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carbon black from solid spheres to hollow
polyhedra during high temperature treatment
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Understanding the structural transformation of carbon black during high temperature treatment and the
underlying mechanism are very important because of the correlation with nanocarbon species such as
fullerenes and carbon onions. Herein, we find that carbon black nanoparticles exhibit a solid skin—core
structure constructed from small graphene flakes. The skin shows a more ordered structure than the
core. During heating treatment in an inert atmosphere, the small graphene flakes coalesce together to
form large-area lamellae at 1600 °C. Then, the solid spherical nanoparticles completely transform to
hollow polyhedra at 1800 °C with significantly improved crystallinity. What's more, the inner cores of
carbon black can be removed through simple oxidation in air, demonstrating that the cores are more
disordered and reactive than the skin. Accordingly, the structural transformation mechanism is ascribed
to well-ordered graphitic shells being preferentially formed by coalescing ordered small graphene flakes
in the skin region of carbon black nanoparticles. The multilocular hollow structure is subsequently
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Introduction

Carbon black (CB) is a traditional carbon material which has
been widely used in many industrial manufacturing processes,
such as those of rubbers, plastics, catalyst supports, pigments,
and electrodes.”™ It contains over 97-99% elemental carbon
depending on the manufacturing process.> Generally, CB has
good thermal and electrical conductivity, low density, high
specific surface area, and high mechanical strength. These
properties are closely related to its unique structure and surface
properties. The structural characteristics of CB have been
investigated for more than eighty years by many techniques
such as X-ray diffraction (XRD),® Raman spectroscopy,'®"
electron microscopy,”™ and electron energy loss spectros-
copy.” Some generally accepted results and mechanisms have
been obtained from the previous studies. From the high reso-
lution transmission electron microscopy (HRTEM) and simu-
lation results,**""” the primary CB nanoparticle is considered as
a gradient skin—-core structure constructed from small graphene
flakes as building blocks. The small graphene layers generally
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formed by reconstruction of highly disordered and twisted inner cores in a confined space.

arrange according to a concentric or turbulent-like feature. But
this arrangement trend gradually diminishes towards the
particle center. As a result, the small graphene flakes are
densely packed to form relative ordered skin, while loose
stacked to form disordered and twisted cores."*>'” Although CB
shows an overall amorphous nature from the XRD measure-
ment, it cannot be considered as globally amorphous because
they have large numbers of small crystalline domains mainly
distributed in the skin region.'>*

CB is commonly prepared by pyrolysis of carbon-rich
precursors such as natural gas, pitch, and aromatic heavy oil
at high temperature above 1200 °C. The possible CB formation
mechanism was proposed by Donnet et al.*® and Bourrat et al.*®
It involves three stages: (I) nucleation, transformation of
gaseous hydrocarbon precursor to small solid or liquid carbon
nucleus at high temperature; (II) growth (aggregation), deposi-
tion of carbonaceous components on the nucleus to form 10-
50 nm spherical particles; and (III) agglomeration, coalescence
of the as-formed nanoparticles along with the further deposi-
tion to form a multilocular structure.*'” Therefore, formation of
the skin-core structure is attributed to: (I) in the nucleation
stage, hydrocarbon molecules undergo complex decomposition
and polymerization processes, resulting in the formation of
twisted polycyclic aromatic hydrocarbons. These polycyclic
aromatic hydrocarbons loose stack together to form primary
solid carbon nucleus (cores) with the diameter of several
nanometers. (II) In the later growth stage, pyrolytic carbon
deposition continuously occurs on the nucleus (cores), resulting
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in the formation of relatively dense and ordered carbon skin.
Therefore, the outer carbon skin in CB shows higher crystal-
linity than that of inner carbon core.

Thermal treatment is the most common route to modulate
the structure and property of CB.>*** For example, the crystal-
linity and electric conductivity can be significantly improved by
high temperature graphitization.”**** Interestingly, a structural
transformation of carbon nanoparticles from solid nano-
spheres to hollow nano-polyhedra through high temperature
treatment has been realized in the previous works.?*¢ But clear
observation and deep investigation of this transformation
process are still absent so far. In particular, the structural
transformation process at different temperatures is not
revealed. Herein, a typical N330 CB was thermal treated at
different temperatures ranging from 1500 to 2800 °C in inert
atmosphere, and a general structural transformation from solid
spherical nanoparticles to hollow nano-polyhedra is investi-
gated in detail. The transformation mechanism is deduced to
the coalescence and reconstruction of small graphene flakes in
the skin and core of CB nanoparticles. Our work can help to
understand the structure of CB during high temperature treat-
ment, which may also extends to other nanocarbons such as
fullerenes and carbon onions.

Experimental section

The commercially available N330 CB was chosen as an exem-
plification. N330 CB were treated at 1500, 1600, 1800, 2000, and
2800 °C for 1 h in Ar atmosphere. The obtained samples were
marked as “N330-temperature”. For air oxidation, N330 CB was
put into a corundum crucible and heated at 430 °C for 6 h in air
atmosphere in a muffle oven. The sample is named as AO-N330.
The structure was measured by HRTEM (JEOL-2100). The XRD
measurement was recorded on a Rigaku D/max2500B2+/PCX
system operating at 40 kV and 20 mA using Cu Ka radiation. The
Raman spectroscopy was characterized using 532 nm laser
(Aramis, Jobin Yvon). The Fourier-transform infrared spectros-
copy (FT-IR) was recorded on a Nicolet Nexus 670 infrared
spectrometer. The X-ray photoelectron spectroscopy (XPS) was
recorded on an Escalab 250 spectrometer using monochromatic
Al Ko (1486.6 eV) X-ray source with 30 eV pass energy in 0.5 eV
step over an area of 650 x 650 um to the sample.

Results and discussion

The TEM images of the samples in low magnification are given
in Fig. 1 to understand the general structural transformation of
CB. The primary N330 CB nanoparticles exhibit a solid spherical
morphology. This structure is barely changed before 1800 °C
(Fig. 1c). Thereafter, all of the nanoparticles are gradually
transformed to hollow polyhedra (Fig. 1d-f). The HRTEM
images are given in Fig. 2 for clear understanding. The turbu-
lent skin-core structure of N330 CB nanoparticles is clearly
identified in Fig. 2a. The skin region is constructed by densely
packed small graphene flakes arranged in a concentric feature,
while the core region is formed by disordered and twisted
carbon flakes.**™"” The skin-core structure remains with slight
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Fig. 1 TEM images of (a) N330, (b) N330-1500, (c) N330-1600, (d)
N330-1800, (e) N330-2000, and (f) N330-2800.

coalescing of the small graphene flakes in the skin for N330-
1500 (Fig. 2b). When the treated temperature raised to
1600 °C, the small graphene flakes in CB nanoparticles
continuously coalesce together, leading to the formation of
large area graphene lamellas in the whole N330-1600 nano-
particles (Fig. 2¢). But it should be noticed that the structures in
the skin and core regions are very different. The graphene flakes
are packed densely to form a multilayer structure in the skin
region. By contrast, although the graphene flakes in core region
are enlarged due to the coalescence, they still exhibit a highly
disordered and twisted structure observed from Fig. 2c. The
solid spherical nanoparticles thereafter are fully transformed to
hollow nano-polyhedra with much ordered and compact
multilayer graphitic shells at the temperature above 1800 °C
(Fig. 2d-f). Several thin layer graphitic carbon onions are
observed inside the inner space of the nano-polyhedra. And
these nano-onions are partially merged into the outer graphitic
shells, resulting in the multiple core structure (Fig. 2d—f).>"232526
The structural transformation model according to the HRTEM
observation is given in Fig. 2g.

The characteristic (002) and (100) diffraction peaks are
clearly identified at ca. 26 and 43° in the XRD patterns of the
samples (Fig. 3a). A broad and dispersive peak located at 24.5°
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Fig.2 HRTEM images of (a) N330, (b) N330-1500, (c) N330-1600, (d)
N330-1800, (e) N330-2000, and (f) N330-2800; (g) structural trans-
formation model according to the HRTEM images.

in the spectrum of N330 CB indicates its amorphous feature.*®
With the rising of heating temperature, the (002) peak is grad-
ually shifted to high degree of 26°. And the diffraction peaks are
significantly sharped, demonstrating the significantly improved
crystallinity. The ratio of the intensity to the full width at half
maximum (FWHM) of the (002) peak located at ca. 26° of each
sample is used to express the crystallinity of each sample
(Fig. 3b).>” The slight crystallinity increase from N330 to N330-
1500 is due to the partially coalesced graphene flakes in the
skin region, as observed from the HRTEM image in Fig. 2b. The
crystallinity of the samples shows a rapid increase after 1600 °C,
reaching to a plateau above 2000 °C. This indicates the coales-
cence of small graphene flakes and gradual formation of large-
area ordered graphitic structure with the increasing of treating
temperature, which is in accordance with the HRTEM obser-
vation in Fig. 2.

The peaks located at ca. 1350 and 1580 cm ™' in the Raman
spectra (Fig. 3c) are the D- and G-band, respectively. The broad
and dispersive G band and the intensive D band of the N330 CB
indicate that it is constructed by large numbers of micro-
crystallites separated by a considerable amount of amorphous
regions.'™* The D-band are weakened and the G-band are
sharpened along with the rising of treating temperature, also
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Fig. 3 (a) XRD patterns, (b) the ratio of the intensity to the full width at

half maximum (FWHM) of the (002) peaks at ca. 26°, (c) Raman, and (d)
FT-IR spectra of the obtained samples. XPS C; curves of (e) N330 and
(f) N330-2800.

demonstrating the formation of large area graphitic conjugated
structure by coalescence and merging of the small graphene
fragments in N330 CB.'*** Moreover, the 2D-band located at
2695 cm ™" can be detected in N330-1600 and becomes intensive
and sharp subsequently. Corresponding to the significantly
increased crystallinity from the XRD result, this indicates the
arising of strong interlayer interaction between the graphitic
layers in the shell region of the nano-polyhedra.** N330 CB and
its thermal treated samples shows the similar FT-IR character-
istics (Fig. 3d). Common oxygen-bearing functional groups such
as C-0-C, -OH, -C=0, and -COOH are not detected. The XPS
Cys curve of N330 CB is narrowed after high temperature
treatment (Fig. 3e and f), indicating the multiple hybridized
states of the carbon atoms (sp® sp® C, and defects) in the
amorphous N330 CB skeleton are decreased along with the
structural transformation to more ordered one.

It should be mentioned that the mass residual of N330 CB
even after 2800 °C treatment is more than 97%, demonstrating
that formation of hollow polyhedral structure is not due to
removal of the inner cores. To deeply understand the structural
transformation mechanism, we oxidized N330 CB at 430 °C in
air atmosphere. We find that the solid spherical N330 nano-
particles are also transformed to hollow spherical nanoparticles
(Fig. 4a and b) with the mass loss of nearly 50%. But this
phenomenon is different in principle from the high tempera-
ture induced transformation. In accordance with the early study
by Donnet et al.,*® the hollow structure is due to etching and
removal of the inner cores of N330 CB during air oxidation. The

RSC Adv., 2019, 9, 29779-29783 | 29781
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Fig. 4 (a) and (b) HRTEM images of the AO-N330, (c) XRD and (d)
Raman patterns of N330 CB and AO-N330.

carbon shell still shows a concentric fashion (Fig. 4b). The XRD
and Raman patterns given in Fig. 4c and d indicate that AO-
N330 still shows a low crystallinity and a high defect density,
which is similar as those of N330 CB. The coalescence or
reconstruction of small graphene flakes is barely occurred at the
relative low temperature of 430 °C. The aforementioned results
not only provide a direct evidence for the skin—core structure of
CB nanoparticles, but also demonstrate that the graphene
flakes of the core regions are more disordered and twisted than
those of the skin regions because the cores are more reactive for
air oxidation.

From the discussion above, the structural transformation
mechanism is proposed (model shown in Fig. 1g). First, we
should review the formation process of CB. The hydrocarbon
precursors undergo decomposition and condensation under
high fabrication temperature, resulting in the formation of
polycyclic aromatic hydrocarbons as nucleuses (cores). These
nucleuses (cores) are of a highly twisted and defective structure,
and may stack loosely with each other because of the short
liquid-maintaining time at high temperature. Thereafter, pyro-
lytic deposition takes place on these nucleuses to form a rela-
tively dense and ordered pyrolytic carbon skin. Because of
continues aggregation and deposition, CB nanoparticles tend to
form as a skin-core structure.*'’"'* When these nanoparticles
undergo a high temperature treatment, well ordered graphitic
skin is preferentially formed by easy coalescence and recon-
struction of the small graphene flakes in the dense and ordered
pyrolytic carbon skin.*“** But large-sized ordered graphitic
lamellas are hardly formed in the core region because the gra-
phene flakes show a highly disordered and twisted structure in
a confined space. At higher temperature, these twisted gra-
phene flakes are transformed to onion-like carbons, leading to
the formation of a multilocular hollow structure.*** The
proposed mechanism is in well accordance with our experi-
mental results. What's more, from the energy point of view, the
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small graphene flakes tend to coalesce together with the rising
of treating temperature to diminish high energy edges, crystal
boundary, and defects. Concentric arranged graphene flakes in
the skin region of CB nanoparticles therefore, are easily trans-
formed to multilayer stacked graphitic shells. But because of
the steric hindrance effect in a confined space, the highly
twisted graphene flakes in the core region are more difficult to
rearrange. At higher treating temperature, these highly twisted
graphene flakes coalesce and tend to flattened in a confined
space to form graphitic carbon onions to further reduce the
systematic energy. As a result, the solid spherical CB nano-
particles are transformed to hollow nano-polyhedra through
high temperature thermal treatment.

Conclusions

CB nanoparticles show a structural transformation from solid
spherical nanospheres to hollow nano-polyhedra during high
temperature thermal treatment. CB nanoparticles have a skin-
core structure constructed by small graphene flakes. The gra-
phene flakes are densely packed in the skin region and disor-
dered and twisted in the core region. We found that the small
graphene flakes were coalesced together at 1600 °C. Then CB
solid spheres were completely transformed to polyhedra at
1800 °C. By air oxidation, we proved that the cores were more
reactive than the skin. Therefore, the structural transformation
mechanism is ascribed to that the small graphene flakes coa-
lesce together to form large graphene lamellas, leading to
a densely packed graphitic skin and several twisted cores.
Subsequently, a multilocular hollow structure is formed by
reconstruction of carbons in a confined core region.
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