (0, 50, 100 y 200 cycles). The initial 

charge-discharge process shows two voltage regions. In the charge curve (0 cycle), a high 

charge process from 0.2 V to ~1.0 V and slope could be attributed to the oxidation process 

of Fe to Fe+2 and Fe+3 species and the slope (from 1.0 V to 1.4 V) to the graphitic doping-

functionalities effect. An irreversible capacity loss is observed in the initial cycle. A 

considerable decrease in the charge capacity in the initial 50 cycles is observed. Several 

structural factors could impact this behavior like porosity, surface chemistry, thickness, and 

dimensions of carbon nanostructure. The CNS after 100 cycles reaches its maxima current 

efficiency (figure 5.21f) after this, after the 200 cycles the CNS decreases and maintains a 

charge efficiency of 98.8%.  
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Figure 5.21: (a) Cyclic voltammetry curve of CNS showing a reversible oxidation-reduction 

peak of the Fe2+/Fe3+ redox process (A and A´) and hydroquinone/quinone functionalities (B 

and B´). (b) Current vs. potential plot for different scan rates. (c) The relation between scan 

velocity and anodic current. (d) The galvanostatic charge-discharge cyclic process to 1.4V at 

200 cycles and constant current density. (e) Current charge capacity at different cycles. (f) 

Charge efficiency after 200 cycles.  

 

Figure 5.22a depicts the FTIR spectra of different thermal treated CNS at different 

temperatures, namely, pristine (black curve), 300 °C (red curve), 400 °C (blue curve), 500 

°C (magenta curve), 600 °C (green curve), 700 °C (dark blue curve) and 800 °C (purple 

curve).  Signals at 992 cm-1, 1406 cm-1, and 3413 cm-1 are related to the C-O-C, C-H, and C-

OH vibration modes, respectively. They are associated with oxygen functional groups (C-O-

C and C-OH) and borders (C-H). These three bands disappeared at   TT-300 °C.  The 

vibration bands at 1994 cm-1 and ~2281 cm-1 (blue arrows) are intensified and could be 

associated with the CO2 formation due to the desorption of oxygen functional groups from 

300° to 800 °C [60]. The dotted line at 749 cm-1 and 857 cm-1 are representative of the 

position of C-Cl and C-Cl3 functional groups, respectively. These vibrational modes are 

observed in pristine, TT-300 °C, and TT-400 °C.  At TT-500 °C disappears. Quian et al. [98] 

reported that chloride functionalities are desorbed between 300 °C to 500 °C. However, the 
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appearance of a signal (yellow arrow) around ~923 cm-1 can be related to benzyne ions and 

ring deformation [116]. Figure 5.22b depicts the cyclic voltammetry results of the thermal 

treated CNS. Notice that for TT-300°C to 500 °C, the current density intensity is reduced 

from values around 0.03 mA/cm2 (CNS-pristine) to around 0.003 mA/cm2. This behavior 

could be associated with the loss of Cl functionalities. For TT-700° C, In the case of samples 

TT-600 °C and TT-800 ° the charge capacity increases for TT-800 °C (~0.25 mA/cm2) and 

doubles for TT-600°C (0.05 mA/cm2). This behavior is probably linked to the signal 

observed in FTIR connected to the formation of benzyne ions and the ring deformation. The 

700-TT case could be associated with morphological changes that are observed in TGA 

results, as shown in figure 5.19a. Fe-based materials and functional groups (red arrows in 

figure 5.22b) signals vanish probably due to the detachment of exposed Fe nanoparticles due 

to sample preparation by sonication and the desorption of functional groups. Interesting is 

that the cyclic voltammetry curve passes from a pseudocapacitive behavior (CNS-pristine) 

to a double-layer capacitance behavior [117]. More investigation related to the effect of the 

thermal treatment in this CNS could give insights over what is happening with the CNT and 

Fe3C nanowires during voltammetry measurements. 

 

 

Figure 5.22: (a) FTIR spectra for CNS (pristine) and samples thermally treated (TT-X, being 

X temperature) from 300 °C to 800 °C in N2 atmosphere. (b) Cyclic voltammetry 

measurements for CNS and TT-X (X = 300 °C, 400 °C, 500 °C, 600 °C, 700 °C, 800 °C) 

samples in H2SO4 media. 
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The absorption capacity was tested for the CNS structure. Figure 5.23a depicts a photograph 

of a piece of 3.38 cm  0.3 cm  0.6 cm (volume = 0.60 cm3) of the CNS. Pieces of 

approximately 0.5 cm  0.5 cm  0.2 cm of the CNS were cut it and used as a sorbent to 

determine the sorption capacity of polar solvents like methanol and ethylene glycol and non-

polar solvents like diesel, vacuum oil and gasoline (figure 5.23b). The CNS absorbs 23.3 

times its weight of diesel (highest adsorption) followed by vacuum oil (20.8 wt/wt). The 

worst adsorption capacity was for methanol (15.2 wt/wt). Figure 5.23c illustrates a 

comparison of the CNS (red bar) with other sponge-type materials. For example, Gui et al. 

[12] reported adsorption capacities ~143 times its weight using a CNT-sponge compared with 

other sponges such as polyurethane sponge, loofah skeleton, polyester, cotton towel, and 

activated carbon. 

Furthermore, it included in the graph is described as an N-doped CNT-sponge with an 

absorption capacity of 21.3 times its weight by Muñoz-Sandoval et al. [41]. Images in figure 

5.23d show the burning process of the sponge after it adsorbs diesel solvent. The burning 

process starts at 0s when the sponge is initially burned; after 30 seconds, the fire is at its 

maximum; after 38 seconds, the fire begins to extinguish and ends after 43 seconds. The 

burned sponge did not show significant structural modifications. A repetitive process of 

absorption-burning was made for nine times, after the five cycles the CNS loses the 16% of 

absorption capacity, then it stabilizes. Images in figure 5.23e-h describe the absorption 

process of oil (cooking-oil mixed with green color) spilled over de-ionized water. This 

process was monitored through the time that a piece of the CNS was deposited over the oil 

surface (figure 5.23e) until the moment it reaches saturation (figure 5.23f) after 51 seconds.  

The sponge can be moved over the water when a magnet is approaching due to the magnetic 

Fe3C phase. In figure 5.23g, the magnet was approximated to the glass when the CNS was 

on the opposite extreme, and then figure 5.23h shows the situation after a few seconds when 

the CNS is closer to the magnet.  
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Figure 5.23: (a) A photograph of CNS. (b) Absorption capacity using different solvents 

(polar and non-polar) for the CNS reaching 23 times its weight for Diesel. (c) Comparison 

of absorption capacity for a variety of materials reported by Gui et al. [12] and Muñoz-

Sandoval et al. [41] with the CNS (red bar). (d) The burning process of the CNS sample at 

different times. (e-h) Oil absorption test over water using the CNS. Note the crystalline 

formation due to the adsorption and the property of movement over the surface using a 

magnet.  

 

Figure 5.24a shows a cylinder-shaped CNS with dimensions of 0.6 cm radius and 0.58 cm 

height. A load is applied in the direction of the red arrow. Figure 5.24b illustrates the 

compression process. The cylinder broke with a load of 8.4 kN and reached a height of 0.316 

mm, i.e., a reduction of the 45.5 % of initial height. After this deformation process, the CNS 

is fully recovered (figure 5.24c), but some sections collapsed (blue arrow). A rectangular 

plate-like shaped formed with CNS (figure 5.24d) was also tested. Their dimensions were 

0.8 cm x 1.2 cm x 0.5 cm of thickness approximately. Figure 5.24e depicts the load applied 

to the rectangular plate-like CNS, where a thickness of 0.098 mm is reached after applying a 
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pressure of 2 kN. In this case, a thickness reduction of 80.5% concerning to the original plate 

was observed. Notice that after the load is released, the rectangular plate-like shape is almost 

recovered (figure 5.24f). However, some of its parts are detached (blue arrow). Figure 5.24g 

shows the stress-strain curve (SSC) for the cylinder-like CNS (red line) and the rectangular 

plate-like CNS (blue line). For the cylinder-like structure, the SSC is similar to the reported 

for plastic-elastic deformation. A maximum load of 84 MPa with a strain of 36.9 %. The 

fracture point reaches with a strain of 45.5 %. This behavior could be attributed to the 

randomness interaction of CNT that builds the CNS.  The rectangular plate-like CNS shows 

only a continuous growth of stress, reaching a tension of 17.1 MPa before breaking. Similar 

materials demonstrated different loads for breaking. Gui et al. [29] reported maximum 

compression stress of around 0.05 MPa with a compressive strain of ~ 80 % in their CNS. Li 

et al. [118] reported a CNT sponge that supports loads of about 2 MPa to 10 MPa with 

partially breaking. Worsley et al. [119] compared their CNT foam with other materials like 

carbon or silica and obtained compressive stress for the CNT foam of around 100 MPa.  

 

 

Figure 5.24: (a) Cylinder-like CNS with 0.6 cm radius and 0.58 height, the applied load 

follows the red arrow. (b) Compression stress continues until the CNS is broken; the final 

strain was 45.5%. (c) Cylinder-like CNS after the load is released, a blue arrow depicts a 

broken section. (d) Rectangular plate-like CNS, the red arrow points out the direction of the 

load is applied. (e) The load is applied until the CNS is broken at 0.098mm (f) Rectangular 

plate-like CNS after the load is released, detached parts are observed (blue arrow). (g) The 
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stress-strain curve shows a maximum load of 84 MPa and 17.1 MPa for cylinder-like CNS 

and rectangular plate-like CNS, respectively. 

 

5.3.3 Growth mechanism approach 

Figure 5.25 illustrates a schematic of the growth mechanism of our CNS. Figure 5.25a depicts 

the decomposition of 1,2-dichlorobenzene.  The formation of chlorophenyl radical and 

chloride radicals is the first step of the decomposition. In a reductive atmosphere, the chloride 

radical could form hydrochloric acid and chlorine gas. In the case of the chlorophenyl 

compound, Kern et al. [120] show that the decomposition follows two routes. One is the ring-

opening that leads to the production of small aliphatic chains like C2H4, C4H3, C4H2, and 

halogenated aliphatic structures like CH3Cl, C2H4C. The second route consists of the 

separation of Cl together with the chain reaction of radicals that probably produce larger 

species like C12H8Cl, C18H13Cl, and others. In both cases, there are HCl and Cl radicals 

formation [120,121]. Figure 5.25b is a representative proposal of the growth mechanism. In 

early stages, aliphatic carbon chains are produced by the decomposition of 1,2-

dichlorobenzene, and the decomposition of ferrocene promotes the formation of carbon 

atoms and iron atoms that precipitates over the quartz tube. The Fe atoms coalesce to form a 

Fe-based nanoparticle (Fe3C mainly) and the CNT begin to grow. The HCl interacts with 

amorphous carbon leading to a slower carbon saturation of the Fe-based nanoparticle (figure 

5.26c). In this stage also the Cl radicals interacts with the Fe to form FeCl2/FeCl3 that form 

grain boundaries limiting the typical growth of CNTs. In the following stage (figure 5.26d), 

the formation of the Fe-based nanowire starts (yellow), provoking a unidirectional growth of 

the CNT. The CNT extruded the Fe-based nanowire because the Cl-based material prevents 

the growth of catalyst nanoparticle.  After this (figure 5.26e), the Cl reacts with the CNT 

surface functionalizing it. The CNS is constructed when the Fe3C nanoparticles precipitate 

over the CNT and promote a random growth (figure 5.26f).  

Figure 5.26(g-j) illustrates SEM images associated with the growth of the CNS through time 

form 0 min to 3 hours, respectively. At 0 min (figure 5.26g, retro dispersed SEM image), 

carbon material agglomerates with a high deposition of metallic particles. After 1 hour (figure 

5.26h), there is a formation of CNTs (~60 nm diameter) with encapsulated metallic 
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nanowires. Notice that some CNTs are partially oriented, forming thin (white squared). 

Figure 5.26i shows larger bundles of CNTs (red arrows) approximately ~ 920 nm width and 

randomly oriented. In this figure, the diameter of the CNT is about 42 nm. The bundle 

sections are probably associated with the large chloride species anchored to the CNT that 

works as a semi-polymeric junction structure. At 3 hours (figure 5.26j), the CNT diameters 

are thinner (~32 nm), and no bundled sections are observed.  Unlike what happens in the case 

of covalent bonds between CNT in some sponges [10,19], or due to van der Waals forces in 

other types of Self-assembly 3D CNT constructions [11]. In our case, where no curved or 

very clean CNTs are observed, our CNS maybe is constructed based on covalent unions 

between defects generated by the chloride functionalization.  

 

 

Figure 5.26: (a) Possible decomposition mechanism for 1,2-dichlorobenzene where the 

formation of chlorophenyl and chloride radicals are observed. (b-f) The schematization of 

the growth mechanism of Fe3C filled CNT where the interaction of chloride species with 

amorphous carbon and Fe-based particles promotes the formation of Fe3C nanowires and 

chloride functionalization, and finally the CNS. (g-j) SEM images associated with the growth 

of carbon materials through time 0 min (g), 1h (h), 2h (i), and 3h (j). In these last SEM 

images, the figure (g) is a back-scattering electron SEM image. 
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5.3.4 Theoretical procedure 

Electronic calculations were performed using density functional theory (DFT) [78,79]. The 

generalized gradient approximation with the Perdew, Burke, and Ernzerhof parametrization 

was chosen for the exchange-correlation functional [80] as implemented in the SIESTA code 

[81]. The wave functions for the valence electrons were represented by a linear combination 

of pseudo-atomic numerical orbitals using a double-ζ polarized basis (DZP) [82], while the 

core electrons by norm-conserving Troullier-Martins pseudopotentials in the Kleinman-

Bylander non-local form [83,84]. The real-space grid used for charge and potential 

integration is equivalent to a plane wave cut-off energy of 150 Ry. We used a graphene 

supercell of 6×6 with 140 atoms.  In the non-periodic axis, we used a minimum of 30 Å to 

avoid lateral interactions.  A sampling of the 2D Brillouin zones was carried out with 

60×60×1 Monkhorst-Pack grids. Density matrix and energy tolerances were both taken as 

10-5 eV. A variable cell structural relaxation was performed on all systems to include the 

strain effects introduced by the functional groups. The geometry optimization was performed 

by conjugate gradient minimization until the maximum force was < 0.04 eV/Å.  

Density-functional calculations were performed for the trichloromethyl and chloride 

functionalization on armchair metallic and zigzag semiconductor carbon nanotubes. Figure 

5.27 displays the electronic density of states and the corresponding structural relaxed 

structures for single-walled carbon nanotubes. In both cases, the starting geometry for the 

structure optimization was the trichloromethyl on the surface of the carbon nanotubes. After 

the geometry optimization, in the semiconducting SWCNT(10,0), the trichloromethyl was 

fragmented into chloride and dichloromethyl (Cl +CCl2 ); see figure 5.27a. In the CCl2, the 

carbon is joined to two carbon atoms belonging to the carbon nanotube. The electronic 

density of states showed states just in the Fermi energy level due to the charge transfer.  From 

Mulliken analysis, the CCl2 and single Cl pulled out from the carbon nanotubes 0.064 and 

0.184 electrons, respectively. Results for SWCNT(6,6) are shown in figure 5.27b. The 

trichloromethyl kept its structure after the optimization treatment, the density of states 

showed states at the Fermi level. The Mulliken analysis revealed a charge transfer of 0.073 

electrons from carbon nanotube to trichloromethyl. The chloride atom pulled out 0.242 and 

0.275 electrons for (10,0) and (6,6) SWCNTs, respectively.  
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Figure 5.27: Electronic density of states chloride functionalized single-walled carbon 

nanotubes (SWNT). (a) SWCNT (10,0) and (b) SWCNT (6,6). The corresponding optimized 

structures are shown in the inset. In both cases, the starting geometry in the optimization 

procedure consisted of the SWCNT with a trichloromethyl anchored on its surface. The 

Fermi energy is set in zero energy (vertical dashed line). 

 

5.3.5 Conclusions 

In this work, we report the formation of Fe3C-nanowire-encapsulated chloride functionalized 

carbon nanotube forming a CNS. The Fe3C nanowires present lengths above 3 m and 

diameters of ~21 nm, surrounded by well-ordered graphitic layers. Between the most relevant 

results of our work is the decomposition of the 1,2-dichlorobenzene molecule leading to 

surface functionalization with chloride, chloromethane, and trichloromethyl radicals. It is one 

of the first times that chloride functionalization in carbon sponges is reported. Another leads 

issue is the magnetization saturation obtained mainly due to the Fe3C nanowires. The value 

of 192.7 emu/g is one of the most significant values published until now and higher in carbon 

nanotube sponges. Also, the coercive field is competitive and could be used for the 

recuperation of oil spills. The cyclic voltammetry measurements demonstrated that the CNS 

exhibits high charge capacity due to the hydroquinone/quinone process of oxygen 

functionalities and diffusion of Cl ions. These results are essential to use our CNS as a 

catalyst in electrochemistry. The CNS depicts oil-sorption capacity with 23 times its weight 
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for diesel. Besides, no structural damage after burning is observed. It is worth mentioning 

that our CNS can be pressed or burned to recover o eliminate the hydrocarbons without 

suffering visible deterioration. The CNS is mechanically stable and support high loads (84 

MPa). Finally, CNS is a three-dimensional porous carbon nanostructured material with 

chloride functionalizations and magnetic properties that could be used as an electrode for 

magnetic Li-ion batteries and magnetic ORR reactions. 
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CONCLUSIONS 
 

Following the main objective and the hypothesis described in the first pages, each chapter contributes 

in order to obtain a series of results that would help in the accomplishment of these two aspects: the 

objective and the hypothesis verification.  

By the sputtering technique was possible to obtain Co-Cu thin films that work as support and catalyst 

in a chemical vapor deposition system to grow a variety of carbon nanostructures. The use of a 

diversity of precursors containing C, S, N, and O plays a crucial role in the type of carbon 

nanostructure obtained. This knowledge is not new. In literature, it was known that different 

precursors promote changes over the growth of the carbon nanostructures. However, in this case, a 

lightly variations of sulfur combined with unstable temperature conditions considerably changes the 

type of growth leading to the formation of carbon nanoonios, carbon nanotubes, carbon nanofibers, 

wrinkled carbon nanofibers, and interlaced carbon nanofibers within 30 min of synthesis time. 

Surprisingly, the interlaced wrinkled carbon nanofibers promote the formation of 3D carbon 

nanostructures described as wrinkled carbon nanobelts structure (N-CBS) with an increase in 

synthesis time (240 min). 

The N-CBS structure had highly interesting characteristics. It is structured by corrugated graphitic 

material that grows unidirectional. This graphitic material is full of holes, discontinuous graphitic 

sections, doped with nitrogen, and functionalized with oxygen. The responsible for the growth of this 

type of unusual carbon nanostructure is associated with the formation of elongated Cu nanoparticles 

where Co@Cu semi-spherical nanoparticles are attached. The reduction atmosphere favors the 

formation of this type of metallic nanostructures. However, this growth mechanism is highly 

influenced by the Cu interaction with Co and the partial interaction with S and O, which comes from 

precursors used. When Cu is changed with other metal in the same chemical family-like Ag or Au, 

the N-CBS structure is not formed, and only thicker interlaced wrinkled carbon nanofibers are 

observed.   

To determinate the influence of Cu, alternative experiments were developed using Cu thin films. 

Although commonly Cu is used to grow graphene due to the low carbon solubility in the crystal 

structure, the size, shape, and crystal plane that interacts with carbon its determinant in the variation 

of growth mechanism in order to obtain carbon nanotubes, carbon nanofibers, and graphene. Not only 

that, another aspect to have in account is the interaction of intermediary chemical compounds formed 
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during the precursor's pyrolysis. If the atmosphere promotes the diminution of amorphous carbon and 

a continuous reductive atmosphere, the formation of tubular carbon nanostructures should be 

observed. 

Finally, in order to compare with other growth mechanisms associated with the synthesis of 3D carbon 

nanostructures, a Fe based catalysts mixed with a variety of precursors was obtained and tested in a 

chemical vapor deposition system at high temperature. The exciting thing about these experiments 

was that also for this case, the decomposition mechanism associated with the precursor, as well as the 

type of heteroatom involved considerably modifies the growth mechanism during the formation of 

3D carbon nanostructures named carbon nanotube sponges (CNS). The CNS obtained with a 

nitrogen-based precursor it is formed of nitrogen-doped carbon nanofibers while using a chloride 

carbon precursor promotes the formation of iron nanowires carbon nanotube structures. The 

electronic, magnetic, and physical characteristics vary considerable depending on the precursor used.  

 

Contributions 

The main aspect of doing science is to contribute to the development of knowledge, trying to 

understand the natural laws that dominates the physics or chemistry of things for the 

development of technology that directly impacts in modern life. All this for the good of 

humanity. This doctoral thesis intention is to contribute, even in a minimum way, to the 

development of nanomaterials science especially the focused around the use of carbon 

nanomaterials. 

In this thesis, we have contributed to the development and improvement four principal 

subjects: 1) CVD technique for the synthesis of 3D carbon materials, 2) Use of bimetallic 

thin film materials as a catalyst for 3D carbon systems and 3) Understanding in a better way 

the influence of Co, Cu, and Fe over the develop of 3D carbon arrangements, 4) Role of Cu 

NPS in the growth of CNT and 3D carbon nanostructured belts. 

It was described how precursors play a significant role in the growth of 3D carbon 

nanostructures. It is known that oxygen and sulfur plays a significant role in the modification 

of the electronic and structural system in graphitic networks. In this thesis, we introduce a 

bimetallic catalyst Co-Cu where Co is known by their characteristics to grow CNT and Cu 

graphene. In an effort to combine all these effects with the intention to create a CNT-graphene 
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hybrid system, a unique growth process took place, and 3D carbon nanostructured belts were 

grown over thin films.  

3D carbon nanostructured belts were catalyzed by a hierarchical process where highly 

corrugated CNF agglomerates unidirectional and the belt structure take place. One important 

aspect to grow this type of structure in the synthesis time. After 30 minutes, only wrinkled 

CNF are obtained. After 2 hours, the 3D carbon nanostructured belts are grown, and after 4 

hours of hybrids systems, CNT/N-CBS can be obtained. Due to the use of precursors that 

contains nitrogen and oxygen, these carbon nanostructured belts are nitrogen-doped, and 

oxygen functionalized what could help in the development of technology like battery systems 

and sensors. 

One interesting aspect of the growth of 3D carbon nanostructured belts was the role of Cu 

interaction with Co and Cu NPS formation and posterior influence in the growth of CNT over 

the surface of 3D carbon nanostructured belts. The understanding of how Cu can nucleate 

CNT and how the position inside CVD systems influence the growing capacity of Cu films, 

and Cu NPS was an important contribution of the present thesis work. 

In order to improve the growth of 3D carbon nanostructures, the Fe catalyst was employed 

with different precursors like pyridine and 1,2-dichlorobenzene. The type of 3D carbon 

nanostructures obtained using this methodology called “carbon nanotube sponge”. These 

results contribute to the CNF 3D carbon nanostructure development by the use of pyridine 

and a CNT 3D carbon nanostructure development using 1,2-dichlorobenzene. These two 

types of carbon nanotube sponge had a highly attractive magnetic characteristic and high 

charge capacities that can contribute to the development of electrodes, magnetic oil-spill 

sorbents, and catalysts. An interesting aspect associated with the growth of the pyridine CNF 

3D carbon nanostructure is the possibility to obtain a nitrogen functionalized carbon sponge, 

which could help to develop selective materials. In the case of the 1,2-dichlorobenzene CNT 

3D carbon nanostructure, the growth mechanism associated with the influence of Cl radicals 

and the functionalization with Cl species directly impacts the charge capacity and magnetic 

saturation. 
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