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ABSTRACT 
In this work, several scientific problems related to high pressure–high 
temperature (HP–HT) synthesis of new materials using fullerite as a 
precursor were studied: first, the mechanism of the transformation of 
C60 crystal into a nano-clustered graphene phase (NGP) at a pressure of 
8 GPa; and second, the effect of disorder introduced into C60 crystals by 
ball milling prior to HP–HT synthesis on the structure and properties of 
the NGP. A separate set of experiments was devoted to compression of 
C60 precursor at unexplored before pressure of 25 GPa and elevated 
temperatures in search for new type of disordered carbon-based 
materials.  

In the first study, Raman spectroscopy, HRSTEM-EELS, and indentation 
hardness demonstrate that, under pressure, C60 exhibits a path of 
transformation from polymerized C60 to NGP. This phase exhibits a 
short-range order and preferential orientation of nano-clusters of 
graphene assembled in a highly disordered carbon matrix. In our 
studies, we observe that the mechanism of C60 transformation into NGP 
could be understood in terms of nucleation and growth mechanism as 
opposed to the pseudomartensitic mechanism. Changes in Raman 
intensity of the Ag(2) C60 mode monitored in polished incompletely 
transformed carbon particles reveal different steps of transformation. 
Moreover, the polishing reveals the distribution of shear bands 
resulting from plastic deformation of the C60 monomer and following 
the direction of the <110> slip planes in FCC system.  

HRSTEM analysis reveals the presence of disorder as an intermediate 
state between the parent C60 and the nano-graphene units. EELS spectra 
show that C60 molecules in such state are present as monomers, and the 
intermediate phase is an sp2–sp3 disordered phase, in which the sp2 
fraction is by up to 20% lower than that of graphene nanoclusters. The 
findings suggest that, after the collapse, the polymer structure breaks 
down with the formation of a disordered (sp2–sp3) carbon phase 
containing some fraction of residual C60 molecules. The graphene 
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nanoclusters further nucleate and grow in the intermediate disordered 
phase. Thus, a nucleation and growth mechanism is proposed for the 
formation of NGP phase from C60 upon HP-HT action.  

For the second problem, highly disordered systems were obtained from 
ball-milled C60 through HP–HT demonstrating a promising technique to 
create hard (hardness > 30 GPa) disordered carbons at relatively low 
pressure (up to 8 GPa).  

The nanoarchitecture of NGP and disordered systems was studied using 
multi-wavelength Raman spectroscopy, HRSTEM, and indentation 
techniques. The Raman data treatment was carefully studied following 
the three-stage amorphization trajectory of amorphous carbon. The 
Raman model consists of G and D bands and data from semi-empirical 
models that include peak position, FWHM, and intensity ratio. A new 
approach proposed by the research team includes the presence of 
carbon pentagons (F band) and carbon heptagons as defects in the 
graphene clusters and are eventually present in the disordered carbon 
matrix as well. A peak deconvolution considering the G, D, F and 
heptagon bands is the model that allows building an empirical 
correlation between the Raman spectra features and hardness. Using 
peak deconvolution model based on G, D, F heptagon and sp3 carbon-
derived bands allowed us to build an empirical correlation that can be 
used for a semi-quantitative estimation/prediction of hardness of an 
arbitrary disordered sp2 carbon-based system based on their 
spectroscopic (Raman) data. 

Finally, experiments on compressed C60 at 25 GPa, previously 
unexplored pressure, produce superhard 3D-C60 polymers at 
temperatures below 600 oC. As the temperature increases, sp3 carbon 
starts dominating the disordered structures. The synthesized materials 
are semiconductors exhibiting ultra-high hardness that in a particular 
case exceeds that of single crystalline diamond. UV-Raman 
spectroscopy reveals a high intensity of T band and a G band position 
typically observed in tetrahedral amorphous carbon (ta-C)-based thin 
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films. The phase has a residual fraction of sp2 carbons, mainly linear 
chains and fused aromatic rings.  

In summary, the results demonstrate that a whole class of novel 
materials with outstanding physical properties - superelastic-hard and 
ultrahard semiconducting carbons - can be produced for demanding 
technological applications at HP-HT by using C60 as a precursor and 
tuning its microstructure. 
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Introduction and Motivation  
For Centuries, people believed that only two crystalline carbon systems, 
diamond and graphite, existed in nature. The attention was on 
diamonds because of its mechanical properties and monetary value. 
General Electric using a high-pressure apparatus produced artificial 
diamonds in the 1950s. Later, in the 1970s, plasma-deposited thin films 
of amorphous carbon or diamond-like carbon (DLC) gave way to vast 
research on amorphous carbon science and technology because of the 
plethora of properties for tribological, optical, and biocompatible 
applications. In 1985, the world of carbon science changed when the C60 
molecule, the fullerene, was discovered. This soccer ball made of 60 
carbon atoms, with a diameter of 0.7 nm, started a revolution due to its 
ability to allow manipulation at nano-level, drug delivery, and building 
of ultrahard materials under pressure. In 1991, carbon nanotubes were 
invented as materials demonstrating outstanding mechanical, 
electronic, chemical (functionalization) properties. In 2004, the 
isolation of graphene for the first time opened a world of 2D-materials 
with tremendous applications in science and materials engineering 
owing to its exotic properties such as having the strongest in-plane 
chemical bond, semimetal state, optical transmission in the visible and 
ultraviolet spectrum. 

However, optimizing the graphene properties in bulk materials is a 
constant challenge; a good example of this is graphite, a soft material. 
Nonetheless, to increase its hardness, creating disorder is deemed 
useful, as disordered graphite or nano-graphite has proved to have 
hardness more than that of steel.  

On the other hand, the high-pressure technique is a current hot topic, 
considering the outstanding properties even in extreme conditions, 
such as superconductivity at room temperature, the synthesis of unique 
nano-architecture based in sp2, sp2-sp3 and sp3 carbons that opened a 
landscape of different kind of ultrahard amorphous carbon materials.    
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The objectives of this study are as follows: 

- Analysis of the mechanism of high-pressure (5-8 GPa) C60 
crystals transformation to disordered carbon based on 
nanographene clusters by Raman spectroscopy, electron 
microscopy and indentation techniques. 
 

- Study of the effect of ball milling C60 as a step before the high-
pressure experiments as a route to produce super hard sp2-sp3 
carbon materials (hardness > 30 GPa). 
 

- Building an empirical correlation between Raman spectroscopy 
results and hardness of the disordered carbon materials. 
 

- Study of the novel amorphous carbon materials synthesized 
from C60 precursor at 15 GPa and 25 GPa.  
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PART I 
CHAPTER 1 NANOCARBONS 

Cursor, a polyhedron used to create 

 any physical object 

Automan, 1983.  

 

In this chapter, an introduction to carbon nanostructures and 
disordered carbon has been presented. Moreover, the physical–
chemical properties have been discussed.  

1.1 Graphene 
The theoretical work of P. Wallace (1947) [1] on the band structure of 
graphite was done using the tight-binding approximation. The study 
was carried out using two inequivalent lattice sites, A and B, as 
represented in Fig. 1b, applying the wave function for the  bond and 
wave function for the  bond. The first Brillouin zone showed in Fig. 1c 
shows hexagonal symmetry points, K and K`.  

 

Figure 1. A. Graphene honeycomb; B. First Brillouin zone; C. Energy vs K revealing the 
Dirac`s cones. (Figure adopted from reference [1]). 
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The dispersion relation in the first Brillouin zone for K and K` shows a 
cone shape for the conduction (C-band) and valence (V-band) bands. In 
fact, the bandgap on the K points is zero (Fig. 1c). The cone is known as 
a Dirac cone and a linear dispersion relation (1) can be calculated from 
the Wallace results.  

                                              ±( ) ≅  ±ħ| ⃗|                                         (1) 

The results, quite intriguing indeed, were assumed to be standard 
graphene properties: “zero band-gap semimetal and linear dispersion 
relation on specific points of the lattice (K and K`). Therefore, a very 
fascinating conclusion was made. ‘The electrons in a graphene lattice 
behave like massless particles.’ In other words, electrons motion in a 
graphene lattice has to be studied including quasi-relativistic effects.” 
Nevertheless, this was a prediction. Perhaps, the experiment to probe 
those results was not possible because of the lack of an isolated 
graphene layer.   

Graphite is made of several graphene sheets. Separating one of those 
layers was a serious problem from an experimental point of view. In 
2004, Andre Geim and Konstantin Novoselov [2] came up with a brilliant 
and simple solution to this problem; using scotch tape, they were able 
to rip layers off the surface of a graphite sample. A thinner set of 
graphite layers were separated every time the process was repeated. 
Finally, after several attempts, an individual graphene sheet was 
obtained.  

Apart from devising such a wonderful separation method, they studied 
the electronic properties of the first 2D-material perfectly isolated, 
probing outstanding properties [3]. In 2010, Andre Geim and Konstantin 
Novoselov were awarded the Nobel Prize in physics. This investigation 
started a new era of science, “The science and technology of 2D 
materials” [3]. 
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Figure 2. A. Graphene Crystal separated using the Scotch Tape method (Figure 
adopted from reference [3]); B. Representation of the crystal in X, Y, and Z-axis. 

 

1.1.1 Properties of graphene 

The Wonder graphene has exceptional properties integrated into a 
single atomic layer. Next, a few properties of graphene have been 
mentioned:  

- Graphene is the strongest material ever seen despite being a 
single atomic layer thick. Young’s modulus is around 1.5 TPa [4]. 
The in-plane sigma bond energy is 607 kJ/mol; notable, that of 
a diamond is 347 kJ/mol. 

- Record on thermal conductivity [5]: Its intrinsic thermal 
conductivity is > 3000 W/m/K, which is higher than that of a 
diamond.  

- The transparency of graphene covers from IR to UV. A graphene 
layer absorbs only 2.3% of the incident light [6]. 

- Graphene is a semimetal [7]. 

- Its breaking strength is 130 GPa, which is 100 times more than 
that of steel [4]. 

Graphene can be considered the motherboard of the sp2 systems, from 
which wrapping, rolling, and stacking graphene sheets, C60, nanotubes, 
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and graphite can be obtained (Fig. 3). Nanoarchitecture of graphene or 
graphene-related materials is a current exotic topic. The art of 
manipulating graphene brings out a landscape of applications of sp2 
carbon [3].  

 

Figure 3. Graphene, the motherboard: Wrapping, Rolling and Stacking graphene 
sheets, a Fullerene, Carbon Nanotube, and Graphite are produced. Figure adopted 

from reference [3]. 

 

1.2 Fullerenes       
In the 1980s, graphite was vaporized using LASER ablation experiments. 
This resulted in the formation of a stable carbon cluster of 60 atoms. A 
third carbon allotrope was discovered, the C60 molecule [8]. This 
astonishing finding helped H. Kroto, R. Smalley, and R. Curl win the 
Nobel Prize in chemistry in 1995. The 60 carbon atoms in the molecule 
are distributed across the vertices of hexagonal and pentagonal carbon 
rings. The curvature appears in the molecules because of the 
pentagonal ring (Fig. 4). As a result, this molecule exhibits a truncated 
icosahedral shape, or more familiarly, a soccer ball-like structure.   
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The structure fulfills the valence electrons. The carbon bonds are mainly 
sp2, with some admixture of sp3 bonds. A very special feature of this 
molecule is the bond length. From the points marked with yellow, 
green, and red in Fig. 4, the bond length between the atoms vary. 
Between the green and yellow points, a single bond can be seen with a 
length of 1.45 Å. Between the green and red points, a double bond of 
length of 1.39 Å can be seen [9].   

 

Figure 4. A. Curvature due to pentagon-like defect in the hexagonal honeycomb. The 
yellow, green, and red points were used to determine the bond length. B. C60 molecule. 

 

This molecule consists of 20 hexagons and 12 pentagons. It cannot be 
considered an sp2 system despite -electrons covering the inner and 
outer part of the cage [9]. The pentagon ring in C60 has only single 
bonds; therefore, the double bonds in the hexagonal rings are localized, 
as opposed to that observed in aromatic structures such as benzene. 
The molecule has a diameter of around 7 Å, and it opened the possibility 
to use it as a capsule for individual atoms. The studies by Kroto, Smalley, 
and Curl conducted on vaporized carbon produced small amounts of 
material; this made it difficult to conduct further experiments to 
demonstrate the existence of this allotrope.  
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Figure 5. Optical image and IR spectrum of C60 crystals. Figure adopted from reference 
[10] 

 

A brilliant finding was presented by Krätschmer and co-workers [10], 
who used a high vacuum arc discharge system. Two graphite rods 
placed in front of each other were used as electrodes in a Helium 
atmosphere. The carbon soot produced after the discharge was purified 
using benzene. A change in the color of the solution (wine-red color) 
was observed. One droplet of that solution was observed under the 
optical microscope, and it demonstrated the presence of beautiful 
crystals, as shown in Fig. 5.a. This method to produce large quantities 
(100 mg/day at that moment) of fullerenes allowed the first IR 
spectroscopy results to come out (Fig 5.b). Under room conditions, the 
C60 buckyballs are arranged in an FCC structure. The balls are linked by 
weak Van der Walls bonds. The lattice parameter is around 14.14 Å. This 
molecular crystal is known as “fullerite”.  
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Figure 6. Crystallographic arrangement of C60 molecules in an FCC crystalline structure 
of lattice parameter a=14.14 Å. 

 

1.3 Carbon nanotubes 

A nanometric, tubular structure was discovered using a high-resolution 
transmission electron microscope in 1991 by S. Ijima [11]. These 
structures made by carbon atoms are known as carbon nanotubes or 
CNTs. The number of applications of fullerenes was constantly 
increasing, especially of the tubular structures made by two or more C60 
molecules. The minimum diameter of the tube was determined by C60.  

Surprisingly, CNTs do not need the pentagonal carbon ring to get the 
curvature. They are mainly an sp2 system and have one or several 
graphene sheets rolled up, as Ijima pointed out, in the form of multiwall 
structures (Fig. 7). The inner tubes interact with the outer tubes by Van 
der Walls forces as the graphene layers interact in graphite [12].  

The physical and chemical properties of CNTs are strongly dependent 
on the structural configurations of each tube. The concept of chirality 
was then applied as a way to classify the CNTs [9] [12].  
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Figure 7. Carbon nanotubes (CNTs) with varying number of walls and chirality. Figure 
adopted from reference [12] 

 

Figure 7b shows a graphene sheet where the chirality vector, Ch, 
describes the circumference of any carbon nanotube as a function of 
the equation Ch = na1 + ma2. The helicity angle, ɵ, is the angle between 
the chirality vector and the zigzag direction of the honeycomb of the 
graphene sheet. The integers (n, m) are called the chirality indexes [12].  

Three structurally different nanotubes can be generated by rolling up a 
graphene sheet. The armchair ((n, n) and ɵ = 30°), zigzag ((n, 0) and ɵ 
= 0°), and chiral tubes ((n  m) and 0° < ɵ < 30°). The tube diameter is 
also a function of the chirality indexes according to equation (2). The 
parameter a0 is 2.46 Å obtained from the magnitude of the chirality 
vector and the nearest neighbor distance C-C (1.42 Å).  

 

                                      = ( )                              (2) 
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1.4 Hydrogenated carbon systems 

A hydrogenated version of graphene, graphane, was experimentally 
synthesized in 2009 [13]. This material is an sp3 system, and it became 
the first hydrogenated 2D material with sp3 hybridization. As opposed 
to the semimetal properties of graphene, graphane is an insulator. This 
is a clear demonstration of how the properties of graphene can be 
tailored through chemical reactions with another atomic species. The 
mechanical properties are also affected, for instance, simulations of the 
in-plane modulus and the biaxial tensile strength show a reduction as 
high as 50% and 46%, respectively, as compared to those of pristine 
graphene [13].  

Another kind of sp3 system was first isolated and purified in 1933 during 
Petroleum exploration in Czechoslovakia [14]. Diamondoids, the name 
given to a family of hydrocarbon compounds with diamond-like cage 
structures. Compounds with a small number of carbon atoms include 
adamantene (C10H16) and diamantene (C14H20), both of which have cubic 
structures [15]. These diamond-like cages are considered to have 0-d 
structures of sp3 species. Their stability is very high because of the 
covalent bond between carbon atoms, for example, their melting points 
are above 230 °C. Diamondoids with a large number of carbon atoms 
like Pentamantane (C26H32) or ciclohexamantane (C26H30) display a 
thread-like shape [15].  

A novel method of production of the thread-shaped diamondoid with 
an sp3 tubular structure is exposing benzene to relatively high 
pressures. The structure known as carbon nanothreads is considered to 
be the analog of carbon nanotubes [16]. A summary of the sp2 and sp3 
systems has been presented below.  
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Figure 8. (Down) sp3 nanocarbons. Diamondoids (Figure adopted from reference [15]), 
Carbon nano-threads (Figure adopted from reference [16]), and Graphane (Figure 
adopted from reference [13])—hydrogenated versions of C60, CNTs, and graphite. 

 

1.5 Disordered carbon  

Apart from bulk carbon materials such as graphite, diamond, and 
nanocarbons, there is another type of carbon structure made out of 
disorder [17]. This is known in general as amorphous carbon, which 
corresponds to a set of materials with a huge range of properties 
depending on the short-range order, chemical bonds, and composition 
[17], [18], [19]. The next section discusses materials such as pyrolytic 
carbons and diamond-like carbon that nowadays are commonly used in 
the material science industry.  

As shown in Fig. 9, a graphite crystal is made of graphene sheets [17]. 
The graphene layers are parallel to each other and are arranged in the 
space by weak Van der Waals forces as a consequence of sp2 
hybridization. Graphite crystallizes in a hexagonal system [17] (space 
group PG3/mmc), with lattice parameters a = b = 0.246 nm, and c= 0.671 
nm, as is shown in the following figure. 
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Figure 9. Crystalline structure of Graphite; yellow dotted lines refer to Van der Waals 
interaction. 

 

Graphene sheets can be easily removed under friction. Thus, the first or 
one of the first applications of graphite was drawing, thereby leading to 
the name graphite, which came from the Greek word, “graphos”. This 
peel-off property has played an important role in the lubricant research 
area [17], [20].  

In spite of having the strongest chemical bond known in nature (in-
plane sigma bond), graphite is a soft carbon material. The graphene 
sheets are linked by weak Van der Waals forces [17].  

Notably, it is not common to find single crystals of graphite; the mining 
industry, in general, reports the presence of polycrystalline graphite 
(pol-graphite) or kish graphite that is described as grains with many 
crystallites randomly orientated [21], [22].  

Laboratory synthesis of graphite has been carried out by a mechanism 
called thermal hydrocarbon cracking (pyrolysis), which usually works at 
temperatures higher than 1000 °C. Chemical vapor deposition (CVD) 
and plasma techniques are used as well. Among the hydrocarbons, 
alcohols are the most commonly used precursors [17], [23].  
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The synthesized sample (pyrocarbon) is annealed under pressure 
(compression annealing) to assure a high degree of orientation in the c-
axis [23]. Highly oriented pyrolytic graphite (HOPG) has interesting 
properties. Notably, HOPG was part of the first individual graphene 
sheet experiment [2], [3].  

Heating hydrocarbons at high temperatures produces different types of 
Pyrocarbons with low and high anisotropy. The name ‘pyrocarbon’ 
refers to carbon material with up to 5% hydrogen and without a long-
range order structure [18], [24]. Indeed, pyrocarbon consists of several 
nanographite packages as unit blocks.  

The size of nanographite units depends on several factors such as type 
of hydrocarbon, chemical vapor deposition or chemical vapor 
infiltration methods, gas pressure, and heat treatment [17], [18], [24].  

Different arrays and sizes of nanographite packages in the pyrocarbon 
depends on the heat treatment (Fig. 10). Let’s consider a graphitization-
like process that includes thermodynamic process of crystallization and 
a coarsening and growth of grains; thus, the in-plane size of 
nanographites increases from 2 nm to several microns.  

 

Figure 10. Representation of different structures of graphene clusters in pyrocarbons; 
the size and shape are strongly dependent of the synthesis temperature. 

Figures are adopted from reference [24]. 

 

The structure of a pyrocarbon is classified into four families: rough 
laminar, regenerative laminar, dark laminar, and smooth laminar 
granular [17], [18], [24]. The degree of disorder is the key factor to 
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distinguish among the types of pyrocarbon, and it will be discussed in 
Chapter 3.  

Pyrocarbons are widely used as one layer of a multilayer protective 
shield on radioactive sources, self-lubricant component on ball bearing 
devices, and medical implants [17], [18], [24], [25]. Besides, it has been 
demonstrated that pyrocarbons possess a low density/hardness ratio, 
which makes pyrocarbons very interesting for aerospace application 
[26].  

Another type of disordered carbon system is the diamond-like carbon 
(DLC). The name refers to a disordered carbon family with a broad range 
of properties [19], [27].  

Similar to pyrocarbons, DLC is the name of different types of disordered 
carbon phases, the most common of which are hydrogen-free 
amorphous carbon (a-C), hydrogen-free tetrahedral amorphous carbon 
(ta-C), and corresponding hydrogenated amorphous carbon and 
tetrahedral amorphous carbon systems, a-C:H and ta-C:H, respectively 
[19].  

The material is grown mainly as thin films. First reported in the 70’s, it 
started a revolution because of exceptional mechanical properties 
similar to diamond thin films in addition to properties such as low 
friction coefficient, band gap around 2.5 eV, and lower electrical 
resistivity compared to that of diamond [19], [27], [28].  

A ternary phase diagram of DLC presented in Fig. 11 describes different 
types of disordered carbon obtained by plasma-assisted 
physical/chemical vapor deposition techniques. The properties of DLC 
strongly depend on the chemical and structural components such as the 
sp2/sp3 fraction, sp2 domain size, orientation of sp2 domains, and 
hydrogen concentration [19], [29].  

The left side of the ternary diagram (virtually non-presence of 
hydrogen) belongs to pure carbon systems with different kinds of 
disorder, starting with sp2 dominant carbons, which are composed of 
graphene nanoclusters with in-plane size of several nanometers. 
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Evidently, the disordered carbon phase depends on the synthesis 
conditions that impose a variation of the ionic species energy during the 
film deposition and further growth [19]. From carbon films deposited 
under very low ionic/particle energy conditions, carbon layers with 
large clusters of nanographene units are grown. The resultant material 
is soft, with hardness slightly more than that of graphite, and it conducts 
electricity. It is commonly used as a coating for non-conductive surfaces 
to further observe through scanning electron microscopy.  

 

Figure 11. Ternary phase diagram of amorphous carbon. Figure adopted from 
reference [19]. 

 

Sputtered is a more energetic process than usual evaporation 
techniques. The plasma-assisted PVD is characterized by high energetic 
ionic species. Carbon thin films deposited by DC sputtering techniques 
are known to have a fraction of  50% of sp3 bonds [19], [30].  

Energetic techniques such as cathodic arc deposition are a set of 
techniques with very high ion energies that make possible the growth 
of DLC films at high deposition rate (up to 50% sp3 bonds) and 
tetrahedral amorphous carbon (higher than 80% sp3 bonds) [19], [31]. 

As the fraction of sp3 bonds increase, the film becomes transparent and 
dense. Those are indicators of tetrahedral amorphous carbon. The 
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mechanism responsible for high sp3 fraction is the shot peening process 
that produces strong compressive stress upon the film. However, from 
an atomic point of view, the impact of ionic species generates a 
pressure wave that re-arranges the three-fold coordinated bonds into 
the sp3 bonds [32].  

Creation of a material in bulk with the same hardness or more than that 
of diamond has not become possible yet. Theoretical predictions of Liu 
and Cohen [33] conclude that ꞵ-C3N4 could be harder than diamond. 
However, experimental evidence has not confirmed its presence yet 
[34].   

Nonetheless, the search for ꞵ-C3N4 led to the discovery of another type 
of disordered system, the so-called fullerene-like CNx [35]. The material 
is not as superhard as ta-C but hard enough for many applications. 
However, it caught the attention because of super elasticity upon 
indentation, as much as 90% [36]. The fullerene-like disorder was 
observed in carbon thin films as well, proving to have excellent anti-
wear properties [37], [38], [39].  

    

Figure 12.Disorder based in fullerene-like structures (FLS); Curved graphene fragment 
due to five-fold and seven-fold rings into the graphene honeycomb. A. Structure 

proposed for FLS-CNx (Figure adopted from reference [35]); B. Glassy carbon (Figure 
adopted from reference [40]; C. Disordered carbon (Figure adopted from reference 

[38]) 
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Essentially, curved nanographene clusters are the units of FL-carbon 
(Fig. 12). The curvature is due to five-fold and seven-fold ring-like 
defects into the honeycomb [37], [38], [39]. This type of disorder could 
be used as a route to create a bridge to form 3D cross-linking, increasing 
the density and the mechanical properties.  

Interestingly, disorder based on fullerene-like structures is present in 
glassy carbon [40], which is a material synthesized in a way similar to 
that of pyrocarbons but at high temperature [41]. The so-called glassy 
carbon is a porous material with poorly interconnected nanographene 
units.  
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CHAPTER 2 INTERACTING 
WITH CARBON 

Live in the serene peace of laboratories and libraries 

Louis Pasteur 

 

In this chapter, a summary of characterization techniques used in this 
work has been presented. Theory and practical aspects of Raman 
spectroscopy, focused ion beam, transmission electron microscopy, and 
hardness measurements have been discussed.  

 

2.1. Raman Spectroscopy   
The Raman Effect is based on the inelastic interaction of light photons 
with atoms. The Indian physicist Sir Chandrasekhara Venkata Raman 
discovered the phenomena in 1928 [42] while studying the spectra lines 
as a result of the interaction of sun light with water droplets. Using a UV 
filter for the incoming light (close to monochromatic light regime) and 
a filter in the visible range for the scattered light, he did not expect to 
observe photons at all; however, in a few cases a visible photon was 
detected. Contrary to elastic or Rayleigh scattering, this observation 
concluded that scattered photons change the energy in two different 
interacting ways: the photons lose energy that is transferred to the 
atoms/molecules, or vice versa.  

These two types of interactions, known as the Stokes and Anti-Stokes, 
describe the mechanism of two-photon process [43]. For instance, if the 
incident photon h 1 has the same energy of the scattered photon h 2, 
the process that occurs is Rayleigh scattering. When the scattered 
photon has an energy of h ( 1± v) and v is the shift in frequency 
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because of the perturbation of vibrational levels of the molecules, the 
Stokes and Anti-Stokes can be understood as follows (Fig. 13): 

For 1 > ( 1- v), the photon is emitted when a vibrational level has 
higher energy than the initial state of the molecule. This mechanism is 
Stokes. 

For 1 > ( 1+ v), the scattered photon is emitted when the initial state 
is energetically higher than the final state. This mechanism is Anti-
Stokes.  

 

Figure 13. Vibrational energy states based on elastic and inelastic interaction of 
photons with atoms 

 

In general, the scattering of light photons with atoms/molecules is the 
contribution of elastic (Rayleigh) and inelastic (Raman) processes. The 
number of scattered photons in a Raman process is very low; for one 
Raman photon, 104 Rayleigh photons are emitted. The Raman emission 
depends on molecular vibrations, which means that the difference in 
energy produced during the inelastic scattering between the incident 
photon and the scattered photon is equal to the energy of the 
vibrational quantum of the molecule. Thus, the identification of 
molecular vibration modes and the molecules themselves render 
Raman process a place among the spectroscopy techniques of 
characterization. 

From a practical aspect, the Raman shift is measured by the relative 
wavenumber Δ = 1± v because v has the information related to the 
molecular vibration. The unit of wavenumber is cm-1. A typical Raman 
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spectrum is presented in Fig. 14. The X-axis is the Raman shift in cm-1; 
the peak at zero cm-1 is the Rayleigh peak and the left and right hands 
are the Stokes and Anti-Stokes lines, respectively. The intensity of Anti-
Stokes lines is lower than that of Stokes. This is related to the probability 
of population of a high-energy state due to temperature effects on the 
molecules [43]. 

 

Figure 14. The Raman spectrum 

 

From the Raman spectrum, detailed information regarding frequency, 
intensity, polarization, and profile of the vibrations bands depend on 
the vibrational mode of the molecule (compound identification), the 
number of diffusing molecules (relative amount), orientation 
(Polarization of Raman peak), crystal quality (peak width). The next 
section describes the use of Raman spectroscopy on nanocarbons.  
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2.1.1 Experimental setup  
Raman measurements were carried out in the high-pressure 
spectroscopy lab of LTU. A Witec CRM 200 confocal microscope Raman 
setup was used for Raman studies using two wavelengths in the visible 
range, 532 and 633 nm 

 

Figure 15. High pressure Spectroscopy laboratory at LTU. 
 

- Zeiss confocal microscope with Edge (cut-off 80 cm-1) and super 
notch filters (cut-off 200 cm-1) attached. 

- The 532 nm laser is a Spectra Physics Millennia V, diode 
pumped; double frequency continuous wave (CW) of 5 W 
output. A set of different optical density filters are used to 
control the laser power.  

- The 633 nm laser is a Coherent He-Ne with 30 mW of maximun 
output. 

- Princeton Instrument IsoPlane spectrometer. 
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2.2.  Focused Ion Beam   

The focused ion beam (FiB) technique is a complementary and 
independent electromagnetic optical column plugged at 52° with 

respect to the field emission scanning electron microscope (FE-SEM) 
column (Fig. 16). This system is known as dual beam FiB-SEM. The FiB 
column works with positive ions. The emitter in this case is a liquid 
metal ion source (LMIS) which is based on a Taylor-Gilbert cone 
mechanism. Gallium is the most common source [44].   

 

Figure 16. A. FEI Helios 600 FIB System at UdS; B. Configuration of double beam FiB 
system (Figure adopted from reference [44]); C. Illustration of working principle; D. 
Lamellae at different thinning conditions obtained in this work. 

 

A protective layer of platinum is deposited by the interaction of the 
electron or Ga+ beam with the incoming Pt-organic gas molecules from 
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the GIS. The deposited layer before the milling on the region of interest 
protects from damage induced by the Ga+ beam [44]. 

The milling was done at 30 KV. The thick lamellae were extracted using 
the lift-out technique and divided into three parts, where different 
conditions for thinning process were carried out. Because of Ga ion 
implantation and damage of the specimen for high energy Ga ions, the 
areas were thinned at different voltages (15 KV, 10 KV, 5 KV, and 2 kV). 
Then (luckily) both the low doses Ga region and low damage were found 
in TEM studies of the samples.  

 

2.3. Transmission Electron Microscopy (TEM) 

In general, the TEM is very similar to the optical microscope (Fig. 17). 
They both have a radiation source, a condenser system for 
concentrating the illumination onto the object, a first magnifying lens 
followed by one or more magnifying lenses, currently named 
projectors. 

 

Figure 17. Structure of an optical microscope and TEM microscope in image and 
diffraction modes 
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The research of electromagnetic lens to control an electron beam lead 
to the possibility to construct the first transmission electron microscopy 
by Ernst Ruska and Max Knoll in 1931 [45]. The Nobel Prize was awarded 
to Ruska in 1986.    

The electrons in the beam are accelerated to high voltage; typical values 
range from 80 kV to 300 kV [46]. Researching microscopes have been 
built for low voltages (20 kV) [47]. 

    

Figure 18. A. Electron optical lens configuration in a TEM microscope for electron 
imaging and diffraction pattern (Figure adopted from reference [46]); B. JEOL ARM 200f 
from Jean Lemour institute used in this work 
 

Electron micrographs and electron diffraction patterns (DP) are the 
primary results. Fig. 18 shows the working principle to collect an image 
or a DP. Moreover, TEM offers spectroscopy analysis like energy 
dispersive X-ray spectroscopy (EDS) and Electron Energy Loss 
Spectroscopy (EELS) [46].  

The signal and geometrical arrangement of EELS spectrometer have 
been shown in Fig. 19. The interaction of the electron beam with the 
TEM specimen leads to a series of phenomena. The inelastic electrons 
tell us a tremendous amount information about the chemistry and the 
electronic structure of the specimen atoms, which in turn reveals details 
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of their bonding/valence state, the nearest-neighbor atomic structure, 
their dielectric response, the free electron density, the band gap (if 
there is one), and the specimen thickness [46]. 

 

Figure 19. A. X-ray emission (EDS) and electron scattering phenomena as a consequence 
of TEM specimen interaction with an electron beam; B. Schematic configuration of an 
EELS spectrometer in a TEM microscope. (Figures are adopted from reference [46]); 
 

This technique measures the energy distribution of electrons that have 
come through the specimen. In this regards, elastic (no energy loss) and 
inelastic collisions such as electron–electron collisions take place.  
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Figure 20.  Full range Energy Loss spectrum collected for Nickel oxide (Figure adopted 
from reference [46]). 

 

Three main features of an EELS spectrum are well known: the zero loss 
peak, the Plasmon peak/low loss-energy peak and the high loss energy 
edge.  

- The Zero loss peak consists of electrons which have to go 
through the column without any energy transfer to the 
specimen (electron beam). In Fig. 20, the Zero loss peak is above 
the potential wells since these electrons do not interact with 
the atoms. The Zero loss peak has an FWHM of around 0.3 eV 
for a cold FEG electron source.  

- The low loss region (up to 50 eV) contains information of 
electrons that have interacted with the weakly bound outer-
shell electrons of the atom in the specimen. This includes 
Plasmon oscillations (Interactions with the 
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Valence/conductions band below the Fermi Level) that 
dominate the low loss region.  

- The high loss region (above 50 eV) is related to the electrons 
that have interacted with the tightly bound inner-shell 
electrons. Ionization takes place when sufficient energy is 
transferred from the electron beam to the atoms in order to 
eject core shell (K, L, M, O) electrons. Then, the relative energy 
levels of the ionized shell control the position of the ionization 
edge in the spectrum. The closer to the nucleus, deeper is the 
potential well and more is the energy required to eject the 
electron [46].   

 

2.4. Indentation Technique 

An indenter does indentation, which is a device that applies forces 
(electromagnetic force that press an indenter) in very controlled ways 
(Fig. 21). This technique allows us to measure mechanical properties of 
the material when a diamond indenter makes an imprint under known 
loads [48], [49].  

 

Figure 21. A. Schematic illustration of an instrumented indentation system (Figure 
adopted from reference [49]); B. Schematic illustration of the Shimdazu`s DUH-211s 

tester used in this work 
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There are different kinds of indenter tips, and all of them are made of 
diamond but with different geometries (Fig. 22).  

 

 

Figure 22.  Indenter tips. The parameters 2αv, ꞵv, ψv, ψa and ψB defines de indenters’ 
geometry. A. Vickers (2αv= 136°, ꞵv= (180° - 2αv)/2=22°, ψv=cot-1(Tanꞵv/√ꞵv) =148.1° 
B. Berkovich (ꞵv=24.7°, ψv=77.1°) and C. Knoop (2ψa=172.5°, 2ψB=130°) (Figure 
adopted from reference [50]. 

 

 

Figure 23. A. Schematic illustration of indentation load–displacement data; B. 
Schematic illustration of the unloading process. (Figure adopted from reference 

[51]) 
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To quantify the Hardness and Elastic Modulus, the so-called Load-
displacement curve (Fig. 23a) is analyzed using the Oliver and Pharr 
method [51].    

In Fig. 23, the displacement “h” refers to the displacement relative to 
the initial undeformed surface. “P” is the load and “S” is the stiffness of 
the material in contact, which is the slope of the force displacement 
relationship in the unload curve. The measured slope can be calculated 
as follows: 

                          = = 2 = √ √                                        (3) 
 

where Eeff is the Effective modulus that is the combination of the 
Modulus of the material and the Modulus of the indenter (known) and 
“A” is the contact area.   

Hardness can be calculated as the force divided by the contact area. In 
this regard, the determination of contact area needs both, the images 
(Fig.23) of the imprint and the indentation contact depth “hc”. 

 

Figure 24. Vickers imprint on Cobalt. 

 

Vickers hardness and indentation hardness are calculated using the 
contact area when the displacement is equal to “hc” and the projected 
area of the imprint, respectively. Mathematical relationships between 
the contact area, projected area, and “hc” are valid for Vickers and 
Berkovich indenters [48], [49], [51]. 
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CHAPTER 3 RAMAN 
SPECTROSCOPY OF 
DISORDERED CARBON 
“I discovered that my obsession for having each thing in the right place, 

each subject at the right time, each word in the right style, was not the 

well-deserved reward of an ordered mind, but just the opposite: a 

complete system of pretense invented by me to hide the disorder of my 

nature.”  

Gabriel García Márquez 
  

From the point of view of solid-state physics, a solid can be divided into 
crystalline and amorphous systems. This classification came out 
because of different properties of materials in spite of having similar 
chemical composition. The efforts on characterization of the crystalline 
and amorphous materials have been in constant growth, and the 
methods are pretty much established.   

Nevertheless, characterization of materials with an intermediate 
regime (“disorder”) between crystals and amorphous solids is a 
constant challenge. The symmetry of the constituted atoms in a crystal 
can be lost when partially or very random distribution of atoms is 
achieved. The terms ‘long and short-range order’ are used to describe 
the symmetry reach of the atoms. 

This chapter described the use of Raman spectroscopy on the studies of 
disordered carbon systems. The starting point for the description of 
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those materials is based on the crystallite size determination as an 
important parameter to measure the degree of disorder/amorphization 
in carbon materials. 

3.1. Raman spectroscopy of C60 molecules  

The C60 molecule allows 46 vibration modes, as represented by the 
group theory (4). Nevertheless, the high symmetry of the C60 molecule 
(truncated icosahedron) constrains the active modes in Raman and IR. 
The 2Ag + 8 Hg are Raman active modes and the 4F1u are IR active. The 
other 32 modes are optical “silence” modes.  

 = 2 + 3 + 4 + 6 + 8 + + 4 + 5 + 6 + 7  (4) 

 

The 2Ag group is highly symmetrical. The vibrational mode Ag(1) known 
as C60 cage breathing mode involves an expansion and contraction of 
the cage, which means identical radial displacement of the 60 atoms. 
The Ag(2) mode or pentagonal pinch mode keeps “pushing” all the 
pentagonal rings at the same time [9].  

On the contrary, the 8Hg group has 8 no-symmetrical vibrational modes, 
from Hg(1) to Hg(8). In these cases, radial and tangential modes are 
present due to the curvature of the C60 molecule that influences the no-
symmetrical atomic displacement. 

Fig. 25 shows the Raman spectrum of C60 fullerite collected with 1064 
nm of incident wavelength. The Ag (2) mode exhibits the higher 
intensity of all the modes and is currently the most used peak to trace 
changes in the C60 molecule, for example, C60 polymerization under 
pressure [52], alkali doped C60 [53], thin films deposition [54].  
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Figure 25. FT-Raman spectrum of C60 fullerite 
 

3.2. Raman spectroscopy of graphite and graphene  

Extensive work on the Raman spectrum of graphite has been done since 
1960`s. The assignment and origin of vibrational modes in graphite has 
been presented in this section.  

The Raman spectrum of graphite exhibits two peaks, one at 1580 cm-1 
and the other at 2700 cm-1. The first peak known as G-band (G from 
graphite) is a bond stretching vibration of all pairs of sp2 atoms in carbon 
rings and chains. The vibration arises from an optical phonon with E2g 

symmetry at k = 0 [55]. 
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Figure 26. Raman spectrum of graphite; G band (1580 cm-1) is always higher in peak 
intensity than that for 2D peak (2700 cm-1) 

 

The peak at 2700 cm-1 called G` [56] or 2D band [57] is a second order 
two-phonon process related to a phonon near K point in 
graphene. The double resonance mechanism explains the origin 
of that peak but also the dispersive behavior. This is a very 
important fact that explains why the band is strongly 
dependent on the incident laser wavelength. In graphite, G 
band intensity is higher than that of G` band [55].    

 

Figure 27.  Four different second-order double resonance Stokes processes. (Figure 
adopted from reference [58]).   
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In single layer graphene, the Raman spectrum displays very different 
intensity ratio between G band and G` band. High intensity and sharp 
peak are the features that allow distinguishing single layer graphene 
from few layer graphene or graphite. A combination phonon mode (iTO 
and LA) with wavevector q = 2k has been proposed as a process 
responsible for high intensity of the G` peak [56], [57], [59]. 

 

Figure 28. Raman spectra of Graphene and Graphite. (Figure adopted from reference 
[57]).   

 

The Raman spectra presented in Fig. 26 and Fig. 28 correspond to 
crystalline graphite and defect-free graphene single layer. The presence 
of defects in nanocarbons is a very interesting topic to study by Raman 
spectroscopy. A Raman mode that is activated by defects is named D-
band. A vibrational mode with symmetry A1g called breathing mode is 
possible in hexagonal carbon rings (Fig. 29).  
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Figure 29. Graphite Crystallite A. G band Raman imaging; B. D band Raman 
Imaging. C. Raman spectra of defect free (1) and defect (2) areas. (Figure 

adopted from reference [56]).      

 

3.3. Raman methods to determine the crystallite size 
(La) of carbon materials   

 

The work of Tuinstra & Koenig [60] shows clear differences between the 
Raman spectra and different types of graphitic specimens. From X-ray 
data, the in-plane crystallite size (La) was measured for those samples. 
The Raman spectra show a peak at 1355 cm-1 related to particle size 
effects. The peak is Raman active by disorder, currently known as D-
band peak (D for disorder) observed for samples with La < 20 μm 
(Fig.30). Another important fact here is that a linear behavior was 
observed between the relative intensity of D-band/G-band and 1/La, 
which was a useful attempt to determine the La in carbon-related 
materials.  



35 
 

 

Figure 30. Raman spectra of carbon material with different coherence length La; A. 
single crystal; B. stress annealed pyrolytic carbon; C. commercial graphite; D. Activated 
charcoal; and E. Linear relation between 1/La vs ID/IG. (Figures are adopted from 
reference [60]). 
 

In the past 20 years, numerous theoretical and experimental efforts 
have been made to develop accurate methods to understand dispersive 
behavior and to determine La by Raman spectroscopy. Pimienta et al. 
[61] studied diamond-like carbon samples annealed at different 
temperatures exclusively developed to induce a graphitization on the 
DLC structure. The samples were studied by multi wavelength (visible 
range) Raman spectroscopy. The results show a linear behavior of ID/IG 
vs 1/La similar to Tuinstra-Koenig, but important remarks have to be 
considered here:  

- The range of La for calibration was 20 nm to 490 nm 

- A normalization factor of E4 was included. E is the photon 
energy of incident light.  

- Dispersion for D band is close to 50 cm-1/eV and for G` band it 
is close to 100 cm-1/eV 

- The equation for La is as follows:  
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                             ( ) = ( )   

 

Figure 31. Relationship between D band intensity vs coherence length La (Figure 
adopted from reference [62]).  

 

Mallet-Ladeira and co-workers [62], [63] studied cokes and pyrocarbons 
prepared at different temperatures to get different La. The multi 
wavelength Raman experiment was done using incident light covering 
the UV, visible, and IR range. Furthermore, samples with La values from 
2-5 nm were studied. In general, the Raman spectra of disordered 
carbons with La  2nm exhibited broad and overlapped bands. A peak 

deconvolution is needed to extract the information out of each band.  
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Figure 32. Different peak fitting models tested by Mallet-Ladeira to fit Raman spectra 
of pyrocarbons. (Figure adopted from reference [62]). 

 

In this work, the authors found a good fitting using two lorentzian 
functions to describe the D band contribution (D1 and D2) and one 
Breit-Wigner-Fano (BWF) function for G band contribution (Fig.32).  

The results show that La cannot be calculated by applying the Tuinstra-
Koenig law. Here it is necessary to introduce the concept of distance 
between defects (LD) in a hexagonal honeycomb. Considering the large 
number of defects when La is close to 2 nm, Luchesse et al. [64] and later 
Cançado et al. [65] deduced an equation to calculate LD as a function of 
ID/IG on samples where disorder was induced using ion bombardment 
on single layer graphene. The resulting samples were scanned by Raman 
spectroscopy using three different wavelengths in the visible range.  

In their models, a structurally disordered area of radii, rS, and the 
activated area, rA, are taken into account because of enhancement of 
the D band from an area that is in contact with a defected one. The 
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equation deduced by Luchesse et al. [65] demonstrates a good 
agreement with the experimental results (Fig. 33) with an rA value of 3.1 
nm and rS of 1 nm. CA and Cs are related to the Raman cross-section and 
geometry of the defect, respectively. 

 

 

Figure 33. Distance between defects (LD) vs ID/IG; defects created in a graphene sheet 
by ion bombardment; rs and ra are the lattice disorder area and the activation area 

that contribute to D band peak. (Figure adopted from reference [65]).    

 

Cançado et al. [65] extended the work to different excitation 
wavelengths in the visible range. It is important here to mention that 
the dependence of CA on the photon energy can be shown by the 
equation CA  = 160/E4 and that Cs = 0 with the considerations of LD < rA; 
also, under those conditions the honeycomb is destroyed, so the 
selection rules are broken. 
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Figure 34. Relationship between ID/IG vs LD and the equation dependence with 
photon energy in the visible range (Figure adopted from reference [65]). 

 

With those results, Mallet-Ladeira and co-workers [62], [63] built a 
model for multi-wavelength Raman applied to carbon cokes and 
pyrocarbons if La is higher than 10 nm. Fig. 35a is a schematic 
representation of the crystallite La surrounded by an edge lD that nears 
rA for large number of crystallites.        

   

 

Figure 35. G band peak width (HWHMG) parameter used to determine the coherence 
length La ((Figure adopted from reference [62]). 

 

For La < 10 nm, they found that ID/IG does not have a linear dependence 
with respect to the photon energy. Instead of that, they found a linear 
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behavior of G band peak width with the photon energy. We should keep 
in mind that the authors consider the HWHM (half width half maximum) 
parameter instead of FWHM. Fig. 35b shows that HWHM is almost 
constant for different values of photon energy. A simple mathematical 
relation between La and HWHM was then proposed to determine La for 
values less than 10 nm using the HWHM of G band. 

Ribeiro-Soares et al. [66] proposed a peak fitting analysis that considers 
the contributions of the activated area, A, and the structurally 
disordered area, S. Four peaks were introduced (Fig. 36). Two of them 
came from crystallites with an La value. The other peaks are related to 
phonon softening of G and D band in the disorder area. The model 
implies that crystallites of La size and edges ls are surrounded by 
disordered carbon.   

 

 

Figure 36. Raman model that includes contribution of crystallites (A) and disorder (S); 
peak fitting model and ID/IG equation to extract the dependence with La (Figure 

adopted from reference [66]).  
 

The experiment was to study diamond-like carbon at different 
annealing temperatures. The La values were measured through XRD, 
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TEM, and SPM. Moreover, three wavelengths in the visible range were 
used to probe by Raman spectroscopy. In their model, it is assumed that 
Raman scattering is the total contribution of both, the crystallites and 
the disorder in accordance with the equation in Fig. 36. 

The authors show that a similar equation presented before by Pimienta 
et al. [61] can be deduced from theory, but more importantly, an 
expression for La vs G band FWHM ( ) was also presented. The validity 
of the equation lies within the range of La from 2.8 nm to 32 nm.  

 ( ) = 32 ± 72 95 ± 20− 15 ± 3  

  Figure 37. Behavior of G band FWHM ( ) vs La. (Figure adopted from 
reference [66]). 

 

3.4. Amorphization trajectory model of Ferrari & 
Robertson 

 

The model offers a compilation of Raman spectroscopy studies of 
different carbon nanomaterials. The materials can be classified 
according to the degree of disorder, or in other words, the La value [19], 
[29], [67], [68].   

Three stages (Fig. 38) were then proposed as a way to observe how the 
Raman features (G and D bands) change as function of increasing order 
(graphitization for example) or increasing disorder (ion bombardment 
for example). It is important to remark the G band peak position here. 
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In the models presented before, the shift in G band was noticed but not 
included in the expression to determine La.  

Stage I starts with a crystalline material of large La (> 1 μm), where 
virtually no defects are seen and thus exists without D band. Crystalline 
graphite-like HOPG has a G band peak position at 1580 cm-1. This is the 
reference position. Increment of defects—La decreases in size—in the 
reference materials is observed when the D band peak appears and the 
G band’s position shifts towards high Raman shift values. The maximum 
Raman shift of 1600 cm-1 is achieved when the material is nano 
crystalline, and in this case, the La value is   2 nm; besides, the D band 
peak intensity also has a maximum value [67], [68].  

 

 

Figure 38. Three stage amorphization trajectory model. (Figure adopted from 
reference [19]). 
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The red square in Fig.38 shows the G band and ID/IG variation. The 
models discussed in the previous session correspond to carbon 
materials where the Raman spectra can be described using the trend of 
stage I.  

If the disorder continues to increase, the La will be less than 2nm, in 
which case, the models discussed before will not be valid anymore. 
Raman spectra of that highly disordered phase exhibits a broad band 
(Fig. 39) instead of peaks because of both the condition of phonon 
confinement length (> 2 nm) and because the selection rules are 
broken. This is Stage II (green square in Fig.38). It is important to note 
that the G band peak position and ID/IG were obtained from peak fitting 
methods. Specifically, Ferrari and Robertson [19], [29], [67], [68] used a 
BWF and lorentzian functions for G and D bands, respectively.  

 

Figure 39. Raman spectra of disordered carbon with La < 2 nm at different excitation 
wavelengths. (Figure adopted from reference [67]). 

 

During stage II, G band shifts to low Raman shift values such as from 
1600 cm-1 to 1580 cm-1. At this point, Intensity of D band is lower 
compared to that in Stage I.  This band arises from the breathing mode 
of carbon hexagonal rings; therefore, the low intensity of D band in 
disordered systems is attributed to the rupture of hexagonal rings from 
the small crystallites. As a result, different types (number and 
distribution of hexagonal rings) of fused aromatic ring dominate the 
disorder. 
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G band has a minimum value close to 1510 cm-1 and virtually no 
presence of D band. At this point, the fused aromatic rings are broken, 
so the material is composed of carbon chain fragments and sp3 bonds. 
According to the authors, the sp3 content is 20%. Importantly, Stage 

I and Stage II are sp2 carbon bond-dominated.  

Stage III (Blue square in Fig. 38) shows a G band shift from 1510 cm-1 to 
1570 cm-1, and that D band is close to zero. It also shows a high 
increment of sp3 bonds that are not possible to detect with visible 
Raman (La -> 0). In this model, it is discussed that G band does not need 
a carbon hexagonal ring for the Raman process. Linear chains with sp2 
hybridization or sp2 bonds also have a stretching vibration that give rise 
to the G band.  

The sp3 bonds dominate at this stage; so in this range, tetrahedral 
amorphous carbon, residual fraction of sp2 in nanodiamonds, and the 
so-called amorphous diamond can be analyzed. 
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CHAPTER 4 DISORDERED 
CARBON PRODUCED BY 
HIGH-PRESSURE/HIGH-
TEMPERATURE ON C60 

 

“The important thing in science is not so much to obtain new  

Facts as to discover new ways of thinking about them.  

Sir William Lawrence Bragg (1890 - 1971)”  

 

In this chapter, Part A discusses the transformation mechanism 
occurring at pressure values ranging from 5 to 8 GPa and temperatures 
close to 750 °C. The results obtained from a set of experiments aimed 
to understand the phase transformation of C60 molecules into a disorder 
carbon phase have also been presented. An introduction about the 
effect of high pressure on C60 molecules is given, from polymerization 
to cage collapse. Models proposed to explain how the transformation 
occurs.  

Part B summaries the results of the effect of mechanical activation on 
the C60 molecules as a step before the HP–HT experiments. The degree 
of disorder in the C60 molecule leads to very interesting physical 
properties.  

Finally, Part C discusses the results of C60 compression at pressures 
above 8 GPa and varying temperatures. Raman, XRD and TEM-EELS data 
have also been discussed.  
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PART A 

4.1. Polymerized C60 

As it was discussed before, the pristine C60 fullerite is C60 molecules 
arranged in an FCC structure by Van der Waals forces under room 
conditions of pressure and temperature. The C60 crystal is soft under 
such conditions (Hardness < 1 GPa) [69]. Nevertheless, theoretical 
predictions suggest that an individual C60 molecule is stiffer than 
diamond [70]. Strong chemical bonds between the C60 molecules were 
then desired to develop hard carbon materials from C60.  

Hardness measurements of C60 thin films exposed to UV light proved an 
increment in hardness to be a function of the irradiation time. A C60 
photopolymer structure was formed through the film. The phase is 
called a C60 dimer (C60)2, where a four-ring member is the link between 
two C60 molecules (Fig. 40) formed by the [2+2] cycloaddition reaction 
[71].   

  

 

Figure 40. Chemical reaction between two C60 molecules by [2+2] cycloaddition 
reaction. 

 

A different way to obtain the C60 dimer and another type of C60 polymer 
structures is using high-pressure techniques [72]. The term ‘C60 
monomer’ will be used to describe in the text the C60 Van der Waals FCC 
phase. The X-ray pattern of C60 dimer shows that the structure can also 
be FCC with lattice parameter shorter than that of the monomer 
structure [73]. The C60 dimer is an intermediate product from the 
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Figure 41. C60 polymers. R for 2D Rhombohedral, T for 2D Tetragonal and O 
for 1D-ortorrombic polymers. (Figure adopted from reference [76]). 

transformation of C60 monomer into C60 linear like chains also known as 
1-dimensional C60 polymer (1D-C60). This polymer is crystallized in an 
orthorhombic structure and is formed at pressures up to 8 GPa and 
temperatures in the range of 370–700 K.  

At higher temperatures, two different 2-dimensional C60 polymers have 
been found (Fig. 41): tetragonal (2D-T) and rhombohedral (2D-R). 
Usually, both the polymers are obtained under similar conditions; 
however, in some experiments, a 2D-T has been observed at low 
pressures and 2D-R at high pressures. The 2D-T polymer has a space 
group similar to the 1D-C60 polymer. Most likely, the 1D-C60 is the seed 
to polymerize the 2D-T structure [74], [75], [76], [77].  

The phase diagram of C60 under different conditions of pressure and 
temperature (Fig.42) presented by Sundqvist [74] was based on ex-situ 
measurements (quenching). In situ-measurements are in general in 
good agreement with the p–T diagram presented by Sundqvist. 
Nevertheless, implications of preferential transformations of 2D 
polymers are visible if Pressure–Temperature or Temperature–Pressure 
paths are selected [78].  
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Figure 42. P-T diagram for C60. A. Sundqvist (Figure adopted from reference [73]). B. 
Alvarez-Murga et al. (Figure adopted from reference [78]. C. Wood and coworkers 

(Figure adopted from reference [79]). D. Blank and coworkers (Figure adopted from 
reference [80]). 

 
 

4.2. Raman spectroscopy of polymerized C60 

The Raman spectrum of C60 monomer presented in Fig. 25 was collected 
under room conditions. The polymerized C60 phases exhibit clear 
spectroscopy features that made possible the identification through 
Raman spectroscopy.  
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Figure 43.  Raman spectra of C60 monomer (a), C60 dimer (b), 1D-C60 (c), 2D-C60 
tetragonal (d) and 2D-C60 Rhombohedral (e). (Figure adopted from reference [76]). 

 

The Ag(2) mode downshifts from 1467 cm-1 to 1464 cm-1, 1457 cm-1, 
1444 cm-1

, and to 1407 cm-1 for C60 dimer, 1D-C60, 2D-T, and 2D-R, 
respectively (Fig. 43, Fig. 44) [77], [79], [80]. The Ag(2) mode displays 
high intensity with respect to other vibrational modes. On the other 
hand, the peak intensity for the Ag(1) mode decreases considerably. 
The breathing mode is interrupted by the [2+2] reaction with other C60 
molecules.  

In general, a good correlation between Raman spectroscopy and XRD 
has been demonstrated for C60 Polymer identification [78]. In case of 
Raman, high spectral resolution is needed (1 cm-1) to differentiate 
monomer from dimer, for example. 
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Figure 44. Peak Fitting model applied to Ag2 mode Raman spectrum collected at high 
spectral resolution 

 

4.3. C60 cage collapse 

For temperatures above 950 K under pressure up to 8 GPa, the C60 
molecules collapse and transform into a disordered carbon phase 
(Fig.45). The phase produced by crushing the C60 molecules is called 
disordered sp2 [81], hard disordered phase [82], nano-crystalline sp2 
(nc-sp2) [83], disordered graphite [73], hard carbon (HC) [84], 
disordered graphite-like carbon (DGLC) [85], and nanoclustered 
graphene phase (NGP) [86].  
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Figure 45. Effect of temperature under high pressure on C60 crystals; polymerization 
and collapse are observed at 3.5 GPa (Figure adopted from reference [86] (A) and at 8 
GPa (Figure adopted from reference [84]) (B). The Threshold (red line) of C60 collapse 

is around 1000 K. 
 

The NGP phase is mainly an sp2 system but with a very intriguing 
structure configuration. It is not an amorphous phase in the first place; 
HRTEM analysis from the quenched sample shows two important 
features of the NGP. First, the NGP is composed of tiny packets/clusters 
of graphene with an average La of 2 nm. Second, the clusters are 
oriented in very specific directions (Fig. 46) [87], [78], [86], [88].  

 

Figure 46. A. Electron diffraction pattern and B. High-resolution TEM of the disordered 
carbon at 8 GPa and 1000 °C (Figure adopted from reference [87]). 
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The orientation of the graphene clusters depends on the C60 parent 
structure. Indeed, a crystallographic relationship is observed between 
the parent C60 and the polymer structures. In the case of 2D-T, the 
polymerization takes place in the (001) plane of the FCC parent 
structure. If the polymerization is in the (111) plane, a 2D-R polymer 
structure is formed [87], [78], [86], [88]. 

 

Figure 47. Schematics of C60 polymerization; crystallographic relationship between C60 
monomer and 1D-Orthorhombic, 2D-Tetragonal, and 2D-Rhombohedral polymers 

(Figure adopted from reference [74]). 
  

A crystallographic correlation among the parent C60 and lattice 
parameter  and the polymerized structures exists. The 2D-R with 
lattice parameters aR = bR and cR as a function of  can be aR = bR  √2 and cR   √3. The cR parameter is aligned with respect to the 

[111] direction of the cubic structure. For the 2D-T, the lattice 

parameters are aT = bT = √  and cT = . This correlation is very 

important since the polymer structures can be described as a distorted 
parent structure [88].  

The examination of quenched samples by dark field TEM shows 
interconnected shear bands, where polymer lamellar domains have 
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formed along planes parallel to the original (111) planes [89]. The angle 
between the interconnected bands is 70°, which is related to the close 

packet planes {111} of the parent FCC structure. A representation of the 
tetrahedral formed by those planes is shown in Fig. 48. The angle 
between two faces of the tetrahedron is 70° [73].  

 

Figure 48. A. Dark field TEM images revealing different orientations of polymerized C60 
structures (Figure adopted from reference [89]); B. The orientation angles are 

correlated with the geometry of a tetrahedral formed between dense planes of parent 
structure (Figure adopted from reference [90]). 

 

It is important to remark here that the shear bands were already 
present before the C60 collapse. Subsequently, after collapse, the C60 
polymer transformed into disordered graphene phase that grew on the 
same shear bands. Electron diffraction patterns show that the (002) 
plane of graphene clusters is parallel to the (111) plane of the parent 
C60. In fact, the graphene clusters are also interconnected at an angle 

70°. On a micro level, using XRD - μCT, the (002) plane of NGP displays 

an orientation of ± 70° with respect to the compression axis [73]. The 
results also show a sequence of transformation from C60 monomer to 
2D-R and finally to NGP.  

SEM images of NGP particles reveal a microstructure being determined 
by the C60 parent (Fig. 49). As it has been discussed in [86], the deformed 
parent C60 crystal defines the structure of the NGP at all hierarchy 
levels—from atomic to micro-morphology (grain size).  
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Figure 49. SEM pictures of residual C60 and NGP (left); C60 polymer particles. (Figures 
are adopted from reference [86]). 

 

Remarkably, NGP offers a combination of mechanical properties such 
as increased hardness (8–15 GPa) and super elastic recovery upon 
indentation (> 90%). Tribological evaluation of NGP demonstrated it to 
be an excellent material as reinforced particles in metal composite 
materials are observed [84], [86], [91] as opposed to the soft C60 
polymers (1D-2D structures), with hardness in the range of 1–2 GPa 
[89], [82], [84], [92]. 

 

PART B 

4.4. Mechanical Activation of C60 

In [93], C60 crystals were milled in a ball-milling apparatus for varying 
milling durations. X-Ray diffraction data reveals significant disorder 
introduced into the crystals by effect of the mechanical activation (Fig. 
50).  

Moreover, the broadening of the X-ray peaks increases as a function of 
the milling time as a consequence of the decrease in crystallite size, high 
microstrain; under certain conditions, a highly disordered carbon is 
observed.  
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Figure 50. X-ray diffraction patterns of C60 crystals (1) and ball-milled C60 at different 
milling times (2), (3), (4), (5) for 1, 4, 8, and 92 hours, respectively. (Figure adopted 

from reference [93]). 
 

According to Suryanarayana [94], the force of impact plastically 
deforms the powder particles leading to work hardening and fracture. 
The pressure and shear is not favorable for the survivability of the C60 
FCC structure [95]. The ball-milled product is composed of 
nanocrystalline C60, a disordered carbon phase rich in individual C60 
molecules and C60 dimers and most likely, fragments of five-fold and six 
fold fused rings and other rings [96], [97], [98].  

 

4.5. High pressure- High temperature of ball milled C60 

Borisova et al. [99] compared the results of HPHT from crystalline and 
ball-milled C60 (amorphous C60). As it was shown in Part A of this chapter, 
the microstructure features of the disordered phase are strongly 
related with the crystalline structure of the parent C60.  

The transformation of amorphous fullerite under p, T conditions reveals 
suppression of C60 polymers and a path from amorphous fullerite 
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towards amorphous graphite. The phase is soft, with a hardness similar 
to that of C60 polymers and crystalline graphite.  

The Raman spectra (Fig. 51) of the synthesized samples proved that the 
disordered carbon phase has a defined G band peak which is typically 
observed in disordered carbon systems composed of graphene clusters 
with large in-plane size (> 2 nm). This also can indicate a low sp3 fraction 
component of the disorder. 

 

Figure 51. Raman spectra of ball milled C60 at 8 GPa varying the temperature (Figure 
adopted from reference [99]). 

          

 PART C 

4.6. High pressure- High temperature of C60 at pressures 
above 8 GPa 

3D polymerized C60 is an exotic carbon phase that exists within a range 
of pressure—temperature above 9 GPa, 300 K. This phase caught 
academicians’ attention as it was recognized as an ultrahard carbon 
material, with hardness comparable or higher than that of diamond 
[100]. 

Depending on the parent C60 phase and p, T conditions, different 
crystalline structures of 3D-C60 polymers have been identified (Fig. 52). 
Blank et al. for the first time synthesized a 3D-C60 polymer. Quenched 
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samples treated at 9.5 GPa and different temperatures (300 K-900 K) 
analyzed under X-ray diffraction reveal that samples crystallized in an 
FCC system with a lattice parameter that decreased from 14.17 Å at 300 
K to 13.75 Å at 520 K until 12.6 Å at 700 K. The phases observed under 
such conditions are considered to be superhard carbons; their hardness 
is higher than that of cubic boron nitride (c-BN). Interestingly, an 
ultrahard phase regime starts at 700 K with hardness more than (100) 
face of diamond [100], [101], [102]. 

 

Figure 52. 3D-C60 polymer structures from both 2D- C60 Rhombohedral (A) (Figure 
adopted from reference [103]) and from C60 parent molecules (B) (Figure adopted 

from reference [104]).  
 

An ultrahard state is maintained until 900 K at 9.5 GPa, but in this case, 
two phases were indexed in the X-ray pattern. Similar results were 
obtained at pressures of 13 GPa and temperatures of 900 K, 1200 K, and 
1800 K. The carbon phase is composed of two structures, cubic and 
monoclinic ones, but important facts are that the lattice parameter 
continues to decrease at high temperatures, which means that the C–C 
interatomic spacing decreases as well [101], [102], [105].  

Yamanaka et al. synthesized 3D-C60 polymers from compressed 2D-C60 
rhombohedral polymer. For 2D-C60 polymer, a [2+2] cycloaddition 
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reaction is responsible for the link between C60 units. In addition, an 
extra cycloaddition reaction named [3+3] cycloaddition reaction (Fig. 
52) is needed for a 3D-C60. Moreover, the structure of the 3D-C60 
polymer was drawn (Fig. 52). [103], [104].  

From the point of view of an X-ray pattern and Raman spectroscopy, 
the results are not in concordance (Fig. 53). XRD shows a crystalline 
phase, but the Raman spectra are similar to those of amorphous carbon 
[102], [105], [106].  

 

Figure 53. Discrepancy between X-ray patterns and Raman spectroscopy for 3D-C60 
polymers (Figures are adopted from references [101], [102]).  

 

This experimental discrepancy has no explanation till now. However, 
some ideas have been proposed. Brazhkin et al. [102] discuss the 
discrepancy in terms of disorder induced by the type of bond in a 3D-
C60 that breaks the symmetry with respect to the parent C60. Wood et 
al. [106] found broad Raman peaks of 2D-C60 polymers as a result of 3D-
C60 depolymerization. More importantly, the authors observed that 
[3+3] bonds decrease the number of pentagonal carbon rings, due to 
which an Ag(2) peak for 3D-C60 might not be observed.  
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Another type of material developed under high pressure includes 
disordered carbon systems with different concentration of sp2–sp3 
bonds. In this regard, the use of fullerene like glassy carbon as the 
parent molecule is discussed. 

 

Figure 54. A. X-ray Patterns, B. EELS and C. UV-Raman spectra of Compressed Glassy 
Carbon (Com. GC) at different temperatures (Figures are adopted from reference 

[107]). 

 

A disordered carbon with exceptional mechanical properties similar to 
those of compressed C60 (8 GPa, T: 800-1000 °C) was produced by 
squeezing glassy carbons, namely Com.GC-1 to Com.GC-4, at 25 GPa 
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and temperatures of 400 °C, 600 °C, 800 °C, 1000 °C (Fig. 54). At 1200 
°C, diamond plus Com.GC was obtained [107].  

XRD, TEM-EELS, and Raman spectroscopy show that Com.GC 1–4 are 
disordered carbons composed of highly defective graphene 
nanoclusters with a cross-linking between them by sp3 bonds. EELS and 
UV-Raman spectra clearly show that sp2 and sp3 carbons compose the 
Com.GC phase. The temperature enhances the sp3 linking and modifies 
the shape of open porous (size  Å) because of linking. Therefore, 

hardness, and elastic recovery increase upon indentation as a function 
of temperature, with maximum values of 30 GPa and 80%, respectively.  

A significant increment of hardness (similar to that of diamond) from 
compressed glassy carbon was achieved by synthesizing the so-called 
“quenchable amorphous diamond (QAD)” under high pressures [108].  

 

         

Figure 55.  HRTEM images of Parent Glassy carbon (GC) and QAD. Low and High Loss 
EELS spectra of GC, QAD and nano diamond as a reference (Figure adopted from 
reference [108]). 
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Using diamond anvil cells, the glassy carbon was compressed to 52 GPa 
at room temperature. Later, it was exposed to LASER heat treatment 
until the sample became transparent and the temperature reached 
1800 K.  

The authors claim the existence of a pure sp3 carbon phase in 
tetrahedral configuration bonds. The results show a high increment of 
density ( 3 g/cm3) comparable to that of diamond. Moreover, the 

quenching process allows a complete sp3 transformation without traces 
of parent glassy carbon phase or sp2 carbons. The comparison of high 
loss-EELS spectra (Fig. 55) reveals that QAD does not have the signature 
of sp2 bonds (pi* peak). Similarly, the low loss EELS spectra shows the 
peak shift starting at around 20 eV for glassy carbon, and goes till 30 

eV for nanodiamond and QAD. 

On the contrary, residual sp2 carbons have been reported in the 
synthesis of bulk tetrahedral amorphous carbon (ta-C) obtained from 
compressed glassy carbon at 93 GPa [109]. In situ-XRD reveals that, 
during pressure release, ta-C exists until the level reaches 8 GPa. Under 
room pressure, ta-C is transformed back into Glassy carbon and a 
disordered sp2–sp3 phase. 

 

 

 

 

 

 

 

 



62 
 

Bibliography 
 

[1]  P. Wallace, "The Band Theory of Graphite," Phys. Rev., vol. 71, 
no. 9, pp. 622-634, January 1947.  

[2]  K. Novoselov, A. Geim, S. Morozov, D. Jiang, Y. Zhang, S. 
Dubonos, I. Grigorieva and A. Firsov, "Electric Field Effect in 
Atomically Thin Carbon Films," Science, vol. 306, pp. 666-669, 
2004.  

[3]  A. Geim and K. Novoselov, "The rise of graphene," Nat. Mater., 
vol. 6, pp. 183-191, 2007.  

[4]  C. Lee, X. Wei, J. Kysar and J. Hone, "Measurement of the elastic 
properties and intrinsic strength of monolayer graphene," 
Science, vol. 312, no. 5887, pp. 385-388, 2008.  

[5]  A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao 
and C. Lau, "Superior Thermal Conductivity of Single-Layer 
Graphene," Nano Letters, vol. 8, no. 3, pp. 902-907, 2008.  

[6]  R. Nair, P. Blake, A. Grigorenko, K. Novoselov, T. Booth, T. 
Stauber, N. Peres and A. Geim, "Fine Structure Constant Defines 
Visual Transparency of Graphene," Science, vol. 320, no. 5881, 
pp. 1308-1308, 2008.  

[7]  Y. Son, M. Cohen and S. Louie, "Half-Metallic Graphene 
Nanoribbons," Nature, vol. 444, no. 7117, pp. 347-349, 2006.  

[8]  H. Kroto, J. Heath, S. O'Brien, R. Curl and R. Smalley, "C60: 
Buckminsterfullerene," Nature, vol. 318, pp. 162-163, 1985.  



63 
 

[9]  M. Dresselhaus, G. Dresselhaus and P. Eklund, Science of 
Fullerenes and Carbon Nanotubes, San Diego: Academic Press, 
1996.  

[10]  W. Krätschmer, L. Lamb, K. Fostiropoulos and D. Huffman, "Solid 
C60: A new form of Carbon," Nature, vol. 347, pp. 354-357, 1900. 

[11]  S. Ijima, "Helical microtubules of graphitic carbon," Nature, vol. 
354, pp. 56-58, 1991.  

[12]  R. Saito, G. Dresselhaus and M. Dresselhaus, Physical properties 
of Carbon Nanotubes, London: Imperial Collegue Editions, 1998. 

[13]  D. Elias, R. Nairz, T. Mohiuddin, S. Morozov, P. Blake, M. Halsall, 
A. Ferrari, D. Boukhvalov, M. Katsnelson, A. Geim and 
K.Novoselov, "Control of Graphene’s Properties by Reversible 
Hydrogenation: Evidence for Graphane," Science, vol. 323, pp. 
610-613, 2009.  

[14]  S. Landa, V. Machacek, M. Mzourek and M. Landa, "Sur 
L`Adamantane, Novel Hidrocarbure Extrait Du Naphte," Chim 
Ind, vol. 506, pp. 1-5, 1933.  

[15]  G. Mansoori, "Diamondoid Molecules," Adv. Chem. Phys., vol. 
136, pp. 207-258, 2007.  

[16]  T. Fitzgibbons, M. Guthrie, E. Xu and V. Crespi, "Benzene-derived 
carbon nanothreads," Nat. Mater., vol. 14, pp. 43-47, 2015.  

[17]  H. O. Pierson, Handbook of Carbon, Graphite, Diamond, and 
Fullerenes: Properties, Processing, and Applications., Noyes 
Publications, 1993.  

[18]  A. Oberlin, "Review, Pyrocarbons," Carbon, vol. 40, pp. 7-24, 
2002.  



64 
 

[19]  J. Robetson, "Diamond-like amorphous carbon," Mat. Sci. Eng. R, 
vol. 37, pp. 129-281, 2002.  

[20]  T. Sunil, M. Sandeep, R. Kumaraswami and A. Shravan, "A Critical 
Review on Solid Lubricants," International Journal of Mechanical 
Engineering and Technology, vol. 7, no. 5, pp. 193-199, 2016.  

[21]  P. Li, "Preparation of Single-Crystal Graphite from Melts," 
Nature, vol. 192, pp. 864-865, 1961.  

[22]  S. Lru and C. Loper, "The Formation of Kish Graphite," Carbon, 
vol. 29, pp. 547-555, 1991.  

[23]  A. Moore, "Pyrolytic Carbon and Graphite," Encyclopedia of 
Materials: Science and Technology, vol. second edition, 2001.  

[24]  X. Bourrat, F. Langlais, G. Chollon and G. Vignoles, "Low 
Temperature Pyrocarbons: A Review," J. Braz. Chem. Soc., vol. 
17, no. 6, pp. 1090-1095, 2006.  

[25]  R. More, A. Haubold and J. Bokros, "CHAPTER I.2.8. PYROLYTIC 
CARBON FOR LONG-TERM MEDICAL IMPLANTS," in Biomaterials 
Science, Elsevier Inc., Academic Press., 2013, pp. 209-222. 

[26]  I. Stein, A. Constable, N. Morales-Medina, C. Sackier, M. E. 
Devoe, H. Vincent and B. Wardle, "Structure-mechanical 
property relations of non-graphitizing pyrolytic carbon 
synthesized at low temperatures," Carbon, vol. 117, 2017.  

[27]  K. Bewilogua and D. Hofmann, "History of diamond-like carbon 
films — From first experiments to worldwide applications," Surf. 
Coat. Tech., vol. 242, pp. 214-225, 2014.  



65 
 

[28]  A. Tyagi, R. Walia, Q. Murtaza and S. Pandey, "A critical review of 
Diamond like Carbon Coating for Wear Resistance Applications," 
Int. J. Refract. Met. Hard Matter., vol. 78, pp. 107-122, 2019.  

[29]  A. Ferrari and J. Robertson, "Raman spectroscopy of 
amorphous,nanostructured, diamond-like carbon, and 
nanodiamond," Phil. Trans. R. Soc. Lond. A, vol. 362, 2004.  

[30]  J. Cuomo, J. Doyle, J. Bruley and J. Liu, "Sputter deposition of 
dense diamond-like carbon films at low temperature," Appl. 
Phys. Lett, vol. 58, no. 466, 1991.  

[31]  D. McKenzie, "Tetrahedral bonding in amorphous carbon," Rep. 
Prog. Phys., vol. 59, 1996.  

[32]  M. Caro, V. Deringer, J. Koskinen, T. Laurila and G. Csányi, 
"Growth Mechanism and Origin of High sp3 Content in 
Tetrahedral Amorphous Carbon," Phys. Rev. Lett., vol. 120, 2018. 

[33]  A. Liu and M. Cohen, "Prediction of New Low Compressibility 
Solids," Science, vol. 245, 1989.  

[34]  S. Muhl and J. Mendez, "A review of the preparation of carbon 
nitride films," Diam. Rel. Matter., vol. 8, 1999.  

[35]  H. Sjöström, S. Stafström, M. Boman and J. Sundgren, 
"Superhard and Elastic Carbon Nitride Thin Films Having 
Fullerenelike Microstructure," Phys. Rev. Lett., vol. 25, no. 7, 
1995.  

[36]  R. Gago, G. Abrasonis, I. Jiménez and W. Möller, "Growth 
mechanisms and structure of fullerene-like carbon based thin 
films: superelastic materials for tribological applications," Trends 
in Fullerene Research Advanced-NOVA Sci. Publ. Inc., vol. 7, 2008. 



66 
 

[37]  T. Doyle and J. Dennison, "Vibrational Dynamics and Structure of 
Amorphous Carbon Modeled Using the Embedded Ring 
Approach," Phys. Rev. B., vol. 51, no. 1, 1995.  

[38]  R. Tarrant, O. Warschkow and D. McKenzie, "Raman Spectra of 
Partially Oriented sp2 carbon films: Experimental and 
Modelled," Vibrational Spectroscopy, vol. 41, 2006.  

[39]  Y. Zhao, P. Ju, H. Liu, L. Pei, L. Ji, H. Li, D. Xue, H. Zhou and J. Chen, 
"A strategy to construct long-range fullerene-like nanostructure 
in amorphous carbon film with improved toughness and carrying 
capacity," J. Phys. D: Appl. Phys., vol. 53, 2020.  

[40]  P. Harris, "Fullerene-like models for microporous carbon," J. 
Matter. Sci., vol. 48, 2013.  

[41]  E.Fitzer, W.Schaefer and S.Yamada, "The formation of glasslike 
carbon by pyrolysis of polyfurfuryl alcohol and phenolic resin," 
Carbon, vol. 7, no. 6, 1969.  

[42]  C. Raman and K. Krishnan, "The production of new radiations by 
light scattering," Proceedings of the Royal Society of London. 
Series A, vol. 122, no. 789, 1929.  

[43]  T. Kauffmann, N. Kokanyan and M. Fontana, "Use of Stokes and 
anti-Stokes Raman scattering for new applications," Journal of 
Raman Spectroscopy, vol. 50, no. 3, 2019.  

[44]  N. Yao, "Introduction to the Focused Ion Beam Systems," in 
Focused Ion Beam systems, Basics and Applications, Cambridge 
University Press, 2007, pp. 1-30. 

[45]  M. Knoll and E. Ruska, "Das elektronenmikroskop," Zeitschrift 
f ur Physik, vol. 78, no. 5-6, pp. 318-339, 1932.  



67 
 

[46]  D. Williams and B. Carter, Transmission Electron Microscopy, A 
textbook for Materials Science, Springer, 2009.  

[47]  U. Kaiser, J. Meyer, J. Biskupek, J. Leschner, A. Khlobystov, H. 
Müller, P. Hartel, M. Haider, S. Eyhusen and G. Benner, "High 
Resolution 20kV Transmission Electron Microscopy of 
Nanosystems: First Results Towards Sub Ångstrøm Low Voltage 
EM (SALVE – Microscopy)," Microsc. Microanal., vol. 16, pp. 
1702-1703, 2010.  

[48]  W. Oliver and G. Pharr, "Measurement of hardness and elastic 
modulus by instrumented indentation: Advances in 
understanding and refinements to methodology," J. Mater. Res, 
vol. 19, no. 1, pp. 3-20, 2004.  

[49]  M. VanLandingham, "Review of Instrumented Indentation," J. 
Res. Natl. Inst. Stand. Technol. , vol. 108, no. 4, pp. 249-265, 
2003.  

[50]  M. Sakai, "Chapter 22. Mechanical Probe for Micro-/Nano-
characterization," in Carbon Alloys. Novel Concepts to Develop 
Carbon Science and Technology, 2003, pp. 351-383. 

[51]  W. Oliver and G. Pharr, "An improved technique for determining 
hardness and elastic modulus using load and displacement 
sensing indentation experiments," J. Mater. Res., vol. 7, no. 6, 
pp. 1564-1583, 1992.  

[52]  Y. Iwasa, T. Arima, R. Fleming, T. Siegrist, 0. Zhou, R. Haddon, L. 
Rothberg, K. Lyons, H. C. Jr, A. F. Hebard, R. Tycko, G. Dabbagh, 
J. Krajewski, G. Thomas and T. Yagi, "New Phases of C60 
Synthesized at High Pressure," Science, vol. 264, 1994.  

[53]  K. Wang, Y. Wang, P. Zhou, J. Holden, S. Ren, G. Hager, H. Ni, P. 
Eklund, G. Dresselhaus and M. Dresselhaus, "Raman scattering 



68 
 

in C60 and alkali-metal-doped C60 films," Phys. Rev. B., vol. 45, 
no. 4, 1992.  

[54]  K. Akers, C. Douketis, T. Haslett and M. Moskovits, "Raman 
Spectroscopy of C60 Solid Films: A Tale of Two Spectra," J. Phys. 
Chem., vol. 98, no. 42, 1994.  

[55]  S. Reich and C. Thomsen, "Raman spectroscopy of graphite," Phil. 
Trans. R. Soc. Lond. A, vol. 362, pp. 2271-2288, 2004.  

[56]  A. Jorio, R. Saito, G. Dresselhaus and M. Dresselhaus, Raman 
Spectroscopy in Graphene Related Systems, WILEY-VCHVerlag 
GmbH & Co., 2011.  

[57]  A. Ferrari, "Raman spectroscopy of graphene and graphite: 
Disorder, electron–phonon coupling, doping and nonadiabatic 
effects," Solid State Communications, vol. 143, pp. 47-57, 2007.  

[58]  R. Saito, A. Jorio, A. S. Filho, G. Dresselhaus, M. Dresselhaus and 
M. Pimenta, "Probing Phonon Dispersion Relations of Graphite 
by Double Resonance Raman Scattering," Phys. Rev. Lett., vol. 
88, no. 2, 2002.  

[59]  L. Cançado, A. Reina, J. Kong and M. Dresselhaus, "Geometrical 
approach for the study of G` band in the Raman spectrum of 
monolayer graphene, bilayer graphene, and bulk graphite," 
Phys. Rev. B., vol. 77, 2008.  

[60]  F. Tuinstra and J. Koenig, "Raman Spectrum of Graphite," J. 
Chem. Phys., vol. 53, no. 3, pp. 1126-1130, 1970.  

[61]  M. Pimenta, G. Dresselhaus, M. Dresselhaus and L. Canc¸ado, 
"Studying disorder in graphite-based systems by Raman 



69 
 

spectroscopy," Phys. Chem. Chem. Phys., vol. 9, pp. 1276-1291, 
2007.  

[62]  P. Mallet-Ladeira, P. Puech, C. Toulouse, M. Cazayous, N. Ratel-
Ramond, P. Weisbecker, G. Vignoles and M. Monthioux, "A 
Raman study to obtain crystallite size of carbon materials: A 
better alternative to the Tuinstra–Koenig law," Carbon, vol. 80, 
pp. 629-639, 2014.  

[63]  P. Mallet-Ladeira, P. Puech, P. Weisbecker, G. Vignoles and M. 
Monthioux, "Behavior of Raman D band for pyrocarbons with 
crystallite size in the 2–5 nm range," Appl Phys A, vol. 114, pp. 
759-763, 2014.  

[64]  M. Lucchese, F. Stavale, E. Ferreira, C. Vilani, M. Moutinho, R. 
Capaz, C. Achete and A. Jorio, "Quantifying ion-induced defects 
and Raman relaxation length in graphene," Carbon, vol. 48, pp. 
1592-1597, 2010.  

[65]  L. Cancado, A. Jorio, E. Ferreira, F. Stavale, C. Achete, R. Capaz, 
M. Moutinho, A. Lombardo, T. Kulmala and A. Ferrari, 
"Quantifying Defects in Graphene via Raman Spectroscopy at 
Different Excitation Energies," NanoLetters, vol. 11, pp. 3190-
3196, 2011.  

[66]  J. Ribeiro-Soares, M.Oliveros, C. Garin, M. David, L. Martins, C. 
Almeida, E. Martins-Ferreira, K. Takai, T. Enoki, R. Magalhaes-
Paniago, A. Malachias, A. Jorio, B. Archanjo, C. Achete and L. 
Cançado, "Structural analysis of polycrystalline graphene 
systems by Raman spectroscopy," Carbon, vol. 95, pp. 646-652, 
2015.  



70 
 

[67]  A. C. Ferrari and J. Robertson, "Resonant Raman spectroscopy of 
disordered, amorphous, and diamondlike carbon," Phys. Rev. B., 
vol. 64, 2001.  

[68]  A. Ferrari and J. Robertson, "Interpretation of Raman spectra of 
disordered and amorphous carbon," Phys. Rev. B., vol. 61, no. 20, 
pp. 14095-14107, 2000.  

[69]  I. Manika, J. Maniks and J. Kalnacs, "Studies of the microhardness 
and dislocation mobility in C60 crystals under oxidizing 
conditions," Phil. Mag. lett., vol. 77, no. 6, pp. 321-326, 1998.  

[70]  R. RUOFF and A. RUOFF, "Is C60 stiffer than diamond," Nature, 
vol. 350, pp. 663-664, 1991.  

[71]  A. Rao, P. Zhou, K. Wang, G. Hager, J. Holden, Y. Wang, W.-T. Lee, 
X. Bi, P. Eklund, D. Cornett, M. Duncan and J. Amster, 
"Photoinduced Polymerization of Solid C60 Films," Science, vol. 
259, pp. 955-957, 1993.  

[72]  Y. Iwasa, T. Arima, R. Fleming, T. Siegrist, 0. Zhou, R. Haddon, L. 
Rothberg, K. Lyons, H. C. Jr, A. Hebard, R. Tycko, G. Dabbagh, J. 
Krajewski, G. Thomas and T. Yagi, "New Phases of C60 
Synthesized at High Pressure," Science, vol. 264, pp. 1570-1572, 
1994.  

[73]  M. Alvarez-Murga, P. Bleuet, L. Marques, C. Lepoittevin, N. 
Boudet, G. Gabarino, M. Mezouar and J. Hodeau, 
"Microstructural mapping of C60 phase transformation into 
disordered graphite at high pressure, using X-ray diffraction 
microtomography," J. Appl. Cryst., vol. 44, p. 163–171, 2011.  

[74]  B. Sundqvist, "Fullerenes under high pressures," Adv. in Phys., 
vol. 48, no. 1, pp. 1-134, 1999.  



71 
 

[75]  M. Nunez-Regueiro, L. Marquez, J. Hodeau, O. Bethoux and M. 
Perroux, "Polymerized Fullerite Structures," Phys. Rev. B, vol. 55, 
1997.  

[76]  A. Rao, P. Eklund, J. Hodeau, L. Marquez and M. Nunez-Regueiro, 
"Infrared and Raman studies of pressure-polymerized C60," 
Phys. Rev. B, vol. 55, no. 7, pp. 4766-4773, 1997.  

[77]  V. Davydov, L. Kashevarova, A. Rakhmanina, V. Senyavin, R. 
Ceòlin, H. Szwarc, H. Allouchi and V. Agafonov, "Spectroscopic 
study of pressure-polymerized phases of C60," Phys. Rev. B., vol. 
61, no. 18, pp. 11936-11945, 2000.  

[78]  A. Talyzin, L. Dubrovinsky, T. L. Bihan and U. Jansson, "Pressure-
induced polymerization of C60 at high temperatures: An in situ 
Raman study," Phys. Rev. B., vol. 65, no. 245413, pp. 1-10, 2002. 

[79]  T. Wagberg, A. Soldatov and B. Sundqvist, "Spectroscopic study 
of phase transformations between orthorhombic and tetragonal 
C60 polymers," Eur. Phys. J. B, vol. 49, pp. 59-65, 2006.  

[80]  T. Wågberg, P. Persson, B. Sundqvist and P. Jacobsson, "A Raman 
study of polymerised C60," Appl. Phys. A, vol. 64, pp. 223-226, 
1997.  

[81]  L. Marques, J. Hodeau, M. Nuñez-Regueiro and M. Perroux, 
"Pressure and temperature diagram of polymerized fullerite," 
Phys. Rev. B., vol. 54, no. 18, pp. 633-636, 1996.  

[82]  V. Blank, V. Denisov, A. Ivlev, B. Mavrin, N. Serebryanaya, G. 
Dubitsky, S. Sulyanov, M. Popov, N. Lvova, S. Buga and G. 
Kremkova, "Hard Disordered Phases produced at High-Pressure-
High-Temperature Treatment of C60," Carbon, vol. 36, no. 9, pp. 
1263-1267, 1998.  



72 
 

[83]  V. Brazhkin and A. Lyapin, "Hard and Superhard Carbon Phases 
Synthesized from Fullerites under Pressure," Journal of 
Superhard Materials, vol. 34, no. 6, pp. 400-423, 2012.  

[84]  A. Dzwilewski, A. Talyzin, G. Bromiley, S. Dub and L. Dubrovinsky, 
"Characterization of phases synthesized close to the boundary of 
C60 collapse at high temperature high pressure conditions," 
Diamond & Related Materials, vol. 16, pp. 1550-1556, 2007.  

[85]  M. Alvarez-Murga and J. Hodeau, "Structural phase transitions of 
C60 under high-pressure and high-temperature," Carbon, vol. 
82, pp. 381-407, 2015.  

[86]  O. Chernogorova, I. Potapova, E. Drozdova, V. Sirotinkin, A. 
Soldatov, A. Vasiliev and E. Ekimov, "Structure and physical 
properties of nanoclustered graphene synthesized from C60 
fullerene under high pressure and high temperature," Applied 
Physics Letters, vol. 104, no. 43110, 2014.  

[87]  E. Tat’yanin, A. Lyapin, V. Mukhamadiarov, V. Brazhkin and A. 
Vasiliev, "Mechanism of formation of the superhard disordered 
graphite-like phase from fullerite C60 under pressure," J. Phys.: 
Condens. Matter, vol. 17, pp. 249-256, 2005.  

[88]  C. Lepoittevin, M. Alvarez-Murga, L. Marques, M. Mezouar and 
J. Hodeau, "Structural characterization of corrugated anisotropic 
graphene-based carbons obtained from the collapse of 2D C60 
polymers," Carbon, vol. 52, pp. 278-287, 2013.  

[89]  R. Wood, M. Lewis, G. West, S. Bennington, M. Cain and N. 
Kitamura, "Transmission electron microscopy, electron 
diffraction and hardness studies of high-pressure and high-
temperature treated C60," J. Phys.: Condens. Matter, vol. 12, pp. 
10411-10421, 2000.  



73 
 

[90]  D.Lee and H. Han, "Recrystallization Textures of Metals and 
Alloys," in Recent Developments in the Study of Recrystallization, 
IntechOpen, 2013, pp. 3-58. 

[91]  O. Chernogorova, E. Drozdova, I. Ovchinnikova, A. Soldatov and 
E. Ekimov, "Structure and properties of superelastic hard carbon 
phase created in fullerene-metal composites by high 
temperature-high pressure treatment," J. Appl. Phys., vol. 111, 
no. 112601, pp. 1-5, 2012.  

[92]  I. Manika, J. Maniks and J. Kalnacs, "Studies of the microhardness 
and dislocation mobility in C60 crystals under oxidizing 
conditions," Phil. Mag. lett, vol. 77, no. 6, pp. 321-326, 1998.  

[93]  V. Sirotinkin and S. Agafonov, Inorganic Materials, vol. 50, no. 5, 
pp. 503-507, 2014.  

[94]  C. Suryanarayana, "Mechanical alloying and milling," Progress in 
Materials Science, vol. 46, pp. 1-184, 2001.  

[95]  T. Braun, H. Rausch, L. Birò, E. Zsoldos, R. Ohmacht and L. Màrk, 
"The survivability of polycrystalline C60 to high speed vibration 
milling," Chemical Physics Letters, vol. 375, pp. 522-524, 2003.  

[96]  A. Talyzin and A. Jacob, "Hydrogen adsorption by ball milled 
C60," Journal of Alloys and Compounds, vol. 395, pp. 154-158, 
2005.  

[97]  Y. Chen, J. Gerald, L. Chadderton and L.Chaffron, "Nanoporous 
carbon produced by ball milling," Appl. Phys. Lett, vol. 74, no. 19, 
pp. 2782-2784, 1999.  

[98]  M. Umemoto, Z. Liu, K. Mazuyama and K. Tsuchiya, "Ball Milling 
of Fullerene and Mechanical Alloying of Fullerene-Metal 



74 
 

Systems," J. Metastable and Nanocrystalline Materials, vol. 2, 
no. 6, pp. 93-102, 1999.  

[99]  P. Borisova, M. Blanter, V. Brazhkin, V. Somenkov and V. 
Filonenko, "Phase transformations in amorphous fullerite C60 
under high pressure and high temperature," Journal ofPhysics 
and Chemistry of Solids, vol. 83, pp. 104-108, 2015.  

[100] V. Blank, S. Buga, N. Serebryanaya, V. Denisov, G. Dubitsky, A. 
Ivlev, B. Mavrim and M. Popov, "Ultrahard and Superhard 
Carbon Phases produced from C60 by Heating at High Pressure: 
Structural and Raman Studies," Physics Letters A, vol. 205, pp. 
208-216, 1995.  

[101] V. Blank, S. Buga, N. Serebryanaya, G. Dubitsky, S. Sulyanov, M. 
Popov, V. Denisov, A. Ivlev and B. Mawrin, "Phase 
transformations in solid C60 at high-pressure-high-temperature 
treatment and the structure of 3D polymerized fullerites," 
Physics Letters A, vol. 220, pp. 149-157, 1996.  

[102] V. Brazhkin, A. Lyapin and S. Popova, "Mechanism of three-
dimensional polymerization of fullerite C60 at high pressures," 
JETP Lett, vol. 64, no. 11, pp. 802-807, 1996.  

[103] S. Yamanaka, A. Kubo, K. Inumaru, K. Komaguchi, N. Kini, T. Inoue 
and T. Irifune, "Electron Conductive Three-Dimensional Polymer 
of Cuboidal C60," PRL, vol. 96, no. 076602, pp. 1-4, 2006.  

[104] S. Yamanaka, N. Kini, A. Kubo, S. Jida and H. Kuramoto, 
"Topochemical 3D Polymerization of C60 under High Pressure at 
Elevated Temperatures," J. AM. CHEM. SOC., vol. 130, pp. 4303-
4309, 2008.  

[105] V. Blank, S. Buga, A. Dubitsky, B. Mavrin, M. Popov, R. Bagramov, 
V. Prokhorov, S. Sulyanov, B. Kulnitskiy and Y. Tatyanin, 



75 
 

"Structures and physical properties of superhard and ultrahard 
3D polymerized ullerites created from solid C60 by high pressure 
high temperature treatment," Carbon, vol. 36, no. 5-6, pp. 665-
670, 1998.  

[106] R. Wood, M. Lewis, S. Bennington, M. Cain, N. Kitamura and A. 
Fukumi, "In situ x-ray diffraction studies of three-dimensional 
C60 polymers," J. Phys.: Condens. Matter, vol. 14, p. 11615–
11621, 2002.  

[107] M. Hu, J. He, Z. Zhao, T. Strobel, W. Hu, D. Yu, H. Sun, L. Liu, Z. Li, 
M. Ma, Y. Kono, J. Shu, H. Mao, Y. Fei, G. Shen, Y. Wang, S. Juhl, 
J. Huang, Z. Liu, B. Xu and Y. Tian, "Compressed glassy carbon: An 
ultrastrong and elastic interpenetrating graphene network," Sci. 
Adv., vol. 3, pp. 1-7, 2017.  

[108] Z. Zeng, L. Yang, Q. Zeng, H. Lou, H. Sheng, J. Wen, D. Miller, Y. 
Meng, W. Yang, W. Mao and H. Mao, "Synthesis of quenchable 
amorphous diamond," Nat. Commun, vol. 8, no. 322, pp. 1-7, 
2017.  

[109] L. Tan, H. Sheng, H. Lou, B. Cheng, Y. Xuan, V. Prakapenka, E. 
Greenberg, Q. Zeng, F. Peng and Z. Zeng, "High-Pressure 
Tetrahedral Amorphous Carbon Synthesized by Compressing 
Glassy Carbon at Room Temperature," J. Phys. Chem. C., vol. 124, 
no. 9, pp. 5489-5494, 2020.  

[110] M. Sakai, "Chapter 22 - Mechanical Probe for Micro-/Nano-
characterization," in Carbon Alloys, Novel Concepts to Develop 
Carbon Science and Technology, Elsevier, 2003, pp. 351-383. 

[111] V. Blank, S. Buga, N. Serebryanaya, G. Dubitsky, S. Sulyanov, M. 
Popov, V. Denisov, A. Ivlev and B. Mavrin, "Phase 
transformations in solid C60 at high-pressure-high-temperature 



76 
 

treatment and the structure of 3D polymerized fullerites," 
Physics Letters A, vol. 220, pp. 149-157, 1996.  

[112] M. VanLandingham, "Review of instrumented indentation," J. 
Res. NIST. , vol. 108, no. 4, pp. 249-265, 2003.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 



77 
 

PART II 
SUMMARY OF THE APPENDED PAPERS 

 

Paper I 
 
Raman and electron microscopy study of C60 collapse/transformation to a 
nanoclustered graphene-based disordered carbon phase at high 
pressure/temperature  
 
Vicente Benavides, Olga P. Chernogorova, Ekaterina I. Drozdova, Iraida 
N. Ushakova, and Alexander V. Soldatov.  
Phys. Status Solidi B 252, No. 11, 2626–2629 (2015)   
 
Summary: A microscopy and spectroscopy study of carbon particles 
synthesized at the p,T collapse boundary conditions (P: 8 GPa, T: 750 °C) 
for C60 is presented. Optical microscopy inspection allows distinguishing 
optical contrasts that correspond to different states of transformation 
C60/disordered carbon identified by Raman spectroscopy. On top of 
that, SEM micrographs of the polished carbon particles help to 
distinguish shear bands. Raman spectra show a low intensity of C60-
Ag(2) mode and high intensity of disordered carbon in the shear bands 
whereas the opposite is observed in between the shear bands. This 
demonstrates that shear bands are present before the complete 
collapse of C60 into disordered carbon phase and more importantly, 
these results are not explained by a martensitic transformation at the 
microscale, therefore nucleation and growth mechanism is proposed. 
   

Contribution: I collaborated with the team in the analysis of optical-
microscopic and SEM images and performed planning and running the 
Raman experiments. I also analyzed the data and assisted in writing the 
paper.  
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Paper II 
 

Raman spectroscopy and hardness study of C60 transformation into 
nanoclustered graphene phase at high pressure/high temperature 

V. Benavides, J. J. Roa, E. Jimenez-Pique, Olga P. Chernogorva, E. I. 
Drozdova, I. N. Lukina, E. A. Ekimov, F. Mücklich and A.V. Soldatov.   

Manuscript 

 

Summary: In this paper, a study of the C60 – nanoclustered graphene 
phase (NGP) transformation via characterization of non-completely 
transformed carbon particles is presented. High-resolution (  1 μm) 

Raman spectroscopy and nanoindentation measurements were 
performed on the same pre-selected sample area. The results evidence 
different steps of the transformation that allows establishing 
correspondence between the NGP/C60 ratio and the nanohardness: an 
abrupt increase in nanohardness from 2 GPa to 20 GPa for a stepwise 
NGP/C60 ratio change in the transformation zone. These results 
demonstrate that (I) at a micro-level (1 μm), the transformation of C60 
into NGP does not occur simultaneously in the entire volume and (II) 
the residual C60 polymer is not desirable in superhard amorphous 
carbon materials. This work demonstrates importance of advanced 
experimental methodologies to characterization of disordered carbon 
phases. 

Contribution: I collaborated with the team in planning and conducting 
the Raman experiments, performed the data analysis and participated 
in the paper writing.      
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Paper III 
 

Tuning structure and mechanical properties of nanoclustered graphene phase 
by controlled disorder of precursor C60 fullerite 

Vicente J. Benavides, Sergey S. Agafonov, Olga P. Chernogorova, Xavier 
Devaux, Ekaterina I. Drozdova, Iraida N. Lukina, Flavio A. Soldera, Frank 
Mücklich, Eugeniy A. Ekimov, Alexander V. Soldatov. 

Manuscript 

 
Summary:  The paper compares the Raman spectroscopy, HRSTEM, and 
indentation hardness results of disordered systems synthesized by 
squeezing (8 GPa, 850 °C) C60 and ball-milled C60. Mechanical activation 
introduces substantial damage to the C60 crystal leading to the rupture 
of van der Waals interaction between the C60 units and a chemical 
reaction between the balls creating C60 dimers. The multi-wavelength 
Raman spectra of both, the compressed mechanical activated phase 
(MA-Phase) and without the mechanical activation phase (wMA phase) 
reveal that fused aromatic rings with a low fraction of nanographene 
clusters dominate the MA phase, whereas wMA phase is composed of 
nanographene clusters. Moreover, a Raman model is presented which 
introduces fullerene-like structures because of fivefold (F-band) and 
sevenfold carbon rings-like defects for the wMA phase and part of fused 
aromatic rings for the MA phase. HRSTEM-EELS data confirm that: 
nanographene clusters present in wMA (I) are smaller and not abundant 
in the MA phase (II). (III) EELS data reveal a higher fraction of sp3 bonds 
in the MA phase compared to that in wMA. The hardness of the MA 
Phase (37 GPa) is twice its value (18 GPa) in the wMA (IV). The extensive 
analysis of the Raman data yielded empirical dependences of Hardness 
vs ID/IG/Hardness vs ID/IF that can be useful for prediction of the 
hardness of sp2-dominant disordered carbon systems based on their 
spectroscopic data.                    
 
Contribution: I collaborated with the team in planning the Raman 
experiments, performed the measurements and analyzed the data. I 
also collaborated with the team in analysis of the HRSTEM images and 
EELS spectra and the manuscript preparation. 
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Paper IV 
 

Narrow-gap Semiconducting Superhard Amorphous Carbon with Superior 
Toughness 

Shuangshuang Zhang, Yingju Wu, Kun Luo, Bing Liu, Yu Shu, Yang Zhang, 
Lei Sun, Yufei Gao, Mengdong Ma, Zihe Li, Baozhong Li, Pan Ying, 
Zhisheng Zhao, Wentao Hu, Vicente Benavides, Olga P. Chernogorova, 
Alexander V. Soldatov, Julong He, Dongli Yu, Bo Xu, Yongjun Tian 

Cell Reports Physical Science 2, 100575, September 22, 2021 
 
Summary: The paper discussed the results of synthesis and 
characterization of amorphous carbon materials with a narrow bandgap 
in the range of 0.1-0.3 eV by compressing C60 at 15 GPa at different 
temperatures, from 550 °C to 1200 °C.  
Special attention to the amI (800 °C) and amII (1000 °C) phases is given 
because of high hardness probed by conventional hardness methods 
like Knoop, Vickers, and nanoindentation. A deeply Raman 
spectroscopy analysis is presented indicating sp2-clustering as function 
of temperature. 
Moreover, the TEM-EELS data reveals a high fraction of sp3 bonds for 
amII than amI demonstrating an sp2-sp3 nanoarchitecture that 
enhances the mechanical properties of the amorphous carbon material 
between 800 °C to 1000 °C.  The p,T conditions used in this work has 
not been studied in detail before.     
 
Contribution: I collaborate with the Raman analysis, EELS analysis and 
discussion of the experimental data.    
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Paper V 
 

Discovery of carbon-based strongest and hardest amorphous material 

Shuangshuang Zhang, Zihe Li, Kun Luo, Julong He, Yufei Gao, Alexander 
V. Soldatov, Vicente Benavides, Kaiyuan Shi, Anmin Nie, Bin Zhang, 
Wentao Hu , Mengdong Ma, Yong Liu, Bin Wen, Guoying Gao, Bing Liu, 
Yang Zhang, Dongli Yu, Xiang-Feng Zhou, Zhisheng Zhao, Bo Xu, Lei Su, 
Guoqiang Yang, Olga P. Chernogorova, Yongjun Tian 

Natl Sci Rev, 2021, Vol. 0, nwab140 

Summary:  The paper discusses the synthesis and characterization of 
ultra-hard semiconducting amorphous carbon materials with a tunable 
bandgap in the range of 1.5-2.2 eV by compressing C60 at 25 GPa and 
varying the temperature from ambient to 1900 °C.  A 3D-C60 polymer is 
observed between 300 °C and 500 °C. At temperatures above 800 °C, 
different amorphous carbon (AM) phases are formed: AMI, AMII and 
AMII at 1000 °C, 1100 °C and 1200 °C respectively.  For temperatures 
above 1300 °C a transformation into diamond take place. Different 
hardness measurement methods, X-ray diffraction, Raman and PL 
spectroscopy and HRTEM-EELS were employed in the extensive samples 
characterization.  
Knoop, Vickers, and nanoindentation tests demonstrate that hardness 
of the AMIII phase exceeds that of single crystalline diamond. The 
microstructural and spectroscopic analysis reveals that AMIII is a 
disordered system with two types of short-range order dominated by 
sp3 bonded carbons. The phase has density close to that of diamond and 
is a semiconductor with bandgap 2.2 eV.            
 
Contribution:  I collaborate with the Raman analysis and discussion of 
the experimental data.    
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Paper VI 
 

Fragmentation and structural transitions of few-layer graphene under high 
shear stress 

 
Mingzhi Yuan,  Resta A. Susilo, Shujia Li, Jiajia Feng,  Vicente 
Benavides,  Jian Chen,  Alexander V. Soldatov, and Bin Chen 
 
Summary: A key factor that determines the mechanical and electrical 
performance of graphene-based materials and devices is how graphene 
behaves under extreme conditions, yet the response of few-layer 
graphene to high shear stress has not been investigated experimentally. 
Here we applied high pressure and shear to graphene powder using a 
rotational diamond anvil cell and studied the recovered sample with 
multiple means of characterization. Sustaining high pressure and shear, 
graphene breaks into nanometer-long clusters with generation of large 
number of defects. At a certain stress level, it transforms to amorphous 
state and carbon onions. The reduction of infrared reflectivity in the 
severely sheared phase indicates the decrease in conductivity. Our 
results unveil the shear sensitive nature of graphene, point out the 
effects of shear on its physical properties, and provide a potential 
method to manipulate this promising material. 
 
 
Contribution:  I collaborate with the Raman analysis and discussion of 
the experimental data.    
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