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Preface 
This dissertation is submitted for the degree of Doctor of Philosophy to the 

"Universidad Carlos III” (Madrid). It is based on the work carried out at IMDEA 

Materials Institute (Madrid) between October 2012 and September 2016, under the 
supervision of Dr. Roberto Guzmán de Villoria.  

This work was also supported by collaborations with Dr. Raquel Oro (TU Wien, 

Viena), Dr. Mónica Campos (“Universidad Carlos III”, Madrid), Professor José 
Manuel Torralba (IMDEA Materials, Madrid), Dr. Yuwen Cui (IMDEA Materials, 

Madrid) and Dr. Guanglong Xu (IMDEA Materials, Madrid) in those aspects relating 

to characterization of metal catalysts and Dr. Ignacio Martín-Gullón (Universidad 
de Alicante) for the thermal treatments and characterization of carbon nanofibres. 

Those tasks relating to electrical and optical characterization of carbon thin films 
were carried out under collaborations with Dr. Pablo Aitor Postigo (“Instituto de 

Microelectrónica”, Madrid), Estela Baquedano (“Instituto de Microelectrónica”, 
Madrid), Dr. Javier Martínez (ISOM, Madrid), Dr. Alberto Boscá (ISOM, Madrid), 

and Blanca Jalvo (“Universidad de Alcalá”, Madrid), Dr. Javier Santiago-Morales 

(“Universidad de Alcalá”, Madrid) and Dr. Roberto Rosal (“Universidad de Alcalá” 
and IMDEA Water Institute, Madrid) for experiments to characterize surface 

wettability of carbon thin films. 

This work starts with an introductory Chapter I which reviews some existing carbon 
nanomaterials and their production by chemical vapor deposition, followed by the 

statement of objectives in Chapter II. In Chapter III, main experimental techniques 

used along the thesis are explained. Results are presented in Chapters IV, V and VI, 
which focuses on the synthesis of carbon fibres and nanofibres on pure nickel and 

Fe64Ni36 powders, vertically aligned carbon nanotubes on stainless steel foils and 
carbon thin films on copper foils, respectively. Finally, physical properties of the 

carbon thin films described in Chapter VI are analysed in Chapter VII, which focuses 
on the characterization of the electrical and optical conductivities, on the surface 

wettability properties and on a highly scalable polymer-assisted transfer process by 

thermal shocks. 
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Resumen 
Actualmente, las excelentes propiedades proporcionadas a escala nanométrica por 

los nanomateriales de carbono, como nanotubos y grafeno, motivan la propuesta 

teórica de un gran número de aplicaciones. Estos nanomateriales se pueden producir 
por deposición química en fase vapor (CVD), que consiste en la descomposición 

térmica de hidrocarburos sobre catalizadores metálicos. La técnica de CVD permite, 
a través del control de las condiciones de síntesis y la composición y morfología del 

catalizador, la producción controlada de estructuras altamente organizadas como 

nanotubos de carbono verticalmente alineados o formando una fibra continua, así 
como películas de un único átomo de espesor. Sin embargo, la producción de 

catalizadores altamente controlados requiere técnicas de alto coste y difícilmente 
escalables a nivel industrial. Una alternativa es la síntesis directa y de bajo coste 

empleando catalizadores metálicos comerciales en forma de polvo o placa para la 

producción de nanomateriales de diferentes morfologías y cristalinidades. A pesar de 
que esta alternativa ya se ha demostrado con anterioridad, la mayoría del trabajo 

experimental publicado se centra en la caracterización del carbono producido, y 
existe una necesidad de estudios experimentales enfocados en el mecanismo de 

crecimiento de nano-estructuras sobre estos catalizadores. En este trabajo, se 

presenta el uso de polvos metálicos de base níquel y de placas de acero y cobre, como 
catalizadores de bajo coste para la producción de nanomateriales de carbono por la 

técnica de CVD. Se demuestra la obtención de nanofibras, nanotubos verticalmente 
alineados y películas delgadas, así como los mecanismos de crecimiento en cada una 

de los catalizadores empleados. Finalmente, se demuestra un proceso de producción 
de películas poliméricas compuestas de películas delgadas de carbono amorfo con 

alto potencial de escalado industrial, lo que amplía la lista de carbonos nano-

estructurados disponibles con potencial uso como superficies multifuncionales. 
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Abstract 
Carbon nanomaterials such as carbon nanotubes (CNTs) or monolayer graphene are 

proposed for a wide variety of theoretical applications due to the superior properties 

provided at the nanoscale. They can be produced by chemical vapor deposition 
(CVD), which consists on the thermal decomposition of hydrocarbons over metal 

catalysts. Highly ordered structures like CNTs arrays and fibres as well as large-
area monolayer graphene films can be grown in a highly controlled manner at 

laboratory scale by selecting the proper CVD conditions, the metal catalyst 

composition and morphology. However, the highly controlled catalysts needed for 
their synthesis are currently produced by expensive techniques which are hard to 

scale. Alternatively, the use of commercially available bulk metal catalysts like 
powders, foils and meshes are shown to be a fast and low cost approach for the 

production of carbon nanomaterials with several morphologies and crystallinities. 

This alternative is already demonstrated in the literature, however most of the 
experimental work on synthesis on bulk metals focuses on the carbon produced, and 

there is a need of experimental work focused on growth mechanisms of carbon 
nanomaterials on these metal catalysts. We used nickel-based powders and stainless 

steel and copper foils for the production of carbon fibres, nanofibres, CNTs arrays 

and thin films by CVD, providing supported explanations on the carbon 
nanostructure growth mechanisms. Highly scalable processing developments in the 

production of graphene-based composite thin films are also presented, which expand 
the available portfolio of nanostructured carbon materials with potential 

applications in multifunctional surfaces. 
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1 
Introduction 

 

1.1. Carbon materials, bonding and structures 
The carbon atom holds six electrons with a 1s22s22p2 configuration, the latest four of 
which are valence electrons (2s22p2). Since the energetic difference between 2s and 

2p orbitals is low compared to the energy released when the chemical bonding takes 
place, these orbitals can totally or partially mix to form sp hybridized orbitals (σ 

bonds). As shown in the Figure 1a, sp3 hybrid orbitals form a tetrahedron and give 

rise tetrahedral carbon networks like diamond, sp2 hybrid orbitals give rise to planar 
structures like graphite and sp hybridized carbon form linear chains like carbyne. 

The p orbitals not taking part in sp2 or sp hybridization, form additional π bonds. 

Ideally, graphite (sp2) is a repetition of layers (xy plane) stacked in z direction by Van 

der Waals interactions (Figure 1b). Individual layers, known as graphene, are 
composed of one-atom-thick honey-comb lattice of carbon atoms placed at the corners 
of regular hexagons. Each atom is bonded to three carbon atoms by three σ bonds, 

and since only three out of four valence electrons are participating in the 
hybridization, the remaining electron forms the π bond constituting a delocalized 

cloud over and below the graphene layer. This in-plane bonding gives graphene and 
graphite high electrical and mechanical properties along the graphite in-plane 

direction. Such configuration results in a distance between adjacent atoms in a 

graphene layer of ~0.1415 nm and the distance between two graphene layers of 
~0.3354 nm [1].  

Because the weak interaction between graphene layers along the z direction, these 

layers can translate forming two modifications of graphite; the hexagonal or α-
graphite, where individual graphene layers are sequenced in ABAB stacking and B-

layer atoms situated in the centre of A-layer atoms (Figure 1b), and the 

rhombohedral or β-graphite (frequent in natural graphites) stacked in an ABCABC. 
β-graphite can be transformed into α-graphite by heat up above 1000ºC.
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between nanofibres and thin films, both showing highly crystalline and amorphous 
microstructures. 

1.2.1. Nanotubes and nanofibres 

A carbon nanotube (CNT) can be visualized as a rolled up graphene layer or layers 

forming a cylindrical cavity with a nanometre-sized diameter [6], [7], with the 
graphite planes parallel to the fibre length axis. Several types of CNTs have been 

found depending on the number of graphene layers (single-wall or concentric multi-

wall) and the graphene rolling direction (Figure 3a). Diameters range from 0.4 nm 
to 15 nm in single-wall CNT and from 10 nm to 100 nm in multi-walled CNT [1], [8], 

with lengths reaching cm-scale resulting in outstanding aspect ratios of 
length/diameter up to 107 [9]. Since the properties of CNTs strongly depend on their 

diameter, number of walls and the rolling direction, a large dispersion of values can 

be extracted from the literature, highlighting electrical conductivities up to 107 S/m 
[10] (of the order of copper), thermal conductivities up to 5800 W/mK [11], [12] 

(greater than graphite), Young’s modulus greater than 1 TPa [13] and strength up 
to 63 GPa [14], [15] (greater than steel). 

Besides CNTs, where the graphite plane is parallel to the fibre length axis forming 

a cylindrical cavity, there are a wide variety of nanofilaments not exceeding 500 nm 

in diameter with different graphite crystal orientations (Figure 3b), known as 
nanofibres [16]. Most common carbon nanofibres are platelet nanofibers (composed 

of small graphene layers, perpendicularly disposed to the fibre axis), fishbone hollow 
core nanofibers (where the graphene layers are inclined with respect to the fibre axis, 

with an either a hollow or a solid core), ribbon nanofibers (straight and unrolled 

graphene layers parallel to the fibre axis with non-cylindrical cross-sections) and 
stacked-cup nanofibers (formed by individual and continuous nanocones stacked 

along the longitudinal direction of the fibres). Given the lack of long range continuity 
of the graphite crystal (La) in carbon nanofibers, lower values of their physical 

properties compared to CNTs are displayed, like Young Modulus up to 0.245 TPa, 

mechanical strength of 2.9 GPa [17], electrical conductivity in the range of 103 - 104 
[18] and thermal conductivity up to 449 W/mK [19].  
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1.2.2. Graphene and amorphous thin films 

Graphene can be considered the “simplest” carbon nanomaterial due to its symmetry 
and bidimensionality, consisting on one-atom-thick sheet of carbon atoms densely 

packed into a benzene-ring structure forming a sp2-bonded honey-comb lattice 
(Figure 3d). Few-layer graphene was first experimentally studied in 2004 [20], and 

widely analysed since then, showing a wide range of unique properties such a very 

high electrical conductivity (108 S/m) [21] (greater than copper), near zero and 
tuneable bandgap, thermal conductivity up to 5300 W/mK [22]–[25] (greater than 

graphite), tensile modulus up to 1 TPa and mechanical strength up to 130 GPa 

(greater than steel), and optical transmittance of 97,7% of visible light [26].  

Graphene is probably the most extensively studied carbon nanomaterial at the 

moment of this work, however alternative nanometre-thick amorphous carbon thin 

films showing a high dispersion of properties are found in the literature [27]. 
Diamond-like carbon (with a significant fraction of C–C sp3 bonds) and glass-like 

carbon (100% sp2 bonds with entangled microstructures) are some examples which 
are currently manufactured as thin films with thicknesses of few nm. Due to their 

amorphous nature, their properties are well below those of graphene, showing 

thermal conductivity of 0.374 W/mK [28], electrical conductivity up to 104 S/m [29], 
Young modulus up to 62 GPa and tensile strength of 870 MPa [30]. Despite 

mechanical and transport properties are not competitive as compared to graphene 
and CNTs, amorphous and glass-like carbons combine interesting properties such as 

high temperature stability, extreme resistance to chemical corrosion, high hardness, 

low density, and high impermeability to both gases and liquids [2], [31], [32]. A 
summary of the properties of the described materials is presented in Table 1. 
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Table 1 Summary of the properties per carbon material. 

Material 

Electrical 
Conductivity 
(S/m) 

Thermal  
Conductivity 
(W/mK) 

Young  
Modulus 
(TPa) 

Tensile 
Strength 
(GPa) 

Nanofilaments     
CNT 107 5800 1 63 
CNF 103-104 449 0.245 2.9 

Thin Films  
(nm thickness)     

Graphene 108 5300 1 130 

Amorphous carbon  104 0.374 0.062 0.870 

Bulk and references     
Graphite 106 (in-plane) 4000 (in-plane) 0.03 0.08 

Carbon fibres 104-105 500 0.450 3-6 
References 6·107 (Copper) 2000 (Diamond) 0.2 (Steel) 1 (Steel) 
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1.2.3. Potential applications  

Carbon nanomaterials may be classified by two general parameters, i) the quality or 
crystallinity (highly crystalline vs amorphous materials), and ii) the shape (powder 

vs aligned materials like fibres or films). For example, the crystallinity of carbon 
nanomaterials for batteries or supercapacitors is “the opposite” to those required for 

high performance electronics, where highly crystalline graphene films are demanded 

[4], [5]. It is important to highlight the different readiness level of each carbon 
nanomaterial and the respective issues found in their integration in real 

applications. Major problems are found in maintaining their properties upon up-
scaling as well as on their mass production at reasonable cost. A brief description of 

some applications and related issues is presented in next paragraphs. 

Carbon nanotubes and nanofibers 

Powders of CNTs and CNFs are widely studied as fillers for the reinforcement of 

polymer matrixes. Despite their mass production is already demonstrated and offers 
competitive prices and yields [4], [33], [34], the full potential of CNTs and CNFs as 

mechanical reinforcement is currently limited due to their poor dispersion within the 
polymer matrix, which result in poor mechanical properties [35], [36]. Also, CNTs 

surfaces are chemically stable and interact with the matrix mainly through van der 

Waals forces, which are unable to provide an efficient load transfer across the 
filler/matrix interface, and chemical functionalization might be required to improve 

the adhesion. Similar problems are found when using graphene powders. On the 
other hand, nanomaterials in powder shape are facing toxicity issues in contact with 

organisms in significant quantities [37], [38]. Thus from a technical point of view, 

the challenge for polymer reinforcement with CNTs and graphene powders is their 
homogeneous dispersion and the efficient adhesion with the matrix.  

The high porosity and surface area together with high electrical conductivity are 

highly demanded in energy storage and production systems (lithium-ion batteries, 
supercapacitors or fuel cells). However, carbon materials showing porous size <2 nm 

appear to be unsuitable for Li-ion battery electrodes, because the bigger the pore 

size, the higher the irreversible capacity. That is the case of CNTs, which provide a 
gradual loss of capacity that is unacceptable for Li-ion batteries, and have a limited 
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application in supercapacitors due to the lack of microporosity [38]. Alternatively, 
CNTs and CNFs may be useful as a conductive support for inorganic catalysts, giving 

rise to hybrid functional inorganic compounds with great potential in photocatalysis 

[39].  

CNTs powders are currently applied in several commercial products like running 
shoes, golf shafts, armor vests, electromagnetic shielding materials, bicycles, 

filtration membranes [4]. 

Graphene films and powders 

Transparent electrodes are highly demanded for electronic devices/displays and 
photovoltaics. Materials used in these applications should have high electrical 

conductivities and transparency, must be colourless, low cost and occasionally must 

be flexible (car windows and consumer electronics [40]–[42]). Despite transparent 
conductive oxides like indium tin oxide (ITO) dominates the industry, carbon 

nanotube networks and graphene films are currently being investigated, which 
provide the advantage of being highly flexible [43]. Nowadays, high quality 

continuous graphene films produced in the laboratory are the best carbon-based 

candidates that approaches ITO´s performance, with 97.4% of optical transmittance 

coupled with sheet resistance of 125 Ω/□ [43]. Unfortunately their production, 

transfer and integration are still in its infancy [5]. Graphene also enables the 

manufacturing of devices with extremely thin channels, and is considered a 
candidate for post-Si electronics by the International Technology Roadmap for 

Semiconductors [5]. High quality SWNTs can also be used to build thin-film 
transistors (TFTs) for organic light-emitting diode (OLED) displays, and may replace 

copper microelectronic interconnects and function both as electrical leads and heat 

sinks for use in high-power amplifiers. In summary, transparent conductive 
electrodes and electronic devices can be considered as one of the most demanding 

applications for carbon nanomaterials in terms of crystallinity and defect-free 
production process. 

Currently, graphene powders are applied in several products such as graphene based 

inks, tennis rackets, skis, thermal pastes, bicycle race wheels, cycling helmets, 
cycling shoes [44] and lightbulb (Graphene Lighting PLC). 
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complementary to CNT and graphene. In fact, glass-like carbons in bulk state are 
already used in industry as electrodes due to their combination of high temperature 

stability and extreme resistance to chemical corrosion. Also, functional devices are 

being developed making use of glass-like carbon thin films for micromechanical 
systems [48], [49], catalysis [50], air separation [51], flexible neuroelectronic 

implants for dopamine sensing [52] or energy-storage applications [12], [54].  

Beside improvement of existing technologies, carbon nanomaterials are expected to 
enable the emergence of new technologies in the future. The most inexpensive 

carbon-based materials and with the least requirements would be the first available 

(flexible solar cells, batteries and supercapacitors) while devices which require the 
highest quality will take more time. It is important to take into account that carbon-

based materials will replace existing standard materials only if they are competitive 
enough to justify the cost of introduction and integration, so a parallel target is to 

develop novel applications rather than replace materials in already existing ones [5]. 

1.2.4. Production techniques 

Carbon nanotubes and nanofibers 

The most widely studied techniques to produce CNT and CNF powders are arc-
discharge [6], laser ablation [55] and chemical vapor deposition [56]. Arc-discharge 

methods consist on an electrical breakdown of a gas by applying a direct current 
between two electrodes separated <1 mm; a cathode, usually made of pure graphite, 

and an anode which usually holds the carbon precursor and a catalyst (usually a 

metal like iron, cobalt, nickel, etc.) (Figure 5a). The electric arc between the 
electrodes generates a plasma that sublimates the carbon precursor inside the 

anode, which in contact with the metal catalyst at high temperature results in the 
production of CNTs (the growth mechanisms of CNTs from metal catalyst will be 

discussed in next sections). Amounts up to 100 g/h of CNTs in form of powder can be 

produced with this method [1]. The arc-discharge process is difficult to control 
because of the very high temperatures needed for graphite sublimation (~3200ºC), 

and also produces unwanted by-products which contaminates the CNTs. Similar to 
the arc-discharge method, laser ablation consists on sublimation of a graphite target 

at about 1200ºC using a laser beam (Figure 5b). By using a mixture of graphite and 



  I. Introduction 

 

 

  33 

catalyst, single-wall CNTs are obtained, whereas no catalyst is needed for the 
production of multi-wall CNTs. The CNTs formed by the laser ablation method are 

of a higher quality than those produced by the arc discharge method. 

Although CNTs and CNFs can be produced in relatively large quantities and high 

quality by arc-discharge and laser ablation techniques, two important drawbacks are 
found: the high temperature needed in the production and more importantly, the 

resulting product is a powder where nanofibres are entangled and randomly mixed, 
which complicates the purification process and their application. A well-known and 

promising method to produce high quality CNTs and CNFs at high yields is by 

catalytic chemical vapor deposition process. This method consists on the thermal 
decomposition of a hydrocarbon gas over catalytic metal nanoparticles (Figure 5c). 

This method enables a higher control than arc-discharge and laser ablation methods, 
and a wide variety of aligned structures like macroscopic fibres, vertically aligned 

CNTs and films can be produced. This represents a significant advantage over other 

techniques, which is enabled by a highly controlled interaction between the carbon 
source and the catalyst. CVD is probably the most widely used technique for large 

scale production of CNTs and graphene films [1], [8], and is the synthesis process 
used in this PhD thesis. 

Table 2 Comparison among the well-established approaches for CNT synthesis [57], [58]. 

Method 

CNT  
length 
(µm) 

Growth 
rate 
(µm/s) Quality Yield Temperature (ºC) 

Arc discharge ~1 up to 107 Low Med ~3200 (local) 

Laser ablation ~1 ~0,1 Med High 

1000 at furnace 
surroundings, higher on 
ablation site) 

Thermal CVD 0,1-105 0,1-10 High Med 500-1200 

Plasma enhanced CVD 0,1-10 0,01-1 Low Low-Med 100-800 
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the preparation of graphene samples for fundamental studies, it is impractical for 
large-scale applications.  

Graphite can also be exfoliated by using liquids (liquid phase exfoliation, LPE), 

process by which graphene powders can be produced at large scales and low cost 

(Figure 6b). This technique consists on high-shear mixing using rotating blades or 
ultrasounds [33], [34], and the major problem is that the graphene flakes are highly 

dispersed with regard to their thickness and lateral dimensions. On the other hand, 
monolayer and few-layer graphene large sheets up to 1 m (diagonal) can be produced 

by epitaxial growth on SiC above 1000ºC (Figure 6c). This method consists on the 

sublimation of the near surface Si atoms of SiC. Since SiC is a stablished substrate 
for power electronics, this is a promising method to produce graphene for 

nanoeletronics, despite cost issues as compared to Si electronics are still to be fully 
solved (SiC wafers ∼$150-250 vs Si ∼$5-10, prices on 2011 [5]). Alternatively, large 

sheets of monolayer graphene can be produced by chemical vapor deposition using 

metal foils as catalyst [5], following a similar procedure to obtain CNTs and CNFs. 
In the next section we provide a further explanation on the chemical vapor deposition 

process. 

Table 3 State of the art (as of August 2014) of the main production approaches of graphene 
powders, films and foreseen applications [5]. 

Method 
Crystallites 
Size, La (µm) Sample Size, mm 

Micromechanical cleavage 1000 1 

LPE of graphite 0.01-1 0.1-1 (∞ as overlapping flakes) 

Growth on SiC 100 100 

CVD 50000 1000 

 





  I. Introduction 

 

 

  37 

monolayer graphene can be produced by this technique, and is considered one of the 
most versatile and scalable technique to produce carbon nanomaterials. 

1.3. Catalytic chemical vapor deposition 
Chemical vapor deposition (CVD) is a technique to produce coatings, powders, fibres 
and monolithic components widely used in the manufacturing of semiconductor and 

electronics components, coatings for corrosion resistance or machine tools [61]. The 
deposited material comes from precursors such as metals, carbides, nitrides, oxides 

and II-VI semiconductor compounds, which are heated by lasers, microwaves or a 

furnace and deposited on top of a substrate.  

CVD of carbon materials normally uses gaseous precursors and furnaces or 
microwaves as heating sources. A large number of carbon-containing molecules can 

be used including hydrocarbons, alcohols and aromatic compounds. An inert gas, 
commonly N2, helium or argon, is usually introduced to maintain the adequate carbon 

precursor concentration and rate during the synthesis of carbon nanomaterials. 
When the CVD process also makes use of metal catalysts to accelerate the 

decomposition of the precursors, the process is known as catalytic CVD or cCVD. 

This procedure provides a high control during growth of carbon nanostructures due 
to the possibility to finely tune the interaction between the carbon source and the 

catalyst down to atomic scale. In fact, monolayer graphene, CNTs and CNFs can be 
produced by cCVD by selecting the appropriate metal catalyst, which makes cCVD 

one most widely used processes to produced carbon nanomaterials. 

The metal catalyst can be introduced within the gas phase (floating catalyst CVD) 

or by previously placing it in the reaction chamber (supported catalyst) and the 
process normally takes place between 500ºC and 1200ºC. On the other hand, low 

pressure cCVD permits a more controlled growth mechanism compared to those at 
atmospheric pressures, however the latter are more scalable. In this section we 

review the fundamentals of catalytic reactions and the growth mechanism involved 
in the synthesis of carbon nanomaterials by cCVD, which will serve as a basis for the 

selection of the catalysts and the discussion of the results presented in next chapters. 
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in reference [64]. In this paper, the authors demonstrated that good catalysts, like 
iron and nickel, have intermediate carbon solubility and forms metastable carbides. 

This situation makes binary phase diagrams an interesting tool to evaluate catalytic 

capabilities of metals. For example, copper shows a very low carbon solubility down 
to 0.008 weight % at 1084ºC [66] as shown in the phase diagram Figure 8a, and does 

not form any carbide. Due to this low interaction with carbon, copper provides low 

growth rates which are very adequate for the controlled synthesis of monolayer 
graphene. Nickel, which is a better catalyst than copper, reveals higher carbon 

solubilities of 0.02 weight % at 530ºC and 0.6 weight % at 1326ºC, and do not form 
stable carbides above 500ºC [67]–[70] (Figure 8b). Iron shows similar catalytic 

behaviour as nickel, whose carbon solubility increases with the temperature from 

0.02% at 723ºC to 2% at 1147ºC [71], and forms more stable carbides, especially below 
~723ºC (Figure 8c). Nickel and iron are widely used in the synthesis of CNTs and 

CNFs. In the next sections we will explain in detail the growth mechanism CNTs 
and graphene on metal catalysts. 

 

  





  I. Introduction 

 

  

41 

1.3.2. Growth mechanisms of carbon nanotubes and 
nanofibres 

CNTs and CNFs grow from metal nanoparticles in the cCVD process, which act as 

seeds that extrudes the graphitic planes when the carbon concentration overcomes 
the solubility limit on the catalyst [62], [64]. These nanoparticles can be continuously 

introduced in the CVD reactor where they float (organometallics compounds like 

ferrocene) or can be previously deposited in a substrate (Al2O3, SiO2) [73]. Commonly 
used catalyst are nickel, iron and cobalt nanoparticles, but a long list of elements 

have been proven suitable [62].  

In the case of floating catalyst, which are normally injected as a liquid solution and 
brought at ~1200ºC, every point in the surface of the nanoparticles are exposed to 

hydrocarbon to an exact degree, so a promoter (i.e. sulphur) is added to the gas that 
helps to promote a directional extrusion of the graphitic planes (Figure 9a) [74], 

[75]. In the absence of sulphur, the majority of the catalyst nanoparticles are 

encapsulated by carbon layers [75]. Other elements like selenium and tellurium were 
recently demonstrated to promote the growth of CNTs [76]. If the catalyst 

nanoparticles are deposited on top of a substrate (Figure 9b), its interaction 

modifies the properties of the nanoparticles during the cCVD process, giving rise to 
two possible growth mechanisms: i) “tip-growth”, at which the CNT precipitates out 

from the bottom of the metal, pushing the metal particle off the substrate [77], [78], 
and ii) “base-growth”, at which CNT precipitates out from the top of the metal, so 

the catalyst remains rooted to the substrate. The change from one mechanism to the 

other is thought to be based on the force of interaction between substrate and 
catalyst and its size, and nanoparticles are normally identified inside the CNT [79]. 

CVD of CNTs on highly controlled substrate-supported catalyst results in the 
collaborative growth of vertically aligned CNT [80]. 

The solubility and diffusion parameters of carbon in metal nanoparticles are difficult 

to determine due to their nanometre-size, since the melting point of metal 
nanoparticles may decrease several hundreds of degrees reaching even the liquid 

state during cCVD [81]. Because of that, the identification of diffusion mechanisms 

(bulk and surface diffusion) as well as the chemical state of the catalyst (oxide, 
metallic or carbide) represent a hard task, and is a highly debated issue. In general, 
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1.3.3. Growth mechanisms of graphene and thin films 

Graphene films have been synthesized on different metal catalyst like copper, nickel, 
cobalt, ruthenium, iridium and platinum, either by high vacuum or atmospheric-

pressure cCVD [72]. However, nickel and copper have received the most attention 

due to their low cost, commercial availability and their microstructural stability as 
they do not tend to form carbides. Despite both nickel and copper are appropriate to 

synthesize monolayer and continuous graphene films [72], their behaviour under 
cCVD conditions is fundamentally different due to their different carbon solubilities, 

as shown in their corresponding binary phase diagram (Figure 8c, d).  

Graphene formation on copper is mainly produced from the catalytic decomposition 
of carbon species with a minimal carbon diffusion into the metal, leading to a self-

limited surface adsorption process [96], [97], following a classic nucleation and 

growth mechanism (Figure 11a). As a consequence, once the surface is fully covered 
with a monolayer graphene (and under the appropriate CVD conditions), the growth 

terminates because the carbon source and the surface of the catalyst are no longer 

in contact. Due to the very low affinity with carbon, graphene growth mechanism on 
copper surfaces is highly controllable, and because of that copper is considered as 

the catalyst of choice for the synthesis of monolayer graphene at large scales.  

The higher carbon solubility in the nickel lattice in comparison to copper at the 
synthesis temperatures (about one order of magnitude), has important implications 

in the growth of graphene in this metal. Carbon diffuses during the CVD synthesis 
step into the nickel lattice, which acts as a carbon reservoir, and segregates and 

precipitates in the surface during the CVD cool down step (Figure 11b), when the 

solubility of carbon decreases [98]. The carbon precipitation process can be 
diminished by using a controlled and thin nickel film (the lower the nickel the lower 

the carbon) and/or by using high cooling rates in order to obtain just a single 
monolayer graphene film [98]–[100]. Although these methods help to control the 

final thickness of the carbon film, carbon preferentially precipitates out at the grain 

boundaries of the nickel catalyst during the CVD cool down, resulting in non-
homogeneous thickness carbon films. 
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is found in the production of graphene powders [107]. A shorter list of producers of 
ordered carbon structures is found, such as aligned CNT (NanoLab, Inc, N12 

Technologies, US Research Nanomaterials, Inc.), CNT fibres (Nanocomp 

Technologies, Inc.), or graphene films (Graphenea, ACS Materials LLC), to cite some 
examples. The interest of highly ordered carbon structures lies on a better 

performance as demonstrated in composite reinforcement using aligned CNTs [108] 
or highly conducting transparent electrodes made out of continuous monolayer 

graphene [42].  

As it was previously mentioned, cCVD offers a highly controllable reaction which can 

be tuned to produce such ordered structures at large scales. In this section we review 
some catalyst preparation techniques and some scalable cCVD approaches existing 

in the literature to produce ordered carbon nanostructures like films, fibres and 
arrays. Finally we propose the alternative and direct approach of using commercially 

available metal catalysts with different morphologies and compositions to obtain 

ordered structures and reduce the cCVD costs. 

1.4.1. Catalyst preparation 

Metal nanoparticles 

Several methods have been applied to produce catalyst nanoparticles for the 

synthesis of CNTs and CNFs by cCVD. Floating catalyst methods use volatile metal-
organic compounds such as ferrocene that generate a CNT aerogel inside the CVD 

reactor [75]. Supported catalyst is mostly prepared by precipitation of metal salts 

(nitrates, sulphates and chlorides) on top of a support followed by drying, calcining 
and grinding [81]. This process generally leads to a wide particle size distribution, 

resulting in heterogeneous products after synthesis. A more controlled process 
consists on the use of microfabrication techniques like e-beam or sputtering to 

deposit a few-nm-thick film of catalyst on top of insulating substrates like Al2O3/SiO2 

[73]. Under proper conditions, this catalyst film evolves at CVD conditions to produce 
the needed nanoparticles that support the growth of CNTs [109]. CNTs arrays of 

several millimetres tall can be synthesized using e-beam or sputtering catalyst 
preparation methods [110].  
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Metal films and foils 

Nickel and copper catalyst films needed for the synthesis of graphene films can also 
be prepared by microfabrication techniques like e-beam or sputtering [111], [112], 

obtaining a thin film from few to hundreds of nm over a SiO2 wafers. Caution have 

to be taken in order to prevent the de-wetting and coalescence of the catalyst into 
nanoparticles at CVD temperatures. Contrary, a more straightforward and low cost 

method is the use of commercially available pure metals foils with different qualities 
and thicknesses (25-100 µm thickness and purities of 99.8-99.999%). A great number 

of studies demonstrated the feasibility and scalability of commercially available foils 

as catalyst for the synthesis of monolayer graphene films [72] or reticulated nickel 
foams for the synthesis of 3D free-standing graphene foams [113]. Surface 

imperfections on commercial catalysts like atomic step edges, defects roughness and 
impurities play a role as active sites for graphene nucleation and have to be 

controlled in order to obtain repetitive samples.  

1.4.2. Continuous catalyst feeding 

CNTs fibres and arrays on floating and supported catalyst 

The cCVD process using a floating catalyst is currently exploited to produce a 
continuous CNT fibre by direct spinning [74], [75], [80], [114]. Due to the high speed 

of CNT growth rate (up to 1 mm/s) at the high temperature used in this process 
(~1250ºC), it is possible to synthesize CNT fibres at rates of 10-70 m/min [75], [115]. 

Illustration of the use of floating catalyst for the synthesis of CNT fibre by direct 

spinning can be found in Figure 12a,b,c. Similar CNT fibres can be spun from 
vertically aligned CNT arrays, whose CNT length are more controllable in 

comparison to the previous floating catalyst technique [80].  

The continuous synthesis of CNT arrays was demonstrated in a moving substrate 
(Fe/Al2O3/Si) using a cold wall chemical vapor deposition reactor and multiwall CNT 

arrays with heights of ~1 mm were achieved at substrate speeds of 2.4 mm/s [116], 

[117]. Despite the synthesis of CNT arrays using e-beam/sputtering techniques 

demonstrates very good results in terms of control and yield, it suffers of obvious 

problems for its scalability, in particular due to their vacuum requirements. Thus, 

alternative catalyst preparation was developed consisting on the continuous-feed 



  I. Introduction 

 

  

47 

evaporative self-assembly process (blade-casting) of iron oxide nanoparticles [118]. 
This versatile method enables control of the density of CNT arrays by solution 

concentration and substrate velocity (up to 0.4 mm/s), and is scalable and cost 

effective compared to vacuum deposition methods. Illustration of the use of 
supported catalyst for the synthesis of CNT arrays by direct spinning can be found 

in Figure 12d,e,f. 

Graphene continuous synthesis and roll-to-roll polymer transfer 

In 2011, it was demonstrated the continuous cCVD process of multi-layer graphene 
on copper foils, with catalyst feeding rates of 1–40 cm/min [119] and one year later 

by plasma-enhanced cCVD process at 30 cm/min which resulted in a low quality 

graphene [120]. More recently, interesting new designs using concentric tubes were 
proposed [121]. An important bottleneck in the large scale application of graphene 

films is its transfer from the CVD catalyst to the final device. First transfer processes 
demonstrated in 2010 consisted on depositing a protecting polymer film (PMMA) and 

dissolving the copper catalyst by chemical etching [43]. In 2013 the whole continuous 

synthesis, polymer application and etching-transfer at 10 cm/min was demonstrated 
[122]. Alternatively to etching treatment, which destroys the copper catalyst, other 

non-destructive transfer methods like the electrochemical delamination of 
graphene/copper interface are being developed and demonstrated to have a similar 

rate as the CVD synthesis [123], reaching values up to 2 cm/s. Illustration of the use 
of copper foils for the continuous synthesis of graphene films and the final 

graphene/polymer composite can be found in Figure 12g,h,i. 
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1.4.3. Current study of powders and foils catalysts 

As it was explained, active metal catalyst in the synthesis of CNTs and CNFs by 
cCVD are normally particles at the nanoscale (below 100 nm), and different CNTs 

and CNFs might grow depending on their size [125], the catalysts nature, the 

hydrocarbon source and the temperature of synthesis [16]. It was also explained that 
there exists two major cCVD scalable processes for the synthesis of ordered carbon 

structures, i) the floating catalyst method using metal-organic compounds, and ii) 
the substrate method by depositing a catalyst thin film by microfabrication 

techniques. Alternatively, ordered CNTs and CNFs can be produced at large scales 
by using commercial metal powders [126], [127] foils and meshes [128]–[142] as 

catalyst. This straightforward approach, which is already demonstrated in the 

synthesis of graphene on commercial bulk copper foils, reduces or eliminates the 
catalyst preparation processes and yields ordered CNFs and CNTs.  

Metal powders catalysts. Nickel and iron powders produced in the laboratory by 

precipitation techniques are demonstrated to catalyse the growth of a wide variety 
of carbon nanofibres, like fishbone CNF with small diameter (25 nm - 500 nm) [143], 

octopus-like structures with 4 arms of about 400 nm in diameter [144] or helical and 

straight stacked-like carbon nanofibers [145], [146]. Similar results have also been 
demonstrated when using iron-nickel alloys [16], [147], [148]. The direct synthesis 

of carbon nanofibers on the surface of commercially available copper powders with a 
controlled size (5-10 µm in diameter) was also studied [149], despite yielding a low 

quantity of carbon nanofibres. 

Metal foils catalysts. Stainless steel foils have also been used as catalytic substrate 

for the direct synthesis of CNT [128], [130], [131], [133], [138], [139]. Besides its low 
cost and commercial availability, its chemical composition (rich in iron and nickel) 

permits the direct growth of CNTs without any pretreatment [138]. Some 
pretreatments improve the length and yielding of CNTs in these metallic substrates, 

and a higher density of vertically aligned CNT arrays was obtained by chemical 

etching of the stainless steel foil [130]–[133]. The etching treatment removes the 
Cr2O3 passive protection layer that is always present in stainless steels and which 

produces an increment of iron oxide on the steel surface [133]. Oxidation–reduction 
pretreatments also produces iron catalytic nanoparticles on the stainless steel 





 I. Introduction 

 

 

51 

  



 

 

2 
Motivation and thesis outline  

 

2.1. Motivation and objectives 
Carbon is a very versatile element, and is able to form a variety of crystalline and 
amorphous materials which are currently in an extensive use in engineering. The 

recent in-depth characterization of graphene [20] has renewed the interest in carbon 
nanomaterials and related nanostructures which are proposed for a wide variety of 

applications such as electronics, energy production/storage, biomedical, among 

others. However, main issues in maintaining carbon nanomaterial properties and 
performance upon mass production and integration are still to be solved before they 

can display their expected industrial relevance.  

Nanocarbons with different morphologies and crystallinities can be produced by 
catalytic chemical vapor deposition (CVD). It consists on the thermal decomposition 

of hydrocarbons (carbon source) over metal catalysts, and offers high controllability, 
scalability and adaptability to fabricate on-demand carbon nanomaterials like films, 

fibres, arrays and other highly organized structures.  

In this thesis, it is proposed the use of a custom-made CVD reactor and commercial 

bulk metals like powders and foils as catalysts for the production of carbon 
nanomaterials. Such a straightforward approach reduces/eliminates the catalyst 

preparation processes that in some cases requires expensive and hard-to-scale 
microfabrication techniques.  

This thesis aims at the following objectives: 

i. Understand the behaviour and mechanism of interaction of commercially 

available bulk metals (such as metal powders and foils) in a CVD reactor 
during the production of carbon nanomaterials.  
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ii. Study the effect of catalyst composition, the temperature of synthesis and the 
effect of gas flow (rate and composition) on the growing carbon nanomaterial 

during CVD.  

 

iii. Produce final materials, in form of powders and thin films, by using highly-
scalable CVD processes, with special focus on carbon-based thin films. 

 

iv. Characterize some physical properties of carbon-based thin films, compared 

them to already existing competitors, and evaluate the applicability of low 
crystalline or amorphous carbon materials. 

 

2.2. Thesis outline 
This thesis is organized in the next chapters. 

Chapter III: Experimental techniques 

A summary and brief description of the experimental techniques used during this 
thesis is presented in Chapter III. A custom-made CVD reactor is explained as well 

as the synthesis procedure. The chemical composition and microstructure of carbons 

and catalyst materials were characterized with electron microscopy and spectroscopy 
techniques. Surface roughness or carbon films were measure by atomic force 

microscopy. 

Chapter IV: Synthesis of carbon nanostructures on nickel and Invar 
powders 

Pure nickel and Invar (Fe64Ni36) powders are the first catalysts used for the direct 

synthesis of carbon nanomaterials using several CVD synthesis conditions (from 
530ºC to 830ºC and from 1 to 1400 minutes). We have obtained a multidirectional 

growth mechanism of carbon fibres at low temperatures leading to ultrahigh yield of 
400 over the catalyst mass. Synthesis at high temperatures produced the 

fragmentation of the nickel powders (the so-called metal dusting process), producing 

metal-graphite core-shell nanoparticles. A similar fragmentation process is detected 
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when using Invar powders as catalyst regardless of the synthesis temperature. We 
studied and took advantage of the fragmentation behaviour of the Invar powder 

under CVD conditions for the in-situ production of catalytic nanoparticles, which 

enabled the growth of a wide variety of carbon nanomaterials, like nanofibres and 
carbon-metal core-shell nanoparticles. 

Chapter V: Synthesis of CNT arrays and carbon thin films on stainless steel 

foils 

This chapter presents the simultaneous growth of vertically aligned carbon 
nanotubes and amorphous carbon thin films directly on stainless steel foils. A simple 

air oxidation treatment followed by CVD was used to synthesize the carbon 

nanostructures. A detailed study of the effect of the CVD synthesis conditions in the 
stainless steel was performed, identifying key processes taking place in the stainless 

steel during the nanostructure formation. Two important aspects highlight the use 
of low-cost stainless steel foils, which are the absence of a catalyst preparation for 

the growth of the CNT arrays and the simultaneous and physically connected growth 
of the CNT arrays to a carbon thin film. 

Chapter VI: Synthesis of carbon thin films on copper foils 

This chapter presents the controlled synthesis of nanocrystalline glass-like carbon 

thin films (area ca. 10cm2) directly on copper foils by CVD. We follow a similar 

process to that used in the production of graphene films, but using a wide range of 
gas concentrations to enable easy film-thickness control from 5 to 300 nm. We 

obtained transparent and conductive glass-like carbon thin films formed by 
randomly oriented and curved graphitic nanocrystallites within an amorphous 

carbon matrix, which might be an alternative to graphene films in application not 

requiring the highest crystallinity.  

Chapter VII: Glass-like carbon thin films: Physical characterization and 

polymer-assisted transfer by thermal shocks 

Among all the carbon nanomaterials produced during this thesis, the carbon thin 

films presented in the Chapter VI have been selected for their characterization. Two 
applications have been selected, which are i) as transparent and flexible electrodes 

for which optical and electrical characterization was carried out, as well as the 
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Fe64Ni36 Sandvik Osprey powders). The results of these experiments are presented 
in Chapter IV.  

A second set of experiments consisted on the use of stainless steel foils (304 grade, 

25 µm thick, Metall-Folien GmbH) for the synthesis of vertically aligned CNTs. The 

results of CVD using stainless steel as catalyst are presented in Chapter V.  

A third set of experiments was designed for the synthesis of graphene and carbon 

thin films using copper foils as catalyst. For the synthesis of carbon thin films we 

used a 100-µm-thick copper foil, 99.8% purity (Sigma Aldrich). For the synthesis of 
graphene we used 100-µm-thick copper foil, 99.999% purity (Puratronic Alfa Aesar). 

The results of CVD using copper foils as catalyst are presented in Chapter VI. 

Table 4 CVD conditions carried out during this thesis depending on the catalyst used. 

Catalyst 
composition 

Catalyst 
morphology Objective Synthesis conditions 

    
Ni Powders Metal dusting 

analysis 
 
Synthesis of fibres 
and 
nanostructures 

Temperatures 
530-830ºC 
Annealing step 
Ar/H2 = 100/400 sccm 5 min. 
Synthesis step 
Ar/H2/C2H4 = 100/400/100 sccm 5-1440 
min. 

Fe64Ni36 

Stainless 
steel 

Foils 
(Oxidized at 
500ºC, 30 
min) 

Metal dusting 
analysis 
 
Synthesis of 
aligned CNT 

Temperatures 
700-830ºC 
Annealing step 
Ar/H2 = 100/400 sccm 5 min. 
Synthesis step 
Ar/H2/C2H4 = 100/400/100 sccm 5-20 min. 

Cu Foils Synthesis of 
graphene and 
graphene-like 
films 

Temperatures 
550-950ºC 
Annealing step 
Ar/H2 = 1000/20-200-400 sccm 5-10 min. 
Synthesis step 
Ar/H2/C2H4 = 0-1000/20-270/0.5-270 sccm 
5-10 min. 
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3.2. Characterization of carbon deposits by Raman 
spectroscopy 

Raman spectroscopy has been used to carry out a comparative study of the 

crystallinity of the carbon deposits. Raman spectroscopy is a fast and non-destructive 
technique to characterize materials and is widely used both in the laboratory and 

industry. It is based on Raman scattering, which is the inelastic scattering of photons 
by a vibrating crystal lattice [166]. Incident photons of energy defined by the Planck-

Einstein relation E=hωL (h is the Planck constant and ωL is the photon frequency) 

creates an excited and unstable electronic state of energy EGS+hωL in the material 
(EGS is the ground state energy), which leaves the unstable situation by emitting 

back a new photon of energy hωSC (Figure 18). If this excited state coincides with a 
stationary state, the process is called resonant and takes place when incoming 

photon have energy enough to generate an electronic transition.  

If the energy of the emitted photon remains the same as the incident one, it is called 

elastic or Rayleigh scattering. With a much lower probability, the incoming photon 
can lose or gain energy in the interaction process if the system relax back to a higher 

or lower energy state, either by creating (Stokes) or annihilating (anti-Stokes) a 

phonon of energy hΩ. Thus, the energy of the emitted photon is hωSc = hωL ± hΩ.  

The identification of the structure of materials by Raman spectroscopy is based on 
their well-known phonons or vibration modes. Raman spectra is constructed by 

plotting the intensity of the scattered light as a function of the difference between 
incident and scattered photon energy, known as “Raman Shift” and plotted in cm−1. 

Typical Raman experiments are conducted using incident lasers of 1064−229 nm 
range, which only excite the surface of the material and give rise to several bands. 

Depending upon the sample lattice, some bands would appear and some others would 

be prohibited (due to the impossibility of certain vibration modes to happen). The 
most important Raman bands of graphite and graphene are those corresponding to 

in-plane vibrations, which are D, G and 2D bands (Figure 18). 
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plane that generates the diffraction, XRD results are normally plotted as a function 
of 2θ, which is the angle between the incident and diffracted beam. 

3.4. Characterization of metal catalysts by X-Ray 
photoelectron spectroscopy 

We have used X-ray photoelectron spectroscopy to study the composition and 

chemical state of the surface of stainless steel before and after the CVD process. X-
ray photoelectron spectroscopy (XPS) involves the irradiation of the solid in vacuum 

with a monoenergetic X-ray beam of energy hω, which is “absorbed” by the electrons 

of the sample that are bound to the nucleus with a binding energy Eb. If the X-rays 
have enough energy (Figure 20a), those electrons may leave the atom with a kinetic 

energy Ec (equation 2.2). This process is known as photoelectric effect. 

Ec = hω – Eb – φ                               (2.2) 

Being φ a work function dependent on both the spectrometer and the material. Each 

material has a unique elemental spectrum of Eb, and the spectral peaks from a 
mixture are approximately the sum of the elemental peaks from the individual 

constituents. Since the mean free path of the electrons is very small, the electrons 

which are detected originate from only the top few atomic layers. Quantitative data 
can be obtained from the peak heights or areas and identification of chemical states 

often can be made from the exact positions and separations of the peaks. XPS 
experiments were carried out in collaboration with Dr. Raquel Oro (Chalmers 

University of Technology).  

Determination of the chemical state of each element is possible by performing 
narrow scans with high energy resolution in the characteristic binding energy ranges 

of the elements of interest. Surface composition is estimated by curve fitting the 

characteristics peaks and converting their intensity into apparent atomic 
concentration, using standard relative sensitivity factors [167]. Depth profiles can 

be carried out by sputtering the analysed surface with argon ions to etch the surface 
with controlled depths. 

In the Figure 20b it is represented the spectra of iron compounds at different 

etching depths (1, 3, 5 and 10 nm). The contribution of each iron compound (at 









 

 

4 
Synthesis of carbon  

nanostructures on nickel and 
Invar powders 

 

4.1. Introduction  
In this chapter the experimental results on the use of commercial metal powders as 
catalyst for the direct synthesis of carbon nanostructures by cCVD are presented. 

The interest of using commercial metal powders as catalyst lies on its mass 
availability in a wide range of compositions, so they can be considered as metal 

catalysts for the mass production of carbon nanomaterials.  

We have selected two metal powders with different composition and similar 
diameters, which are nickel and Invar (Fe64Ni36) powders. In this Chapter, we aim 

at demonstrating the scalability of the cCVD process by producing large amounts of 

carbon nanomaterials with different qualities and morphologies, and at 
understanding the interaction mechanism between pure nickel and Invar powders 

with the reactant atmosphere at high temperatures (argon, H2, and C2H4 at 530ºC-
830ºC). We provide explanations of metal-carbon interaction based on the literature 

regarding the synthesis of carbon nanofibers by cCVD as well in the framework of 

the carbon-based corrosion mechanism “metal dusting”. We found the related 
bibliography especially instructive, despite the atmospheres considered there (CO, 

H2 and H2O) are different.  

We show that, by controlling the temperature and metal composition during the CVD 
process, we selectively synthesize different shaped nanostructures with high yields, 

such as octopus-like carbon structures composed of several carbon fibres, a wide 
variety of carbon nanofibers, nanotubes and nanocoils from 50 to 200 nm in diameter 

and metal-graphite core-shell structures up to 500 nm. The results presented in this 

chapter have been summarized in two scientific papers currently under review.
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4.2. Experimental procedure 

4.2.1. Chemical vapor deposition 

Commercial nickel (Alpha Aesar, 99.8%) and Invar powders (Sandvik Osprey, 

Fe64Ni36) were used as a catalyst for the direct synthesis of carbon structures by CVD. 
A controlled mass of 100 mg of the catalyst (one experiment per catalyst, time and 

temperature) was placed on a ceramic boat inside a custom-made moving tubular 
CVD reactor (Nabetherm, R50/250/12). Once the continuous reactor was sealed, all 

the lines connected to the system were flushed for 10 minutes, followed by 10 

additional minutes of Ar to displace trapped air from the system. The furnace was 
ramped to the synthesis temperature with 100/400 sccm of Ar/H2 flowing, keeping 

the sample outside the heating zone. Three synthesis temperatures were used (530, 
680, 830ºC). Once the required temperature was reached and stabilized in the 

reaction zone of the furnace, the furnace was rapidly moved (ca. 3 s) until the sample 

was located in the middle of the heating zone. At this stage, the powder was annealed 
for 5 minutes under the same atmosphere, stepping from room temperature to the 

selected synthesis temperature. After the pretreatment, the reactant mixture of 
Ar/H2/C2H4 (100/400/100 sccm) was introduced to proceed with the synthesis step, 

for different reaction times up to 24 h. After the synthesis step, the furnace was 

moved away from the sample to rapidly cool to room temperature (ca. 15ºC/s from 
800 to 600ºC). During the cool down, Ar was flushed through to purge any reactive 

gases out of the system. The resulting mass was directly measured after the 
synthesis.  

4.2.2. Characterization of carbon structures and 
metal catalysts 

Carbon structures were analysed by using scanning electron microscopy (SEM, EVO 
MA15, Zeiss) and transmission electron microscopy (TEM, JEOL JEM 3000F and 

FEI Talos F200X). For TEM sample preparation, a solution of the powder and 
isopropanol was dispersed by bath sonication, and a drop of the solution placed over 

a TEM copper grid. The bath sonication most likely separated the carbon fibres from 

the catalyst, so most of the fibres detected by TEM were isolated from the metal 
particles. 
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The as-synthesized carbon products were analysed by Raman spectroscopy (Jasco, 
NRS-5100). All the spectra were recorded directly after synthesis. Three 

measurements for each sample were taken by using a Nd:YAG green laser (534 nm, 

aperture: 4000 µm). Spectra were obtained for 2 × 20 s exposure over a range of 
1000–2750 cm–1. The effective laser power was 6 mW.  

The as-received and as-synthesized powder were also analysed by using an X-ray 

diffractometer. In the case of nickel powders, a 2θ-range from 20 – 100º, with step 

size of 0.02º and 0.75 seconds per step was used, and 40 kV and 40 mA. In the case 
of Invar powders, an Empyrean PANalytical instrument also equipped with a 

copper-Kα source (λ=0.154 nm) was used for a better resolution of small peaks 
corresponding to carbide nanoparticles. The diffractograms obtained were compared 

with patterns contained in the database PCPDFWIN and thereby the characteristic 

peaks of each phase were identified with Ni 03-065-2865, NiO 01-089-3080, Invar 
00-047-1405, ferrite 01-087-0721 and Fe3C 03-065-2411. 

Microstructural characterization of the cross-section of the as-synthesized powder 

was carried out to study the fragmentation behaviour under CVD conditions. The 
samples were embedded in resin and mechanically polished to a surface mirror 

finish. A thin layer of gold (1 nm) was deposited by sputtering over the polished 

samples to be analysed by using SEM (FIB-FEGSEM dual-beam microscope, Helios 
Nano Lab 600i, FEI). Focused ion beam (EVO MA15, Zeiss) was used to analyse the 

fragmented surface of powders and manufacture lamellas for TEM observation of 
Invar powders. 

Carbon filaments synthesized at 530ºC on nickel powders were heat-treated in argon 

at 2400ºC for 1 hour in a graphitization furnace (CEIT), and explored by using TEM, 
since crystallographic changes upon high-temperature treatments may reveal the 

structure of the untreated carbon nanostructured fibres [168]. 
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4.2.3. Thermodynamic calculation 

The temperature dependence of thermodynamic stability of cementite was analysed 
by using a CALPHAD (CALculation of PHAse Diagram) type thermodynamic 

calculation. The isothermal sections of ternary iron-nickel-carbon system were 

calculated by using Thermo-Calc software with an in-house developed 
thermodynamic database. The database was assessed by synchronously evaluating 

the available thermochemistry and phase-diagram data. This part of the work was 
carried out in collaboration with by Dr. Guanlong Xu and Dr. Yuwen Cui. 

4.3. Results of the synthesis on nickel powders 
Next we present the results corresponding to the use of nickel powders as catalyst 

for the direct synthesis of carbon materials as a function of temperature. 

4.3.1. Mass yield 

First of all, we measured the size of 150 nickel particles by SEM; they were almost 
spherical, with an average particle size of 3.4 ± 2.2 µm (Figure 23a). As we will 

demonstrate later, this broad distribution has important consequences in the final 

products. Next, we analysed the mass production, the morphology and quality of the 
carbon nanomaterials and the role of the nickel powder at each synthesis 

temperature (530ºC, 680ºC, 830ºC). 

Carbon materials directly grew on pure nickel powder by means of CVD without the 
need of any previous pretreatment of the catalyst. The carbon yield as a function of 

synthesis time ([carbon mass produced + catalyst mass used] / catalyst mass used) 

is shown in Figure 23b and followed a linearly increasing trend. The carbon yield 
was lower and nearly negligible at the intermediate temperature (680ºC) compared 

to those obtained at 530ºC and 830ºC. Particularly, after 240 minutes of synthesis, 
the carbon yield reached values of 43 at 530ºC and 9 at 830ºC, meanwhile at 680ºC 

the yield barely reached 0.2, regardless of synthesis time. Thus we focused on CVD 

conditions at 530ºC and performed a longer synthesis for 24 hours to identify a 
possible decrease in the catalytic activity. At 530ºC, we obtained a very high yield 

superior to 400. 





IV. Synthesis of carbon nanostructures on nickel and Invar powders  

 

 

71 

in Figure 24a) smooth surface and solid nanofibers of ca. 100 nm, 3) curly nanofibers 

of ca. 25 nm, and 4) very thin nanofibers down to 10 nm.  

When we increased the synthesis temperature to 680ºC, no carbon fibres were 
obtained (Figure 24b). On the contrary, CVD led to a graphitic covering of the nickel 

micron-sized powder instead, as depicted in TEM image (Figure 24e). This graphitic 

covering, which was about 100–200 nm thick after 60 minutes of synthesis, explains 
the low yield obtained under these conditions. However, when the synthesis took 

place at 830ºC, a large quantity of nickel–graphite core-shell nanoparticles of up to 

1 µm diameter within a carbon matrix were formed (Figure 24c, f). 

Given the high yield of carbon fibres obtained at 530ºC of synthesis temperature, we 

decided to go further in their characterization after heat treatment at 2400ºC [168]. 

This thermal treatment is known to develop graphitic structures related to the 
original structure of carbon fibres, so its analysis is useful to determine the nature 

of the carbon fibres produced at first instance. The thermal treatment revealed that 
“type 1” fibres (Figure 25b,c) were spiral-ribbon structures along the axis, “type 2” 

had a solid fishbone structure (Figure 25d,e), “type 3” had a clear platelet structure 

(Figure 25f,g), and “type 4” were small fishbone nanofibers that had been greatly 
transformed after the heat treatment (Figure 25h,i). This broad distribution on 

carbon nanofibers diameters are explained by the similar broad distribution on 

catalyst diameter, since they are correlated. 
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explain the spherical shapes of nickel at this temperature (Figure 28a), on top of 

which the carbon deposited as a graphitic covering (Figure 31c). It is believed that 
carbon surface diffusion may control the carbon deposition in our 530–680ºC 

experiments [177], [178]. However, carbon bulk diffusion and solubility increases at 
830ºC [67], [180], which generates the growth of graphitic planes inward the nickel 

powder and its further fragmentation (Figure 31d), as explained in the metal 

dusting phenomena [162], [163].  

4.4. Results of the synthesis on Invar powders 
Next, the results corresponding to the use of Invar powders (Fe64Ni36) as catalyst for 
the direct synthesis of carbon nanomaterials as a function of temperature are 

presented. The effect of alloying the metal catalyst with iron in comparison to the 

use of pure nickel has important implications in the fragmentation of Invar powders 
and the production of carbon nanofibres. 

4.4.1. Mass yield 

Following the similar procedure presented in the section 4.3, the mass production of 

carbon deposits, the morphology and quality of the carbon materials was analysed, 
as well as the role of the Invar powder at each synthesis temperature. First of all, 

we measured the size of 150 Invar particles by SEM; they were almost spherical, 

with an average particle size of 1.69 ± 0.91 µm (Figure 32a).  

The carbon yield (carbon mass/catalyst mass) was found to increase linearly with the 

synthesis time (Figure 32b), and the lowest yield was obtained when synthesizing 

at 680ºC, as happened with the nickel powders. Particularly after synthesis during 
240 minutes, the carbon yield reached values of 30 at 530ºC (43 using nickel), 12 at 

680ºC (0.2 using nickel) and 22 at 830ºC (9 using nickel), which are in the order of 
other studies [159], [181]. The value obtained at 680ºC and 830ºC are larger than 

those obtained with nickel powders. 
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which may be explained by the overwhelming ethylene dissociation at these high 
temperatures that completely covers the metal catalyst. 

4.5. Summary  
It is well known that nickel and iron are both used to catalytically synthesize carbon 
nanofibers and nanotubes by CVD. Usually they grow from floating or pre-deposited 

catalyst nanoparticles of about 1-100 nm in diameter. However, when bulk metals 
like micrometre-sized powders are used as catalyst to directly synthesize carbon 

nanostructures, a different behaviour is found since the catalyst surface is 

continuously affected by bulk evolution. 

As we have described in the introduction section, the evolution of these metals 
depends mainly on carbon solubility, diffusivity and phase transition at CVD 

conditions. The selection of nickel and Invar (Fe64Ni36) highlight the effect of element 
alloying and carbide transition in Fe64Ni36 compared to pure nickel powder, since 

carbon solubility in both elements are similar in the temperature range [67], [71], 
and no carbide formation takes place in nickel above 500ºC [68]–[70]. Consequently, 

pure nickel surfaces are demonstrated to be more stable at CVD conditions 

(especially at 530ºC and 680ºC) and better withstand the effect of carbon dissolution 
on its lattice. Contrary, Invar powders suffer fragmentation.  

Regarding the results obtained using nickel powders, it is highlighted the very long 

synthesis times and very high yields obtained at 530ºC, which we explained as 
following; firstly, the nickel particles evolve under CVD conditions to achieve a 

polyhedral morphology that allows the multi-armed growth mechanism. This growth 

mechanism leads to some regions of the nickel surface exposed to gas, which can 
continuously reach the surface of the nickel particle. Secondly, as the nickel acts as 

a single-element catalyst, unwanted processes like carbon diffusion through grain 
boundaries and subsequent fragmentation of catalyst are diminished, so the catalyst 

life is extended. As a consequence, we obtained a very high ratio of carbon fibres 

mass over catalyst mass, of 43 after 240 minutes and 400 after minutes. Regarding 
the results obtained using Invar powders, we obtained a wide variety of carbon 

nanofibers, nanotubes and nanocoils at 530ºC resulting in a high yield of 30 after 
240 minutes. We have shown that the production of carbon nanofibres takes place 
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after Invar surface fragmentation, which is an advantageous process by which 
nanometric particles are created, in comparison to nickel powders. 

Interestingly, the behaviour of nickel and Invar powders is very similar at 830ºC, 

where surface fragmentation and production of metal-graphite core-shell 

nanoparticles up to 1 µm are extensively created in both cases. The convergence on 
both mechanisms is most likely based on an enhancement of carbon solubility and 

bulk diffusivity on both metals, which give rise to carbon inward growth and break-
up following the metal dusting mechanisms. 

Further studies involving the use of other pure or alloyed metal powder as a catalyst 

for the synthesis of carbon nanostructures by CVD can be carried out. As a parallel 
research line, the impressive high yield of octopus-like structures make them an 

interesting low-cost filler for the mechanical reinforcement of composite materials, 

as currently investigated with nanotubes or carbon nanofibers. Other interesting 
application would be the exploitation of the magnetic nature of graphite-metal 

nanoparticles obtained at high temperature, whose biocompatibility is increased by 
the graphite shell isolation. 
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5 
Synthesis of CNT arrays and  

carbon thin films on  
stainless steel foils 

 

5.1. Introduction 
The comparison between pure nickel and Invar (Fe64Ni36) powders as catalyst 
presented in the previous chapter represents a good example of how metal alloying 

affects the interaction mechanism with carburizing atmospheres at CVD conditions. 
Here, the results obtained when using a highly alloyed and commercially available 

stainless steel foil as catalyst for the direct synthesis of CNTs arrays and carbon thin 
films are presented. 

As reviewed in the introduction section, there are several studies demonstrating the 

direct synthesis of CNTs on stainless steel foils [128]–[142]. However, these studies 

focused on the characterization of the grown CNTs or on the demonstration of proof-
of-concepts for different applications, and there is a lack of understanding the 

surface mechanism interaction between the highly alloyed catalyst and CVD 
atmospheres. 

This chapter shows the evolution of stainless steel foils during the whole CVD 

process in terms of surface composition and microstructure, which played a critical 
role in the growth of CNTs. Interestingly, a carbon thin film of about 100 nm thick 

is simultaneously growing below and connected to the CNTs array. This structure 

can be isolated from the stainless steel after growth, which represents an interesting 
building block for energy related applications. The results presented in this chapter 

have been published in a scientific article [141] and presented in two International 
Conference talks [182], [183]. 
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5.2. Experimental procedure 

5.2.1. Chemical vapor deposition 

A stainless steel foil type 304 (25-µm thick, Metall-Folien GmbH) was used as 

catalyst for the direct synthesis of vertically aligned CNTs synthesis by chemical 
vapor deposition. The composition of the foil was obtained by using energy-dispersive 

X-ray spectroscopy (Table 5). The pristine stainless steel foil was cut into pieces 
approximately 20 × 10 mm. To clean the foil, it was dipped in ethanol and dried in 

air. The stainless steel foil was oxidized at 500ºC for 30 minutes in a muffle furnace 

before the CVD process. 

Table 5. Stainless steel 304 foil composition measured by energy-dispersive X-ray 
spectroscopy (% atomic). 

Fe  Cr  Ni  Mn  Si  

69,104 ± 0.61 20.434 ± 0.25  7.896 ±  0.18  0.728 ±  0.11  1.112 ± 0.07 

 
The oxidized stainless steel foil was placed in the middle of a quartz tube (22-mm 

diameter), positioned in a horizontal tube furnace (Nabetherm, R50/250/12). Once 

the continuous reactor was sealed, all the lines connected to the system were flushed 
for 10 minutes followed by 10 additional minutes of argon to displace trapped air 

from the system. The furnace was ramped to synthesis temperature with 100/400 
sccm Ar/H2 flowing, keeping the sample outside the heating zone. Several synthesis 

temperatures (from 716ºC to 830ºC) were analysed. Once the required temperature 

was reached and stabilized, the furnace was rapidly moved (ca. 3 seconds) until the 
sample was located in the middle of the heating zone. The stainless steel annealing 

step under reducing atmosphere (100/400 sccm Ar/H2) took place for 10 minutes, 
starting at room temperature. During this “fast heating”, the heating rate started at 

about 500ºC/minute, as measured by a thermocouple placed outside the quartz 

reactor, below the sample. After the stainless steel annealing step, the reactant 
mixture of Ar/H2/C2H4 (100/400/100 sccm) was introduced to allow the synthesis to 

proceed over 10 minutes. After ten minutes, the furnace was moved back away from 
the sample to allow a rapidly cool down to room temperature. During the cool-down, 

Ar was flushed to purge any reactive gases of the system. 
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5.2.2. Characterization of carbon deposits and 
stainless steel surface 

Vertically aligned CNTs and graphite thin films were analysed by using scanning 

electron microscopy (SEM, EVO MA15, Zeiss) and transmission electron microscopy 
(TEM, JEOL JEM 3000F). CNTs were removed from the stainless steel surface by 

cleaning a piece in an ultrasonic bath with isopropanol. CNTs/isopropanol solution 

was analysed afterwards by TEM. Amorphous carbon thin films were gently 
removed by acid etching these free-of-CNT foils (copper etchant, Sigma-Aldrich). For 

the high temperature synthesis conditions (780–830ºC), the substrates were not 
easily dissolved in the acid, thus tip sonication was applied on these samples to 

remove the amorphous carbon thin films. A drop of both solutions was carefully 

deposited on TEM copper mesh (Ted Pella, inc). EDS analysis was also performed to 
obtain the composition of the different samples. 

The as-synthesized samples were analysed by using Raman spectrometry (Jasco, 

NRS-5100). The spectra were recorded directly on the stainless steel foil after 
synthesis and from free-of-CNTs substrates, as well as from all the residues from 

CNTs removal and acid attack. Three measurements for each sample were recorded 
using a Nd:YAG green laser (534 nm, d=4000 µm). Spectra were obtained for 2 × 20 

s exposure over a range of 1000–2750 cm-1. The effective laser power was 6 mW. 

Surface chemical analyses were carried out by means of X-ray photoelectron 

spectroscopy (XPS) by using a PHI 5500 instrument (PERKIN ELMER, Eden 
Prairie, Minnesota, USA) with a monochromatic aluminium Kα (1486.6 eV) X-ray 

source. Chemical species present on the surface were identified by using survey 
scans over a wide range of binding energies (1–1100 eV). Determination of the 

chemical state of each element is possible by performing narrow scans with high 
energy resolution in the characteristic binding energy ranges of the elements of 

interest - in this case iron, chromium, carbon, oxygen, silicon, manganese and nickel. 

Surface composition was estimated by curve fitting the characteristics peaks and 
converting their intensity into apparent atomic concentration, using standard 

relative sensitivity factors [20]. Depth profiles were obtained by sputtering the 
analysed surface with Ar+ ions to controlled depths and analysing the etched surface. 

The etching rate was calibrated by using flat oxidized tantalum foil with the known 
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oxide thickness. Etch depth is presented in tantalum oxide units that are close to the 
etching behaviour of metallic oxides of interest [184]. XPS analysis were carried out 

in collaboration with Dr. Raquel Oro (Chalmers University). 

Surface phases were also analysed by using an X-ray diffractometer (XRD, 

PANalytical model X'Pert PRO MRD) equipped with a copper Ka source (λ = 0.154 

nm). Grazing incident (at θ = 1º) experiments were carried out in a 2θ-range from 10 

– 100º, with step size of 0.04º and 3 seconds per step was used, and 45kV and 40 mA. 

XRD analysis were carried out in collaboration with Dr. Ignacion Carabias (CAI de 
Difracción de Rayos X, Universidad Complutense de Madrid). The diffractograms 

obtained were compared with patterns contained in the database PCPDFWIN and 
thereby the characteristic peaks of each phase were identified with: martensite 00-

044-1293, austenite 00-031-0619, ferrite 00-037-0474 and CrC 03-05-0082. 

Finally, microstructural characterization of the substrate cross-section was carried 

out at the different steps of the process. For these characterizations, the samples 
were embedded in resin and mechanically polished to surface mirror finish, cleaned 

in an ultrasonic bath, and chemically etched (30 seconds in 3 HCl/1 HNO3 vol.). A 
thin layer of gold (1 nm) was deposited by sputtering to analyse the sample by SEM 

(EVO MA15, Zeiss). 

5.3. Results 

5.3.1. Synthesis of CNT arrays and carbon thin films 

CNTs arrays were obtained after synthesis on oxidized stainless steel at a low 

temperature range between 716ºC–780ºC (SEM image on Figure 41a), whose length 
remained stable at about 4 ± 2 µm, regardless the stainless steel annealing time (10 

and 20 minutes). Contrary, no CNTs were detected by SEM at a high temperature 
range between 780-830ºC. Transmission electron microscopy studies showed that the 

CNTs arrays were formed by multiwalled CNTs of 20 ± 10 walls (Figure 41b), 

showing several defects in the continuity along the graphite layers. Metal seeds with 
composition of about Fe/Ni = 95/5 inside the CNTs were also detected by TEM, both 

on their tips and along their length. 
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Surface composition by XPS. The limitations of XRD analysis and the 

identification of surface compounds candidates motivated a deeper compositional 
analysis using XPS. With this technique the chemical composition of the first 50 nm 

of the surface of the stainless steel is quantified. We analysed all the states along 
the process as in the XRD section, but we included the as-annealed state before 

synthesis (716ºC and 830ºC), thus we analysed i) as-received state, ii) as-oxidized 

(500ºC), iii and iv) as-annealed (716ºC and 830ºC) and v and vi) as-synthesized (716ºC 
and 830ºC).  

The analysis focuses on iron and chromium, both in oxidized state (cationic species) 

and metallic state, because both are the more abundant elements in the stainless 
steel, and iron the needed one to catalyse the growth of CNTs. 

i) As-received stainless steel. As expected, the as-received stainless steel surface 

present a thin native oxide layer that is mainly composed of iron and chromium 
oxides as extracted from cationic iron and chromium and from that of oxygen signals 

(Fecations/Crcations ≈ 0.35 at 3 nm, Figure 44). Iron in the metallic state within this 

native oxide layer reached 15 at.% at 3 nm. Also, total nickel signal is about 2 at.%, 
and manganese and silicon up to 3 at.% and 4 at.% respectively. Manganese and 

silicon accumulates in the surface, most likely during fabrication, since their 
nominal composition are 0.72 at.% and 1.11 at.%. In summary, the surface of the 

stainless steel at as-received state is mainly composed by iron and chromium oxides. 

ii) As-oxidized stainless steel. When oxidation treatment was performed, the 

oxide layer became thicker (oxygen signal) due to oxidation of metallic iron and 
chromium, thus metallic iron signals decreased down to 5 at.%. Similar behaviour is 

found on chromium, and a strong increment of iron cations up to Fecations/Crcations ≈ 6 
is quantified. In summary, the oxide layer became thicker and enriched with iron 

cations upon oxidation treatment. 

iii) As-annealed (716ºC). The annealing treatment at low temperature (716ºC) 

resulted in the reduction of iron cations to metallic state with a slight increase up to 
6 at.% at 3 nm. Contrary, chromium cations did not reduced but increased in the 

surface, since chromium oxides are stable under these conditions [187], resulting in 
a Fecations/Crcations ≈ 0.3. 
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v) As-synthesized (716ºC and 830ºC). After the annealing steps at different 

temperatures (Figure 45), the synthesis process takes place with a stabilized 
temperature, so synthesis at 716ºC starts after annealing at 716ºC, and the same 

with other temperatures. Regarding the composition of the surface after the 
synthesis step at 716ºC (Figure 45) and once the CNT array were removed, it is 

found a 0.4 at.% of metallic iron and a ratio of Fecations/Crcations ≈ 0.16 at 3 nm. In other 

words, the chromium oxide layer remains stable with a very similar profile as before 
synthesis (annealing at 716ºC in Figure 44). In terms of carbon incorporation into 

the substrate after the synthesis step, a small accumulation was detected at low 

temperature (26 at.% at 716ºC). When the synthesis was conducted at higher 
temperatures (830ºC), a significant increase of carbon up to 75 at.% was detected. As 

shown, carbon penetrated into the bulk, reaching values of about 26 at.% at a depth 
of 50 nm (Figure 45). Due to the increase of an external element (carbon), the 

concentration of other elements decreased, however both chromium in oxidized and 

metallic state remains in the surface as well as manganese and silicon. These results 
reveal again the greater stability of chromium oxides and manganese and silicon 

compounds, and also is in agreement with the XRD identification software where 
these candidates were proposed. 

Comments on stability of elements and the “internal-getter” effect. In this 

chapter the reactivity of an oxidized stainless steel under CVD conditions is 

analysed. Despite we focus on iron due to its well-known ability to catalyse the 
growth of CNTs, oxidized stainless steel at CVD conditions includes up to 7 elements 

(iron, chromium, nickel, manganese, silicon, oxygen and carbon), all of them that 
might be interacting with each other. Thus, this is a more complex situation 

compared to the use of pure nickel and Fe64Ni36 powders as catalyst without any 

oxidation. 
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5.4. Discussion 
The stainless steel foils evolves during the different steps (oxidation, annealing and 

synthesis), which will affect the CNT growth process. The stainless steel oxidation 

treatment creates an iron-richer and thicker oxide layer than the thin native oxide 
of the as-received steel (Figure 48a), as demonstrated by XPS. Here the difference 

between the low and high temperature cycles is highlighted, as it has been done 

along this chapter. 

During the low temperature annealing cycle (Figure 48b), metallic iron is partially 

recovered from the oxide layer, giving rise to CNT arrays during the synthesis step. 

Without this oxidation pretreatment, we obtained fuzzy and short CNTs instead or 
highly ordered arrays. What is believed is that the oxidation//low temperature 

reduction treatment create finely dispersed metallic iron nanoparticles on the 
stainless steel surface [131]. Although iron at metallic state seems not to be strictly 

needed for the synthesis of CNTs [191], the production of vertically aligned CNTs 

from oxidized/low temperature annealed samples may be enabled by the high density 
of catalytic particles present in the surface, which enables a collaborative growth 

mode perpendicular to the surface [192].  

On the other hand, the amount of iron in the surface (both in metallic and cationic 
state) is significantly lower for the samples annealed at high temperatures (Figure 

48c). In this regard, chromium and other elements like manganese and silicon 

remain very stable during annealing and are accumulated in the surface at the 
expense of iron. Probably, because of this low density of iron, CNTs arrays did not 

grow during synthesis, but a wide variety of carbides, oxides and spinels are 
produced from the reaction of carbon and the stable elements (chromium, 

manganese, and silicon). Also, a recrystallization process at high temperature which 

creates grain boundaries was detected that, together with the enhancement of 
carbon solubility in pure bulk iron (ca. 0.1 at.% to 4 at.% from 700ºC to 800ºC) [62], 

resulted in a carbon diffusion into the stainless steel as detected by XPS [193]. 

A simultaneous growth of CNT arrays and a carbon thin film at low temperatures 
was detected, which interestingly are physically connected and can be isolated as 

shown in Figure 48d. This image and the finding that the carbon thin film is filled 
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Finally, the application of this 3D structure consisting on CNT arrays connected to 

a carbon thin film is proposed. This physical connection is very advantageous for the 

effective availability of the CNTs properties, and could be exploited in energy 

harvesting or catalysis. As a proof-of-concept, we have manufactured a composite 

material formed by this 3D structure and a polymer, which showed a sheet resistance 

of about 3 kΩ/� . 

5.5. Summary 

In summary, vertically aligned carbon nanotubes and amorphous carbon thin films 

were simultaneously synthesized directly on oxidized stainless steel foils by chemical 

vapor deposition without adding an external catalyst. A low temperature reduction 

treatment (716ºC–780ºC) of the oxidized stainless steel is a convenient pretreatment 

before chemical vapor deposition to synthesize vertically aligned carbon nanotubes 

in the oxidized stainless steel. Regardless the temperature used for the chemical 

vapor deposition synthesis step, an amorphous carbon thin film on the stainless steel 

surface have been found that can be detached by means of acid etching. However, 

vertically aligned carbon nanotubes forests were only obtained in the low synthesis 

temperature range (716ºC–780ºC), meanwhile no vertically aligned CNTs forests 

were obtained from synthesis at above approximately 800ºC. 

Stainless steel evolved during all stages of the process and opens a discussion of the 

growth mechanism in these low cost and highly alloyed catalysts. In terms of 

composition, the oxidation step enriches the stainless steel surface with Fe2O3 that, 

in the next low temperature annealing step, partially turns back into metallic iron. 

As a result a thicker Cr2O3 layer is also obtained that is believed to act as a carbon 

diffusion barrier. It is believed that after this low temperature reduction 

pretreatment, catalytic active sites on the stainless steel surface are produced [131], 

that may be responsible of the production of vertically aligned carbon nanotube 

forests. In this regard, it was found that this is achieved only after low temperature 

annealing (716-780ºC), and nearly no metallic iron is detected in the surface after 

high temperature reduction. Two important aspects highlight the use of low cost 

stainless steel foils, which are the absence of a catalyst preparation step for the 

growth of the nanotube arrays (which generally needs hard-to-scale routes), and the 
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simultaneous and physically connected growth of the nanotube arrays to the carbon 
film. The approach presented here may be scalable using continuous systems as 

recently published in reference [117]. 
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6 
Synthesis of carbon thin films 

on copper foils 
 

6.1. Introduction 
In the previous chapters, the influence of alloying in the growth mechanism of carbon 
structures using pure nickel and Invar (Fe64Ni36) powders was studied. Next, the 

number of elements were increased in a highly alloyed catalyst, a stainless steel foil, 
which under cCVD conditions resulted in the simultaneous synthesis of CNTs arrays 

and carbon thin films. In this chapter, which is the last about synthesis by cCVD on 

metals, the results when using copper foils as catalyst are presented. As explained 
in the Chapter I, copper shows a very low interaction with carbon compared to iron 

and nickel, and is widely selected as the catalyst to produce cCVD monolayer 
graphene. 

Despite the potential of graphene films for a wide variety of applications, the large-

scale production of atomically thin, continuous and monocrystalline graphene film 
has not yet been achieved [72], [195]–[198]. Alongside the ongoing work on graphene, 

the synthesis and use of other carbon nanometer-thick films with lower degrees of 

crystallinity might relax the requirements of production and manipulation processes 
such as the highly controlled atmospheres, substrate preconditioning, sample 

transfer, etc. Such carbon nanometer-thick films have great potential and 
applicability because its transparency and electrical conductivity, among other 

interesting properties. In this part of the work, the controlled synthesis of 

transparent carbon thin films of different thickness in the range of several 
nanometres, including monolayer graphene, are presented. Some results presented 

in this chapter have been published in a peer-reviewed publication [199].  
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6.2. Experimental procedure 

6.2.1. Chemical vapor deposition 

Commercial copper foils were used as catalyst for the chemical vapor deposition of 

carbon thin films (100-µm-thick copper foil, 99.8% purity, Sigma Aldrich). The copper 
foil was cut into rectangles of 22×50 mm2, dipped in pure ethanol and cleaned by 

ultrasonication for 10 minutes. For the synthesis of graphene, a high purity copper 

foil (99,999% Puratronic Alfa Aesar) was used. In this case, copper foils were cleaned 
using a 2% HNO3 solution in pure ethanol during 30 seconds and thoroughly cleaned 

with pure ethanol afterwards [103]. 

Synthesis of carbon thin films. All the gas lines (argon, H2, and C2H4) connected 
to the 22-mm diameter quartz tube of the CVD reactor were flushed for 10 minutes, 

followed by an additional 10 minutes of argon to displace trapped air and other gases 

from the system. The furnace was then ramped to the synthesis temperature (850ºC) 
with 1000/20 sccm of Ar/H2 flowing, while keeping the catalyst outside the heating 

zone. Once the temperature stabilized, the furnace was rapidly moved (ca. 3 seconds) 

to locate the centre of the heating zone of the furnace around the copper foil. Prior to 
the last synthesis step, 10 minutes of annealing with different concentrations of 

Ar/H2 flow were used (see Table 6).  

Several synthesis conditions were tested to study the effect of the total gas flow (Q = 
Ar + H2 + C2H4) and the ethylene concentration [C2H4] = C2H4 / (Ar + H2 + C2H4) in 

the final carbon film thickness. The total flow varied from 140 to 540 sccm and the 
ethylene concentration from 0.04 to 0.5. The synthesis time was fixed at 5 minutes.  

Synthesis of graphene films. The synthesis of monolayer graphene required more 

diluted ethylene and higher temperature (950ºC). The annealing time was increased 

up to 20 minutes and different H2 concentrations were explored during this step 
(1000/20, 1000/200 and 1000/400 sccm of Ar/H2.). Synthesis conditions to obtain 

monolayer graphene are summarized in Table 7. 
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Table 6. Chemical vapor deposition conditions in the synthesis of the carbon thin films. The 
synthesis step was kept for 5 minutes at 850ºC after 10 minutes of annealing under 1000/20 
sccm of Ar/H2. No more CVD conditions were carried out for total gas flow (Q) of 40 sccm due 
to technical limitations of our flow controllers. 

Q=40sccm Q=140sccm Q=340sccm Q=540sccm 

Ar-H2-C2H4 C2H4 Ar-H2-C2H4 C2H4 Ar-H2-C2H4 C2H4 Ar-H2-C2H4 C2H4 

– – 120-10-10 0.07 300-20-20 0.06 500-20-20 0.04 
– – 100-20-20 0.14 190-75-75 0.22 420-60-60 0.11 
– – 80-30-30 0.21 140-100-100 0.29 300-120-120 0.22 

0-20-20 0.5 0-70-70 0.5 0-170-170 0.5 0-270-270 0.5 

 

Table 7. Chemical vapor deposition conditions in the synthesis of graphene films. A new gas 
flow controller was installed to control more diluted C2H4 concentrations needed for the 
synthesis of monolayer graphene. The temperature was increased up to 950ºC and synthesis 
step kept for 5 and 10 minutes for different batches, after 20 minutes of annealing under 
1000/20-200-400 sccm of Ar/H2. 

Ar-H2-C2H4 (sccm) Time Ar-H2-C2H4 (sccm) Time 

1000-20-0,5 5 and 10 minutes 1000-20-1 5 minutes 

1000-200-0,5 5 and 10 minutes 1000-200-1 5 minutes 

1000-400-0,5 5 and 10 minutes 1000-400-1 5 minutes 

 

6.2.2. Carbon film thickness and microstructure 

As-synthesized samples (carbon film on top of copper foil) were dipped in FeCl3 – HCl 

copper etching solution (Sigma Aldrich, 667528) to dissolve the copper foil. Once the 

carbon film was detached in the form of flakes, they were cleaned by replacing the 
etchant with deionized water and washing several times. The carbon flakes were 

transferred into a thermal oxide wafer (300 nm SiO2 on Si), as shown in Figure 49. 
Atomic force microscopy characterization (non-contact mode, Park XE150) was 

carried out. The images were acquired by non-contact mode using a non-contact 

cantilever (PPP-NCHR, Park System), with a tip set point of about ~30-40 nm and 
amplitudes between ~25-45 nm with a scan rate of 0.50 Hz. 
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6.3. Synthesis of glass-like carbon thin films 

6.3.1. Thickness control 

The thickness of carbon thin films were controlled by carefully selecting the total gas 

flow rate (Q=Ar+H2+C2H4) and ethylene concentration ([C2H4]) used in CVD. Carbon 
films from 5–237 nm thick were synthesized on top of the copper foil (Figure 51). As 

expected, the ethylene concentration had a positive effect on the carbon film 

thickness, which can be clearly observed at a total flow of 140 sccm. However, this 
dependence on total flow was not so evident at higher total flows (340 and 540 sccm). 

On the other hand, thinner carbon films can also be obtained by increasing the total 

flow and keeping a constant ethylene concentration. This effect was clear only 
ethylene concentration of [C2H4]=0.5 [203]. Thus, thin films of 5–10 nm were 

obtained by using highly diluted ethylene and high total flows, meanwhile thick 
films of about 80 nm were obtained by using highly concentrated ethylene and low 

total flows.  

The resulting carbon film thickness can be explained taking into account the total 
carbon mass that is supplied during synthesis, which is related to the ethylene 

concentration [C2H4], and the average speed of the gas, which is related to total flow 

Q. In this regard, the lower the time the hydrocarbon molecules of the decomposed 
ethylene are in contact with the substrate and the fewer molecules, the thinner the 

carbon film synthesized on the copper foil. Fitting well with this interpretation, the 
thin films are obtained at the higher total flows and the lower ethylene 

concentrations. A simple model was developed that captures the effect of both the 

[C2H4] and Q on the film thickness. A simple relation was found that can be adjusted 
to our experimental results. The film thickness is proportional to [C2H4] and 

inversely proportional to the average speed <V> of the gas through Q and the area 
of the CVD tube (A), as follows: 

Carbon film thickness (nm) = C t [C2H4] <V>-1 = C t [C2H4] A Q-1             (6.1) 

where carbon is a proportionality constant, t the synthesis time (5 min), <V>, the 

average speed of the gas at the entrance of the CVD (at standard conditions), and A 
the area of the quartz tube (2,2 cm of inner diameter). By adjusting this equation 
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6.3.2. Microstructure determination 

The microstructure of the carbon thin films were analysed under a transmission 
electron microscope Figure 53a. Very high magnifications reveals randomly 

oriented and curved graphitic crystallites within an amorphous carbon matrix 

(Figure 53b, c), as well as semicontinuous graphitic planes up to 5–10 layers similar 
to those seen in few-layer graphene (Figure 53d). These curved graphene layer 

fragments resemble the fullerene-like fragments that form glass-like carbons, which 
are a well-known class of amorphous carbon that shows short range order [31], [32], 

[204]–[206]. In our case, the curved graphene layer fragments have a maximum size 

of about 3 nm. 

Glass-like forms of carbon can be obtained at different temperatures [31], [206], 
which results in different crystal lengths. As proposed in reference [32], type-I glass-

like carbon are produced below 2000ºC, which consist of randomly distributed curved 
graphene-layer fragments with open pores, while type-II glass-like carbon are 

fabricated at higher temperatures and contain longer range and self-assembled 

fullerene-like spheroids with closed pores. Here, type-I glass-like carbon was 
obtained, since our film has randomly distributed and open curved graphene-layer 

fragments within an amorphous matrix. 

Raman spectroscopy. Raman spectroscopy was performed to study the crystal 
structure of our all carbon thin films. The Raman spectra of our 5-nm-thick carbon 

film was compared to that of a glass-like carbon rod, and that of a graphene sheet 
(Figure 54a). 

The Raman spectra of highly crystalline carbons have two prominent feature, which 

are the G peak at about 1580 cm-1 that corresponds to the bond stretching of sp2 

carbon pairs in both rings and chains, and 2D peak at about 2700 cm−1. This is 
exemplified in the Raman spectra of graphene in Figure 54a. The disorder in the 

microstructure of graphitic materials is mostly evidenced by the appearance of the 
D peak at around 1350 cm-1, which corresponds to the breathing modes of sp2 carbon 

rings, but also by the G band broadening (due to the emergence of a D´ peak at about 

1620 cm-1) and the presence of a D´´ peak at about 1100 cm–1. These first-order 
phonons may combine, giving rise to second-order peaks at D+D´´ ca. 2450 cm−1 and 
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foils is a convenient approach, despite other processes like plasma enhanced CVD 
can also be used for lowering the synthesis temperature.  

6.4. Synthesis of graphene films 
Most of CVD graphene recipes from the literature use a highly diluted carbon source 
coupled with the convenient synthesis time that results in an one-atom-thick film 

[72]. In the synthesis of glass-like carbon films presented in this Chapter, a highly 
concentrated carbon source was used along 5 minutes of synthesis, which exceeds by 

far the minimum carbon feedstock needed to generate a monolayer graphene [216]. 

The high ethylene concentration generates a high deposition rate on the surface of 
copper, faster than the graphene crystal nucleation and growth rate during the CVD 

process [96], [217], which after 5 minutes of synthesis results in films above 5 nm 
thickness (about 14 times monolayer graphene thickness [42]). 

In this regard, the synthesis of graphene on a copper foil with purity of 99,8% (Sigma 

Aldrich) was compared to a copper foil with purity of 99.999% (Puretronics). 
Compared to the conditions to synthesize glass-like carbon films, (5 minutes and Ar-

H2-C2H4 = 500-20-20 and 850ºC), synthesis of graphene in our CVD reactor requires 

5-10 minutes and a more diluted atmosphere with Ar-C2H4-H2= 1000-20/200/400-
0.5/1 and 950ºC.  

The increase of the temperature is explained by an enhancement of ethylene 

decomposition, the catalytic activity of the copper catalyst and the diffusion kinetics 
of carbon atoms along the copper surface [72]. A more diluted ethylene atmosphere 

helps to slow down the carbon deposition rate and to be adjusted to the growing 

graphene crystals kinetics [216]. On the other hand, H2 plays an important role in 
reducing oxides in the copper surface, so its increase helps to maintain a “cleaner” 

and more homogeneous surface. Also, the 99,999% pure copper catalyst has a 
smoother surface, on top of which diffusion of carbon radicals favoured the formation 

of a graphitic sp2 bonded network. Contrary, radicals trapped in “valleys” on rough 

metal surfaces (Sigma Aldrich 99,8%) have slower surface mobility, leading to the 
formation of defected sp3 bonded networks [216]. 

A growing defected and not continuous graphene crystals can be observed in Figure 

58a (3 minutes with Ar-C2H4-H2=1000-20-0.5), which highlight the need of a higher 





VI. Synthesis of carbon thin films on copper foils 

 

 

125 

Copper purity effect on the synthesis of graphene. When the 99,8% purity 

copper foil is used (Figure 59), deposition of carbon films takes place at all synthesis 
conditions (from Raman and SEM information), in contrast to the 99,999% purity 

catalyst (Figure 60), where no graphene signal is detected at 0.5 sccm C2H4 and 

200/400 sccm H2. This result can be explained by the effect of impurities of copper, 
which are known to act as nucleation points of graphene seeds [219]. Thus at these 

synthesis conditions, the decrease of the concentration of impurities on the surface 
of copper disable the nucleation of graphene. 

H2 concentration effect on the synthesis of graphene. Impurities may also be 

diminished by using a highly reducing atmosphere by incrementing the H2 

concentration. It is known that H2 is a necessary activator for monolayer growth that 
also controls the growth rate, size and morphology of the graphene domains [220]. 

In the present experiments, the effect of H2 concentration is evident when using the 
99.999% purity copper during synthesis for 10 minutes (0.5 sccm C2H4) and 5 

minutes (1 sccm C2H4), decreasing the density of second and third graphene layers. 

Despite Raman spectroscopy is the ultimate technique to determine the presence of 
monolayer graphene, we would like to highlight the potential of SEM to identify the 

presence of few-layer graphene regions. Given these results, we identified the CVD 

conditions of 5 minutes, 1 sccm of C2H4 and 200-400 sccm of H2, using a copper foil 
of 99,999% purity as the optimum conditions of this experimental batch to synthesize 

graphene in our custom-made CVD reactor, despite further experiments might be 
carried out to supress the nucleation of additional layers. 
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proportional to the gas flow. Transmission electron microscopy and Raman 
spectroscopy showed that the carbon films were formed by randomly oriented curved 

graphene nanocrystallites which showed order in ranges up to 3 nm, which 

resembles the fullerene-like fragments that form glass-like carbons.  

Raman results demonstrated that, as the CVD progresses and carbon film thickness 
increases, the carbon is deposited with lower degree of order (amorphous), so higher 

crystallinity was achieved in contact to the copper foil. Consequently, thinner films 
are more crystalline than the thicker films, which were composed of a thin and 

crystalline region underneath a thick and amorphous region. It was also 

demonstrated the synthesis of monolayer graphene with our custom-made 
atmospheric pressure CVD furnace, and a highly pure copper catalyst improves the 

graphene quality, on top of which the graphene deposition is more controllable. 
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 Glass-like carbon thin films: 

Physical characterization and 
polymer-assisted transfer by 

thermal shocks 
7.1. Glass-like carbon films 

Since the in-depth characterization of graphene properties in 2004 [20], there has 
been a renewed interest in carbon nanomaterials as thin films for a wide variety of 

applications, such as energy production/storage, biocompatible scaffolds, and 
electronics, among others [41], [53], [221], [222]. In the previous Chapter we have 

demonstrated the synthesis of glass-like carbon thin films of different thicknesses, 
which may found applications as a multifunctional surface. 

Glass-like forms of carbon are a good example of disordered sp2-hybridized carbon 

materials. The structure of glass-like carbons consists of nearly 100% sp2-hybridized 

carbon atoms, which forms randomly oriented fullerene-like fragments of different 
sizes, depending on the intensity of the heat treatment used for their production [3], 

[31], [32], [204]–[206]. At bulk state, they show glass-like appearance and combine 
interesting properties such as high temperature stability, extreme resistance to 

chemical corrosion, high hardness, low density, and high impermeability to both 

gases and liquids [2], [31], [32]. Interestingly, glass-like carbon thin films can also 
be produced by pyrolizing a photoresist resin [28], which are transparent as 

transparent as graphene films of similar thickness. Interesting functional materials 
such as flexible neuroelectronic implants for dopamine sensing were recently 

obtained by pyrolizing a photoresist resin [52]. Carbon materials with a similar 
amorphous structure can also have an exceptional specific surface area due to their 

high density of edge  defects, which are of great interest for energy-storage 

applications [12], [54].
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Also, the embedded nanocrystallites within amorphous carbon matrixes can induce 
strong paramagnetism [226]–[229], which is ascribed to the presence of a spin 

magnetic moment at the graphene layer edges. In summary, the presence of 
nanoscale crystals in carbon materials may have advantages for advanced 

applications over the more crystalline forms of carbon such as graphene or 
nanotubes. 

Now, we can highlight several facts that make our production of glass-like carbon 

films competitive against graphene, and encourage the study of their applicability. 

On the one hand, the larger thickness of our glass-like carbon film compared to 
monolayer graphene makes it easier to visualize and to manipulate, and its 

amorphous nature is easier to replicate. In this regard, it is known that graphene 
grain boundaries and defects are not possible to be fully controlled during CVD. But 

probably the most important advantage, as it will be shown in this Chapter, is the 

partial delamination of our glass-like carbon films right after CVD due to the large 
thermal expansion coefficient mismatch between the carbon film and the copper 

catalyst foil.  

Electrical and optical properties of the glass-like carbon films are characterized in 
this Chapter, and compared to other carbon-based thin films in the framework of 

transparent and flexible electrodes. Surface wettability is also studied and related 
to ongoing research on biocompatibility applications. Finally, the production process 

of the glass-like carbon thin films is completed by studying a new non-destructive 

and highly scalable transfer process to polymer films by thermal shocks. 

7.2. Physical properties of glass-like carbon film 
composites 

7.2.1. Electrical conductivity and optical 
transmittance 

Transparent and flexible conducting films are of increasing importance for several 
applications such as electronic devices and photovoltaics. Currently, transparent 

conductive oxides like indium tin oxide (ITO) dominates the industry, however they 
are rigid and brittle [40]–[42]. Carbon nanomaterials like graphene films are 





VII. Glass-like carbon thin films:  

Physical characterization and polymer-assisted transfer by thermal shocks 

 

 

133 

thick carbon film). These results are compared to those of equivalent N-layer 
graphene (Figure 63a). Electrical conductivity of N-layer graphene depends on 

charge carrier density (n=3,4·1012 cm-2), electron mobilities (µ=20000 cm2V-1s-1) and 
electron charge (e=1,6·10-19 C) as proposed by Bonaccorso et al [41], following the 

next equation: 

σDC (N layers) = (n µ e)·N layers = 0,01088 S/layer · (N layers)                            (7.1) 

 

being the sheet resistance Rs = 1/σDC (N layers) about one order of magnitude lower than 
our glass-like carbon films. The electrical conductivities (σDC) of the carbon films 

synthesized in this work were calculated to be σDC=8.7 × 103 – 2.5 × 104 S/m. 
Comparing with the literature, these values are lower than bulk highly oriented 

pyrolytic graphite (2.50 × 106 S/m), similar to bulk glass-like carbon and pyrolyzed 

photoresist thin films, and well above those of amorphous carbon (102 S/m) [29], 
[230]. The large error obtained in some measurements is attributed to damage 

during the transfer of the carbon film to PMMA by acid etching. 

Regarding graphene transmittance (Figure 63b), it follows the equation:  

T = (1-πα)N                                          (7.2) 

where (α = e2/ℏc ≈ 1/137 is the fine structure constant, c the speed of light, and N the 

graphene number of layers [26], [231]). For N-layer graphene thickness, it has been 

assumed a distance between graphene layers of 0.35 nm [42]. Interestingly, most of 
the carbon films obtained are more transparent than the equivalent-thick graphene. 

Figure 64 shows some results of previous studies on amorphous carbon films 

synthesized from 400ºC to 1100ºC on different substrates. Some of them were 

deposited directly on insulating substrates like SiO2 or sapphire, obtaining values up 

to Rs = 100 kΩ/□ at T=93% by controlling the thickness of the film with the synthesis 

time at 950ºC and 20 Torr. of pressure [232], or up to 6 kΩ/□ and 80% at 1100ºC [29], 

[233]. Others studied the deposition at 1000ºC on copper foils resulting in 0.717 kΩ/□ 
at 41.4%, 1.6 kΩ/□ at 80% or 610 kΩ/□ at 96% [234]–[236]. All these results are 

collected in Figure 64 and compared to theoretical graphene [41]. 
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7.2.2. Wettability 

The glass-like carbon thin films prepared in this work can also be used to design 

multifunctional surfaces for antimicrobial or biocompatible materials. On the one 

hand, adhesion of microorganisms has to be avoided in food processing and storage 
applications, but may result beneficial in other applications such as wastewater 

treatment bioreactors or biopolymer degradation. Biocompatibility of surfaces is 
determined by their topography and physicochemical properties, and has been 

associated to their hydrophobic-hydrophilic nature [238]. Interestingly, hydrophobic 
surfaces may turn hydrophilic by applying external stimuli such as electrical 

potential or ultraviolet irradiation (UV). Such treatments are thought to cause the 

adsorption and dissociation of water molecules and generate surface hydroxyl 
groups, and has been demonstrated with graphene and CNT films [239], [240]. 

Here, we studied the surface wettability by means of water contact angle of our glass-

like carbon films (5-nm-thick films). It is demonstrated the hydrophobic-to-
hydrophilic transition when carbon films are irradiated using different UV sources. 

Results relating the biocompatibility of the irradiated glass-like carbon surfaces are 

presented by means of microbial colonization in a peer-review publication [238]. 

Preparation of glass-like carbon/PMMA composites. As synthesized the carbon 

film of about 5 nm thickness were transferred into a polymer film following the next 

sequence: the carbon film/copper is gently flattened using two clean glass holders. 
Three drops of a PMMA (495PMMA A Resists, Microchem) were homogeneously 

placed on top of the carbon film/copper using a plastic disposable pipette. PMMA 

drops are distributed along the surface following the doctor blade technique using a 
laboratory weighting paper. We let them dry on air (2h) and repeated the process 2 

more times. Once the PMMA is dried, the composite PMMA/carbon film/copper is 
placed on a FeCl3 – HCl copper etching solution (Sigma Aldrich 667528) with the 

PMMA facing down. The sample must be totally submerged. After 2 hours, the whole 
copper etchant was replaced for a new fresh one, and let it etch for additional 24 

hours. Next, we removed the copper etchant and clean the sample with deionised 

water replacing the water 5 times, and let it clean in a deionised water bath for 
additional 24 hours. After the cleaning process, PMMA/copper film was “fished” from 
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the deionised water with a clean glass holder. The whole sample was cut in slices 
with a clean stainless steel blade (10x15 mm approx, and 6 samples are obtained 

from each CVD). Those cut samples were submerged in new deionised water and 
“fished” with covering glass (0.13-0.16 mm thickness, Labbox). The samples were 

dried on a vacuum oven at 50ºC for 2 hours. 

Surface topography analysis. Surface topography of the carbon film/PMMA 
composite was characterised by AFM at ambient conditions using a Park XE150. The 

images were acquired by non-contact mode using a non-contact cantilever (PPP-

NCHR, Park System), with a tip set point of about ~30-40 nm and amplitudes 
between ~25-45 nm with a scan rate of 0.50 Hz. The obtained images (512 x 512 

pixels and areas of 10 µm2 and 2 µm2) were processed and analysed using XEI 
software (version 1.7.1).  

Ultraviolet irradiation. Prior to irradiation, carbon films were heated at 50°C for 

2 hours under vacuum of 10 kPa). UV irradiation of glass-like carbon films was 

performed at room temperature (~20°C) under two different atmospheres of relative 
humidity, a dry (30% ± 5% RH) and wet (80% ± 5% RH). At least 5 minutes of 

preconditioning were applied before irradiation. The equipment used for irradiating 
the carbon films were: (1) A 15 W Heraeus Noblelight TNN 15/32 low-pressure 

mercury vapour lamp emitting at 254 nm with a secondary peak at 185 nm. (2) 

Vilber-Lourmat Bio-Lin BLX-254 Crosslinker equipped with 5 x 8 W 254 nm T-8C 
lamps. (3) A diode pumped passively Q-switched solid state laser FQSS 266-200 

(CryLas, Germany) emitting pulses (< 1.5 ns) at 266 nm > 200 μJ at 20 MHz. The 
selection of these different UV sources aims at studying the effect of the more 

energetic vacuum UV light (100-200 nm), mostly produced in the low-pressure 

mercury lamp compared to the other sources, because it is thought that can photolyse 
water molecules into hydrogen atoms and hydroxyl radicals. 

Wettability measurements. The wettability of carbon films was tested as soon as 

possible after irradiation using an optical contact angle meter (Krüss DSA25 Drop 
Shape Analysis System) at room temperature using the sessile drop technique.  
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Irradiation and water contact angle studies were carried out in collaboration with 
the Department of Chemical Engineering, University of Alcalá, Madrid, Spain. 

Water contact angle of transparent glass-like carbon films was measured before and 

after irradiation with different UV doses. Figure 66a shows the effect of irradiation 

at different UV doses on the water contact angle measured in transparent glass-like 

carbon films. For non-irradiated glass-like carbon films, water contact angle resulted 

> 80º, indicating a relatively hydrophobic surface. Water contact angle decreased 
sharply upon irradiation from 99.0º ± 3.4º up to 22.8º ± 2.5º when irradiated with the 

low-pressure lamp under wet conditions, indicating a hydrophilic nature. This 

decrease was much slower when using the “ozone-free” lamps, and no significant 

effect was observed for irradiation using the 266 nm solid-state laser.  

After irradiation, glass-like carbon films were stored under laboratory conditions (1 

atm, 20ºC) to investigate the recovery of water contact angle. The results (Figure 

66b) showed that during the first 24 h following irradiation (first measure after 1 h 
of irradiation), the samples recovered most of their hydrophobicity, with contact 

angle values increasing up to the 81º–89º range. After 24 hours, all samples displayed 
a water CA > 90º, close to the values of non-irradiated carbon films. 

Carbon films have been shown to display important differences in wettability, 

switching from hydrophilicity to super-hydrophobicity [241]. Previous works 

suggests that oxygen chemisorption would lead to hydrophilic surface moieties, such 
as hydroxyl groups. Water molecules would physically adsorb at the surface, which 

results in a reduced water contact angle, thus reversibility can be explained by 
desorption of surface water.  

We have analysed the surface of the transferred carbon film on PMMA before and 

after UV irradiation with the low-pressure mercury lamp, in order to identify 

possible changes on surface roughness that may contribute to the wettability 
transition. First of all, we analysed the surface features in the copper foil. The copper 

foil developed roughness in the form of nanoparticles up to 300 nm after synthesis 
(Figure 67a), which was transferred into the carbon film/PMMA composite in the 

form of wholes of the same size (Figure 67b). 
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Figure 66 (a) Water contact angles of transparent glass-like carbon films for different 
irradiation devices and UV doses. Low-pressure mercury lamp (○, ●), irradiation chamber (□, 
■), laser (∆,▲). Empty symbols: dry air (~30% RH), filled symbols: wet air (~80% RH). Inset 
at the bottom right: glass-like carbon after vacuum treatment and before irradiation. (b) 
Evolution of water contact angles of irradiated glass-like carbon films for different times 
under ambient conditions. 

  

a

b
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Figure 67 The copper surface features (a) are transferred into the carbon film/PMMA 
composite (b). 

Figure 68 shows the evolution of a 10 µm2 surface before irradiation (a), right after 

irradiation with the low-pressure mercury lamp under dry conditions, and the same 

are 96 h after this irradiation, when contact angles is completely recovered.  

Figure 68 Evolution of a 10 µm2 surface before irradiation (a), right after irradiation with 
the low-pressure mercury lamp under dry conditions, and the same area 96 h after 
this irradiation. Areas of 10 x 10 µm. Vertical and horizontal lines are typical AFM 
artefacts. 

The surface before irradiation showed the same surface features presented in 

Figure 67 corresponding to nanoparticles up to 300 nm, and after irradiation 

several globular and vermicular features appeared (b), and some of the cavities 

of non-irradiated samples almost disappeared. AFM analysis of the same region 96 

h after irradiation (c) did not show any difference compared to the surface  

1µm x 1µm

a b

1µm x 1µm

a b c
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right after irradiation. Thus, it can be concluded that hydrophobicity recovery 
is not due to surface roughness evolution. 

A deeper analysis (Figure 69) showed that the globular and vermicular 

features detected after UV treatments derived from original surface features 

presented in the carbon film/PMMA composite after transfer (Figure 69a, c). These 

features seemed to swell and smooth because of the irradiation (Figure 69b, d). UV 

treatment in wet air seems to show smoother and more swollen features than those 

irradiated in dry air. 

Figure 69 AFM analysis of the surface of carbon film/PMMA composites before UV 
treatments (a, c) and after UV dry treatment (b) and UV wet treatment (d). Vertical and 
horizontal lines are typical AFM artefacts (AFM areas of 1 x 1 µm). 

a b

c d
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7.3. Polymer-assisted transfer by thermal shock 
delamination 

Carbon films synthesized on copper foils by CVD, such as graphene or the glass-like 
carbon thin films presented in Chapter VI, need to be transferred from the copper 

catalyst foil to the device where it will be applied. The preparation of carbon thin 
film/PMMA composites followed in Section 7.2, consisted on depositing a protecting 

polymer film (PMMA) and dissolving the copper catalyst by chemical etching [43], 

which destroys the copper foils. Several non-destructive transfer processes 
compatible with continuous production of graphene and carbon thins films have been 

proposed [242], [243]. The most direct process is the peel-off of polymer/graphene 
film from the copper [244]–[247], whose effectivity strongly depends on the polymer-

graphene adhesion [248]. Other process was proposed by simultaneously applying 

physical pressure, high temperature and a voltage [249]. On the other hand, the use 
of liquids which penetrate the interface between graphene and copper are also 

effective, using hot deionized water [250] or the electrochemical delamination using 
an electrolysis-like setup [196], [251]–[255].  

Here a new delamination process of PMMA/carbon thin films from the copper 

catalyst is presented, which consists on the use of cold thermal shocks to induce their 
separation by thermal contractions. The effectivity of the delamination depends 

upon the polymer characteristics (mainly Young modulus, thermal expansion 

coefficient and thickness), the thermal gradient during cool down, and the energy 
adhesion of the carbon film to the copper foil. This process is perfectly compatible 

with current continuous production systems and roll-to-roll schematics found in the 
literature [119], [121], [123]. 

7.3.1. Experimental procedure 

Synthesis of carbon thin films by CVD. The synthesis process by CVD is 

described in Section 6.2, using copper foils of 20×20 mm2. The synthesis conditions 
to obtain carbon thin films of different thicknesses were performed (~ 2.5 nm, 5 nm 

and 20 nm) by using different gas concentrations (Ar/H2/C2H4 (sccm) = 500/20/20 for 

2.5 minutes, 500/20/20 for 5 minutes, 300/120/120 for 5 minutes).  
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Polymer application. Poly(methyl-methacrylate) (PMMA; 495PMMA A Resists, 
Microchem) was directly drop-casted using a micropipette to obtain different PMMA 

thicknesses (140, 280 and 350 µl which resulted in thickness approximately of 20, 
40, 50 µm measuring 10 samples with a digital calliper). Since the drop-casting 

process does not generate a homogenous PMMA film thickness, which tends to 

accumulate in the edges of the copper foils due surface tension, a hot press was used 
to improve the film thickness (120ºC, and 100 kg of pressure). This process also 

improves the adhesion of the PMMA to the carbon film.  

Experiments using polyethylene films of 300 µm thickness were also performed 
(linear low density polyethylene, Dow), as well as additional ones by using a drop-

casting polyurethane solution (TPU) as an adhesive between the carbon film and the 
polyethylene (2 g of polyurethane pellets on 200 ml of acetone). All the polymers used 

in these experiments are summarized in the next table. 

Table 8 Summary of the preparation process followed to produce polymer films. 

Polymer 

Film production Film application 
Process values thickness Process values thickness 

PMMA Commercial 5% solution on anisole 
495PMMA A, Microchem 

drop casting 
+ 

hot press 

140 µl 
280 µl 
350 µl 

~20 µm 
~40 µm 
~50 µm 

PE  Hot press 175ºC  
500T 300 µm hot press 160ºC 

100 kg ~300 µm 

TPU  
+ 

 PE  

PE Hot press 175ºC  
500T 300 µm Drop casting 

TPU (140 µl)  
+  

PE hot press  

100ºC 
100 kg ~300 µm 

TPU 2 g of TPU pellets on  
200 ml of acetone 

 

Thermal shock delamination. Thermal shocks were carried out on top of cold 

stainless steel plates (60x40x20mm approximately), by dropping the sample 

(PMMA/Carbon film/Copper foil) with the copper in contact to the cold surface 
(Figure 70a). Stainless steel plates were cooled down to -160ºC in a liquid N2 bath 

and -80ºC using dry ice bricks. Electrical resistance of the transferred films were 

measured with a multimetre between two copper electrodes separated 18 mm. 
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(Figure 71c) were clearly related to the presence of twins on the copper below 
(Figure 71d). The AFM magnification of Figure 71e highlights the wrinkles of 

about 20 nm between twins (green dashed line) and a step of delaminated carbon 
film of about 60 nm (red dashed line). These experiments demonstrate the different 

extent of autodelamination depending on the carbon film thickness. 

7.3.3. Transfer assessment and thermal shock 
parameters 

The electrical resistance of delaminated samples by thermal shocks were measured 

and compared to the copper acid etching transfer baseline (Figure 72). Transfer of 

20-nm-thick carbon films with the -160ºC thermal shock resulted in an enhancement 

of the electrical resistance from 1.4 kΩ (baseline) to 1.8 kΩ and 2.3 kΩ when using 

20 µm and 40 µm thick PMMA. A better transfer was obtained using 50 µm thick 

PMMA, which resulted in 1.3 kΩ. Thermal shocks on -80ºC surfaces resulted in 2.7 

kΩ, 1.9 kΩ and 2 kΩ by increasing the PMMA film thickness.  

Since the 5-nm-thick carbon films are more attached to the copper foil as 
demonstrated in the last section, they break during the thermal shocks using high 

thermal gradients (-160ºC). As a consequence, an increase of electrical resistance is 

observed in those samples, which increased from 3.6 kΩ (baseline) to 13.1 kΩ, 9.9 kΩ 

and 8.7 kΩ  by increasing the PMMA thickness. A more effective transfer was 

obtained when using low thermal gradients (-80ºC), with values of 5.5 kΩ, 6.2 kΩ and 

4.3 kΩ.  

Finally, the 2.5-nm-thick carbon films could only be delaminated when using thick 
PMMA and high temperature gradients (-160ºC), however large areas of carbon film 

remains attached to the copper foil resulting in a poor transfer.   
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monocrystalline film, and the possibility to transfer them from the copper catalyst 
by an ultrafast thermal shock delamination process. These two advantages bring 

transparent and flexible carbon films close to market whose applications, 
complementary to graphene films, are yet to be discovered.



 

 

8 
Conclusions and future work 

 

Carbon is a very versatile element, and is able to form a variety of crystalline and 

amorphous materials which are currently in an extensive use in engineering. Carbon 

fibres are a good example of crystalline structures offering outstanding mechanical 
properties for polymer reinforcement in aerospace applications, as carbon black and 

glass-like carbons are examples of amorphous carbons used as fillers in the tire 
industry or as electrodes in electrochemistry. The recent in-depth characterization 

of graphene [20] has renewed the interest in carbon nanomaterials and related 

nanostructures which are proposed for a wide variety of applications such as 
electronics, energy production/storage, biomedical, among others. However, main 

issues in maintaining carbon nanomaterial properties and performance upon up-
scaling, mass production or integration are still to be solved before they can display 

their expected industrial relevance. For the time being, the cheapest nanocarbon-
based materials like carbon nanotube (CNT) powders in batteries, automotive parts 

and large-area coatings are the first available in the market, while devices requiring 

highly ordered CNTs (arrays, fibres or films) or graphene films will appear at a 
longer term.  

Nanocarbons with different morphologies and crystallinities can be produced by 

catalytic chemical vapor deposition (CVD). It consists on the thermal decomposition 
of hydrocarbons (carbon source) over metal catalysts, and offers high controllability, 

scalability and adaptability to fabricate on-demand carbon nanomaterials like thin 

films, fibres, arrays and other highly organized structures. Several schemes were 
recently proposed demonstrating the continuous synthesis of graphene/polymer 

composites film at rates of 10 cm/min using copper foils catalysts [119], [121], as well 
as CNT fibres and forests from iron nanoparticles with similar synthesis rates [75], 

[115]–[117].  
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In this thesis, it was proposed the use of a custom-made CVD reactor and commercial 
bulk metals like powders and foils as catalysts for the production of carbon 

nanomaterials at large scales. Such a straightforward approach reduces/eliminates 

the catalyst preparation processes that in some cases requires expensive and hard-
to-scale microfabrication techniques. Despite the ease and simplification of the CVD 

process by using commercial bulk metals, a major challenge was found related to the 
control of the growing nanostructure since bulk metals evolves under CVD 

conditions either in composition and morphology. In fact, bulk metals with high 

carbon solubility may suffer fragmentation, which in some cases resulted beneficial 
for the in-situ production of metal nanoparticles and growth of nanofibres. On the 

contrary, metals with low carbon solubility like copper offer a more stable surface, 
and are more appropriate for the synthesis of carbon thin films. Thus, by selecting 

the adequate metal catalyst (morphology and composition) and the CVD conditions 

(gas concentration and temperature) it is possible to produce a wide variety of carbon 
nanostructures with different morphologies and qualities.  

From the point of view of metal-carbon interaction and carbon nanostructure growth 

mechanism, the design of bulk metal catalysts should take into account the number 
of alloy elements, the presence of grain boundaries, the carbon solubility and 

morphology, and the possible formation of new elements and their stability at CVD 
conditions. A fundamental difference based on catalyst surface stability was 

demonstrated by the comparative study of pure nickel and Fe64Ni36 powders. As a 

single element, pure nickel surfaces are more stable at CVD conditions (especially at 
530ºC and 680ºC) and better withstand the effect of carbon deposition in comparison 

to Fe64Ni36 powders, which suffer fragmentation most likely due the higher density 
of grain boundaries and the carbide formation. This different behaviour has 

important implications in the morphology of the carbon fibres produced, since the 

diameter of nickel catalyst remains constant (1–10 µm) giving rise to fibres of the 
same diameter, meanwhile the fragmentation of Fe64Ni36 particles into nanoparticles 

leads to the growth of nanofibres. Interestingly, the behaviour of nickel and Fe64Ni36 

powders converges when synthesis temperature is increased up to 830ºC, at which 

the enhancement of carbon solubility and diffusivity in the metal leads to graphite 

inward growth, and the further fragmentation of both nickel and Fe64Ni36 powders. 
These experiments showed that commercially available powders are good candidates 
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to produce carbon nanomaterials with different morphologies at large scales. Main 
products are multidirectional ~100 µm-long carbon fibres up to 5 µm in diameter, a 

wide variety of carbon nanofibres, nanotubes and nanocoils from 50 to 200 nm in 

diameter and metal-graphite core-shell structures up to 500 nm at yields above 400 
(carbon to catalyst mass ratio) after 24h of synthesis. Some of these products are 

being investigated by our group as fillers for the reinforcement of polymers. As a 
future research line, the study of the magnetic nature of the metal-graphite core-

shell nanoparticles obtained at high temperatures are proposed. 

Stainless steel foils were the next catalyst used in this work. As the number of alloy 

elements is increased in stainless steel, so will the number of possible reactions with 
carbon, some of which will be harmful for the growth of carbon nanostructures. In 

addition to iron, which is the element which catalyses the growth on CNTs on 
stainless steel foils, other elements like chromium, manganese, silicon or oxygen 

may have important roles. In order to ensure the growth of CNTs, it is of main 

importance to favour the presence of iron in the stainless steel surface, which showed 
only to be present after oxidation-reduction pretreatments at 720ºC-780ºC. Higher 

temperatures favoured the accumulation of other stable elements like chromium, 
manganese, silicon or oxygen which forms carbides, oxides and spinels at the expense 

of desired iron. We have demonstrated for the first time the possibility to synthesize 
and isolate a hierarchical structure consisting on a CNTs array connected to a carbon 

thin film of about ~100 nm-thick, which simultaneously grew only between 720ºC-

780ºC. As a future research line, it is proposed the use of this 3D structure as 
electrode in energy harvesting and storage applications. 

The high interaction between catalyst and carbon can be reduced by selecting metals 

with low carbon solubility not forming carbides such as copper, which offers a stable 
surface at CVD conditions. The disadvantage of low interacting metals is that they 

do not readily dissociate the hydrocarbon during CVD, and amorphous carbon may 

be deposited instead. In fact, one of the major difficulties found during this work was 
to tune the gas concentration to enable the adequate deposition rate of a single 

monolayer graphene in our custom-made CVD reactor. In this regard, longer 
synthesis with deposition rates above those needed for graphene results in the 

deposition of amorphous carbon films with controllable thicknesses. By tuning the 
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gas flow rates from 40–540 sccm and ethylene concentration from 0.04–0.5, we have 
produced carbon films with controlled thickness from 5–237 nm. It is demonstrated 

that the carbon film thickness synthesized on copper foils is not only proportional to 

hydrocarbon concentration in the gas flowing, but it is also inversely proportional to 
the total flow rate, since it affects the residence time of carbon containing molecules 

and the probability of deposition.  

Among all the materials produced during this thesis, we selected carbon thin films 
as the material offering more possibilities. Several facts make the production of our 

thickness-controlled carbon films competitive against graphene; their larger 

thickness makes them easier to visualize and to manipulate, they are easier to 
replicate due to their amorphous nature, and they are partially delaminated right 

after the CVD process, which helps their further transfer into a polymer film. We 
produced transparent composites films (carbon film/PMMA) which showed sheet 

resistances of Rs=7.836 ± 1.500 kΩ/□ and optical transmittances of T=85,7% (for 5-

nm-thick carbon film) and Rs=4.298 ± 0.140 kΩ/□ at T=58.65% (for 18-nm-thick 

carbon film). These values are equivalent to electrical conductivities of 8.7 × 103 – 2.5 
× 104 S/m, which are lower than graphene (~3·105 S/m) but similar to bulk glass-like 

carbon or pyrolysed photoresist thin films, and well above amorphous carbons (102 
S/m). This performance is similar to that obtained in carbon-based nanocomposites 

using liquid exfoliated or reduced graphene oxides, but far away from current 

conductive oxides (ZnO, SnO and ITO) so they are not suitable alternatives as 
transparent electrodes in flat displays or thin-film solar cells.  

Then, we characterized the surface wettability of 5-nm-thick carbon films, which is 

an interesting property in food processing, wastewater treatment or biopolymer 
degradation applications. In this regard, we have demonstrated that the surface 

wettability of 5-nm-thick carbon films can be tuned under ultraviolet light 

irradiation, which at the same time triggered the surface colonization by Escherichia 
Coli cells as demonstrated in our recent work [238]. Finally and related to the 

scalable production of carbon thin films, we have demonstrated the highly efficient 
carbon film polymer-assisted transfer process by ultrafast thermal shocks, by 

selecting the proper polymer and thermal gradient. This result is of major 

importance and represents a clear advantage compared to graphene production, 
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whose large scale transfer is an unsolved issue at the time of this work. We are 
currently simulating the delamination process to better understand and design 

scalable future processes. As a future research line, we stress here the possibilities 

arising from the use of carbon films with high density of defects, which already have 
been demonstrated as flexible neuroelectronic implants for dopamine sensing. 

The study presented here demonstrates the production of different carbon 

nanomaterials by using four commercially available bulk metals as catalysts. A large 
number of metal are available in the market that, together with the use of different 

CVD gas concentrations and temperatures opens a wide window of possibilities to 

produce on-demand carbon nanomaterials. 
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