
lable at ScienceDirect

Carbon 172 (2021) 214e227
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate/carbon
Research Article
Monitoring the thermally induced transition from sp3-hybridized into
sp2-hybridized carbons

Dominique B. Schüpfer a, *, Felix Badaczewski b, Jan Peilst€ocker b,
Juan Manuel Guerra-Castro c, Hwirim Shim d, e, Saleh Firoozabadi f, Andreas Beyer f,
Kerstin Volz f, Volker Presser d, e, Christian Heiliger c, Bernd Smarsly b, Peter J. Klar a

a Institute of Experimental Physics I and Center for Materials Research (LaMa), Justus Liebig University Giessen, 35392, Giessen, Germany
b Institute of Physical Chemistry and Center for Materials Research (LaMa), Justus Liebig University Giessen, 35392, Giessen, Germany
c Institute for Theoretical Physics and Center for Materials Research (LaMa), Justus Liebig University Giessen, 35392, Giessen, Germany
d INM - Leibniz Institute for New Materials, 66123, Saarbrücken, Germany
e Department of Materials Science and Engineering, Saarland University, 66123, Saarbrücken, Germany
f Department of Physics and Materials Sciences Center (WZMW), Philipps University Marburg, 35032, Marburg, Germany
a r t i c l e i n f o

Article history:
Received 21 July 2020
Received in revised form
17 September 2020
Accepted 21 September 2020
Available online 28 September 2020

Keywords:
Amorphous carbon
Adamantane
Carbon onions
Nanodiamond
Carbon characterization
Raman spectroscopy
* Corresponding author.
E-mail address: dominique.b.schuepfe

(D.B. Schüpfer).

https://doi.org/10.1016/j.carbon.2020.09.063
0008-6223/© 2020 The Authors. Published by Elsevie
a b s t r a c t

The preparation of carbons for technical applications is typically based on a treatment of a precursor,
which is transformed into the carbon phase with the desired structural properties. During such treat-
ment the material passes through several different structural stages, for example, starting from precursor
molecules via an amorphous phase into crystalline-like phases. While the structure of non-graphitic and
graphitic carbon has been well studied, the transformation stages from molecular to amorphous and
non-graphitic carbon are still not fully understood. Disordered carbon often contains a mixture of sp3-,
sp2-and sp1-hybridized bonds, whose analysis is difficult to interpret. We systematically address this
issue by studying the transformation of purely sp3-hybridized carbons, that is, nanodiamond and ada-
mantane, into sp2-hybridized non-graphitic and graphitic carbon. The precursor materials are thermally
treated at different temperatures and the transformation stages are monitored. We employ Raman
spectroscopy, WAXS and TEM to characterize the structural changes. We correlate the intensities and
positions of the Raman bands with the lateral crystallite size La estimated by WAXS analysis. The
behavior of the D and G Raman bands characteristic for sp2-type material formed by transforming the
sp3-hybridized precursors into non-graphitic and graphitic carbon agrees well with that observed using
sp2-structured precursors.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Carbon materials are widely used in energy storage systems, for
example, as components in supercapacitors or as electrodes in Li-
ion batteries [1,2]. Especially carbons consisting of parallelly
stacked graphene sheets without order in the third dimension are
well suited for those applications [3]. A good control of the struc-
tural properties of the carbon material employed is essential as
these properties determine the processes and reactions taking
place in the material’s interior and at its surface during device
r@exp1.physik.uni-giessen.de
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operation. Thus, the structural properties also contribute signifi-
cantly to the resulting device performance. Structural parameters
of particular interest include the stacking height, stacking order,
defect content, and the lateral extent of the graphene layers. Non-
graphitic and graphitic carbons are well understood, whereas the
structural evolution in the first stages of the transformation process
from a precursormaterial to the intermediate carbon-richmaterials
has remained incompletely characterized. It is important to identify
the sequence of structural changes during heating, in particular, as
the same carbon material may be prepared with different kinds of
precursors. In contrast to the crystalline samples, amorphous car-
bon consists of a mixture of sp3-, sp2-and sp1-hybridized entities.
These bonds in amorphous carbon are broken and rearranged
during annealing in the low-temperature regime. In the transition
phase between amorphous and non-graphitic carbons, small
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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hexagonal rings are assumed to slowly fuse, forming an, at first,
disordered network. The network transforms into graphene-like
sheets, which increase in lateral size with increasing annealing
temperature yielding non-graphitic carbon without stacking order
or even graphitic carbonwith ordered stacking of the graphene-like
sheets.

We demonstrated in a recent study that Raman spectroscopy
can be used tomonitor the structural transformation from different
sp2-hybridized precursors, i.e., pitches and resins, into graphitic
carbons [4]. We found that the transformation process passes
through four structurally different stages during heat-treatment.
The annealing at first yields amorphous carbon with crystallite
sizes La < 2 nm, a transition regionwith La between 2 nm and 4 nm,
non-graphitic carbon with La > 4 nm and graphitic carbon with
La > 20 nm. The behavior of the D, G, and 2D Raman bands found for
non-graphitic and graphitic carbon can be modeled by line shape
models based on the electronic band structure and the phonon
dispersion relations of the ideal infinitely large crystalline systems
(see Ref. [4]). In particular, it is found that the end of the trans-
formation chain is to a first approximation independent of the type
of sp2-hybridized precursor used, i.e., different starting points
(precursors) lead to the same product (graphitic carbon). So far, the
focus of research was on the transformation from sp2-type pre-
cursors to sp2-type graphitic carbon. Typical precursors used for
synthesizing graphitic carbon are, for example, pitches [4,5],
whereas the use of resins results in non-graphitic carbon [6,7].
Furthermore, heat-treated biomass waste, which is structurally
somewhat ill-defined, is also under investigation, for example, as
carbonaceous electrode material in applications like Li-ion batte-
ries [8,9]. Nanodiamond up to now is the only pure sp3-hybridized
precursor which has been used in studies of thermal synthesis of
carbon materials [10e13]. However, the transition phase between
nanodiamond and crystalline carbon consisting of a mixed phase of
sp2 and sp3-hybridized structures has not been studied in detail yet.
Adamantane employed in this work is the second example of a well
defined sp3-hybridized precursor for carbon materials. Studies of
well defined sp3-structured precursors and of their transformation
into carbons by heat-treatment may complement the vast studies
of sp2-hybridized precursors. In particular, such investigations will
help to unravel the microscopic processes occurring at the inter-
mediate stages of the structural transformation. Fundamental
questions to ask are: What happens, if sp3-hybridized precursors
are used instead of sp2-hybridized materials? How does the sp3-
network of the precursor transform into the sp2-network of
graphitic carbon and what are the corresponding changes of the
Raman spectra?We seek the answers by studying, on the one hand,
the heat-induced transformation of nanodiamonds via carbon on-
ions into non-graphitic carbon [10,12,14,15], and, on the other hand,
that of adamantane, the smallest diamond-like molecule, into non-
graphitic carbon. Both, nanodiamonds as well as adamantane
molecules are ideal precursors for this purpose as they exhibit sp3-
networks only.

2. Experimental part

We prepared series of samples by heat-treatment of the sp3-
hybridized precursors, namely commercially available nano-
diamond and adamantane. The nanodiamonds (Nabond Technol-
ogies) were heat-treated at temperatures up to 3000 �C. The
adamantane-based series of samples was prepared by annealing
commercially available adamantane (Sigma-Aldrich) at various
temperatures up to 525 �C in a quartz ampulla under vacuum
condition. Higher temperatures were not achievable due to the
high pressure arising in the ampulla during annealing. For com-
parison, we also studied series of carbon samples obtained from
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sp2-type precursors, i.e., a low-softening point pitch with a soft-
ening point at 70 �C (LSPP-70) prepared from polycyclic aromatic
hydrocarbons (PAH) and a heat-treated resin prepared from a resol
precursor. These precursors were heat-treated at different tem-
peratures up to 3000 �C in Ar atmosphere, to yield samples rep-
resenting the different stages of the carbonization process. The
pitch precuror is graphitizable, whereas the resin precursor is non-
graphitizable. The samples are labeled by the heat-treatment
temperature; the label 20 �C indicates the untreated samples.
More details about the annealing process and its parameters can be
found elsewhere [16].

WAXS data were collected with a PANalytical X’Pert Pro powder
diffractometer in Bragg-Brentano geometry using Cu Ka radiation
with a wavelength l ¼ 1:5418 �A. The sample under study was
crushed manually and then flattened on a sample holder to a
thickness of 1mm. Themeasurements were performed in the range
of 10� < 2q < 100� and an acquisition time of 8 s/step. The carbon
samples were measured with a step width of 0.1� to account for
their higher crystallinity and therefore sharper reflection signals.
No background intensity was subtracted from the experimental
WAXS data.

TheWAXS datawere fitted by applying the algorithm developed
by Ruland and Smarsly [17] yielding, amongst other parameters,
the average lateral size La of the graphene-like sheets. The WAXS
data of pitch-based samples heat-treated at temperatures � 2800
�C show (hkl)-reflections, indicating the onset of graphitization.
These data cannot be fitted by the algorithm as the underlying
model does not account for (hkl)-reflections. Therefore, the crys-
tallite size was estimated by Scherrer’s formula for those samples
[18]. The full-width at half-maximum (FWHM) of their (110)
reflection was determined using a Gaussian profile. The (110)
reflection was chosen, because it does not strongly overlap with
other reflections, in contrast to the (100) reflection. The disorder
within the lattice was neglected during this approach. The obtained
values possess a somewhat larger uncertainty than the WAXS data
for lower heat-treatment temperatures, as the (110)-reflection
cannot be separated unambiguously from neighboring reflections
and from the non-linear background. In the case of the nano-
diamond sample series annealed up to 1300 �C, the nanodiamond
reflections dominate the diffraction curve and Scherrer’s formula is
used to estimate the crystallite sizes of the diamond core. The
WAXS data for the sample series including the nanodiamonds and
carbon onions are shown in the Supporting Information (SI) Fig. S3.

The Raman spectrawere recordedwith a Renishaw inVia Raman
spectrometer with a focal length of 250 mm combined with a Leica
optical microscope. The Raman system works in backscattering
geometry at room temperature. Excitation light with a wavelength
of 325 nm was focused onto the sample by either a 20� or a
40� microscope objective. The laser focus was about 4 mm in
diameter on the sample. The scattered light was collected by the
microscope objective and then dispersed by the spectrometer
employing a gratingwith 1800 grooves per millimeter before it was
detected by a charge-coupled device detector (CCD). The spectral
resolution of the Raman system was about 1.5 cm�1. The exposure
time was about 30 s for each acquisition and 5 to 10 acquisitions
were accumulated to obtain a sample’s Raman spectrum in the
range from 1000 cm�1e3200 cm�1 with a good signal-to-noise
ratio. The laser power was kept as low as possible to avoid struc-
tural damage of the samples. Laser power as low as about
0.3 mWe0.7 mWwas used for the nanodiamonds due to their high
Raman scattering cross-sections. However, in the case of the
pitches, in particular, those prepared at low temperatures, laser
powers up to 7 mW had to be used to obtain good quality spectra.
None of the samples studied showed signs of deterioration after
exposure to the laser light.
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Transmission electron microscopy (TEM) images of the nano-
diamond and carbon onions were obtained from using a JEOL JEM-
2100F system with an operating voltage of 200 kV. The carbon
samples were dispersed in ethanol and then tip-sonicated for 30 s.
The dispersion was drop casted on a TEM copper grid with a lacy
carbon film.

For TEM investigations of the adamantane-based-samples, a
dual beam scanning electron microscope focused ion beam (FIB)
machine (JEOL JIB-4601F, JEOL Ltd., Tokyo, Japan) was used to
prepare an electron transparent lamella. A double-aberration-
corrected JEOL 2200FS scanning transmission electron micro-
scope operating at 200 kV was used to perform both high resolu-
tion transmission electron microscopy (HRTEM) and electron
energy loss spectroscopy (EELS). The EELS investigations were
conducted at scanning mode and with the help of an in column
energy filter. However, the HRTEM investigations were performed
at conventional TEM mode. A condenser aperture resulting in a
convergent angle of 22 mrad was used for the EELS measurements.
In addition, a collection angle of 10 mrad was obtained by applying
an entrance aperture prior to the spectrometer. The resulting en-
ergy resolution of 1.1 eV could be achieved by measurement of zero
loss full with at half-maximum.

Furthermore, band structure and phonon dispersion of ideal
diamond were calculated by density functional theory. The soft-
ware QUANTUM ESPRESSO [19,20] was employed for this purpose.
The calculated bandstructure and phonon dispersion served as
input parameters for the Campbell-Fauchet modelling of the size
dependence of the lineshape and position of the nanodiamond
Raman signal [21,22].

3. Results and discussion

3.1. Raman spectra of the nanodiamond-based and adamantane-
based heat-treated samples

Fig. 1 shows an overview of the Raman spectra and corre-
sponding transmission electron microscopy (TEM) images of the
nanodiamond-based series of samples heat-treated up to 3000 �C.
The TEM images reveal that with increasing heat-treatment tem-
perature, the structure of the nanodiamonds changes. Starting from
the nanodiamond surface, shell-like layers are formed around its
core. The number of layers of the shell increases as the
nanodiamond-like core decreases with increasing temperature.
This gives rise to the onion-like appearance of the nanoparticles
annealed at higher temperatures, finally forming carbon onions
[12,14,15]. This structural transformation also has an impact on the
Raman spectra.

At low heat-treatment temperatures up to 700 �C, the promi-
nent Raman signals of the spectra at 1325 cm�1 and at about
1640 cm�1 are commonly observed in Raman spectra of nano-
diamond samples. The former band at 1325 cm�1 represents the
one-phonon Raman process with the triply degenerated optical
phonons at the G-point [23,24]. The origin of the latter Raman band
remains disputed. Competing explanations can be found in the
literature. In 1963, Birman suggested a two-phonon Raman process
involving two transverse acoustic phonons of the phonon disper-
sion of diamond [23]. In the late 1990s and 2000s other explana-
tions appeared: trigonal bond arrangements stiffened by the
tetrahedral environment [11], olefinic chains [25], a mixture of sp2

and sp3-bonds [13] and dumbbell defects [26]. The most likely
explanation was given by Mochalin et al. in 2009 based on oxida-
tion experiments. It states that the broad Raman band at 1640 cm�1

consists of contributions from OeH bending modes and, in addi-
tion, contains signal contributions from sp2-hybridized carbon at
1590 cm�1 as well as a signal arising from C]O stretchingmodes at
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1740 cm�1 [27,28].
The additional broad signal or extended tail on the low-

frequency side of the nanodiamond signal between 1000 cm�1

and 1300 cm�1 is considered to arise from an overlap of different
contributions. A contribution between about 1050 cm�1 and
1100 cm�1 is possibly related to the vibrational density of states of
tetrahedrally bonded amorphous carbon. This band is enhanced
when the laser excitation is in resonance with the s-states [29,30]
and referred to as “T band” [31,32]. A second contribution at about
1150 cm�1 is assigned to trans-polyacetylene (TPA) forming at grain
boundaries [32e34]. The third contribution at about 1250 cm�1

corresponds to the phonon density of states of diamond and may
arise due to disorder in the small nanodiamond particles which
form in the samples prepared at low heat-treatment temperatures
[13,26].

The Raman spectra of samples treated at temperatures of 1300
�C and higher are characteristic for sp2-hybridized carbons trans-
forming from the amorphous phase into crystalline non-graphitic
or graphitic carbon. Note that non-graphitic carbon possess
defined graphene layers, which exhibit 2D crystalline order. The
prominent features in the Raman spectra are the so called D and G
Raman bands at about 1400 cm�1 and 1580 cm�1, respectively. In
graphene, the G Ramanmode corresponds to a one-phonon Raman
process of an LO phonon from the center of the Brillouin-zone,
whereas the D mode corresponds to higher-order resonant
Raman processes involving a phonon close to the K or K’ point of
the Brillouin-zone and scattering by a structural defect. This nota-
tion is applied even in the amorphous phase as the two Raman
bands observed for amorphous carbon evolve into the graphene-
like signals on annealing [35,36]. The evolution of the Raman
spectra with an increasing heat-treatment temperature between
1300 �C and 3000 �C observed from our data aligns with the
literature. At 1300 �C, the Raman spectrum shows broad and
overlapping D and G bands. Both bands sharpen with increasing
heat-treatment temperature. The D band intensity drops signifi-
cantly and is almost zero at 3000 �C while the G band intensity
changes much less. This behavior shows that the defect concen-
tration decreases and the degree of order increases during
annealing.

Whether the crystalline phase formed at the highest tempera-
tures is non-graphitic or graphitic carbon can be decided by an
analysis of the shape of the 2D Raman signal. As defined by the
International Union of Pure and Applied Chemistry (IUPAC), non-
graphitic (or turbostratic) carbon consists of stacks of graphene
layers, which are rotated with respect to each other and severely
vary in their interlayer distances within one stack and therefore,
show no strict periodic order in the third dimension [3]. Because of
the large distance between the graphene layers in non-graphitic
carbon, there is only a weak interaction between them. Thus, the
2D Raman signal of non-graphitic carbon consists of one Raman
band only and that of graphitic carbon consists of at least two
overlapping bands [37e42]. A sharp 2D signal typically is observ-
able only for the samples annealed at temperatures larger than
1800 �C. A corresponding series of Raman spectra prepared from
the nanodiamond precursor at various heat-treatment tempera-
tures is shown in the Supporting Information (SI) in Fig. S1. All
samples prepared from the nanodiamond precursor can be classi-
fied as non-graphitic carbon. Only the sample prepared at 3000 �C
is on the verge of becoming graphitic. This interpretation is in line
with WAXS data on these samples, revealing (hkl) reflections for
3000 �C, which is characteristic for graphitic carbons (see SI Fig. S3).

We will now consider the transition region between
nanodiamond-like and graphene-like spectra represented by the
two Raman spectra taken on different particles of the sample heat-
treated at 1100 �C labeled I and II in Fig. 1. The Raman spectrum I



Fig. 1. Overview of the Raman spectra of the series of nanodiamond-based samples heat-treated at different temperatures. The excitation laser wavelength was 325 nm. The Raman
spectra of the samples labeled at 20 �C, 500 �C, and 1100 �C are smoothed (average over 10 data points), because of a low signal-to-noise-ratio. Back lines represent the smoothed
curves, and grey lines show the original spectra. The transmission electron micrographs on the right reveal the onion-like structure of the carbons. (A colour version of this figure
can be viewed online.)
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reveals simultaneously nanodiamond-like Raman bands and the so
called D and G Raman bands of amorphous carbon. In the probed
spot, the sample seems to consist of coexisting sp2-and sp3-struc-
tured networks. In contrast, Raman spectrum II taken in a neigh-
boring spot of the same sample does not reveal any nanodiamond-
217
like features. It only exhibits a broad feature in the spectral region
of the D Raman band and a rather narrow G Raman band. Spectrum
II is thus already typical for amorphous carbon. Apparently, at 1100
�C, areas of the sample showing a mixture of sp2-and sp3-hybrid-
ized material networks (spectrum I) coexist with neighboring areas
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already dominated by sp2-type networks (spectrum II). Also, the T
band has vanished in spectrum II, whereas it is still visible in
spectrum I. These findings indicate the transformation from sp3-to
sp2-hybridized carbon takes place in a narrow temperature win-
dow and, second, that it does not need to occur homogeneously. A
possible reason might be that the transformation temperature
depends on particle size and varies slightly throughout the size
distribution of the nanodiamond starting material.

The line shape of Raman bands in nanostructures is indicative of
the particle size. This phonon confinement effect may be success-
fully described by the model introduced by Campbell and Fauchet
[22,43]. The model may be used to estimate the characteristic
nanoparticle size from the nanoparticle’s Raman spectrum. We
employ this approach here to the nanodiamond-like signal at
1325 cm�1 as well as for the G and D-like modes at 1580 cm�1 and
1400 cm�1, respectively. We have demonstrated recently for sp2-
hybridized carbons, that this approach applied to the D and Gmode
yields average lateral extensions La of the graphene-like nanosheets
of the material, which is in concordance with the values obtained
by the WAXS analysis. The line shape modelling requires the
knowledge of the phonon dispersions of the corresponding bulk
material, i.e., diamond and graphene. We have derived those dis-
persions by density functional theory. The phonon dispersions
calculated and the equations used are given in the SI in Fig. S2.
Exemplarily, we show the results for the sample annealed at 1100
�C in Fig. 1. The profiles of the D and G band as well as the nano-
diamond signal at 1325 cm�1 are fitted with the Campbell-Fauchet
model. The fitting yields La values of 4 nm for the D and G band and
of 3.4 nm in case of the nanodiamond band. These findings are in
good agreement with the transmission electron micrograph anal-
ysis shown on the right of Fig. 1. In case of the 1300 �C sample the
nanodiamond Raman signal at 1325 cm�1 disappears, but traces of
signals typical for nanodiamond between 1000 cm�1 and
1300 cm�1 are still present. Unfortunately, the X-ray diffraction
(XRD) signals of the nanodiamonds ((111) reflection) and that of the
emerging graphene layers ((10) reflection) substantially overlap in
the range of s¼ 4.8 nm�1 (Fig. S3 in the SI). Hence, the calculation of
La from XRD data was not possible for this temperature, and
La ¼ 4.5 nm was thus estimated based on the Raman spectrum
(Fig. 1). Employing the Campbell-Fauchet model for the nano-
diamond Raman band of the pristine nanodiamonds and those
heat-treated at 500 �C and 700 �C, yielded corresponding crystallite
sizes of 3.5 nm, 3.5 nm and 3.4 nm. This result is in agreement with
the analysis of the linewidths of the corresponding diamond (111)
XRD reflections using Scherrer’s formula providing crystallite sizes,
which are equivalent to the domain sizes resulting from the
Campbell and Fauchet model.

Thus, the interpretation of the Raman spectra, in particular in
the transition region, is in full accordance with the transmission
electron micrographs depicted in Fig. 1. The analysis of the trans-
formation of the carbon onions by TEM images is discussed in more
detail by Zeiger et al. [12,14,15]. Samples heat-treated up to 700 �C
are still nanodiamond-like. The nanoparticles show prominent
diamond-like cores with few structural deviations close to their
surfaces. After annealing at 1100 �C, most particles consist of a
nanodiamond core surrounded by a sp2-hybridized carbon shell,
i.e., sp3-like bonds turn into sp2 bonds starting from the outside of
the nanodiamonds leading to the carbon onion structure. With the
increasing heat-treatment temperature up to 1700 �C and even
higher, the sp2-shell grows at the expense of the shrinking sp3-
structured core of the corresponding nanoparticle [10,12].

We will now discuss the heat-treatment results employing the
second sp3-type precursor. Adamantane as a molecular precursor is
structurally even better defined than nanodiamond as the pristine
molecule ensemble does not exhibit any size distribution in
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contrast to a nanoparticle ensemble. The Raman spectra of the
adamantane-based series of samples are shown in Fig. 2. We
annealed samples at 400 �C, 450 �C, 475 �C, 500 �C, and 525 �C. At
heat-treatment temperatures up to 450 �C, the adamantane pow-
der melted and evaporated during heat-treatment and condensed
again on cooling. Both products obtained kept thewhite color of the
pristine adamantane powder. The situation changed for the sample
annealed at 475 �C and higher. In these cases, the products obtained
after cooling down were of black color. Staying in the molecular
picture, it means that the adamantane molecules have reacted at
these higher temperatures and formed various other molecules of
larger size.

The differences in the products obtained at heat-treatment
temperatures, on the one hand, of � 450 �C and, on the other
hand, of � 475 �C are also reflected in the corresponding Raman
spectra. The Raman spectra of the samples heat-treated at 400 �C
and 450 �C show no change compared to the Raman spectrum of
pristine adamantane (the Raman spectrum of the 400 �C sample is
omitted in the figure). In contrast, the Raman spectra of the samples
annealed at 475 �C and above are different from that of ada-
mantane. The sharp adamantane signals have vanished and two
broad features appeared instead in the spectral range between
1000 cm�1 and 1800 cm�1. The broader feature centered at
1372 cm�1 seems to consist of several overlapping contributions,
whereas the stronger and narrower feature centered at 1617 cm�1

seems to comprise one broadened band only. The two broad fea-
tures arise from the different molecules formed during annealing,
whose Raman bands are now contributing to the measured spec-
trum. By comparison with the Raman spectra of candidate mole-
cules, we will attempt to explain the Raman spectrum measured.
The Raman band at 1617 cm�1 has been assigned to coronene and
similar polycyclic aromatic hydrocarbons (PAH) [44]. For compari-
son, Raman spectra of coronene and pyrene using an excitation
wavelength of 325 nm are shown in the SI in Fig. S4.

A comparisonwith the Raman spectra of small PAHs in SI Fig. S4,
suggests that the feature at lower wavenumbers is due to an A1g
Raman mode at 1372 cm�1 of small sp2-hybridized molecules such
as pyrene. The shoulder at 1245 cm�1 might originate from A1g
Raman modes of molecules like coronene or larger PAHs [44].
Contributions in the range from 1400 cm�1e1500 cm�1 probably
are due to vibrations of residual diamondoid-like molecules such as
adamantane, triamantane, or diamondoid dimers [45] and chain-
like carbon structures like polyethylene.

The spectral appearance of the spectra of the samples annealed
at 475 �C and above with their two broad main Raman features
centered at 1372 cm�1 and 1617 cm�1 resembles that of the
amorphous carbon phase with its broad overlapping D and G band.
Thus, we consider the broad features pre-stages of the D and G
Raman bands in what follows. The characteristic sizes La of the
graphene-like units within the samples are very likely still below
1 nm as the molecular character of the spectral features is still
clearly visible.

This hypothesis is further corroborated by the TEM and electron
energy loss spectroscopy (EELS) analysis. A high-angle annular dark
field image of the prepared TEM lamella is shown in Fig. 3a) illus-
trating the position of the sample along with the amorphous pro-
tection layer deposited during the sample preparation. For the EELS
analysis, a relatively thin area of the carbon protection layer was
used as an amorphous reference spectrum. A carbon K-edge EELS
spectrum from the reference and three different areas of the
sample are plotted in Fig. 3b). All the spectra are taken while the
electron beam was scanned over a region of 6 � 6 nm2 on the
sample. The defined peak centered at an energy of 325 eV, which is
not seen in the EELS spectrum of the reference, is indicative for the
existence of sp3-hybridized carbon in the adamantane-based



Fig. 2. Overview of the Raman spectra (325 nm laser line) of the adamantane-based series of samples annealed at different temperatures. The transition from the pristine ada-
mantane precursor into a product consisting of various hydrocarbons with sp2 and sp3-bonds (in particular, chain-like and polycyclic aromatic hydrocarbons) takes place at heat-
treatment temperatures of 475 �C and above. The corresponding Raman spectra exhibit two main features similar to those observed in the Raman spectra of amorphous carbons. On
the right side, photographs of the samples are shown. (A colour version of this figure can be viewed online.)
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sample heat-treated at 525 �C [46]. In the HRTEM images neither of
the amorphous carbon reference nor of the adamantane-based
sample nanoparticles can be discerned, showing that the sample
is indeed rather molecule-like. HRTEM images along with corre-
sponding Fast Fourier transforms (FFT) as an inset are illustrated in
Fig. 3c) and d) for the amorphous reference and for the sample,
respectively. The radial distributions derived from the FFTs in
Fig. 3c) and d) are depicted in Fig. 3e). The radial distribution of the
sample exhibits a more pronounced peak structure than the
reference measurement. This finding suggests that the bond length
distribution is sharper than in the reference sample indicating an
onset of crystallinity. This is in line with the presence of small, still
molecule-like nanometer-sized particles in this measurement area
of 75 � 75 nm2.
219
3.2. Comparison of G and D band-like features in samples derived
from sp2- and sp3-hybridized precursors

In what follows, we will compare the sp2-hybridized products,
i.e., amorphous carbon and non-graphitic carbon, obtained from
sp3-type precursors and sp2-structured precursors in terms of their
Raman fingerprints. As a reference, wemodeled the positions of the
G and D Raman bands of graphene nanosheets in dependence on
their lateral size La. The theoretical curves were derived from
phonon dispersions of ideal graphene calculated by density func-
tional theory in combination with the Campbell-Fauchet model of
phonon confinement [4]. Furthermore, we compare, as a function
of La, the ratio of the intensity ID of the D Raman band to the in-
tensity IG of the G Raman band of the samples. In case of the



Fig. 3. HRTEM and EELS analysis, a) an overview of electron transparent lamella depicting the position of amorphous protection layer and sample area, b) carbon k-edge EELS
spectrum from the amorphous reference and sample, c) and d) the HRTEM images at the position of amorphous reference and sample area, e) radial distribution of the FFTs shown
in panels (c) and (d). (A colour version of this figure can be viewed online.)
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samples derived from sp3-hybridized precursors, we focus on the
nanodiamond-based samples heat-treated at 1100 �C,1300 �C,1700
�C, 1800 �C, 2100 �C, 2500 �C, and 3000 �C as corresponding La
values were accessible by WAXS and TEM analysis. The
adamantane-based samples heat-treated at 475 �C, 500 �C, and 525
�C were also included in the analysis, but the size La could only be
estimated. As reference materials derived from sp2-hybridized
precursors, we employed a series of heat-treated samples based on
a soft pitch (LSPP-70, low softening point of 70 �C) and a resole-
based resin. The lateral sizes of these samples were determined
by analyzing the corresponding WAXS data [17] (SI Fig. S3).

Fig. 4a) and b) show plots of the G band and D band positions as
a function of La extracted from the Raman spectra of the sample
series recorded at 325 nm excitation. Furthermore, the two graphs
show corresponding theoretical reference curves derived in the
framework of the phonon confinement model introduced recently
[4]. In case of the G Raman band, the pitch and resin-based samples
show the same trend, i.e., the G band position increases with
decreasing La from about 1580 cm�1 to about 1620 cm�1. This blue-
shift of the G band position is reproduced by the model down to a
size La of about 2 nm. At smaller sizes, the theory deviates from the
experimental sp2-hybridized reference data. However, this is
anticipated as the model is based on a perturbational treatment of
crystalline graphene and is prone to fail when the samples become
molecule-like. The overall agreement between the data points
originating from samples prepared by sp3- and sp2-based pre-
cursors is reasonable and yields further clarifications. The G band
220
positions of the carbon onion samples based on sp3-hybridized
nanodiamond as precursor match the data of the pitch and resin-
based sp2-type samples in the range of large La > 4 nm, i.e., sug-
gesting that they are indeed structurally similar. These data origi-
nate from samples heat-treated at temperatures of 1100 �C and
above. In contrast, the data of the nanodiamond-based carbon
onions heat-treated at lower temperatures all exhibit a Raman
band at 1640 cm�1. The band position deviates from the G-band of
the sp2-hybridized reference samples of comparable size by more
than 20 cm�1 (data points not shown in the figure to avoid mixing
up typical nanodiamond features and signals of sp2-structures).
Thus, this band at 1640 cm�1 in the Raman spectra of the
nanodiamond-derived samples with La < 4 nm does not correspond
to the G band, but rather should be assigned to a mixed signal
consisting mainly of contributions of OeH and C]O modes with
only minor contributions of sp2-hybridized carbon or to two-
phonon signals of nanodiamond in concordance with literature.
The G band positions of the adamantane-based samples obtained
by heat-treatment at temperatures of 475 �C and above, on the
other hand, agree nicely with the experimental data on the pitch
and resin-based samples with La values smaller than 1 nm and are
also in concordance with the TEM analysis given above. This size
range also agrees well with the findings of Oya et al., who also heat-
treated adamantane, and suggested a pitch-like structure of the
products on the basis of XRD and nuclear magnetic resonance
spectroscopy data [47]. The sample annealed at 475 �C exhibits the
highest Raman shift at 1617 cm�1 whereas for that annealed at 525



Fig. 4. The G band position in the upper part shows a dependence on the crystallite size La for all samples: pitches (circles), resole-based resins (stars), carbon onions (diamonds),
and adamantane samples (labeled with Ad, light blue squares). The dependence of the D band positions on nanosheet size La is presented in the middle part. All sample series show
the same trend. The solid lines are calculated using the Campbell-Fauchet model. The difference between the G and D band uG � uD in the lower part illustrates the behavior of the
Raman modes. The data is shown for 633 nm excitation (red color) and for 325 nm excitation (blue color). (A colour version of this figure can be viewed online.)

D.B. Schüpfer, F. Badaczewski, J. Peilst€ocker et al. Carbon 172 (2021) 214e227
�C it is about 1612 cm�1. The comparison of the Raman data of the
adamantane-based samples with the pitch-based samples is in
accordance with La values of 0.5 nm, 0.7 nm, and 0.8 nm for the
adamantane-based samples heat-treated at 475 �C, 500 �C, and 525
�C, respectively.

The D mode Raman signal of graphene appears as two bands
when excited with 325 nm laser light. As an example, the inset in
Fig. 4b) shows the D Raman feature of the 2800 �C pitch-based
sample of rather large La. The two peak-like contributions to the
221
D-signal are clearly visible and may be approximated by one peak
located at about 1390 cm�1 and another at about 1430 cm�1 in this
particular case. The reason for the double-peak signal is that the
phonons involved in the process are selected by the resonance
between laser photon energy and electronic transition energy in
the graphene band structure. The description of the band structure
of graphene by a symmetric Dirac cone is only valid close to the K
(and K0) point. The p and p* electronic bands yielding the Dirac
cone in the vicinity of the K (and K0 point) are asymmetric. This
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asymmetry, i.e., the so called trigonal warping effect [48,49], be-
comesmore pronouncedwith increasing distance from the K (or K0)
point in reciprocal space. Thus, when using ultraviolet (UV) light for
excitation of the Raman process, the resonance condition for the

electronic transition may be fulfilled for different values of
�
�
� k
!�

k
!

K

�
�
� and the phonon frequencies uð k!Þ at the selected wavevectors

k
!

will differ. In this context, k
!

K denotes the wavevector of a K or K’
point. As a consequence, the distribution of the different phonon

frequencies uð k!Þ selected by the electronic resonance condition
leads to a Raman signal of the D mode process, which may be
approximated by two peaks. For all samples with La values larger
than 8 nm, two peaks can be distinguished. However, as La de-
creases, the two peaks merge because their linewidths increase and
they cannot be reliably separated by curve fitting anymore.
Therefore, we plot in Fig. 4b) the position of the D band extracted
from the maximum of the corresponding D Raman signal in the
spectra for small La and an average of the positions of the two
distinguishable maxima of the D Raman signal for larger La. Simi-
larly, we take the average of the frequencies derived by theory and
plot these values versus La as the theoretical curves in Fig. 4b).

The reference samples derived from sp2-structured resin and
pitch precursors and those derived from the sp3-hybridized ada-
mantane and nanodiamond precursors (the latter only for samples
heat-treated at 1100 �C and higher) exhibit the same trend for the D
band position vs. La in accordance with the findings for the G band
position. The nanodiamond-based samples heat-treated at tem-
peratures below 1000 �C do not show any signal in the spectral
range of the D band, supporting the view that the Raman band at
1640 cm�1 is not G-like. The D-positions extracted from the Raman
spectra increase in frequency from about 1400 cm�1 for large La to
1430 cm�1 at La ¼ 2 nm and then, below 2 nm decrease steeply
down to 1350 cm�1. The latter value is still way above the
comparatively sharp nanodiamond signal at 1325 cm�1 (data
points not included in the plot), which dominates the Raman
spectra of the samples prepared using the nanodiamond precursors
at heat-treatment temperatures below 1000 �C. The theoretical
curve does not quite well reproduce the trend observed in the
experimental data, which is not surprising considering the
complexity of the D-processes and the approximations made. The
agreement is reasonable for La > 2 nm, where the crystalline picture
holds but yields the opposite trend for sizes below 2 nm where a
molecular description is more appropriate. The position of the D
band as a function of La derived from Raman spectra obtained with
visible excitation light, e.g., 633 nm, is easier to reproduce by the
modeling [4]. The reason is that, for laser excitation in the visible
range, the resonance condition for the electronic transitions
involved occurs at wavevectors, where the Dirac cone as well as the
dispersion branches of the phonons involved, are almost of sym-
metric shape. Thus, only one D Raman band is observed in the
Raman spectra for laser excitation in the visible spectral range and
themodelling of its position is more straight forward than in case of
UV excitation.

A careful analysis of the data in Fig. 4a) and b) reveals that the
fluctuations between the experimental data points as well as the
deviations between theory and experiment are less pronounced
when the difference between G and D band positions is plotted
versus La. Such plots of the experimental data and corresponding
theoretical curves are shown in Fig. 4c) for visible excitation with
633 nm laser light and UV excitation with 325 nm laser light. The
theoretical data (solid lines) are close to the experimental data and
show the same trend for crystallite sizes La > 4 nm in both cases.
Below 4 nm, the behavior is different for 633 nm and 325 nm
excitation. In particular, the modeled curve shows the opposite
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trend than the experimental data in case of UV excitation whereas,
in the case of 633 nm excitation, the modeled differences of the G
and D band frequencies follow the trend of the experimental data.
However, the theoretical model is expected to fail in this molecule-
like size regime. A possible reason for the different behavior of the
experimental data points for UV and visible excitation may lie in
electronic resonance effects. Excitation in the UV promotes Raman
signals of smaller molecule-like structures within the ensemble
with average size La whose HOMO-LUMO gap is in resonance with
the exciting laser [50,51]. Such an influence of the excitation energy
on the G band position has been already reported in the literature
[52]. Here, the different behavior mainly relates to different trends
for the D band position for UV and visible excitation in this range of
La values, which corresponds to molecule-like units. As the scat-
tering probability of small sp3-hybridized molecular units with
large HOMO-LUMO gap (e.g., diamondoids with Egap � 6 eV [53]),
which exhibit Raman modes somewhat below the frequency of the
D-like modes of sp2-hybridized molecules (see the Raman spectra
in Fig. S4 of SI), is increased compared to that of the sp2-type mo-
lecular units, the different weighing of these signal contributions
for the two excitation conditions may cause the different behavior.

A widely used approach for determining the average size La of
carbons is based on comparing the intensity ratio of D and G-band
with empirical master curves, which were gradually refined over
the years, e.g., by accounting for its wavelength dependence
[35,54e56]. We will discuss the strengths and weaknesses of this
approach on the basis of the Raman data obtained from samples
prepared from sp2 and sp3-based precursors, i.e., pitch, resin, ada-
mantane, and nanodiamond, for two different excitation wave-
lengths, i.e., 633 nm and 325 nm. The experimental data of ID

IG
vs. La

for the four precursors are plotted in Fig. 5. The red and blue data
points correspond to 633 nm and 325 nm excitation, respectively.
We see that the data points for the two excitation wavelengths are
different for all samples and basically define two different curves.
The reasons are manifold, but can be subsumed by the keyword
Raman resonance. They involve (i) differences in Ramanmodes and
Raman resonance profiles between the various molecular species
occurring in the formation process of graphene-like nanosheets in
the molecular regime below La < 2e4 nm including sp1, and sp3-
structured species (see also Fig. S4 of SI); (ii) even in case of small
molecular graphene-like species such as benzene, anthracene,
pyrene and coronene consisting of 1, 3, 4, and 7 networked benzene
rings, respectively, the Raman cross-section will depend on the
excitation wavelengths as the HOMO-LUMO gap varies with size
[50,54,57,58]. Thus, the relative contribution to the G and D-like
bands in a Raman spectrum of an ensemble of molecular benzene-
based species will vary for each species. The same holds for sp3-
type species such as the diamondoids as a function of the number
of the adamantane-like units; and (iii) for larger sizes La, where the
crystalline description of graphene-like nanosheets is valid, a
different dependence of the Raman cross-sections of the “real” G
and D Raman processes of ideal graphene on excitationwavelength
arises mainly from graphene’s electronic band structure and
phonon dispersion. The main effect visible of this complex inter-
play of resonance effects and transformation from molecular units
to crystal-like units is that the intensity of the D-like Raman mode
of the carbons is lower than that of the G-like mode for 325 nm
excitation compared to 633 nm excitation.

The two ID
IG
curves in Fig. 5 increase starting from the smallest La

and reach a maximum at 2 nm and 4 nm for 325 nm and 633 nm,
respectively, and then asymptotically approach zero for infinitely
large La. However, the maximum occurs at a lower La value for
325 nm than for 633 nm excitation. Thus, a simple vertical scaling
to a universal excitation-wavelength independent master curve is



Fig. 5. The intensity ratio of the D and G band ID
IG
for the four sample series for 633 nm excitation (red color) and for 325 nm excitation (blue color): pitch (circles), resin (stars),

carbon onions (diamonds), and adamantane (Ad, light blue squares). Empirical correlations (dashed line: Cançado et al., solid line: Matthews et al.) do not adequately describe the
region between La ¼ 2 and 4 nm. (A colour version of this figure can be viewed online.)
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not possible. It also should be noted that the experimental data of
both curves show a pronounced scattering at La values somewhat
higher than those corresponding to the respective maxima.

The empirically modeling of the ID
IG
vs. La dependence typically

applied is not based on a coherent mathematical description, but
one approximating the dependence for small sizes (corresponding
to the molecular regime) by fL2a and for large sizes (in the crystal-
like regime), which is fL�1

a . The former is difficult to motivate in
the molecular picture on the basis of defect densities simply
because the species under consideration are molecules, and a
defect in a molecule is not defined. Atomic substitution, a bond
rearrangement or bond formation between atomic groups yields
another molecule with another well defined vibrational mode
spectrum, which may differ in number, mode frequency, and
Raman activity from that of the original molecule. As seen in case of
adamantane as the precursor, the sharp spectrum of the starting
material determined by the sharp modes of one molecular species
is transformed into a spectrum representing the superposition of
Raman modes of an ensemble of different molecular species with
twomaxima suggesting a D and G-like Raman band (see also Fig. S4
of SI). Thus, the increase of ID

IG
fL2a reflects an increasing number of

different molecular species forming during the first intermediate
stages of the transformation into a sp2-hybridized network with
average size La. This picture is difficult to connect with the crys-
talline picture used to motivate the L�1

a -dependence for large sizes.
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The latter is motivated by Raman experiments on large graphene
flakes for which a crystalline description of electronic and vibra-
tional states is valid. The Raman microscopic experiments revealed
that the D-band is visible only in Raman spectra taken on the edge
of the outer circumference of individual graphene flakes [59], i.e.
that the edge of the otherwise almost ideal crystalline flake acts as a
defect in the D-Raman process. Thus, the magnitude of the D-
Raman signal of the entire sample scales with the circumference (f
La), whereas the G-Raman signal scales with the area of the flake
(fL2a) leading to the L�1

a -dependence for ID
IG
[35]. A comprehensive

model for the transition region between the molecular and crys-
talline region is not established in the literature and difficult to
establish as both models cannot be easily connected.

Curves of ID
IG

vs. La corresponding to the empirical models and
based on published parameter sets are plotted as lines in Fig. 5. The
dashed and solid lines for La < 2 nm are based on the empirical
formula established by Ferrari and Robertson, i.e., IDIGfL2a [54], using
the prefactors determined by Cançado et al. [56] and Matthews
et al. [55], respectively. The same assignment holds for La > 2 nm,

where the dependence proposed by Tuinstra and Koenig, i.e. IDIGf
1
La
,

is used and weighted with those pre-factors. Red and blue colour
correspond to 633 nm and 325 nm excitation, respectively, for the
pre-factors proposed by Cançado et al. [56]. The formula for
deriving the pre-factors given by Matthews et al. is not valid for
325 nm. In the case of 633 nm excitation, the two



Fig. 6. Average lateral graphene nanosheet size La as a function of the heat-treatment temperature T used in the synthesis process of the carbons for various precursor molecules
including purely sp2-hybridized precursors such as resins and pitches as well as nanodiamond as sp3-type precursor. For the nanodiamond samples at T � 700 �C the crystallite size
of the diamond core is represented, for T > 700 �C La of the sp2-structured shell is shown.
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parameterizations yield different curves; that by Matthews et al.
being in better agreement with the experimental data than that by
Cançado et al. However, even the parameterization by Matthews
et al. cannot describe the experimental data points well enough to
extract reliable La values using the model. The experimental data in
the transition region from molecule-like to crystal-like, i.e., be-
tween 2 nm and 6 nm, cannot be covered by the model. The
parameterization by Cançado et al. aligns better with the experi-
mental data for 325 nm excitation than for visible excitation.

It is also of interest to analyse the scattering between the
experimental data in more detail and to relate the findings to the
type of precursor used and its network forming capabilities. We
will mainly focus on the data points obtained with 633 nm exci-
tation because the effects are more pronounced. At very low La
values up to about 4 nm, the experimental data points of samples
derived from the two sp2-hybridized precursors, i.e., from the soft
pitch and resole-based resin, agree quite well for visible as well as
UV excitation. The situation for samples derived from the sp3-type
precursors is somewhat different. In the case of the nanodiamond-
based samples, the spectra are dominated by nanodiamond Raman
signals and, thus, the ID

IG
can only be extracted for La > 4 nm. For the

adamantane-based samples, the data points for UV excitation of the
three samples heat-treated at a temperature of 475 �C and higher,
which have started to form sp2 networks, agree with those of
samples of comparable size originating from the sp2-hybridized
precursors. Between La ¼ 4 and 6 nm, the nanodiamond-based
samples as well as the resin-based samples exhibit for 633 nm
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excitation ID
IG
ratios, which are much larger than those of pitch-based

samples of the same size. At even larger La values, the ID
IG
ratio of the

resin-based samples remains large whereas that of the
nanodiamond-based samples approaches the values of the pitch-
based samples and the corresponding empirically modeled curve
based on the parameterization of Matthews et al. These findings
can be related to the different network forming properties of the
prescursors. Fig. 6 shows the evolution of the lateral size La with
heat-treatment temperature T in the synthesis process and Fig. S1
of the SI. We showed in our previous publication that carbon ma-
terials obtained at the highest heat-treatment temperature of 3000
�C are non-graphitic in case of resin-based samples, whereas pitch-
based samples are graphitic [4]. The spectra in Fig. S1 reveal that
the nanodiamond-based samples show an intermediate behavior.
The sample heat-treated at 2500 �C shows signs of turning
graphitic, whereas all others are clearly non-graphitic. In addition,
there is a great change in the La vs. T curve of the nanodiamond-
based samples in Fig. 6 at about 2500 �C from following the data-
points of the resin-based samples to following those of the pitch-
based samples. In general, we can assume in the crystalline
regime at sizes larger than La ¼ 4 nm, that defects occur as the
circumference of the nanosheet formed (f La) as well as, e.g., as
point defects in the interior area of the nanosheet (fL2a). The
network forming properties not only determine the average size La
for a given heat-treatment temperature T, but also for a given La the
defect density within the nanosheet area. For a given size La, the
contribution of the circumference of the nanosheet to the D-Raman
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process can be considered independent of the type of precursor
used. In contrast, the area defect density of the nanosheet will
strongly depend on the network forming capabilities of the pre-
cursor used in the synthesis process. This means that the area
contribution to the D mode is almost zero for pitches and consid-
erably larger for resins. In the case of the sp2-type species formed in
the early transformation stages of the nanodiamond precursors
into carbon material, this area contribution seems to lie between
those of the two sp2-hybridized precursors. In other words, the
network forming properties of the precursor used in the formation
process of the carbon material has a major impact on the observed
ID
IG
vs La dependence in sample series prepared by varying the heat-

treatment temperature.

3.3. Conclusions

In summary, we have demonstrated that sp2-hybridized carbon
materials can be obtained from nanoparticular as well as molecular
sp3-type precursors, i.e., nanodiamonds and adamantane, respec-
tively, by thermal treatment. Raman spectra as a function of heat-
treatment temperature T in combination with an average size
determination by WAXS, XRD, and TEM reveal that the stages of
conversion of an sp3-hybridized precursor into an sp2-structured
non-graphitic and, at higher temperature, graphitic network in
terms of characteristic transformation temperatures depends on
the type of precursor used. However, analyzing the transformation
as a function of average lateral size La of nanostructures formed
during synthesis shows that the sp3-hybridized species transform
at lower T (corresponding to small sizes La < 2 nm) into the sp2-
structured carbon material. At this stage, a variety of different,
probably molecular, species form and within this ensemble the
fraction of sp2-hybridized species increases with increasing T. At
higher T (� 1300 �C corresponding to La > 4 nm) crystal-like gra-
phene nanosheets are formed by these species, which at the
highest heat-treatment temperatures are either non-graphitic
(2500 �C) or already graphitic (3000 �C) and show quite sharp re-
flections in X-ray scattering. The moment D and G-like Raman
bands are detectable in the Raman spectra, the analysis of their
mode frequencies and intensity ratio as a function of La is in good
agreement with reference data of samples of comparable size
synthesized using sp2-type precursors, i.e., soft pitches or resole-
based resins. In other words, the characteristic Raman features of
all samples follow the same trends as a function of average size La,
to a first approximation, independent of the bonding configuration
of the precursor, e.g., the trends in the data points for
nanodiamond-based samples lie between those of pitch and resin-
based samples in the regime of larger La. The differences in the
trends exhibited by samples prepared by different precursors
reflect the network forming capabilities of the precursor itself as
well as the precursor specific intermediate species that arise during
the formation of the graphene-like 2D network of the carbon ma-
terial. These differences in the network forming capabilities of the
precursor may be considered the origin of the unreliability of using
empirical models solely based on the behavior of D and G-like
Raman features for extracting the nanoparticle size La. Our results
suggest that corresponding master curves for extracting La on the
basis of Raman spectroscopy may be established when using a
defined heat-treatment process using a particular precursor. In
such situations, Raman data such as the mode frequencies of D and
G bands or their intensity ratio ID

IG
of a set of reference samples

synthesized at different T according to the desired process can be
plotted against the average size La obtained by an independent
structural characterization method to obtain Raman master curves
for extracting La and to routinely use them for process monitoring.
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