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Abstract: Transmission electron microscopy and neutron or X-ray diffraction are powerful techniques
available today for characterization of the structure of various carbon materials at nano and atomic
levels. They provide complementary information but each one has advantages and limitations.
Powder X-ray or neutron diffraction measurements provide structural information representative
for the whole volume of a material under probe but features of singular nano-objects cannot be
identified. Transmission electron microscopy, in turn, is able to probe single nanoscale objects. In this
review, it is demonstrated how transmission electron microscopy and powder X-ray and neutron
diffraction methods complement each other by providing consistent structural models for different
types of carbons such as carbon blacks, glass-like carbons, graphene, nanotubes, nanodiamonds,
and nanoonions.

Keywords: transmission electron microscopy; neutron and X-ray powder diffraction; local and global
structural probes; computer modelling of the atomic structure; carbon materials

1. Introduction

Transmission electron microscopy (TEM) is undoubtedly one of the most powerful tools that
greatly contributes to the development of our knowledge on the structure of carbon materials.
This direct imaging technique has provided valuable structural information about carbon materials,
especially for carbon nanomaterials. The discoveries of carbon nanostructures such as nanotubes [1],
nanoonions [2], nanocones [3], and nanohorns [4] were the culmination of years of experience and
past accomplishments in the TEM technique. Transmission electron microscopy studies were equally
important for obtaining detailed information on the structure of traditional carbon forms. Namely,
the morphology of carbon black particles [5], the nature of defects in natural diamonds [6], or the
fullerene-like structure of microporous carbons [7,8] were revealed using TEM. Nowadays, TEM is still
a driving force for the structural studies of carbon materials and the development of their technology.
It is especially worth mentioning recent advances in in situ and real-time TEM experiments which
allow observing and recording the behaviour of carbons in different conditions, such as heating, stress,
pressure, and electron beam [9–13].

Size, shape, morphology, elemental composition, atomic order, superstructure, and various
defects are only a few examples of the structural features which may be neatly determined using TEM
imaging. Transmission electron microscopy probes act as “eyes” at the nano and atomic level, directly
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showing the structure with very high-spatial resolution and unveils precisely local structural features.
For structural studies of isolated nanocarbon systems, high-resolution TEM (HRTEM) is particularly
useful, since the nano-object dimensions are too small to give sufficient structural information that
can be derived from conventional X-ray or neutron diffraction (XRD or ND) measurements. However,
when TEM data is recorded for a small portion of the sample material a common question arises as to
whether it is a representative picture of the whole specimen volume. Transmission electron microscopy
is sensitive to single objects at nanoscale but it may be not enough to represent statistically a larger
volume of the materials produced at an industrial scale. Transmission electron microscopy images show
only a tiny part of the material because of the extremely high magnification used. Bulk materials are
usually combinations of many nano-objects/particles/domains/crystallites, and hence their complete
and quantitative structural characterization needs also a global probe, and powder XRD or ND is an
adequate tool for this task. Powder XRD and ND diffraction techniques give an average description of
the components which may be different from the individual description of each component actually
forming the sample. Powder XRD or ND measurements guarantee that the obtained information on
the atomic structure is averaged over whole sample volume under probe. Thus, it is worthwhile to
discuss achievements of TEM, XRD, and ND techniques and highlight their advantages in revealing
the structure of carbons. Carbon materials were one of the first materials studied by XRD method.
As early as 1913, Braggs [14] solved the atomic structure of diamond monocrystals. A few years
later, in 1917 powder XRD studies of graphite and disordered carbons were published [15]. Based on
the obtained results it was established that these carbons contain hexagonal carbon rings. However,
the detailed structure determination of disordered or poorly crystallized carbon materials such as
carbon black, char, and coke failed before Warren’s and Franklin’s work in 1930–1950s. Warren and
co-authors [16–19] proposed the presence in carbon black of single graphite layers and stacks of
layers roughly parallel and equidistant, but random in orientation about the layer normal, whereas
Franklin gave a clear definition of graphitic carbons based on the XRD studies [20] and divided carbons
prepared by pyrolysis of organic precursors into graphitising and non-graphitising [21]. Moreover,
her accurate measurements on interlayer spacing for well-crystallized graphite (3.354 Å) became the
standard, still being widely accepted.

Although most carbons cannot be regarded as crystalline materials as they do not possess a
three-dimensional periodic atomic arrangement which produces sharp Bragg peaks on the diffraction
pattern, they scatter X-rays or neutrons at different but specific angles from which some structural
features may be successfully determined. However, the effect of broadening and overlapping of
reflections hinders structure elucidation by conventional crystallography methods. Over the last
few decades we made huge progress in collection and analysis of XRD and ND data for disordered
materials and nanomaterials. In particular, the use of the atomic pair distribution function (PDF)
approach [22] has become invaluable since it goes beyond conventional crystallography and captures
new structural information which may be utilized for solving structural problems of complex materials
such as carbon nanotubes, graphene, activated carbons, and glass-like carbons [23–26].

In this review, we are concerned with the comparison of the structural information obtained by
the TEM and the powder XRD and ND probes for different types of carbons such as carbon blacks,
glass-like carbons, graphene, nanotubes, nanodiamonds, and nanoonions. These techniques greatly
complement each other and provide consistent images of the structure for various carbon materials,
which would be incomplete when characterized using only one of these methods alone.

2. Carbon Black

Carbon black and soot are closely related materials; both are usually obtained from partial
combustion of hydrocarbons, with the difference that carbon black is essentially a pure form of soot.
Carbon black was one of the first carbon materials studied by both the diffraction and TEM methods.
First references showed that the diffraction pattern of carbon black comprises two or three broad
diffuse rings roughly at the same positions as the strongest line in the powder pattern of graphite and
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suggested that this material is simply a fine-grained form of crystalline graphite [27,28]. In 1934 Warren
gave a deeper insight into the structure of carbon black and based on the Fourier integral analysis of
the XRD patterns proposed that carbon black is not truly crystalline or an amorphous form of carbon
but it may be a heterogeneous mixture of domains which range from a single graphite layer (nowadays
called graphene) up to graphite crystals several layers thick [16]. Back then he had already aptly
noticed that the size of the carbon black particles may vary from one sample to another, depending
upon the method of preparation, and it is probably that carbon black comprises a continuous series
extending from the mesomorphic to the crystalline state [16]. Subsequent papers by Warren [18] and
Biscoe and Warren [19] shed more light on the carbon black structure and provided clearer answers to
whether carbon black is finely divided graphite crystals or another form of carbon with a lower degree
of order. In these papers, authors developed equations for the X-ray intensity of random lattices of
graphite layers in which the layers are randomly translated with respect to each other in a direction
parallel to the layer or rotated about the normal, and proposed that the carbon black may have such
“turbostratic” structure consisting of groups of unordered graphite layers. These findings were based
on analysis of the XRD pattern of a carbon black heat-treated at 2000 ◦C, which showed more and
sharper peaks than for unheated carbon black but consisted of only (00l) and (hk0) graphite reflections,
as shown in Figure 1a. The peaks of the graphite diffraction pattern indexed as (002l) are related to
the inter-layer correlations and those of (hk0) to the in-plane correlations, while general reflections of
(hkl)-type are due to correlations between atoms across the layer.

The diffraction lines with (hkl) indices come from the planes declining to the basal planes, where
the three-dimensional structure with regular stacking of layers has to be established. The absence of
the (hkl) reflections for carbon black, both unheated and heat-treated, was explained by the absence
of the three-dimensional order of crystalline graphite due to translational or rotational disorder of
layers—so called “turbostratic” structure. Figure 1b illustrates schematically the model of a carbon
black cluster established based on the XRD studies by Biscoe and Warren [19]. This model is composed
of chaotically arranged packages of parallel and equidistant lines, each line represents a single graphite
layer, and between the stacked layers the turbostratic disorder is assumed.
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permission from Biscoe and Warren [19]. Copyright AIP Publishing, 1942. 
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[17], the effect of graphitisation on the size of carbon black turbostratic packages was examined. 
Figure 2 shows the XRD intensity curves recorded for three carbon black samples with a different 
heat-treatment history. As the temperature of heat-treatment increases, the sharpening and increase 
in intensity of diffraction peaks is clearly visible. The diffraction pattern in Figure 2a for Spheron 
Grade 6 carbon black heat-treated at 2800 °C is sufficiently sharp to distinguish readily the basal 
planes (002), (004), and (006) reflections from the two-dimensional (100) and (110) lattice reflections. 

Figure 1. (a) X-ray diffraction (XRD) patterns of unheated Spheron Grade 6 carbon black (top), the
same carbon black heated for 2 h at 2000 ◦C (middle), and graphite (bottom). (b) A first model of the
carbon black structure assuming turbostratic disorder of graphite layers. Reproduced with permission
from Biscoe and Warren [19]. Copyright AIP Publishing, 1942.

Moreover, in the work by Biscoe and Warren [19] and in later publication by Houska and
Warren [17], the effect of graphitisation on the size of carbon black turbostratic packages was examined.
Figure 2 shows the XRD intensity curves recorded for three carbon black samples with a different
heat-treatment history. As the temperature of heat-treatment increases, the sharpening and increase in
intensity of diffraction peaks is clearly visible. The diffraction pattern in Figure 2a for Spheron Grade 6
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carbon black heat-treated at 2800 ◦C is sufficiently sharp to distinguish readily the basal planes (002),
(004), and (006) reflections from the two-dimensional (100) and (110) lattice reflections. Biscoe and
Warren analysed the changes in the structure of carbon black during heat-treatment based on the
position and width of the diffraction peaks. They proposed a method for calculation of the average
graphite layer dimension in the plane of layer, La, and the average dimension of the parallel layer
group perpendicular to graphite layers, Lc [17,19]. The values of La were derived from the (100) and
(110) reflections, while Lc values from the (002) and (004) lines. Figure 2b shows the changes in the
calculated dimensions of graphitic domains for carbon black heat-treated at various temperatures.
The parallel layer groups appear to grow the same rate in both directions, individual graphite layers
grow in size, and more layers stack themselves parallel. Biscoe and Warren reported also that at
temperatures around 1000 ◦C, a rapid growth of layers sets in and they correlated it with an intensive
removal of hydrogen at this temperature. The positions of the (002l) reflections for carbon blacks were
shifted towards smaller scattering angles comparing to crystalline graphite. Using the position of the
(002) peak it was shown that the average distance between graphite layers, often referred to as d(002)
(twice the distance between layers is referred to as c) decreases gradually with increasing temperature
and may approach values of ~3.44 Å, which is still larger than the interlayer spacing of 3.34 Å for ideal
graphite crystal.

C 2018, 4, x FOR PEER REVIEW  4 of 49 

Biscoe and Warren analysed the changes in the structure of carbon black during heat-treatment based 
on the position and width of the diffraction peaks. They proposed a method for calculation of the 
average graphite layer dimension in the plane of layer, 𝐿௔, and the average dimension of the parallel 
layer group perpendicular to graphite layers, 𝐿௖ [17,19]. The values of 𝐿௔ were derived from the 
(100) and (110) reflections, while 𝐿௖  values from the (002) and (004) lines. Figure 2b shows the 
changes in the calculated dimensions of graphitic domains for carbon black heat-treated at various 
temperatures. The parallel layer groups appear to grow the same rate in both directions, individual 
graphite layers grow in size, and more layers stack themselves parallel. Biscoe and Warren reported 
also that at temperatures around 1000 °C, a rapid growth of layers sets in and they correlated it with 
an intensive removal of hydrogen at this temperature. The positions of the (002l) reflections for 
carbon blacks were shifted towards smaller scattering angles comparing to crystalline graphite. Using 
the position of the (002) peak it was shown that the average distance between graphite layers, often 
referred to as 𝑑(଴଴ଶ) (twice the distance between layers is referred to as 𝑐) decreases gradually with 
increasing temperature and may approach values of ~3.44 Å, which is still larger than the interlayer 
spacing of 3.34 Å for ideal graphite crystal.  

 
Figure 2. (a) XRD patterns of unheated Spheron Grade 6 carbon black (upper part) of the same sample 
heated for 2 h at 1500 °C (middle part), and heated for 2 h at 2800 °C (bottom part), (b) Evolution of 
dimensions, 𝐿௔ and 𝐿௖, of parallel layer groups for Spheron Grade 6 black heat-treated at various 
temperatures. Reproduced with permission from Biscoe and Warren [19]. Copyright AIP Publishing, 
1942. 

In later work, Houska and Warren [17] adopted an idea for the presence of different interlayer 
distances in the structure of heat-treated carbon black and predicted how it affects the diffraction 
data: “With the beginning of graphitisation, there are two different layer spacings corresponding to 
ordered and disordered pairs. This produces a distortion broadening in addition to the particle size 
broadening.” [17]. Today we know that disordered carbons, included carbon black and soot, are 
composed of twisted and crumpled graphite-like layers, and a significant distribution of interlayer 
distances occurs. However, the XRD and ND techniques do not provide direct quantitative 
information on the fluctuations in interlayer spacing. By employing computer modelling of XRD and 
ND data it is possible to estimate the average interlayer spacing together with its standard deviation 
[29–31]. However, it is not trivial and usually information on interlayer spacing distribution is 
obtained from an analysis of TEM images. In 1971 Marsh and co-workers [32] already measured the 𝑑(଴଴ଶ)-spacing distribution in a number of carbon blacks using TEM micrographs. They found a broad 
(~3.5–4.1 Å), log-normal distribution of 𝑑(଴଴ଶ)-spacing, with the same average value and standard 
deviation for all carbon blacks, regardless of their particle size and degree of particle coalescence. 
Moreover, it was shown that graphitisation leads to narrowing of the 𝑑(଴଴ଶ)-spacing distribution 
without changing its log-normal character. In addition, Marsh compared the values of average 

Figure 2. (a) XRD patterns of unheated Spheron Grade 6 carbon black (upper part) of the same
sample heated for 2 h at 1500 ◦C (middle part), and heated for 2 h at 2800 ◦C (bottom part),
(b) Evolution of dimensions, La and Lc, of parallel layer groups for Spheron Grade 6 black heat-treated
at various temperatures. Reproduced with permission from Biscoe and Warren [19]. Copyright AIP
Publishing, 1942.

In later work, Houska and Warren [17] adopted an idea for the presence of different interlayer
distances in the structure of heat-treated carbon black and predicted how it affects the diffraction
data: “With the beginning of graphitisation, there are two different layer spacings corresponding
to ordered and disordered pairs. This produces a distortion broadening in addition to the particle
size broadening.” [17]. Today we know that disordered carbons, included carbon black and soot, are
composed of twisted and crumpled graphite-like layers, and a significant distribution of interlayer
distances occurs. However, the XRD and ND techniques do not provide direct quantitative information
on the fluctuations in interlayer spacing. By employing computer modelling of XRD and ND data
it is possible to estimate the average interlayer spacing together with its standard deviation [29–31].
However, it is not trivial and usually information on interlayer spacing distribution is obtained from
an analysis of TEM images. In 1971 Marsh and co-workers [32] already measured the d(002)-spacing
distribution in a number of carbon blacks using TEM micrographs. They found a broad (~3.5–4.1 Å),
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log-normal distribution of d(002)-spacing, with the same average value and standard deviation for all
carbon blacks, regardless of their particle size and degree of particle coalescence. Moreover, it was
shown that graphitisation leads to narrowing of the d(002)-spacing distribution without changing its
log-normal character. In addition, Marsh compared the values of average interlayer spacing obtained
from XRD patterns with the values determined from TEM. The first ones were consistently lower.
The values of La and Lc calculated from XRD patterns according the Biscoe and Warren method [19]
based on the assumption that the graphitic layers are flat, may be questionable when graphitic layers
are neither not well-ordered nor flat.

The results obtained at that time using the global powder XRD method can be summarized
as follows: the structure of carbon black is similar to graphite, but it is not a collection of fine
graphite crystallites but a heterogeneous mixture of turbostratic domains which range from a single
layer up to domains 1–2 nm thick. The average size of the domains may vary from one carbon
black grade to another and increases during heat-treatment at inert atmosphere. The layers grow
evenly in both directions, reaching a maximum width of about 60 Å and a height of about 40 Å.
The average distance between layers decreases during the annealing process, but the final distance
is significantly greater than for graphite. In the following part of paper, it will be shown how the
structural information obtained by the global powder diffraction probe had been confirmed and refined
due to the TEM studies.

The first TEM images for carbon black were obtained already in the 1940s. The first studied
sample was thermal carbon black, which is a specific kind of carbon black grade, as it contains very
large basic structural domains, known from the earlier XRD examinations. The obtained TEM images
revealed that the thermal carbon black consists of large (0.5–1 µm) isolated particles of spherical shape
(Figure 3a). The internal structure of these spherules, in particular turbostratic domains, remained
invisible. After heating at 3000 ◦C the shape of the particles changed from spherical to polyhedral
(Figure 3b) [5].
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Figure 3. Historical TEM images obtained for carbon black. (a) Unheated and (b) heat-treated at 3000 ◦C
thermal carbon black consisting of individual nanospherules. Figures reprinted with permission from
Hofmann and Höper [5]. Copyright (1944) Springer Nature. (c) Unheated channel carbon black
(Spheron grade 6) consisting of aggregates. Reproduced with permission from Hall [5]. Copyright AIP
Publishing, 1948.

The results of TEM observations for other typical technical carbon black grades, published
afterwards [33,34], showed that carbon black nanospherules usually have smaller diameter (10–100 nm,
depending on the carbon black grade) and form lace-shape aggregates (Figure 3c). Microscopy analysis
performed by Hall [35] was the first which indicated a different arrangement of graphite-like domains
inside particles than proposed by Biscoe and Warren. Hall applied the dark-field (DF) imaging
technique for studies of carbon black particles [34] which enabled to obtain a better visualization of
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the microstructure for examined samples. A DF image is obtained if the objective aperture is placed
in order to intercept diffracted beams. Electron diffraction (ED) patterns of carbon blacks comprise
broad diffuse (002) graphitic-type rings. Only the graphitic planes which satisfy the Bragg relation
corresponding to the (002) reflection give bright spots on a dark background. Using the dark-field
imaging, Hall noticed that carbon spherules exhibit regions of enhanced intensity at their edges.
Anomalous intensities in the dark-field images were interpreted as resulting from coherent scattering
by groups of parallel graphitic layers, which were previously identified by Biscoe and Warren using
XRD. Hall’s results indicated that graphite-like domains are arranged approximately parallel to the
surface of the roughly spherical carbon black particles—they are arranged concentrically around the
core. The electron microscope was used to measure the particle size of carbon blacks and to observe
their state of aggregation. At that time, the resolution of available microscopes did not allow the
accurate assessment of the internal structure of the spherical particles.

The internal structure of carbon black particles in term of arrangement of turbostratic domains
was finally revealed in the 1960–1970s. A decisive contribution in such research was provided
by development of two TEM techniques: dark-field and phase contrast electron microscopy.
Papers published by Heidenreich et al. [36] and Oberlin [37] had given outstanding results in this field.
An important guideline to understanding the internal structure were also TEM observations of carbon
blacks subjected to oxidation by nitric acid or air at high temperature [38]. In a TEM image of carbon
black after oxidation (Figure 4) only an external shell is visible, while an inner part of the particles is
empty. These studies revealed that the oxidation process is selective—first the core part of primary
carbon black particles is oxidized, while the outer part is more resistant and remains undamaged for a
longer time.
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Heidenreich et al. [36] proposed a carbon black model, which assumed that primary particles of
carbon black are composed of concentrically arranged turbostratic graphitic domains. These domains
are oriented approximately parallel to the outer surface of the primary particles. They are larger
at the outer part of the primary particles, while the central part is made of much smaller domains,
arranged randomly, or even amorphously. Heidenreich’s model explained why the oxidation process
starts from the central part of carbon black nanospherules and why differences in the average size
of graphitic domains determined based on XRD for various carbon black grades occur (for larger
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nanospherules larger domains are formed). The combination of the XRD and TEM studies enabled
the construction of a multiscale model, according to which carbon black consists of three-dimensional
aggregates (Figure 5a), composed of spherical particles (Figure 5b), in which turbostratic graphitic
domains (Figure 5c) are concentrically arranged [40].C 2018, 4, x FOR PEER REVIEW  7 of 49 
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Figure 5. Multiscale structure of carbon black. (a) Model of a primary carbon black aggregate.
Reproduced with permission from Brasil et al. [41]. Copyright AIP Publishing, 1999. (b) Model
of a carbon black particle showing the arrangement of the turbostratic domains. (c) Model of a carbon
black turbostratic domain. Reproduced with permission from Heidenreich et al. [36]. Copyright
International Union of Crystallography, 1968.

The development of phase contrast microscopy led to direct imaging of carbon layers in carbon
blacks. The initial difficulty in using phase contrast was due to the low quality of electromagnetic lenses
(large spherical aberrations), but the visualization of carbon layers was possible due to lattice-fringes
imaging. The first lattice fringe images of graphitised carbon black were obtained by Heidenreich and
colleagues [36] as early as in 1968. By using an aperture large enough to accept two electron beams
(the direct (000) and the (002) scattered) and introducing a suitable defocus of the objective lens, a set
of bright and dark fringes were obtained in the Gaussian plane. The obtained fringes were interpreted
as an enlarged projection of the carbon layers onto the observation plane. In later years, due to the
systematic increase in the quality of available electromagnetic lenses, it was possible to increase the
diameter of the objective aperture, allowing for interference of a larger number of beams, up to the
total abandonment of their use during HRTEM imaging. However, it should be emphasized that
most of the early images were not directly interpretable in terms of the atomic structure. The HRTEM
image is a convolution between the crystal projected potential and the microscope contrast transfer
function. The correct interpretation of high resolution TEM images, due to the fact that electrons are
scattered more than once during the passage through the sample and because that the rule describing
the intensity of the exit wave contains non-linear components, is not trivial [42]. These difficulties
become less crucial for high accelerating voltage and for very thin samples, and it can be assumed
that electrons have been scattered only once. Under this condition, it becomes possible to interpret
phase contrast in terms of the crystal potential and to receive the structural information from the
obtained images. However, the interpretation must be very careful and the obtained HRTEM images
have to be compared to the results of computer simulations. It is worth noting that due to the low Z
value of carbon, the acceptable thickness of carbon materials is much higher than for heavier elements.
Although many nanostructured carbon materials, such as graphene, carbon nanotubes, and fullerenes
fulfil this condition, obtaining and interpreting HRTEM images for “traditional” carbon forms such as
carbon black are more complicated. Carbon blacks, because of their disordered structure, do not take
full advantage of the possibilities offered by the most advanced electron microscopes, including direct
imaging of the arrangement of individual atoms, as in the case of lower-dimensional structures such
as graphene.

Heidenreich’s structural model of graphitised carbon black adopted a concept of rather flat
graphite layers grouped in stacks with an interplane distance of approximately 3.4 Å and arranged in
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a concentric manner around a hollow centre. Carbon layers, visible on the obtained HRTEM images
for graphitised carbon black, proved to be larger than for primary particles, which was already known
from the XRD measurements [19]. An example of a first high-resolution TEM image for graphitised
carbon black and its structural model proposed by Heidenreich et al. [36] are shown in Figure 6a,b,
respectively. Defects in the form of dislocations and bending of a graphite-like lattice were already
noticed at that time, but it was concluded that they are rather occasional [36]. As it turned out based
on more recent TEM observations, things are quite different, the graphitic layers are rather far from
perfect and carbon black can be regarded as “disordered” carbon.
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By combining different TEM modes, such as (hkl) or (hk) tilted dark-field, (002) lattice
fringes, contrasted bright-field (BF), and selected area electron diffraction (SAED), the behaviour of
carbonaceous materials heat-treated up to ~3000 ◦C was explained. At this point it is worth mentioning
the important works of Oberlin and Terriere [43], Oberlin [44], and Rouzaud and Oberlin [45] on the
TEM studies of the carbonisation and graphitisation of disordered carbons. In these papers, multiple
stages of the high-temperature heat-treatment process were identified and the resulting structures
were described in terms of “basic structural units”, which are packages of stacked, parallel graphene
layers. It has been established that this process is carried out according to the following scheme [44]:

- atoms of non-carbon elements are first removed;
- basic structural units arrange in columns;
- after removing structural defects between the columns, it becomes possible to combine them and

form larger but still strongly defected carbon layers;
- above ~2000 ◦C plane defects are removed and ordering of the structure in three

dimensions proceeds.

The structural data obtained by Oberlin and colleagues [43–45] using TEM were compared to
diameters of the coherent domains determined based on the (110) diffraction peaks and both methods
gave similar results. In carbon materials derived from organic precursors and heated up to ~1000 ◦C,
the basic structural units have been shown to be turbostratic stacks of two or three layers having a
diameter around 1–2 nm. It was suggested that the basic structural units are separated by tilt and
twist boundaries where defects and heteroatoms are gathered. During the heat-treatment process
the basic structural units coalesce face to face into distorted columns. Further steps involve lateral
coalescence of columns and curing of in-plane defects, and then ordering of the structure towards
perfect graphite -AB-AB- stacking of carbon layers may occur. In non-graphitising carbons, however,
the graphitisation is inhibited due to the very small extent of the basic structural units (5–10 nm) and
their strong disorientation.
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Detailed structural investigations for a series of five carbon black grades heat-treated up to
2600 ◦C, by three research techniques: HRTEM, XRD, and Raman spectroscopy are presented in
Reference [46]. Examples of the XRD patterns for raw and heat-treated Printex 25 carbon black are
shown in Figure 7. They exhibit features typical for the turbostratic structure. For all raw carbon black
grades, the diffraction patterns are composed of three broad lines, which can be indexed as the (002),
(10), and (11) graphite-type reflections. Structural parameters determined by means of quantitative
analysis of the (002) peak are given in Table 1. The values of d002, calculated from the Bragg equation,
and Lc, estimated via the Debye–Scherrer formula, do not exhibit meaningful differences for various
carbon blacks. Therefore, based on these results it was not possible to clearly distinguish between the
different carbon blacks and justify the differences in their physical properties.
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Figure 7. Comparison of XRD patterns for Printex 25 carbon black and the same carbon black
heat-treated at 2600 ◦C. Reproduced with permission from Pawlyta et al. [46]. Copyright Elsevier, 2015.

Table 1. Structural parameters (average interlayer spacing between carbon layers, d002, and average
size of basic structural units in direction perpendicular to layers, Lc) obtained from analysis of XRD
patterns for raw and heat-treated (HTT) at 2600 ◦C commercial carbon blacks. Reproduced with
permission from Pawlyta et al. [46]. Copyright Elsevier, 2015.

Grade
Untreated Sample HTT, 2600 ◦C

d002 (nm) Lc (nm) d002 (nm) Lc (nm)

Printex 25 0.356 1.79 0.343 8.51
Printex 60 0.359 1.15 0.345 4.91
Printex 90 0.363 1.00 0.345 3.43

Colour Black FW200 0.359 1.24 0.344 2.73
Printex XE2B 0.349 1.15 0.343 4.81

In turn, the HRTEM images show noticeable dissentions in the arrangement of the basic structural
units, which may be correlated with observable differences in physical properties. For example, the
outer part of the Printex 25 particles is built of larger and more regularly arranged units, which tightly
surround a more disordered core. Such nanostructure prevents fast oxidation of the shell. FW200
carbon black contains smaller particles. Their outer shell is less developed, and the oxidation process
may take place at lower temperature. The comparison between Printex 25 and FW200 carbon blacks is
shown in Figure 8. The TEM imaging of the multiscale organisation (morphology of aggregates, shape
and size of nanospherules, nanostructure) appears to be the most suitable method to discriminate
between unheated carbon blacks.
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Figure 8. Comparison of the morphology and nanostructure of two carbon black grades. (A) Aggregate,
(B) primary particle of unheated, and (C) heat-treated at 2600 ◦C Printex 25 carbon black; (D–F)
FW200 carbon black, respectively. Reproduced with permission from Pawlyta et al. [46]. Copyright
Elsevier, 2015.

The direct imaging of layer planes was used to analyse changes in the structure of carbon black
during the graphitisation process. It was established that heat-treatment at 2600 ◦C transforms carbon
black particles into faceted particles which appear to have closed shell-like structures. The precise
structure of the graphitised particles depends on the nature of the primary carbon black. For Printex
25 relatively large, discrete particles are formed, as shown in Figure 8C, while for FW200 smaller and
less defined particles with many curved planes are formed, as shown in Figure 8F. The HRTEM images
shown in Figure 9 clearly indicate that during heat-treatment up to 2600 ◦C, only a partial ordering of
carbon units toward graphite structure takes place and the ordering is limited by the diameter of the
primary particles. The size of the basic structural units after heat-treatment correlates with the initial
size of the primary particles (the bigger the primary particle the bigger the basic structural units),
which is in agreement with the previous results obtained by Oberlin and Rouzaud for cokes [44,45].
They demonstrated that the graphitisation degree of carbonaceous materials is limited by the diameter
of polyaromatic layers oriented in parallel. In fact, the diameter of carbon black nanoparticles plays the
same role as the size of domains build from individual basic structural units oriented nearly parallel in
cokes. As the largest carbon black nanoparticles are rather small (<0.1 µm) in comparison to the largest
coke domains (up to 100 µm), the carbon blacks are only weakly graphitising, whereas the cokes can
be highly graphitising.



C 2018, 4, 68 11 of 48
C 2018, 4, x FOR PEER REVIEW  11 of 49 

 
Figure 9. (a) Comparison of FW20 carbon black structure before and (b) after heat-treatment at 1000 
°C, (c) 1700 °C, and (d) at 2600 °C. Reproduced with permission from Pawlyta et al. [47]. Copyright 
Wydawnictwo Politechniki Śląskiej, 2017. 

Last but not least, the issue discussed in this section is the curved shape of graphene layers in 
carbon black and soot. In 1986, just after the discovery of fullerenes by Kroto [48] in 1985, Zhang et 
al. [49] suggested that spherical soot particles may growth from fullerene-like structures acting as 
“nuclei”. Kroto and McKay [50] expanded this idea and proposed the so-called “icospiral nucleation 
scheme” and “pentagon road model”. According to this idea, the first stages of soot particles resemble 
the shell of a nautilus. The growth proceeds along a spatial spiral—along the opening of the nautilus 
shell. Such a mechanism involves the incorporation of pentagonal rings into a growing carbon 
network, driven by the need to eliminate dangling bonds. However, this model was questioned based 
on, among others, XRD studies. Ebert [51] pointed out that 𝑑଴଴ଶ spacing for continuously curving 
icospirals would be lower than those observed experimentally in the diffraction patterns of soot. 
Nonetheless, the fact that fullerenes had been predicted to occur in flames [52], as well as the 
reasonable idea that bent faceted planes and closed structures in soot arise from the presence of 
pentagonal rings supported the hypothesis that soot and related carbon black have a fullerene-related 
structure [53]. 

The dark lines visible in the HRTEM images are the projections of carbon layers. Figure 10 shows 
nanostructure of soot from premixed flames. The similarity of soot nanostructure to previously 
presented carbon black is evident. In Reference [54] the authors image carbon layers and characterize 
them in a quantitative way. The imaged carbon layers are highly curved and resemble fragments of 
fullerenes. Mathematical morphological analysis of HRTEM images may be applied to extract 
structural parameters related to the curved geometry of individual fringes as layer length, tortuosity, 
and local curvature radii. Because pentagonal rings cause the curvature of fullerenes and carbon 
nanotubes, it is believed that they are also the origin of the non-planarity in soot. The formation of 
other topological defects cannot be ruled out. The missing atoms in hexagonal network break the 
periodic order and may cause the misalignment of layer segments relative to one another, resulting 
in the layer curvature, as shown in Figure 11. 

Figure 9. (a) Comparison of FW20 carbon black structure before and (b) after heat-treatment at 1000 ◦C,
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Wydawnictwo Politechniki Śląskiej, 2017.

Last but not least, the issue discussed in this section is the curved shape of graphene layers
in carbon black and soot. In 1986, just after the discovery of fullerenes by Kroto [48] in 1985,
Zhang et al. [49] suggested that spherical soot particles may growth from fullerene-like structures
acting as “nuclei”. Kroto and McKay [50] expanded this idea and proposed the so-called “icospiral
nucleation scheme” and “pentagon road model”. According to this idea, the first stages of soot particles
resemble the shell of a nautilus. The growth proceeds along a spatial spiral—along the opening of
the nautilus shell. Such a mechanism involves the incorporation of pentagonal rings into a growing
carbon network, driven by the need to eliminate dangling bonds. However, this model was questioned
based on, among others, XRD studies. Ebert [51] pointed out that d002 spacing for continuously
curving icospirals would be lower than those observed experimentally in the diffraction patterns
of soot. Nonetheless, the fact that fullerenes had been predicted to occur in flames [52], as well as
the reasonable idea that bent faceted planes and closed structures in soot arise from the presence of
pentagonal rings supported the hypothesis that soot and related carbon black have a fullerene-related
structure [53].

The dark lines visible in the HRTEM images are the projections of carbon layers. Figure 10
shows nanostructure of soot from premixed flames. The similarity of soot nanostructure to previously
presented carbon black is evident. In Reference [54] the authors image carbon layers and characterize
them in a quantitative way. The imaged carbon layers are highly curved and resemble fragments
of fullerenes. Mathematical morphological analysis of HRTEM images may be applied to extract
structural parameters related to the curved geometry of individual fringes as layer length, tortuosity,
and local curvature radii. Because pentagonal rings cause the curvature of fullerenes and carbon
nanotubes, it is believed that they are also the origin of the non-planarity in soot. The formation of
other topological defects cannot be ruled out. The missing atoms in hexagonal network break the
periodic order and may cause the misalignment of layer segments relative to one another, resulting in
the layer curvature, as shown in Figure 11.
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Reproduced with permission from Apicella et al. [54]. Copyright Elsevier, 2015.
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3. Glass-Like Carbon and Other Pyrolysed Non-Graphitising Carbons

Glass-like carbon, often called “glassy carbon”, is another representative of non-graphitising
carbons, for which the fullerene-related structure was proposed [7,53,56]. This form of carbon is
produced by the pyrolysis of organic precursors such as phenolic or furfuryl alcohol resins and is
very chemically inert and impermeable to gases comparing to other carbons. In this section we focus
mostly on the glass-like carbon. However, a discussion over other non-graphitising carbons produced
by pyrolysis is indispensable since they belong to the same group of carbon materials and show
common structural features. In 1951 Franklin described XRD studies of the effect of high-temperature
heat-treatment (up to 3000 ◦C) on the structure of various carbons prepared by pyrolysis of organic
materials and proposed they fall into two classes, graphitising and non-graphitising [21]. She showed
that the recorded X-ray diagrams for all non-graphitising carbons can be satisfactorily interpreted
by supposing the existence of graphite-like domains together with a certain proportion of highly
disordered material. Figure 12 shows her representation of the structure for those carbons which
may be converted into graphite by high-temperature annealing and for those which could not [21].
Franklin assumed the presence of disordered cross-links connecting the small graphitic crystallites
in non-graphitising carbons leads to their resistance against graphitisation, hardness, and formation
of pores.
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Although the cross-links were very important to Franklin’s structural model, she could not
explain their nature based on the XRD studies. In 1959 Ergun and Tiensuu [57] gave another
interpretation of the XRD patterns of non-graphitising carbons. They showed that clusters of
tetrahedrally-bonded carbon atoms give rise to diffraction bands in approximately the same angular
region as the two-dimensional (10) and (11) reflections of graphene layers, that is at values s = 2sinθ/λ

(θ is the scattering angle and λ is the wavelength) of about 0.5 Å−1 and 0.85 Å−1, as can be seen in
Figure 13. Therefore, they argued that from the broad, diffuse diffraction peaks of non-graphitising
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carbons it is very difficult to completely rule out the presence of diamond-like structures. Moreover,
when crystallites are very small containing finite number of atoms, a diamond lattice yields interatomic
distances and atomic distributions very close to those of carbon black obtained by Warren [16].C 2018, 4, x FOR PEER REVIEW  14 of 49 
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Figure 13. Calculated X-ray scattering intensities of a graphite-like layer (solid line), a cubic
diamond-like lattice (dashed line), and a hexagonal diamond lattice (dotted line), each containing
26 atoms. Reproduced with permission from Ergun and Tiensuu [57]. Copyright International Union
of Crystallography, 1959.

The presence of sp3 bonds would explain glassy carbon hardness and the nature of cross-links
envisaged by Franklin. Such a structural model was also propagated by Noda and Inagaki, who
proposed that both types of coordination, trigonal and tetrahedral, occur in the structure of glassy
carbons prepared from furfuryl alcohol resin [58]. They determined the quantitative amount of the
tetrahedral bonds for carbon pyrolysed at 2000 ◦C to be 50%. However, further ND studies have shown
absence of diamond-like structures in glassy carbon [59] and pointed out that previous analysis was
wrong due to poor quality of diffraction data. Noda and Inagaki used diffraction data only extending
to a scattering vector, Q = 4πsinθ/λ, of 10 Å−1, what resulted in the spatial resolution for diffraction
data in the real space of only around 0.6 Å. It is noteworthy that nowadays the powder XRD and ND
measurements provide a great coverage over a wide Q-range up to around 60 Å−1 and the analysis of
the diffraction data in real space in the form of the pair or radial distribution function is much more
accurate than many years ago. The issue of the sp3-bonds’ presence in non-graphitising carbons has
not been completely explained. Most recent studies using the total scattering method combined with
computer simulations of the atomic structure support the thesis that these carbons contain mostly
sp2-type bonds; however, the presence of small amounts of sp3 bonds is possible [26,60]. It should be
mentioned that so far, the TEM investigations have not provided images of diamond-like structures in
non-graphitising carbons and observations of isolated sp3 bonds would be extremely difficult.

In the 1960–1970s new methods of the diffraction data interpretation for disordered carbons
became more extensively used. Ruland and Perret [61] applied Fourier transform methods for the
analysis of layer-line profiles of a heat-treatment series of non-graphitising carbons. Ergun et al. [62–64]
developed an analysis of the diffraction patterns for disordered carbons, deriving equations which
allowed the calculation of the diffraction profiles and their direct comparison with the experimental
functions for larger scattering vector ranges. Warren and Bodenstein [65,66] proposed an approximate
equation that allowed calculations of the powder diffraction patterns for relatively large models
assuming disorder in the layer stacking. Mildner and Carpenter [67] performed an analysis of ND
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data in real space for glassy carbon, calculating the contribution to the radial distribution function
(RDF) resulting from the turbostratic structure. Ergun and Schehl [68], analysing the X-ray scattering
data for glassy carbon, showed that a model based on the quinoid structure can satisfactorily account
for the experimental RDF data. More recently Burian et al. [69] and Dore et al. [30] reported that
turbostratic models with paracrystalline distortion of the hexagonal network reproduces very well
all features of the experimental RDFs for activated carbons. They used a curve-fitting method to
the RDF for obtaining structural parameters such as interatomic distances, their standard deviations,
and the coordination numbers. Szczygielska et al. [70] used a different approach to the structure of
activated carbons, which is based on analysis of the experimental ND data in reciprocal space, since
RDF is weakly sensitive to the number of layers in coherent scattering domains. In this approach,
the diffraction intensities were calculated on the basis of a paracrystalline model with very weak
interlayer spatial correlations in which the atomic Cartesian coordinates were taken to obtain the
interatomic distances in the Debye equation. Szczygielska et al. [71] studied also the graphitisation
process in carbon materials using the radial distribution function. It was shown from analysis of the
XRD data in real space that carbons produced from saccharose are clearly non-graphitising, while
for anthracene-based carbons the inter-layer correlations start to play a role at about 1900 ◦C, and at
2300 ◦C practically complete transformation into graphite is observed. The changes in the experimental
structure factors and the RDFs for the studied carbons heat-treated at 1000, 1900, and 2300 ◦C are
showed in Figure 14a,b.
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Figure 14. (a) Comparison of structure factors and (b) radial distribution functions for saccharose- and
anthracene-based carbons heat-treated at 1000, 1900, and 2300 ◦C. Reproduced with permission from
Szczygielska et al. [71]. Copyright Elsevier, 2001.

Since the knowledge of structural parameters such as interlayer spacing, d, thickness of basic
structural units, Lc, and their diameter, La, is very important to understand the carbonisation and
graphitisation process, researchers often use the diffraction XRD or ND patterns or TEM images to
characterize these parameters for graphitic carbons [18,21,43–46,72–77]. Many attempts have been
made to compare the structural parameters from both techniques, but they are mostly only qualitative
and sometimes they differ from each other. This may result from the fact that powder XRD or ND
gives quantitative information from greater sample volume than TEM, and when a material probed
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with TEM is not fully homogenous at the atomic level, the obtained information cannot be considered
as representation of the sample in general. This may be the case when the structure is composed of
highly graphitised portions and disordered portions. The second reason why the structural parameters
obtained by powder XRD or ND and TEM may differ is misunderstanding of their physical meaning
in these two techniques. This especially applies to the La parameter referred to as the average size
of graphene layers in direction parallel to them. Namely, La from XRD represents only the linear
portions of layers, while in TEM La is the length of the (002) lattice fringes, most of which are not
straight. Therefore, the values of La obtained from TEM in such a case are usually larger than from
XRD or ND pattern analysis. This issue is discussed in the work of Sharma et al. [78]. What is more,
Sharma et al. pointed out that analysis of TEM images is usually obtained manually and that human
subjectivity is involved in such evaluation. These authors developed a computer algorithm to obtain
interlayer spacing, layer size, number of layers per stack, and their distribution from TEM images.
It has been shown that the structural parameters obtained using this algorithm for non-graphitising
phenol-formaldehyde-based carbon heat-treated at 1000 ◦C and 1400 ◦C agree very well with the
results of the XRD. However, it was demonstrated that the La parameter obtained using the Scherrer’s
approach to the (100) and (110) diffraction profiles [79] differ significantly from the results given by
Diamond’s approach to the (11) line [72], and TEM results are compatible only with the Diamond’s
approach. The comparison between structural parameters from XRD and TEM compiled by Sharma is
shown in Table 2.

Table 2. Comparison of structural parameters for phenol-formaldehyde-based carbon heat-treated at
1000 ◦C and 1400 ◦C from XRD and TEM techniques. Reproduced with permission from Sharma et al. [78].
Copyright Elsevier, 2000.

Sample

Interlayer Spacing
d, nm

Average Number of
Layers/Stack

Average Layer Diameter, nm

XRD TEM

XRD TEM
XRD TEM Scherrer Method Diamond Method

Lt
ns nF nt La(10) La(11) LD

PFC 10 0.38 0.38 2.5 2.4 2.6 3.6 3.4 1.2 1.1
PFC 14 0.37 0.38 2.6 2.4 2.8 3.8 3.9 1.4 1.3

It is important to note that values of the average layer size of the ordered regions may be also
neatly obtained from the diffraction data in the real space in the form of the atomic pair distribution
function. The range of the PDF oscillations yields the average size of coherent scattering domains.
Using computer modelling of the structure and fitting of the model-based diffraction data to the
experimental diffraction data in both real and reciprocal space, it is possible to determine the size and
shape of basic structural units in directions parallel and perpendicular to the graphene layers and the
number of layers in stack. Examples of such modelling [25,26] are presented later in this section.

Although XRD studies of disordered carbons performed by Franklin did not provide evidence that
the graphite-like layers may be curved, she first allowed such a possibility to explain the mechanism of
the crystallite growth during graphitisation: “In a compact carbon, the conception of whole layer-planes
moving by small stages seems a reasonable one; no large, abrupt movement need be involved,
especially if we admit the possibility of a slight bending of the layers during their migration” [21].
Among other early glassy carbon researchers assuming curvature of its structure, it is necessary to
outline the work by Jenkins and Kawamura [80]. Analysing XRD and TEM results they considered that
glass-like carbon has a network structure consisting of tangles and curved ribbons of graphitic carbon
which are cross-linked and which during the graphitisation process the ribbons are flattened and
straightened. This model has been quite widely accepted, but it was not compatible with the observed
impermeability to gases and low reactivity of glass-like carbons. Oberlin [43] has also pointed out that
the ribbon-like interpretation of the structure for disordered carbons based on the TEM images may be
misleading. In TEM, only a part of the structure is imaged—only the fringes parallel to the electron
beam. The carbon layers which are under the Bragg angle with respect to the incident beam should
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appear. Since for graphitic carbons only the (002) fringes are resolved, it is impossible to determine
if the layers are ribbon-like or rather isometric-like [43]. Oberlin, however, suggested the presence
of in-plane and boundary defects and wrinkling of graphene layers which disappears during the
high-temperature graphitisation process. Detailed studies of the structure for non-graphitising carbons
have been developed after the discovery of fullerenes since it turned out that non-planar sp2-bonded
carbons containing non-six-membered rings can be highly stable. A huge contribution to this field was
provided by HRTEM. Harris et al. [7] showed that HRTEM images of glass-like carbons contain many
features which indicate fullerene-related structure. These include completely closed nanoparticles of
different size, some of them similar to C60, multi-layered giant fullerene-like structures, nanotube-like
structures, saddle points, and negatively curved features. Examples of such structures observed for
commercial glassy carbons are shown in Figure 15.
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Figure 15. Nanostructures observed by HRTEM in commercial Sigradur glass-like carbon: imperfect
nanoparticle (a) and nanotube-like structures with small fullerene particles at the tip (b). Reproduced
with permission from Harris [7]. Copyright Taylor & Francis, 2004.

Harris [7] studied “low-temperature” and “high-temperature” glassy carbons, which means
those pyrolysed at temperatures up to 1000 ◦C and heated at temperatures of 2000 ◦C or higher,
respectively. Typical HRTEM micrographs for those two types of glassy carbon are shown in
Figure 16a,b, respectively. In the case of the “low-temperature” carbon, the microstructure is disordered
and isotropic, consisting of tightly curled single-carbon layers, which enclose micropores of the
order of 1 nm in diameter, with little obvious formation of graphitic layer. The “high-temperature”
carbon contains bigger graphitic structures and rather many more layers, but there is no macroscopic
graphitisation. Completely closed nanoparticles are present and often are multi-layered and have
inner cavities approximately 5 nm in diameter. The existence of large numbers of fullerene-like
nanoparticles explains the observation of impermeability to gases and low reactivity of glass-like
carbon compared to other carbons. As a result of this research, Harris proposed models for the
structure of the “low-temperature” and “high-temperature” non-graphitising carbons. The common
feature of both models is the presence of curved graphene sheets, in which pentagons and heptagons
were dispersed randomly throughout networks of hexagons. The models are shown in Figure 16c,d.
Compelling evidence for the fullerene-like model of non-graphitising carbons was found in 2008
by Harris et al. [81] in some HRTEM images of activated carbon. They recorded the presence of
five-membered rings in the network of hexagons, which can be seen in Figure 17, providing a possible
explanation of the observed curvature and ripples of graphene-like layers. Up to now there is no other
explanation for the formation of curved fullerene-like structures in non-graphitising carbons such as
the one that assumes the presence of topological defects in the form of non-hexagonal rings.
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Figure 16. (a) TEM images of commercial Sigradur K glass-like carbon prepared at 1000 ◦C and
(b) Sigradur G glass-like carbon prepared at 2800 ◦C. (c) Models for the fullerene-like structure of
low-temperature and (d) high-temperature glass-like carbon proposed by Harris. Reproduced with
permission from Harris [7]. Copyright Taylor & Francis, 2004.
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Figure 17. (a) Aberration-corrected micrograph of activated carbon heated to 2000 ◦C. (b,e) Enlarged
regions showing pentagonal arrangement of spots. (c,f) Simulated images of structures shown in (d,g),
respectively. Reproduced with permission from Harris et al. [81]. Copyright IOP Publishing, 2008.
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It is worth mentioning that Gogotsi et al. [82] showed also very interesting electron microscopy
studies of glassy carbon structures. He discovered unusual polyhedral nano- and micro-objects with
shapes of faceted needles, rods, rings, barrels, and double-tipped pyramids, in pores of glassy carbon,
and they were called “graphite polyhedral crystals”. Some of the observed structures were giant
radially extended nanotubes with high degree of perfection, as can be seen in Figure 18A,B, and
in the insets of Figure 18G. It was assumed that such polyhedral nanotubes grew from C–H(N2)
gas trapped in pores during carbonisation at 2000 ◦C and closure of the central nanotube can occur
due to pentagons giving rise to a curved geometry at the tip. Recently, we have also observed
similar polyhedral nanotubes to those found by Gogotsi in polyfurfuryl alcohol-derived glassy carbon
pyrolysed at 2500 ◦C, as can be seen in Figure 18H. The presence of such objects with a non-planar
geometry in glassy carbon is a further indication that it may have a fullerene-like structure.
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peak is present in the six-membered carbon ring but not in pentagon-ring, while higher-membered 
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Figure 18. (A–F) Scanning electron micrographs of graphite polyhedral crystals found in pores of Toyo
Tanso GL-200 glassy carbon. (G) Raman spectra of a polyhedral nanotube found in Toyo Tanso glassy
carbon with insets of its SEM and TEM images. Reproduced with permission from Gogotsi et al. [82].
Copyright The American Association for the Advancement of Science, 2000. (H) TEM image of a
polyhedral nanotube found in polyfurfuryl alcohol-derived glassy carbon, recorded with the S/TEM
Titan 80–300 microscope at accelerating voltage of 300 kV.

The emergence of the fullerene-related model for non-graphitising carbons has prompted many
studies to interpret the powder ND and XRD data in terms of graphite-like structures containing
non-hexagonal defects. The atomic pair distribution function approach was widely used for this
purpose. By using this approach Petkov et al. [83] carefully examined the experimental ND data for
polyfurfuryl-alcohol-based glassy carbons and optimized models for their local atomic structure which
are consistent with the experimental results. To identify the basic structural units of the structurally
coherent regions they considered the first few peaks in the PDF. The first three peaks for carbon
prepared at 1200 ◦C were positioned at real space distances of 1.41, 2.47, and 2.85 Å, respectively,
which exactly match the in-plane C–C bond distances in the aromatic-type ring of graphite, marked
in Figure 19a. However, for carbon prepared at 800 ◦C, the third peak was broadened, and its
intensity dropped when compared with that for 1200 ◦C. The third neighbour peak is present in the
six-membered carbon ring but not in pentagon-ring, while higher-membered rings should appear at
a different distance depending on the size of the ring. This peak is relatively weak and broadened
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for samples pyrolysed at 800 ◦C providing strong evidence that there is a significant proportion of
non-hexagonal rings in the structure. The PDF modelling performed by Petkov et al. has indicated
that carbon obtained at relatively low temperature (400 ◦C) may have a heavily distorted structure
which can be well approximated with an assembly of uncorrelated polymeric-like chains of carbon
atoms. Glassy carbon obtained at 800 ◦C is composed of curved and defective graphene sheets, and
carbon pyrolysed at 1200 ◦C is made of stacks of uncorrelated graphene sheets forming nanocrystalline
domains. An example of the comparison between the experimental PDF for the glassy carbon pyrolysed
at 800 ◦C and the calculated PDF for an optimized curved graphene-type model is shown in Figure 19b.
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Figure 19. (a) C–C bond distances in an aromatic-type hexagonal ring of graphite structure.
(b) Comparison of the experimental pair distribution function for the glassy carbon pyrolysed at
800 ◦C (dotted line) with the calculated pair distribution function for a slightly-curved graphene-type
model optimized by Petkov et al. [83]. Reproduced with permission from Petkov et al. [83]. Copyright
Taylor and Francis, 1999.

Due to the development of computer simulation methods such as ab initio molecular dynamics,
Reverse Monte Carlo (RMC), and Hybrid Reverse Monte Carlo (HRMC), the generation of physical
structural models which extend up to thousands of atoms has become possible. In these models of
disordered carbons, consisting of the Cartesian coordinates of atoms, the presence of topological defects
was assumed. A number of XRD and ND studies combined with modelling have been published in
this area [25,26,30,84–90]. It is worth noting that ED in a transmission electron microscope has also
been applied to determine the structure factors and the pair distribution functions for glassy carbons
and to investigate their local structure. For example, O’Malley and Snook [91] utilized the Reverse
Monte Carlo method in order to obtain three-dimensional atom configurations by fitting the structure
factor and pair distribution function, shown in Figure 20, provided by the ED. The models produced
by the RMC method consisted of randomly stacked graphitic basal planes possessing a buckled nature.
It was found that significant non-graphitic regions exist in glassy carbon, including the presence of
non-hexagonal rings. These disordered regions decrease in extent as the heat-treatment temperature
increases. Interestingly, the existence of three- and four-membered rings in the simulated structures
was revealed, as can be seen in Figure 21. Although the RMC procedure converges very well to the
experimental data, the large amount of three- or four-membered carbon rings is unrealistic since they
are highly-unstable carbon configurations. Further HRMC simulations excluded a possibility of the
presence of such atomic configurations in disordered carbons [84].
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and Snook [91] Copyright APS Physics, 1997.
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Figure 21. (a) A basal plane from the generated RMC configurations for glassy carbon heat-treated at
1000 ◦C. (b) A side-on view of the same basal plane. Reproduced with permission from O’Malley and
Snook [91]. Copyright APS Physics, 1997.

Another approach widely used to construct atomic physical models including topological defects
is classical molecular dynamics. The energy of the computer-generated models is optimized using
potential, describing interactions between carbon atoms such as reactive empirical bond order
potential for atoms lying in the same layer and the Lennard–Jones potential for atoms lying in
different graphene-like layers. As a result, three-dimensional models with intrinsic disorder are
obtained. The experimental data are analysed by comparison of the model-based calculations of
the structure factors and the pair distribution functions with the experimental functions. Such a
procedure was used by Hawelek et al. [25] to investigate the structure of commercial activated carbons
AX21 and BP71. He proposed models containing two and four graphene layers for AX21 and BP71,
respectively, approximately 16–20 Å in size, containing non-six membered rings in the form of the
Stone–Thrower–Wales (STW) defects. It should be noted that defects introduced to the considered
models lead to fluctuations in the nearest neighbours inter-atomic distances. If these defects are
randomly distributed over graphene layers, the fluctuations of the next neighbours distances increase
proportionally to the square root of the inter-atomic distance, according with the paracrystalline
approach [69,70]. Such a propagation of the network distortions influences both the structure factors
and the radial distribution functions, leading to their attenuation and broadening. The correctness
of the constructed models was confirmed by the good agreement between the experimental and
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simulated data, shown in Figure 22. Both peak positions and amplitudes are well reproduced by the
models, presented on the right in Figure 22, despite slight discrepancies in the region of the first and
second PDF peaks. These discrepancies can be related to problems with the contribution resulting from
a possible correlation between the structural units building up the whole sample volume. Such effects
are not accounted for in the present approach in which only spatial correlations between atoms within
an average structural unit are considered. Based on the obtained results it was concluded that the
activated carbons have a fullerene-related structure, but it is impossible to find only one precise model
which would explain the observed experimental data.
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Figure 22. Comparison of the simulated and experimental pair distribution functions for commercial
activated carbon BP71 (left). Visualisation of optimized models for the average structural unit of BP71
carbon (right). Reproduced with permission from Hawelek et al. [25]. Copyright International Union
of Crystallography, 1997.

The Harris’s model for fullerene-related structure of non-graphitising carbons in which it is
assumed that pentagons, heptagons, and other non-six-membered rings are randomly distributed over
the network of hexagons has prompted modelling studies taking into account such configurations.
However, for a long time there was no a direct microscopic evidence of heptagonal or higher-membered
ring defects in this type of carbon materials. Finally in 2012, Guo et al. [92] provided unequivocal
experimental data for the presence of connected five- and seven-atom ring defects in glassy carbons.
They obtained atomic-resolution images, shown in Figure 23, by using the annular dark-field scanning
TEM (ADF STEM), and demonstrated that wood- and polyfurfuryl alcohol-based nanoporous carbons
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indeed comprise isotropic three-dimensional networks of wrinkled graphene sheets in which the
non-hexagonal defects are frequently observed. These defects were found typically within one or
two rings of another five- to seven-ring pair structure, which suggests that they are correlated with
each other. Such a phenomenon is similar to what has been observed in grain boundaries, where the
dislocation cores align to minimize their strain energy.
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Figure 23. (a,b) STEM images of wood-based and (c,d) polyfurfuryl alcohol-based nanoporous carbons.
Hexagonal carbon rings are marked in blue, five- and seven-membered rings are marked in red.
Reproduced with permission from Guo et al. [92]. Copyright John Wiley and Sons, 2012.

These findings strongly support the idea that non-hexagonal defects in graphene-like layers
cause their corrugation and consequently affect their stacking, which in turn determines the structure
of nanopores and adsorption properties. A direct imaging probably ensures the best evidences for
the presence of local curvature and topological defects in the structure of non-graphitising carbons,
but it does not provide quantitative information on the degree of curvature and number of defects
in greater sample volume. The quantitative analysis of the structure is essential for predicting the
macroscopic properties. Here the powder XRD and ND methods combined with modelling come
to help us. Recently, it has been shown that the changes in the fullerene-like curvature of an atomic
network for a series of polyfurfuryl alcohol-based glass-like carbons may give a fingerprint in ND and
XRD data converted to the atomic pair distribution function representation [26]. It has been shown
that for all carbons pyrolysed at various temperatures in a range 800–2500 ◦C, the positions of the
PDF peaks in the first few coordination spheres up to around 6 Å are practically the same as those of
the perfect hexagonal graphene layer, as seen in Figure 24a. But the PDF peaks in the range around
13–19 Å, seen in Figure 24b, are moved towards shorter distances for the “low-temperature” glassy
carbons when compared with graphite, and they shift towards greater interatomic distances when
pyrolysis temperature increases. For the “high-temperature” glassy carbon pyrolysed at 2500 ◦C, the
PDF peak positions approach the interatomic distances for unstrained graphite. Therefore, it seems
that based on the PDFs we are able to compare the degree of the atomic structure curvature for different
graphitic carbons.

In order to quantitatively specify the degree of the curvature, manifesting itself in the XRD and
ND data, computer-simulated models of the atomic structure were optimized using the molecular
dynamics method. The simulation procedure allowed estimation of the averaged coherent scattering



C 2018, 4, 68 24 of 48

domain size, number of layers in the stack, and the kind and number of the topological defects,
assuring good agreement with the experimental diffraction data. For the glassy carbon pyrolysed at
800 ◦C, the best agreement was achieved when the monovacancies were introduced into the model
of coherent scattering domain. For carbon heat-treated at 1000 ◦C, a mixture of vacancies and STW
defects were optimal, while for carbons pyrolysed at higher temperatures, 1500 ◦C, 2000 ◦C, and
2500 ◦C, only the STW defects introduced in the models allow for the best fit to the experimental
structure factors and the PDFs [26]. In principle, based on these results, the presence of other defects
cannot be rejected, but they may indicate what type of defects dominate and what the mechanism is
whereby “low-temperature” glassy carbon is transferred into the “high-temperature” structure.C 2018, 4, x FOR PEER REVIEW  24 of 49 
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Figure 24. (a) Comparison of the experimental pair distribution functions determined from ND and
XRD measurements for glassy carbons pyrolysed at temperatures in the the range 800–2500 ◦C with
the function calculated for a single unstrained graphite layer in the short-range order and (b) in
the intermediate-range order. Reproduced with permission from Jurkiewicz et al. [26]. Copyright
International Union of Crystallography, 2017.

For the structural models with sizes representing the extent of the coherently scattered domains,
shown in Figure 25, it is assumed that they diffract independently. However, it is quite possible that
structures constructed from larger fragments would display slightly different behaviour to those made
from smaller ones. The larger fragments of structure should account for spatial correlations between
atoms within a single coherent scattering domain, as well as between atoms lying in different domains.
It was demonstrated that bigger structural models created through a coalescence of the smaller
building blocks match both neutron and X-ray experimental diffraction data in reciprocal and real
spaces significantly better than the models of single coherent scattering domains [26]. The boundaries
of the linked domains are regions rich in various defects, which can be recognized in the fragments of
the models presented in Figure 26a–d. The presence of agglomerated defective regions induces the
formation of curvature in the form of fullerene-like or nanotube-like elements. This is in agreement
with the outcome of work published by Guo et al. [92] showing ADF STEM images of agglomerated
defective sites in the glassy carbon structure. The proposed models were confirmed by direct
HRTEM observations for the same series of polyfurfuryl-alcohol based glassy carbons published
in Reference [93]. Examples of the microscopic images for glassy carbons pyrolysed at 800 ◦C, 1500 ◦C,
and 2500 ◦C are confronted with the structural models in Figure 26. This comparison indicates that
both methods TEM and XRD or ND combined with simulations give consistent structural information.



C 2018, 4, 68 25 of 48

C 2018, 4, x FOR PEER REVIEW  25 of 49 

indicates that both methods TEM and XRD or ND combined with simulations give consistent 
structural information.  

 
Figure 25. Models of averaged coherent scattering domains for polyfurfuryl alcohol-based glass-like 
carbons pyrolysed at temperatures: 2500, 2000, 1500, 980, and 800 °C (on the left) and the atomic 
configurations of single layers randomly separated from these models (on the right). (a) Fragment of 
the model with non-planar sp2 bonding, (b) Stone–Thrower–Wales defect, and (c) monovacancy. 
Reproduced with permission from Jurkiewicz et al. [26]. Copyright International Union of 
Crystallography, 2017. 

 

Figure 25. Models of averaged coherent scattering domains for polyfurfuryl alcohol-based glass-like
carbons pyrolysed at temperatures: 2500, 2000, 1500, 980, and 800 ◦C (on the left) and the
atomic configurations of single layers randomly separated from these models (on the right). (a)
Fragment of the model with non-planar sp2 bonding, (b) Stone–Thrower–Wales defect, and (c)
monovacancy. Reproduced with permission from Jurkiewicz et al. [26]. Copyright International
Union of Crystallography, 2017.
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Figure 26. Structural models for polyfurfuryl alcohol-based glass-like carbons pyrolysed at
temperatures: 2500, 2000, 1500, 980, and 800 ◦C, composed of several coherent scattering domains
connected to each other (on the left). (a–d) Selected fragments of the models showing curved
fullerene-like or nanotube-like elements. Reproduced with permission from Jurkiewicz et al. [26].
Copyright International Union of Crystallography, 2017. HRTEM images of glass-like carbons prepared
at 2500, 1500, and 800 ◦C (on the right) obtained with the S/TEM Titan 80–300 microscope at accelerating
voltage of 300 kV.



C 2018, 4, 68 26 of 48

Another convincing example showing a good agreement between TEM images and atomistic
modelling of the structure for non-graphitising carbons is presented in Figure 27. It is clear that
these models proposed by Tomas et al. [60], optimized using an annealing based molecular dynamics
approach, reproduce the main characteristics of HRTEM pictures including microstructure, porosity
at the nanometre scale, and graphitisation with increasing temperature. Simultaneously, the authors
showed that they reproduce features of the experimental pair distribution functions derived from XRD
data [60].
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Carbon nanotubes (CNTs) were discovered in 1991 by Iijima using HRTEM imaging. Some of 
Iijima’s first images of multiwalled carbon nanotubes (MWCNTs) are shown in Figure 28a. Parallel 
dark lines correspond to fragments of coaxially stacked nanotube cylinders parallel to the incident 
electron beam. The separation distance between walls of adjacent nanotubes was estimated to be 0.34 
nm. However, many years before the Iijima discovery, in 1976, Oberlin et al. [99] presented similar 
TEM images, which are shown in Figure 28b. The resolution of electron microscopes available at that 
time did not allow to “see” the structure of carbon walls in such objects and the Iijima HRTEM 
observations led to correct description of the CNT structure. Nowadays, HRTEM gives the possibility 
of distinguishing between carbon nanofibres and carbon nanotubes [94]. 

Figure 27. (a–e) TEM images of carbide-derived carbons obtained by chlorination at various
temperatures. (f–j) Structural models of carbide-derived carbons simulated using the annealing-based
molecular dynamic approach. Reproduced with permission from Tomas et al. [60]. Copyright
Elsevier, 2017.

4. Carbon Nanotubes and Graphene

Review articles on application of TEM for structural studies of carbon nanomaterials have been
already published [94–99]. Therefore, in the last two sections we will focus only on some selected
issues which may be confronted with achievements of powder XRD and ND in characterization of
carbon nanotubes, graphene, nanodiamonds, and nanoonions.

Carbon nanotubes (CNTs) were discovered in 1991 by Iijima using HRTEM imaging. Some of
Iijima’s first images of multiwalled carbon nanotubes (MWCNTs) are shown in Figure 28a. Parallel
dark lines correspond to fragments of coaxially stacked nanotube cylinders parallel to the incident
electron beam. The separation distance between walls of adjacent nanotubes was estimated to be
0.34 nm. However, many years before the Iijima discovery, in 1976, Oberlin et al. [99] presented similar
TEM images, which are shown in Figure 28b. The resolution of electron microscopes available at
that time did not allow to “see” the structure of carbon walls in such objects and the Iijima HRTEM
observations led to correct description of the CNT structure. Nowadays, HRTEM gives the possibility
of distinguishing between carbon nanofibres and carbon nanotubes [94].
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Figure 28. (a) First HRTEM images of multiwalled carbon nanotubes published by Iijima in 1991.
Reproduced with permission from Iijima [1]. Copyright Springer Nature, 1991. (b) TEM image
of CNT-like structure published by Oberlin et al. in 1976. Reproduced with permission from
Oberlin et al. [100]. Copyright Elsevier, 1976.

Combined HRTEM and ED patterns elucidated the helical structure of CNTs [1,101]. IIjima [101]
showed that the helical arrangement of hexagons in a graphitic carbon tubule is responsible for the
symmetry observed in the experimental ED pattern (Figure 29). The diffraction pattern of single-walled
carbon nanotubes (SWCNTs) may be understood by considering diffraction from two parallel parts of the
nanotube, corresponding to the “top” and “bottom” wall of it. An electron beam incident normal to the
tube axis passes sequentially through the two these fragments and the resultant diffraction pattern is the
sum of that from each of them. The diffraction pattern obtained from the MWCNT or rope of the CNTs
can be considered as the superposition of the diffraction patterns coming from the concentrically stacked
SWCNTs. It is known that CNTs may have different electronic properties, depending on their diameter
and chirality [102]. Therefore, a detailed determination of such structural features is very important. Since
the preliminary characterization of CNTs, a variety of experimental approaches for the determination of
their conformation using both ED and direct imaging have been described. In Reference [103] the various
methods for the accurate determination of the chiral indices of CNTs from ED patterns are collected.
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Figure 29. (a) ED pattern taken from a single-walled carbon nanotube (SWCNT) of diameter 1.37 nm.
(b) Electron micrograph of the same SWCNT. The pattern comprises two sets of hexagonal patterns
which give rise to splitting of the (hk0) spots. Each spot has periodic intensity maxima in the vertical
direction, caused by Frauenhofer diffraction from the two portions of tube imaged as dark line in
(b). (c) Schematic representation of helical tubules according to Hamada’s representation. A tubule is
represented by an index (m, n) or (m, α), where m is the m-th hexagon from the origin (0, 0), n and chiral
angle α are defined as shown. Reproduced with permission from Iijima and Ichihashi [101]. Copyright
Springer Nature, 1993.



C 2018, 4, 68 29 of 48

The quality of early SAED patterns was poor and their analysis was limited. However, the
development of nanoarea electron diffraction (NAED) significantly improved the analysis of the
CNT structure. Figure 30 shows NAED patterns together with HRTEM images for folded graphene.
Graphene folding, like forming a carbon nanotube by rolling up a graphene sheet, can occur in any
direction. The graphene folding angle can be measured similarly to the chiral angle measurement of
the CNTs [104].
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graphitic layers in the CNTs of polygonal shape. It is in agreement with TEM observations of the 
polygonised MWCNTs with large diameters [97]. Powder XRD and ND may be also useful for getting 
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assembled into a 2D hexagonal lattice held together by van der Waals forces, as shown in TEM images 
presented in Figure 31a–c. When SWCNTs are arranged in such ropes, their diffraction pattern shows 
a Bragg peak at around 0.43 Å−1 (Figure 31d) due to diffraction on the two-dimensional hexagonal 
lattice. Careful inspection of Figure 31b,c reveals differences in the diameters of SWCNTs in the ropes 
[95]. It was shown that the position, intensity, and width of the (10) diffraction peak could be affected 

Figure 30. (a–c) HRTEM images and (d–f) ED patterns from bilayer graphene folded edges of
armchair-type, 14.6◦ chiral folded-edge, zigzag-type, respectively. Reproduced with permission from
Zhang et al. [105]. Copyright APS Physics, 2009.

The powder XRD and ND methods become inadequate for determining chirality of single carbon
nanotubes or folded graphene. However, the X-ray or neutron powder diffraction studies may
provide some quantitative information on the structure of nanocarbon powder. One of the first XRD
investigations reported in Reference [106] have shown that the structure of the MWCNTs is turbostratic
in nature. Furthermore, XRD and ND patterns of the MWCNTs often show a presence of additional
peaks, beside the (002l) and (hk0) type peaks due to the turbostratic structure [23,107]. These peaks
correspond to (hkl) reflections of graphite which may only exists if some regular stacking of layers
occurs. The presence of these reflections can be explained by the existence of flat graphitic layers in
the CNTs of polygonal shape. It is in agreement with TEM observations of the polygonised MWCNTs
with large diameters [97]. Powder XRD and ND may be also useful for getting information about CNT
bundles or ropes. Many synthesis methods provide CNTs in aggregates assembled into a 2D hexagonal
lattice held together by van der Waals forces, as shown in TEM images presented in Figure 31a–c.
When SWCNTs are arranged in such ropes, their diffraction pattern shows a Bragg peak at around
0.43 Å−1 (Figure 31d) due to diffraction on the two-dimensional hexagonal lattice. Careful inspection
of Figure 31b,c reveals differences in the diameters of SWCNTs in the ropes [95]. It was shown that
the position, intensity, and width of the (10) diffraction peak could be affected due to the different
diameters and the powder XRD or ND data may help to get an average value of the SWCNT diameter,
as well as to estimate distribution frequencies of the tube diameters [108].



C 2018, 4, 68 30 of 48

C 2018, 4, x FOR PEER REVIEW  30 of 49 

due to the different diameters and the powder XRD or ND data may help to get an average value of 
the SWCNT diameter, as well as to estimate distribution frequencies of the tube diameters [108]. 

 
Figure 31. (a) HRTEM image of CNT ropes projected perpendicularly to their axis and (b,c) images of 
a rope projected along its axis. (d) Experimental powder XRD profile of a sample of SWCNT ropes 
produced by the arc-discharge technique (top curve) and theoretical diffraction profile computed for 
an ensemble of ropes with average diameter 1.34 nm and average number of tubes 25. Reproduced 
with permission from Lambin et al. [95]. Copyright Elsevier, 2002. 

Computer simulations of diffraction data based on the Debye equation have revealed that for 
CNTs of small diameter (~0.7 nm) it is possible to distinguish between armchair, zig-zag, and chiral 
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Figure 31. (a) HRTEM image of CNT ropes projected perpendicularly to their axis and (b,c) images of
a rope projected along its axis. (d) Experimental powder XRD profile of a sample of SWCNT ropes
produced by the arc-discharge technique (top curve) and theoretical diffraction profile computed for
an ensemble of ropes with average diameter 1.34 nm and average number of tubes 25. Reproduced
with permission from Lambin et al. [95]. Copyright Elsevier, 2002.

Computer simulations of diffraction data based on the Debye equation have revealed that for
CNTs of small diameter (~0.7 nm) it is possible to distinguish between armchair, zig-zag, and chiral
configurations, as can be seen in Figure 32a [109]. As the diameter of the tubule increases (up to around
6 nm), the differences between the different configurations disappear, as showed in Figure 32b, and
the powder XRD or ND is not adequate to determine the CNT chirality. Experimental investigations
confirmed that XRD may be a useful tool to “fingerprint” the chiral indices of bulk SWCNT samples,
when tube diameters are small (~1 nm) [110].
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Beside the dependence of CNT properties on the way a single graphitic sheet is wrapped up into
a cylinder, it has been revealed that CNT properties are directly related to the presence of defects in
graphene network. Although the CNTs with the perfect hexagonal structure exhibit ballistic transport
of electrons, the presence of such defects leads to additional states in an energy gap and to a reduction of
CNT electrical conductivity [111–113]. A number of studies have demonstrated that CNTs may contain
topological defects such as vacancies, Stone–Thrower–Wales defects, and other non-hexagonal rings.
One of the first direct HRTEM observations of the formation and relaxation of individual topological
defects in double-walled CNTs (DWCNTs) was presented by Urita et al. [114]. The interlayer defects,
which cause curvature of graphene layers and bridge two adjacent layers, shown in Figure 33, were
assigned to interstitial vacancy pairs. The accelerating voltage for these HRTEM observations has
been chosen as 120 kV, which is just close to the threshold of the knock-on-damage effect of graphite
(130 kV) [115].
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The interaction of electrons with carbon material may result in damage of the atomic structure—
it is the so-called knock-on-damage phenomena. An example of such damage to the SWCNT 
structure is presented in Figure 34 [117]. These images show amorphous-like disordering of CNT 
structure after 200 keV irradiation. Smith et al. [117] established that the threshold electron energy 
for the knock-on damage to an isolated SWCNT is only 86 keV. As the electron energy is increased 
from 86 to 139 keV carbon atoms become susceptible to ballistic ejection, and above 139 keV, all atoms 
can be ejected. It means that the structure of CNTs cannot be stably imaged for long periods at high 
TEM accelerating voltages, which prevents the accurate detection and investigation of pristine 
structural defects. A reducing of the accelerating voltage (electron energy) solves the problem of the 
knock-on damage effect but it also results in a decrease of resolution of the observed images. 

Figure 33. Sequential HRTEM images of the interlayer defects which appear and disappear in DWCNTs
recorded at 573 K. In the side wall (a–d), several bridges connecting two graphene layers frequently
appear in dark contrast (marked by red arrows) and disappear just after the observation. Also, in the
top wall (e–h), pairs of dark and bright contrast often appear and then vanish (marked by red arrows).
Reproduced with permission from Urita et al. [116]. Copyright American Physical Society, 2005.

The interaction of electrons with carbon material may result in damage of the atomic structure—it
is the so-called knock-on-damage phenomena. An example of such damage to the SWCNT structure
is presented in Figure 34 [117]. These images show amorphous-like disordering of CNT structure
after 200 keV irradiation. Smith et al. [117] established that the threshold electron energy for the
knock-on damage to an isolated SWCNT is only 86 keV. As the electron energy is increased from 86
to 139 keV carbon atoms become susceptible to ballistic ejection, and above 139 keV, all atoms can be
ejected. It means that the structure of CNTs cannot be stably imaged for long periods at high TEM
accelerating voltages, which prevents the accurate detection and investigation of pristine structural
defects. A reducing of the accelerating voltage (electron energy) solves the problem of the knock-on
damage effect but it also results in a decrease of resolution of the observed images.
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number of pristine defects (disorder) in probed CNT powder without the risk of the knock-on-
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Figure 34. Electron irradiation of a SWNT at 200 keV: (A) before extensive irradiation and (B) after
irradiation to a dose of 0.35 × 1023 electrons/cm−2. Reproduced with permission from Smith et al. [117].
Copyright American Physical Society, 2001.

Alternatively, the characterization of the CNT atomic structure, including presence of topological
defects, can be made through combination of powder XRD or ND data with computer modelling of
the structure, as described in References [118,119]. The topological defects can be introduced into the
computer-generated models in the form of Cartesian coordinates of atoms, and then relaxed using
molecular dynamics method. The experimental XRD or ND data, in reciprocal- and real-space, are
compared with model-based simulations. Such a procedure allows an estimation of the type and
amount of defects for which a good agreement with the experimental data is obtained. It is important
to point out that in such a way it is possible to quantitatively evaluate the average number of pristine
defects (disorder) in probed CNT powder without the risk of the knock-on-damage effect. In this
context, XRD and ND was established as a suitable test for the quality of carbon nanotubes produced by
various methods, such as cathodic arc discharge (defect free), catalytic decomposition of hydrocarbons
(low degree of disorder), and template deposition (high degree of disorder) [119]. A comparison of
the structure factors and the pair-distribution functions for these CNTs is shown in Figure 35. For the
defect-free MWCNTs, the peaks are clearly sharper and when the samples are more disordered, they
become broadened as a result of network distortions due to presence of Stone–Thrower–Wales defects.
The number of STW defects computed as proportions of rotated carbon–carbon bonds was 1.4%,
0.87%, and 0.66% for MWCNTs obtained by template deposition, catalytic DWCNTs, and catalytic
MWCNTs, respectively.
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Figure 35. (a) Comparison of the structure factors for the sample A (MWCNTs obtained by template
deposition), the sample B and C (catalytic DWCNTs and MWCNTs), and the sample D (MWCNTs
obtained by arc discharge). (b) The pair distribution functions computed from the data shown on (a).
Reproduced with permission from Hawelek et al. [119]. Copyright Elsevier, 2012.

Similar simulations verified by experimental XRD and ND data were applied for studies of
the atomic scale structure of graphene powder [24,120]. For graphene flakes obtained by chemical
exfoliation of graphite it was shown that the best agreement between experimental and model-based
diffraction data was obtained for a model consisting of three graphene layers, 36 Å in diameter, with
di-vacancy defects randomly distributed over the layers. The introduced defects lead to a departure
from planarity of the graphene layers, as can be seen in Figure 36. Sofer at al. [121] demonstrated major
advantages of ND and XRD techniques for structural investigations of bulk amounts of graphene.
Compared to various microscopic techniques, XRD and ND methods can give overall information
about the graphene microstructure such as average number of layers and in-plane size of coherently
scattered domains. Powder XRD and ND methods are usually non-destructive and do not require
any sample preparation based on dispersing in solvents that may imply changes in the structure.
Laboratory X-ray sources do not destroy carbon specimens. When synchrotron or neutron sources are
used, the final diffraction intensities are averaged over several scans that allow checking for structural
changes of the investigated sample during radiation exposition. The irradiation damages were detected
only under high radiation doses [122,123] which are not applied for diffraction studies. The use of
X-ray free electron lasers can in principle introduce structural changes [124], and in such a case special
care should be taken in order to avoid misinterpretation of the results. The application of XRD or ND
is crucial for large-scale (industrial) characterization of graphene materials. The presented XRD and
ND studies combined with modelling yield average information on structural defects and allow the
characterization of the powder nanocarbon materials produced on industrial scale.
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Figure 36. Visualization of the structural model with di-vacancies defects for graphene flakes
obtained by chemical exfoliation of graphite. The visible defects are indicated by grey non-hexagonal
rings. Reproduced with permission from Woznica et al. [24]. Copyright International Union of
Crystallography, 2015.



C 2018, 4, 68 34 of 48

A major revolution for electron microscopy in the past decade was introduction of aberration
correction (AC) that contributed significantly to the high-resolution imaging at low-operating voltages
(60–80 kV). This is crucial for carbon nanomaterials which are sensitive to electron beam. For the
low-operating voltage, the risk of sample damage by the electron beam is significantly reduced, and
moreover, the contrast of the obtained images increases. The pioneer AC TEM studies performed
by Suenaga and colleagues [106,116,125,126] have provided new information about the chirality of
the smallest carbon nanotubes, the edge structure of graphene layers, the atomic-scale defects in
nanocarbons, and how the defects can influence their macroscopic properties. Figure 37 displays
images of the carbon network for the smallest carbon nanotubes, (3,3), (4,3), and (4,4) identified so far,
obtained by a modern HRTEM with a post-specimen aberration corrector. In order to unambiguously
identify the diameter of such small carbon nanotubes by TEM, the assignment of its chiral index with
the relevant image simulation or the nanoprobe diffraction is indispensable. Using AC HRTEM, the
atomic structure of the smallest CNTs was faithfully imaged (as a moiré pattern), and therefore the
chiral index assignment could be performed. As a result, the diameters of the imaged CNTs were
calculated as ~0.41 nm for (3,3), ~0.48 nm for (4,3), and ~0.54 nm for (4,4) configuration.
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A great chance for better understanding of the role and behaviour of defects in carbon 
nanostructures is in situ AC TEM that allows direct observations of dynamic processes and property 
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a defect formation in single graphene layers induced by electron irradiation. Figure 38a shows the 
observed graphene structure before irradiation. After several tens of seconds of irradiation, a missing 
row of a zig-zag chain appeared, as shown in Figure 38b. Such a basal plane dislocation in the 
graphene layer was explained by the existence of a topological defect. The HRTEM simulations based 
on the relaxed pentagon–heptagon structure showed a blurred area of 1–2 nm around the dislocation 
core (Figure 2d) that fits well with the experimental image (Figure 38b). The formation of such Stone–
Thrower–Wales bond rotation, inducing a deformation of graphene layers, is considered as an 
important factor for carbon nanotube relaxation under strain [129]. Subsequent HRTEM observations 
with atomic sensitivity performed by Suenaga et al. [116] directly found pentagon–heptagon pair 
defects in SWCNTs. By in situ observations they also elucidated the atomistic mechanism of the 
plastic deformation of SWNTs. It was shown that an accumulation of topological defects occurs near 
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(a) (3,3)@(12,3) DWCNTs, (b) (4,3)@(9,8) DWCNTs, and (c) (4,4)@(9,9) DWCNTs. Scale bar, 1 nm.
Reproduced with permission from Guan et al. [125]. Copyright American Chemical Society, 2008.

A great chance for better understanding of the role and behaviour of defects in carbon
nanostructures is in situ AC TEM that allows direct observations of dynamic processes and property
measurements at the nanoscale [127]. Hashimoto et al. [128] reported in situ HRTEM observations
of a defect formation in single graphene layers induced by electron irradiation. Figure 38a shows
the observed graphene structure before irradiation. After several tens of seconds of irradiation, a
missing row of a zig-zag chain appeared, as shown in Figure 38b. Such a basal plane dislocation in the
graphene layer was explained by the existence of a topological defect. The HRTEM simulations based
on the relaxed pentagon–heptagon structure showed a blurred area of 1–2 nm around the dislocation
core (Figure 2d) that fits well with the experimental image (Figure 38b). The formation of such
Stone–Thrower–Wales bond rotation, inducing a deformation of graphene layers, is considered as an
important factor for carbon nanotube relaxation under strain [129]. Subsequent HRTEM observations
with atomic sensitivity performed by Suenaga et al. [116] directly found pentagon–heptagon pair
defects in SWCNTs. By in situ observations they also elucidated the atomistic mechanism of the plastic
deformation of SWNTs. It was shown that an accumulation of topological defects occurs near the
kink of a deformed nanotube (Figure 39). This result suggests that such active topological defects may
indeed be responsible for the plastic deformation of CNTs.
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Figure 39. Active topological defects observed by in situ HRTEM. (a–h) Sequential HRTEM images of 
an SWNT layer. Heptagons or higher-membered rings (red), hexagons (green), and pentagons or 
smaller rings (blue) of carbon atoms tend to gather around the kink structure during observations. 
Reproduced with permission from Suenaga et al. [116]. Copyright Nature, 2007. 

Figure 38. In situ observation of a topological defect induced in a graphene layer. (a) HRTEM
images of a single graphene layer with a topological defect before and (b) after electron irradiation.
An edge dislocation is unambiguously visible at the middle of the network where one zig-zag chain
is missing through it. The missing zig-zag chain is shown schematically in the bottom part of each
panel. (c) An atomistic model of the pentagon–heptagon pair in the graphitic network. (d) A simulated
HRTEM image shows a good comparison with the HRTEM image shown in (b). Reproduced with
permission from Hashimoto et al. [128]. Copyright Nature, 2004.
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Figure 39. Active topological defects observed by in situ HRTEM. (a–h) Sequential HRTEM images
of an SWNT layer. Heptagons or higher-membered rings (red), hexagons (green), and pentagons or
smaller rings (blue) of carbon atoms tend to gather around the kink structure during observations.
Reproduced with permission from Suenaga et al. [116]. Copyright Nature, 2007.

Parallel to TEM, scanning TEM (STEM) is another kind of powerful technique for observing carbon
materials on the atomic scale, and nowadays STEM units are often incorporated into conventional
TEM setups. The TEM mode uses a stable, parallel electron beam. Therefore, an image of the
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entire nanostructure is obtained in one shot. This is of great value for in situ studies. In the STEM
mode, in turn, the electron beam is strongly focused (the size of the spot- on sample surface is
of the order of Å) and scans the surface of the sample. In the STEM imaging different detectors
may be used: BF detector, placed in the optical axis of microscope, ADF detector, which registers
electron scattered elastically, and high-angle ADF (HAADF) detector, which registers electron scattered
elastically, and high-angle annular dark-field (HAADF) detector, which collects electrons that are
scattered elastically to higher angles. High-resolution STEM-HAADF images, obtained using a
suitable electron optical setup, can be directly interpreted as positions of individual atoms, without
the need of image-processing and comparison to computer simulation results, as is the case with
HRTEM images. In the previous section, we already presented one example of ADF STEM images
revealing the presence of topological defects in non-graphitising carbons (Figure 23). Here, it is also
worth mentioning application of STEM for nanocarbons, since it provides an excellent capability of
imaging their local atomic structure. Figure 40a presents ADF STEM atomic resolution images of a
single graphene layer edge. The possible positions of carbon atoms derived from the local intensity
maxima of ADF signals are marked by circles in Figure 40b. A triple-coordinated sp2 carbon atom,
a double-coordinated atom, and a single-coordinated atom, illustrated in Figure 40c, are marked
with arrows. This spectacular imaging was coupled with electron energy loss spectroscopy (EELS),
which is the spectroscopic technique associated with transmission electron microscopes and provides
information on bonding states and the electronic structure of atoms. Figure 40d shows K (1s)-edge
EELS spectra measured for these three atomic configurations. They exhibit clear differences. It means
a discrimination of single-, double-, and triple-coordinated carbon atoms is achievable with the atomic
resolution. Electron energy loss spectroscopy is also widely used to study the transformation of the
bonding character of carbon atoms during carbonization and graphitization. Methodology of EELS
data treatment and analysis can be found in References [130,131].
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Figure 40. Imaging and spectroscopy of graphene edge. (a) ADF STEM image of a single graphene
layer at the edge region. No image-processing has been done. Atomic positions are marked by circles
in a smoothed image (b). Green, blue, and red spectra correspond to the normal sp2 carbon atom,
a double-coordinated atom, and a single-coordinated atom, respectively. These different states of
atomic coordination are marked by coloured arrows in (a,b) and illustrated in (c). (d) Electron energy
loss spectroscopy (EELS) of carbon K (1s) spectra taken at the colour-coded atoms indicated in (b).
Reproduced with permission from Suenaga et al. [132]. Copyright Nature, 2010.
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5. Nanodiamonds and Carbon Nanoonions

Nanodiamonds were synthesised for the first time in 1963 by detonation method from a highly
explosive mixture of carbon molecules [133]. Over the decades, TEM and powder XRD and ND
have been routinely applied to study the structure of nanodiamonds as well. For example, in 1987
Lewis et al. [134,135] using XRD, TEM imaging, and ED revealed that the famous Allende meteorite
contains nanodiamonds. The measured XRD pattern for isolated diamond nanoparticles showed broad,
diffuse reflections which matched the positions of Bragg peaks for crystalline diamond. The presence
of a diamond structure in this meteorite was confirmed by SAED, and an analysis of TEM images
allowed evaluating the average size of the diamond particles to be only 2.6 nm.

There are three main aspects in the structure of diamond nanoparticles to be considered: the
overall shape, the core, and the surface. They strongly depended on the synthesis conditions and
subsequent purification treatment. Many researchers have demonstrated, using direct TEM imaging,
that nanodiamond structure can be described by a core-shell model, in which a central part of the
nanoparticle has diamond structure and the atomic arrangement in the outer shell is of graphite-like
or amorphous type [136–138]. Transmission electron microscopy and HRTEM micrographs of typical
nanodiamond particles are shown in Figure 41a,b [139]. The core of these nanodiamonds closely
resembles the structure of a diamond, while the surface of the nanoparticles actually resembles the
structure of disordered graphite-like carbon.
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Figure 41. (a) TEM and (b) HRTEM micrographs of nanodiamonds. Reproduced with permission from
Pawlyta [139]. Copyright International OSCSCO World Press, 2013.

The core-shell nanodiamond structure was strongly supported by powder diffraction studies.
In 1999 Aleksenskii et al. [140] proposed a model describing the structure of diamond nanoclusters,
produced by explosive shocks, based on experimental data obtained from XRD and small-angle X-ray
scattering. This model postulates that the nanodiamond surface is unstable and considers the diamond
nanocluster as a crystalline diamond core coated by an onion-like shell. It has been shown that
experimental XRD patterns display (002) reflection from graphite-type structure, beside the (111), (220),
and (311) reflections from the cubic diamond-type structure.

In contrast to the structural models of nanodiamonds assuming the presence of disordered
graphitic shell, Iakoubowskii et al. [141] showed high-vacuum aberration-corrected electron
microscope images of detonation nanodiamond particles which have a well-resolved cubic lattice with
negligible fraction of non-diamond structures on the surface. They proposed that the non-diamond
shell, commonly detected on nanodiamond particles, could be intrinsic to the specific sample
preparation and treatment rather than to the nature of the nanosized diamond itself. Moreover,
it has been demonstrated that the disordered carbon structure may appear either due to contamination
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or electron beam-induced damage. When the studied area was irradiated, after ~1 min of exposure to
the electron beam some disordered carbon layers were formed at the particle edges, as can be seen in
Figure 42.
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Figure 42. BF STEM images showing a twinned detonation nanodiamond particle after a few seconds
of observation (left panel) and after ~1 min exposure to the electron beam (right panel). Reproduced
with permission from Iakoubowski et al. [141]. Copyright AIP Publishing, 2008.

The TEM observation of isometric and elongated shape of nanodiamond particles by Iakoubowskii
et al. [141] disagreed with the previous postulates that the detonation nanodiamond’s particle shape
is spherical [142] or that of a truncated octahedron [143]. The survey on the existing nanodiamond
structure indicates that a single model cannot describe all kinds of nanodiamonds manufactured
and purified by different methods. We would note in this regard that the powder ND and XRD
combined with modelling of the atomic structure may be satisfactorily used to support the TEM
observations and describe the structure of nanodiamond particles in terms of their size and core-shell
atomic order. Especially, the nature of the most-outer shell may be specified if it is amorphous or
graphitic-type. Hawelek et al. [144] used high-energy XRD and molecular dynamic for optimization
of models of explosive nanodiamonds. The obtained results showed that the structure of the
investigated diamond nanoparticles cannot be satisfactorily described in terms of the model based on
the perfect diamond lattice. The core-shell models with an average size of ~2 nm and spherical and
truncated octahedron shapes, consisting of the diamond core and the graphite-like shell, accounted
very well for the experimental diffraction data in the reciprocal and real spaces in the form of
the structure factors and the pair distribution functions. Analysing the surface of the optimized
nanodiamond’s models, it was found that graphitic-type fragments appear on the (111)-type surfaces,
whereas the atomic arrangement on the (100)-type surfaces remains diamond-like, as can be seen
in Figure 43a,b. The higher transformation rate of (111) diamond planes to graphite-like layers
was previously suggested by Kuznestov et al. [145] studying transformation of nanodiamonds into
onion-like carbon by heat-treatment. The diamond-like core gradually changes into the graphitic-shell
via the intermediate part of the distorted diamond-type and the changes may be monitored by analysis
of the bond length and valence angle distributions calculated based on the proposed models in the
form of Cartesian coordinates of atoms (see Figure 44).
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Figure 44. Bond length and valence length distribution for model of the nanodiamond shown in
Figure 43b. Part 1, 2, 3, and 4 refers to the inner, middle, and outer regions of the model. Reproduced
with permission from Hawelek et al. [144]. Copyright AIP Publishing, 2008.
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Both TEM and powder XRD and ND tools also provided valuable information on the structure
of nanodiamonds treated at elevated temperatures in vacuum. This process was studied in detail
by Keznestov et al. [145,146] and Tomita et al. [147,148]. At temperatures around 1500 ◦C, spherical
onion-shaped particles are formed. Heating the samples to around 2000 ◦C leads to faceted graphitic
nanoparticles with hollow cores. A nice interplay between results obtained from TEM and XRD
is presented in Figure 45. This figure shows a sequence change in the diffraction patterns of
nanodioamonds heat-treated at 1400 ◦C, 1700 ◦C, and 2000 ◦C, arising from sp3 to sp2-type bonding
transformation, and the changes correlate well with TEM images. The onions obtained at 1700 ◦C
form concentric-shell particles, which are comprised of about ten shells with an intershell distance
d002 of 0.35–0.36 nm, estimated from the position of the first diffraction peak. The large d002 values
suggest a considerable reduction in interlayer interaction when compared to perfect graphite. For the
sample heated at 2000 ◦C, diffraction pattern do not exhibit diamond-type reflections and the observed
polyhedral onions with facets on their outer part may be considered as pure sp2-type carbon materials.
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Figure 45. The diffraction intensities together with the TEM images for (a) pristine diamond
nanoparticles, (b) the nanoparticles after heat-treatment at 1400 ◦C, (c) at 1700 ◦C, and (d) at 2000 ◦C.
Reproduced with permission from Tomita et al. [148]. Copyright AIP Publishing, 2002.

The concept of “carbon onions” was for the first time used in 1992 by Ugarte [2], who
observed nanonion-like multi-layered fullerenes produced by intense bombardment of nanotubes
and nanoparticles by electron beam. Further studies showed that they may be also obtained by
arc-discharge, electron irradiation, chemical vapour deposition, radio-frequency, microwave plasma,
and the already mentioned nanodiamond annealing [149]. Since high-temperature annealing of
nanodiamonds is the method that can provide carbon nanoonions with uniform size in a large
quantity, the graphitisation process of nanodiamonds has been extensively studied, including molecular
dynamic simulations of structural models [150,151] and their verification by experimental powder
diffraction data [152,153].
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Finally, it is worth mentioning recent achievements of ultra-high-resolution TEM in revealing the
structure of nanodiamonds. Many powder XRD and ED reports indicated that diamond nanocrystals
are structurally inhomogeneous, consisting of cubic (c-) diamond, plus several poorly characterized
sp3-bonded forms, called polymorphs, or polytypes [154–159]. Based on those studies it was suggested
that the postulated nanodiamond polymorphs cause the appearance of additional diffraction peaks,
in addition to c-diamond reflections. The proposed polymorphs could be attractive for a range of
applications, but they have never been synthesized in pure form. For example, lonsdaleite-diamond
received attention because it was thought to possess superior compressive strength, hardness, and
rigidity, compared to c-diamond [160]. However, in 2015, Németh et al. [161] using ultra-HRTEM
(0.08 nm point resolution) showed that the diffraction features attributed previously to the various
polymorphs are consistent with c-diamond containing abundant defects. The interpretation of the
microscopic images strongly suggested that the reported nanodiamond polymorphs are in fact twinned
c-diamond, while combinations of (113) reflection and <011> rotation twins produce HRTEM images
and d-spacings that match those attributed to the postulated diamond polymorphic forms. It is a good
example showing how the local TEM probe may re-evaluate the structural features obtained by the
global powder XRD or ND probes and lead to a rethinking of carbon structure.

6. Conclusions

The widespread use of carbon materials requires continuous improvement of their synthesis and
processing. Understanding of their properties and controlling of quality is impossible without an
elucidation of their structure. In this review article, we have collated structural information obtained
by the powerful TEM technique and XRD and ND methods for several industrially important “old”
and “new” carbon materials, such as carbon black, glass-like carbon, carbon nanotubes, graphene,
nanodiamonds, and nanoonions. Both kinds of the considered techniques have advantages and
limitations. With powder XRD or ND, a sample consisting of a large number of particles with
all possible orientations with respect to incident beam direction is probed and a global, statistical
characterization of the material can be obtained. However, these methods do not provide direct
information about individual elements building the structure. On the other hand, it has been shown
that very tiny structures (of the order of nm or even single atoms) may be examined individually using
TEM. However, this method does not guarantee that the limited amount of sample under probe is
representative for the whole produced material. There is no single technique available today that can
probe all structural features on different length-scales. We highlighted that TEM and powder XRD or
ND provide complementary structural data and combining them is required for complex structures that
cannot be solved by either method alone. We showed examples of what type of structural information
may be derived from the experimental observations using both kinds of techniques and how they
may be included in computer modelling of structure. The use of both TEM and powder XRD or ND
simultaneously allows correlation of local and global structural information and verification of the
structural models proposed based on results from only one method. We provided a number of examples
which show how local TEM studies had inspected the shortcomings in the structure determination by
the global powder diffraction experiments. Transmission electron microscopy imaging revealed that
graphite-like domains in carbon black particles are arranged concentrically around the core, while first
structural models of carbon black constructed based on powder XRD studies had assumed a random
orientation of the graphite-like domains. Transmission electron microscopy method demonstrated the
presence of fullerene-like elements and topological defects in the structure of non-graphitising carbons,
while powder XRD and ND was initially unable to determine the curvature and origin of disorder in
graphene-like layers. The atomic-resolved HRTEM revised the presence of various polymorphic forms
in nanodiamonds postulated based on powder diffraction studies and suggested that those forms may
have in fact a twinned cubic diamond structure. Furthermore, HRTEM has become useful for in situ
observations of dynamic processes even for single atoms or point defects in carbon nanostructures,
while powder XRD and ND methods are not applicable for structure manipulations on single atoms or
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nano-objects. Nevertheless, powder XRD and ND combined with computer modelling of the atomic
structure was showed to be highly valuable for global quantitative characterization of structural
features such as phase composition, size of coherent scattering domains, interlayer distances, or
number of defects. This allows comparison of the same type of carbon materials but produced by
different methods. To conclude, it is worth mentioning that both TEM and powder XRD and ND
techniques, as well as the approaches to their analysis, are still developing and we may expect they
will contribute to further progress in solving various carbon structures of high complexity.
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