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Carbon nano-onions (CNOs), as one of the allotropes of carbon, have attracted great attention because of
their excellent performance in many fields, especially in capacitors. Developing soft-chemistry synthesis
methods is critically of importance, while the forming mechanism in this area is not clear. In this paper,
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processes, elaborating the recent progress on soft-chemistry methods. Hansen solubility parameter
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1. Introduction

Shortly after the discovery of Ceo and other hollow spherical
carbon molecules, it was predicted that a hyperfullerene structure
that would be composed of carbon multi-shells like a Russian doll
would exist." Initially Iijima observed CNOs in an amorphous
carbon film by vacuum evaporation using TEM in 1980 (Fig. 1a).?
During the process of preparing Cg, by the electric arc method in
1991, Iijima found a concentric multi-shell fullerene structure,
which was known as multi-walled carbon nanotubes (WMCNTs)
afterwards.® In 1992, Ugarte reported the in situ formation process
of this multi-shell fullerene defined as CNOs by virtue of an onion-
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give new insights into understanding the formation and properties of CNOs.

like structure consisting of multilayered concentric shells by
transformation of carbon soot under electro-beam irradiation.*
Various synthesis methods for CNOs have been developed,
including pyrolysis,® chemical vapour deposition,*” nanodiamond-
derived CNOs,? arc discharge,® electron beam irradiation,* deto-
nation,'*™** laser irradiation,"** ball-milling"® and ion-implanta-
tion.'*” Most of these traditional methods require rigorous
conditions, like high temperatures or high vacuum degrees, costly
in terms of process. Most recently, soft-chemistry methods
including solvothermal reduction and hydrothermal treatment are
reported. They are meaningful and environment-friendly alterna-
tives for synthesizing CNOs. Hence, we would focus on these
progressive methods after shortly reviewing the common synthesis
methods from the viewpoints of carbon precursors and synthesis
conditions.

Owing to their outstanding properties, such as high specific
surface area, broad absorption spectra, high thermal stability and
electrical conductivity,'®*?° CNOs have been considered as the
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Fig. 1 (a) TEM images of hollow CNOs by lijima, Copyright 1980,
Elsevier? and (b) metal-filled CNOs, Copyright 2014, Elsevier;** illus-
trations of (c) fundamental Cgq buckyball, Copyright 2005, Elsevier**
and (d) ideal spherical CNOs, Copyright 2008, Elsevier.*®

desirable candidates for multiple applications ranging from
biological imaging,*** capacitors,”>° to catalysis®*** and fric-
tion.> For example, CNOs could be used as active materials,
conductive additives and substrates for capacitors. To improve
the performance of specific capacitance, chemical activation and
hybrid with metal oxide or conducting polymer are generally
adopted on CNOs.* For such applications, an inferior solubility
of CNOs in organic and inorganic solvents motives some
researchers to investigate surface modification. We consider that
the formation of CNOs may be related with the solubility of
precursors. Therefore, we also review the utility of Hansen solu-
bility parameter (HSP) to predict and select solvents for CNOs.

Depending on the synthesis methods and conditions, the
CNOs differ in radius, specific surface area and chemical
composition. The sizes of CNOs are generally at a range of 5-
100 nm and exhibit a relatively high specific surface area up to
600 m”> g~ 332 while their morphologies reported are hollow or
solid sphere, quasi-sphere or polyhedron. However, there is
hardly a consensus about the interlayer spacings. We would
summarize the interlayer spacings reported and furthermore
report a preliminary theoretical calculation.

2. Structure

CNOs can be categorized as hollow and solid structures with
concentric carbon multi-shells (Fig. 1b).** The core of the CNOs
could be transition metal particles or transition metal oxide.***°
In some cases, the outer graphitic layers would linked together
to form CNOs with multi-core structure.’” The number of
carbon atoms C(n) of each layer was given as follows:*

C(n) = 60n” (1)

where n refers to the corresponding layer number from the
interior.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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It can be speculated that the innermost layer of CNOs, that n
= 1, is well known as Cg, cage or fullerene with a diameter of
0.71 nm, which is a representative zero-dimensional (0D)
carbon allotrope (Fig. 1¢).** The ideal shape of CNOs is spherical
(Fig. 1d), while in some cases the shape vary from sphere to
polyhedron.** According to Euler's phase rule in topology, the
geometry relationship of a polyhedron m can be described as

n—s+f=2 (2)
3n=2s (3)
> mf(m) = 2s (4)

where n, s and fare the numbers of vertex, edge and face of the
polyhedron, f{m) is the total number of faces of m. For a carbon
polyhedron composed of pentagonal and hexagonal rings, the
corresponding results are as follows:

f5) =12 )
5x 12+ 6 x f(6) =2s (6)

Then n = 20 + 2f{6).

In other words, a fullerene can be expressed as Cy+2p, p is the
number of hexagons. Each type of fullerene contains exactly 12
pentagons and arbitrary number of hexagonal faces. For
example, Cg, the smallest fullerene that exists stably, consisted
of 12 pentagons and 20 hexagonal rings.** Generally, carbon
atoms are in the forms of heptagonal, hexagonal and pentag-
onal rings. The most common carbon nanomaterial is graphene
consisted of two-dimensional (2D) hexagonal networks.
However, the non-hexagonal carbon rings are quite crucial for
curling the structure and hence, closing the cage. Without the
occurrence of non-hexagonal rings, it is impossible to form the
curved cap of carbons, such as carbon nanotubes with closed
ends. Moreover, pentagonal carbon rings avoid pairing with
heptagons as they are likely to recombine leading to two hexa-
gons.*” Apart from that, for fullerene, they also follow Isolated
Pentagon Rule (IPR), that a stable fullerene structure would not
contains adjacent five-number rings.*

According to Fowler' report,>® for a closed carbon cage
formed by pentagons, hexagons and heptagons, the relation
between the number of pentagons and heptagons, that f{5) and
f(7), satisfy the following relationship:

A5 - i) =12 (7)

Based on theory and practice, the general structural char-
acteristics of closed cages should meet the constraining prin-
ciples as follows:

(1) m-electron stabilization. Hexagonal rings have the mostly
stable m-electron followed by pentagons and heptagons. Rings
of 3, 4 and 8 are quite unstable because of c-strain.

(2) Higher symmetry. The tension related to spherical
curvature caused by pentagons should distribute uniformly.

(3) Euler law.

RSC Adv, 2021, 11, 6850-6858 | 6851
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3. Synthesis of CNOs

In this section, the traditional synthesis methods from the
viewpoints of carbon precursors and synthetic condition are
summarized and at the same time, the soft-chemistry methods
with mild conditions are highlighted.

3.1 Overview of the common synthesis

Zeiger and Plonska-Brzezinskain made a detailed review about
the traditional synthesis methods.***”

In 1994, Kuznetsov first reported nanodiamond-derived
CNOs by heating treatment of ultradisperse diamond (2-6
nm) in high-vacuum chamber.* While until today, annealing
nanodiamond under a high vacuum and temperature have been
the most common and industrial synthesis method so far
because of a high atom utilization. Zeiger et al. reported that
this transformation starts from outside to the inside.** Solid
state carbonization of phenolic-formaldehyde resin with ferric
nitrate as the catalyst at 1000 °C was reported to synthetize
CNOs in a great quantity, which showed quasi-spherical struc-
ture of well-aligned graphene layers.*»*” The process of flame
assisted pyrolysis of ghee oil to synthesize CNOs was believed to
follow bottom-up mechanism that ghee oil decomposed and
generated chemically reactive radicals (like -C,H3), hydrogen
atoms or sp> carbon creating aromatic rings and curved poly-
cyclic aromatic hydrocarbons.*® Arc discharge technology is
a traditional route to synthesize fullerene-like materials and
could be achieved in liquid nitrogen or organic solvent without
offering vacuum system additionally according to Sano
group.””*® The sample produced by submerged arc in liquid
nitrogen with Ni-contained graphite anode would resulted in
carbon nano-capsule with the core of Ni particle.*® Arc in liquid
Ce¢Hg was verified to do not produce CNT which may give it
a possibility to large-scale production for CNOs.*” Lithium ionic
salts system had been proved to realize graphitization at a much
low temperature (550-600 °C).* In 2002, Sano made improve-
ments to optimize this device by applying a direct current arc
discharge between two graphite electrodes submerged in
water.”® In most cases, catalysts are introduced in chemical
vapor deposition (CVD) approach to decompose carbonaceous
material dispersed on the substrates or floating in the chamber.
Small molecules, like CH,4,**>* and C,H, (ref. 51, 61 and 62) are
the most common carbon sources to produce CNOs in CVD.

While with the presence of catalysts, the precursor would
deposit on the surface of it and achievegraphitization at much
a lower temperature (600-900 °C) since catalysts reduce the
activation energy.>

Induced by high-energy e-beam, sp>-hybrid C of graphene
had proven to be converted into fullerene.”® This course expe-
rienced “graphene route” that the carbon atoms at the edge of
graphene are more labile compared with those in the middle
since the energy needed almost one third less than the other,
the loss of carbon atoms at margin can increase the dangling
bonds and the defect graphene would lead in the formation of
pentagons, which could caused the curve of the plane, this
course is thermodynamically preferably. The structure

6852 | RSC Adv, 2021, 11, 6850-6858
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continues curving until forming closed fullerene owing to the
energy minimization theory. Treating single-walled carbon
nanotubes (SWCNTs) in 30% HNO; solution at 100 °C could
lead to various phase, such as short bamboo-like multi-walled
carbon nanotubes (MWCNTs) and CNOs, while in the
medium of HCI solution would not cause any structural
change.®

Sumio Iijima revealed the conversion from MWCNTs to
CNOs by in situ TEM.** The corresponding formation mecha-
nism would be that the whole process involved two steps of
growth and shrinkage. Sequential HRTEM images manifested
that closed fullerene cages functioned as the nucleus and CNOs
were produced and enlarged from the center to the outside
converted by the MWCNTs layers (Fig. 2a-h). They raised that
the polygonal carbon onion was formed from inward to outward
in the first step and experienced a shrinkage course at high
temperature. Under further irradiation, the arches got to be
smoothed and annealed into spherical-shaped CNOs (Fig. 2i-1).
In addition, irradiating of supercritical benzene with UV laser
could formed aromatic hydrocarbons, such as naphthalene,
biphenyl and realized graphitization.>** Generally, ball-milling
uses stainless steel balls colliding with the material with a high
milling speed. Chen declared of curved or closed-shell carbon
nanostructures by ball-milling of graphite. The pristine
graphite was composed of parallel layers while after the treat-
ment of ball milling for 150 h the polyhedral structure
appeared.” Table 1 compared the details of these different
synthesis methods.

3.2 Soft-chemistry synthesis

Obviously, these ways mentioned above in this section require
rigorous conditions, like high temperatures or high vacuum

Fig.2 (a—h) Sequential HRTEM images showing a dynamic process for
the shell-by-shell formation of a carbon polygon starting with
a defective MWCNT; (i-1) sequential HRTEM images with further irra-
diation.>* Copyright 2009, ACS.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Synthesis method Carbon precursor Condition Sample Reference
Pyrolysis Nano-diamond (2-6 nm) Vacuum, 1000-1500 °C  Onion-like carbon 44
Phenolic-formaldehyde resin, 1000 °C, nitrogen gas Quasi-spherical structure, 30-50 nm 45
ferric nitrate
Ghee oil Flame assisted pyrolysis =60 nm 46
Arc discharge Graphite Liquid C¢Hg CNOs, 10-30 nm 47
Ni-contained graphite anode Liquid nitrogen Carbon capsule with the core of Ni particle, 48
CNT
Graphite Lithium ionic salts, 550- CNT, CNOs 49
600 °C
Graphite Water CNT, spherical CNOs 50
Chemical vapor Acetylene Fe/Al,O3, 1100 °C 15-40 nm 51
deposition Polyvinyl alcohol Nitrogen flow, 600 °C Multi-walled graphite shells and nanotubes, 52
graphite filaments
Electron beam Graphene 80 kv Fullerene cage 53
irradiation MWCNTs Joule heating, 1.7 V CNOs 54
Laser irradiation Supercritical benzene UV laser Aromatic hydrocarbons naphthalene, 55
biphenyl and anthracene
Ball-milling Graphite High milling speed Curved or closed-shell carbon nanostructures 15

degrees, which are costly in terms of process. Therefore,
developing soft-chemistry method in mild conditions to realize
graphitization is incredibly significant. Recently, using a one-
step of CHCIl; and potassium metal as low temperature as
100 °C have been put forward to synthesize hydrogenated CNOs
successfully, which opens the way of graphitization.®® Time-
dependent growth mechanism in this approach determined
by the inspections of TEM, Raman and IR revealing that
graphitic carbon were created within the first 2 h of the course
and the degrees of hydrogenation increased with the reaction
time. Convinced by XRD pattern of the existing KCI, it was likely
that the thermal reduction of CHCI; with potassium would lead
to cleavages of C-Cl and C-H bonds, generating C-radicals fol-
lowed by assembling into curved graphitic fragments and CNOs
driven by the energy minimization theory. The whole process
involved the transformation from sp*-hybridized carbon
(CHCl3) to CNOs. Other organic solvent, including C,H;Cl; and
C,H,Cl, have been reported to be the promising precursors.*®
Instead of using active metal, sodium azide (NaNj;) could be
applied to produce sodium followed by reducing hexa-
chlorobenzene (C4Clg), which had been proven to be a feasible
approach as well.” Phenyl radicals produced during the
dechlorination process as the sharp raise in temperature and
pressure which was reported as the intermediates to create
CNOs.

Zhu group devised a reaction using calcium carbide (CaC,)
reacting with chloride aluminum hexahydrate (AICl;-6H,0) and
obtained CNOs at a low temperature of 250 °C.*® By a sequence
of experiments regarding to various precursors and reaction
conditions, the authors supposed that the AlCl;-6H,0 was of
significance as it can not only be reduced to generate catalyst of
Al, but also provide water to react with CaC, producing C,H,
gases functioned as carbon source. Inspired by this, NiCl,-
-6H,0 and CucCl,-2H,0 were verified as well and hollow carbon
polyhedrons were existed in the sample.®*”® They raised that the
graphitization of carbon would cause the self-compression

© 2021 The Author(s). Published by the Royal Society of Chemistry

accompanying with high pressure, which may give a rise to
apexes. Defects were likely to emerge when the pressure was out
of boundaries and the polyhedral-shaped Ni particles were
squeezed out to yield hollow carbon polyhedrons.

Our group” found a novel way of hydrothermal carbon of
citric acid at 180 °C with the existence of KNO; to synthesize
CNOs. By formation process determined by TEM, we proposed
that the whole process involved three stages, including the
dehydration of citric acids into the graphene quantum dots
(GQD) and then grew and stacked into graphitic nanosheets
(GS), which curved into graphitic hollow polyhedrons (GHP)
due to the interface energy followed by spherical CNOs with the
lowest interface energy in the hydrothermal solution by dis-
ordering and rearrangement of the carbon shell (Fig. 3). It
should be noted that in this work we explained the trans-
formation process as well as the function of KNO; using inter-
face energy and cohesion, which, we considered, are the reason
of instable dispersion of carbon materials in the aqueous
system. To describe the cohesion, Hanson solubility parameter
(to be discussed below) can be used.

4. Solubility

Actually pristine CNOs, similar to the case of carbon nanotubes,
are insoluble in both polar and nonpolar solvent. The strong
intermolecular interactions of CNOs, for example van der Waals
and m-stacking forces, make their weak solubility in solvents.”
This inferior solubility largely limits their application. There-
fore, predicting the solubility and developing strategies to
improve their solubility is definitely a meaningful topic. Hansen
solubility parameter (HSP) could be employed to evaluate
a solubility.” As mentioned above, HSP may have an important
role in the formation of CNOs too.

The solubility of CNOs (~5 nm) synthesized from nano-
diamond in 20 various types of solvents were investigated
from the mixture of CNOs powder and solvent with

RSC Adv, 2021, 11, 6850-6858 | 6853
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Fig. 3 Formation process of the hydrothermal synthesized CNOs.”* Copyright 2020, WILEY.

a concentration of 1 mg mL ™" for 1 h.” Fig. 4 showed that CNOs
displayed enhanced “solubility affinity” in 8 kinds of solvents
while precipitated in other 12 substances. Intermolecular forces
are composed of dispersion force, polar force and hydrogen
bonding. Hildebrand measured solubility parameters (6, of
a series of solvents and Hansen developed it by partitioning 6,
into three parts respectively and can be expressed in eqn (8)™*

5= /o0 + (86p)” + (Ady)’ 8)

where Jp is the dispersion Hansen solubility parameter, dp
represents the polar solubility parameter and 0y refers to the
hydrogen bonding of Hansen solubility parameter (HSP). In
fact, HSP theory reveals that the phenomenon of dissolution
would happen not only the similar value of ¢ but the similarity
of its constituents.” For example, chloroform and methyl ethyl
ketone exhibit the same Hildebrand solubility parameter of 19,
while they do not tend to disperse each other as the unlike three
parts. HSP theory defines a sphere with a radius of R, in a three
dimensional axes of 24y, dp and oy (Fig. 5). R, refers to the
radius of the Hansen solubility parameter sphere which defines
the maximum distance within interaction between solute and
solvent or, in general, between the object and any other
substance. These figures are determined involving different
mathematical algorithms aiming to an optimization data
fitting.”> Hansen claimed that the solubility can be predicted by
the Relative Energy Difference (RED) on the rule of “similarity
matching”, which is plotted as eqn (9)”

RED = R,/Ry 9)

In this equation, R, is the distance between the material 1 and 2
and can be calculated using the formula (10)

Ry = \/4(8dp)” + (A0p)" + (Ady)’ (10)

£10H | MeOH

=
—

~

Fig. 4 Photographs of CNOs dispersed in
solvents.”? Copyright 2019, Elsevier.

(@) good and (b) bad

6854 | RSC Adv, 2021, 11, 6850-6858

If the value of RED less than 1, it implies a strong interaction
between the two particles. Inferior insolvent has a RED value
more than 1. In other words, the good solvents would exist
within the sphere while all bad solvents stay outside. The
computer optimization program located the centre (2dp, dp and
0y) for CNOs as (31.8, 10, 8) MPa'/? in this experiment and the
value of R, was 3.9 MPa"? By looking up to the HSP of the
solvents and calculating the RED values, HSP theory can give
a detailed explanation on this phenomenon. On the flip side,
HSP theory is the most effective tool in selecting good solvents
that predicted to be compatible with CNOs in terms of the
solubility.

The poor solubility of CNOs in certain solvents limit and hinder
their application. In order to improve the solubility, researchers
have tried a great number of strategies to synthesize covalent and
non-covalent functionalization of CNOs, such as cycloaddition,”
amidation of oxidized CNOs,” cyclopropanation,* radical addi-
tion” to acquire CNOs with a variety of functional groups by
regulating and controlling the three components of HSP for
further applications. For example, using candle soot and oxidizing
acid with the treatment of sonication can gain carbon onion
clusters functionalized with -OH and -COOH groups that can
maintain stability of dynamics in water within a year.*

5. Interlayer spacing

Interlayer spacing refers to the distance of the two adjacent
carbon shells. Because the existence of pentagonal rings in the
fullerene-like shells may lead to the interactions between the
shells different from the those between the layers of graphite,
the interlayer spacing of CNOs are different from the basal
spacing (0.335 nm) of graphite.”® Herein, we summarize the
interlayer spacings in the literatures, and then present
a preliminary theoretical calculation result.

7

O

Fig. 5 The model of the Hansen sphere.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The morphology and interlayer spacing of CNOs synthesized by different methods
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Interlayer
spacing
Synthesis method Carbon precursor Morphology (nm) Reference
Electro-beam irradiation Amorphous carbon film  Solid spherical structure 0.36 81
Amorphous carbon Hollow spherical structure 0.38, 0.39, 82
0.44
Amorphous carbon Tetrahedral structure 0.35 83
Ultrathin evaporated Nested polyhedron and rounded structure 0.35 84
carbon
Heating/pyrolysis Ultra-disperse diamond  Quai-spherical or polyhedron, with closed concentric 0.35 44
graphite shells
Silicon carbide Hollow or filled, enclosing graphitic onion-type structure  0.344, 0.36 85
120 KeV C* Solid, with circular crystallized carbon layers 0.343 86
Plastic wastes Solid, spherical, with concentric graphitic shells 0.354 5
Naphthalene and graphite Crystalline, solid and spherical with graphitic sheets 0.36 = 0.02 87
powder
Combustion/flame Clarified butter Quasi-spherical, concentric, with randomly arranged 0.34-0.36 88
graphite layers
Propane Solid or hollow, spherical or polyhedral, with concentric 0.34 51
multi-shells
Chemical vapour deposition or Acetylene (C,H,) Concentric graphitic layers with high graphitization degree 0.346 89
plasma Methane (CH,) Concentric carbon layers, hollow or encapsulated nickel 0.35 90
particles
Radio frequency plasma Coal and graphite Polyhedral or quasi-spherical with hollow center, high 0.35 13
graphitization degree
Laser irradiation Amorphous SiC layers Small or large, quasi-spherical concentric structures with ~ 0.37 £ 0.02 91
defective
Ball milling SiC powder Hollow, polyhedral structures with graphite layers 0.342-0.372 92
Chemical treatment Low-quality coals Polyhedral or quasi-spherical onion-like fullerenes with ~0.38 93
hollow center
Ultrasonic irradiation MWCNTs Hollow, polyhedral structures with graphite layers 0.35-0.36 94
HF-etched silicon Solid, quasi-spherical, with rough, wavy layers 0.42 95
nanowires

Fig. 6 Theoretical model of interlayer distance after introducing five-membered rings into graphene fragments. (A) CooH10_ CooH10, With a layer
spacing of 0.374 nm. (B) CyoH10_ C21Hg, with a layer spacing of 0.397 nm. (C) CygH10_ C1Ho, the interlayer distance is 0.359 nm. (D) CpoH10_
Co4H10, with a layer spacing of 0.346 nm. All was viewed from side (left) and top (right).

5.1 Experimental measurement

5.2 Theoretical calculation

The morphology and interlayer spacing of CNOs synthesized by
different methods are exhibited in Table 2. Generally, the
interlayer spacings of CNOs by various methods are slightly
larger than 0.335 nm since CNOs with smaller curvature are
likely lead to larger interlayer spacings.

© 2021 The Author(s). Published by the Royal Society of Chemistry

In fullerene chemistry, it is known that the introduction of
a pentagon into the hexagonal structure of graphene will lead to
the appearance of curvature according to Euler's Theorem. The
curvature involves the p-orbitals of hybridized carbon atoms,
which results in a highly pyramidic shape and the

RSC Adv, 2021, 11, 6850-6858 | 6855
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electronegative properties of fullerene.’” Notably, bowl-shaped
polycyclic aromatic hydrocarbons (PAHs), also called buck-
ybowls, can be regarded as a basic constituent fragment of
a fullerene.

Our group investigate four stable states of the pentagon
contained carbon debris/fragments and the corresponding
spacings of 0.346-0.397 nm obtained by Ab initio calculation
method. We simulated the interlayer spacing of corannulene
(Ca0Hyp), the smallest constituent fragment of a fullerene, when
assembled with another bowl-shaped PAH (Fig. 6). The results
showed that the interlayer spacing ranged from 0.346 nm to
0.397 nm, and the specific value was related to the molecular
mass and relative position of the buckybowls. A repulsion effect
from the electronegative induced curvature may also have
contributed to the layer spacing. This explains why the inter-
layer spacing in CNOs, a structure nested by multiple fullerene-
like spherical shells, was larger than the spacing found in
graphite. Since the curvature was related to the shell diameter,
there was a slight difference among the interlayer spacing of
CNOs from the centre to the outside.

6. Summary

We summarized the reported synthesis methods of CNOs and
gave a relatively detailed review on the soft-chemistry progress.
A wide range of raw materials have been reported to be trans-
formed into CNOs through certain synthesis methods. Large-
scale synthesis is still one of the challenges, and developing
novel, economical, environmentally-friendly and efficient soft-
chemistry methods with high yield and purity is attractive.

The solubility of CNOs in solvent could be explained and
predicted utilizing HSP theory, moreover one can tune this
property by regulating and controlling the three components of
HSP for further applications.

The interlayer spacing of CNOs is slightly larger than
0.335 nm, which is the basal spacing of graphite, since the
shells of CNOs with a small curvature leads to a large interlayer
spacing. The spacing value can be a criterion to differentiate
CNOs and graphite.
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