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Graphitization induced structural transformation
of candle soot carbon into carbon nano-onion as
a functional anode for metal-ion batteries+
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This work reports for the first time the structural transformation of glassy spherical candle soot carbon

into graphitic polyhedral carbon nano-onions (multilayer fullerenes) by simple graphitization of candle

soot carbon at varying temperatures from 1500 to 2400 °C. This structural transformation of candle

soot carbon is thoroughly investigated by high-resolution transmission electron microscopy, X-ray
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diffraction, and Raman spectroscopy, with the aid of first-principles calculation based on density
functional theory to understand the effect on physiochemical properties. Further, this understanding of
structural transformation enables a promising pathway to tune the electrochemical properties of

graphitized candle soot carbon to develop it as a functional anode for metal-ion (Li-ion as well K-ion)

rsc.li/materials-advances battery applications.

1. Introduction

Fullerenes, especially Ceo, have attracted great interest in
different fields of science and technology due to their appealing
chemical, physical, biological, and electrochemical properties."
Nano-onion-like fullerenes, also called carbon nano-onions
(CNOs), are important members of the fullerene family that
have been widely studied and used in various applications,
including energy storage materials, high-performance and
high-temperature wear-resistant materials, superconductive
materials, and biomaterials.> CNOs are zero-dimensional
spherical or concentric shell structures of closed carbon shells,
multi-layered quasi-spherical, and polyhedral-shaped shells.®> A
few methods have been reported to produce carbon onions,
including arc-discharge,* electron irradiation,” chemical vapor
deposition (CVD),® and nano-diamond annealing.” Recently,
the graphitization of amorphous carbon into a polycrystalline
graphitic structure has been reported. Liu et al.® proposed
a strategy to enhance the graphitization and surface area of
carbonaceous materials simultaneously, besides N, P co-doping.
However, the quality of the obtained graphitized material was
poor compared to other reported techniques, such as arc-
discharge grown CNTs and mechanically exfoliated graphene.’
Additionally, understanding of the graphitization of amorphous
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carbon into a polycrystalline graphitic structure is still unclear
and remains highly debatable.™

However, the cost-effective large-scale production of CNOs is
still a challenging task. Therefore, it has limited their commercial
availability. It has been reported'' that quasi-spherical carbon
nano-onions have an extrapolated price of $3350 million per ton.
The huge cost of carbon onions could be due to the high price of
nano-diamond precursors (~ $2.4 million per ton) and the pro-
duction process."" Therefore, the cost-effective mass production
of carbon onions with uniform morphology and size is a bottle-
neck for their commercial viability and use in device applications.

Here, we report a facile method to produce spherical and
polyhedral (hexagonal) carbon nano-onion structured materials
by the cost-effective graphitization of low-cost candle soot
carbon. Carbon soot is a relatively novel and not-so-well
explored carbon nanomaterial among existing carbonaceous
materials, consisting of small and ordered graphitic nano-
structures and particle sizes ranging from 10 to 50 nm.">"
Here, we use the graphitization process to transform the
amorphous nature of candle soot carbon to the spherical and
polyhedral morphology of carbon nano-onions (multi-layer
fullerenes) by improvising its lattice order and graphitic con-
tent. We comprehensively study the graphitization temperature
dependence of the candle soot carbon micro-structure. Candle
soot carbon is transformed into spherical carbon and graphitic
polyhedral onions as the graphitization temperature increases
(1500 to 2400 °C). This provides a toolkit to enhance its
applications further. For example, in this work, we report the
graphitization of candle soot carbon as a promising way to
develop and tune its structural properties to enable its use as a
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functional anode material for energy storage applications, parti-
cularly for lithium and potassium-ion battery development.

2. Results and discussion

The candle soot carbon was prepared by a flame synthesis
process, ie., direct combustion of a commercial candle in
air, as shown in Fig. 1a. The calculated candle soot carbon
deposition rate on a stainless-steel sheet (20 cm x 30 cm) is
~85 mg min~". The physical and chemical properties of the
candle soot carbon depend on the collection of soot from two
different regions of the flame. For example, candle soot depos-
ited from the tip of the flame is oxidized, conductive, and
contains a lower amount of wax and organic compounds
compared to the soot collected from the middle of the
flame.' In this work, carbon candle soot was collected from
the tip of the flame over a stainless-steel sheet, as shown in
Fig. 1a. The low-resolution transmission electron micrograph
(TEM) image (Fig. 1b) indicates that the carbon soot consists of
interconnected nanoparticles, forming a fractal (branched) like
a network of nanoparticles. At higher magnification (Fig. 1c),
candle soot particles (~45 nm in size) have a short-range ordered
graphitic layer with an interlayer spacing of 0.354 nm. Later, high-
resolution transmission electron microscope (HRTEM) analysis
was used to observe the structural change in candle soot carbon
over/after each graphitization temperature. The HRTEM micro-
graph was also utilized to calculate the interlayer spacing of the
microstructure and particle size.

The collected candle soot carbon powder was cold-pressed into
12 mm diameter pellets with a uniaxial press. The resultant candle
soot pellets were used for graphitization at different temperatures.
Graphitization of candle soot pellets was carried out in a graphi-
tization furnace (Make: Nabertherm GMBH) in an inert and high-
purity nitrogen (99.99%) atmosphere. The pellet was placed into a
tubular furnace with purging by 1.5 L min ™" of N, gas flow for 15
min. After the initial purging, the N, gas flow was maintained at
0.5 L min~" throughout the graphitization process.

Fig. 1
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The graphitization of candle soot was carried out in a three-
step process. (i) the temperature (T,) was raised at a ramp rate
of 10 °C min 7, (ii) then, the temperature (T,) was reached at a
ramp rate of 5 °C min~?, and (iii) finally, the graphitization
temperature (T3) was raised at a ramp rate of 3 °C min~' and
allowed to dwell there for 120 min. The furnace cooled down
to room temperature in N, gas flow with a cooling rate of
30 °C min " The conditions for the entire graphitization
process of candle soot are described in Fig. 1d.

After graphitization at 1500 °C, the morphology of the
candle soot particles becomes spherical (Fig. 2a), from quasi-
spherical (not symmetrical) observed in the case of bare candle
soot (collected directly from the flame). We can observe there is
a start to concentric graphite layers with an interlayer distance
of 0.350 nm. Still, there are a few amorphous carbon regions
with a graphitization trend forming an onion-like structure that
also indicates the partial (initial) graphitization of the candle
soot carbon. Also, the SAED pattern of the graphitized candle
soot at 1500 °C has clear diffraction rings which correspond to
the (002), (110), and (004) crystal planes of graphite.'®

As the graphitization temperature increases to 1800 °C, the
morphology of graphitized candle soot carbon becomes
(partially) polyhedral with concentric graphite layers having
an interlayer distance of 0.346 nm (Fig. 2b). These (partially)
polyhedral carbon onions form more concentric graphite layers
at the surface of the onions and fewer at the center. As the
graphitization temperature increases further to 2100 °C
(Fig. 2c), the candle soot carbon becomes polyhedral and
irregular in shape. It has more graphitic content with lattice
fringes of 0.343 nm. The SAED pattern also supports this
observation and confirms that polyhedral carbon onion has
more graphitic content.

However, at 2400 °C, the morphology of the carbon onion
is nearly perfectly polyhedral (hexagonal) around 40 nm in
diameter without any significant amount of amorphous carbon
particles in its structure (Fig. 2d). The polyhedron has a nearly
uniform graphitic structure from the surface of the onion
towards the center. Also, the lattice fringes of the polyhedral
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(a) Flame synthesis of candle soot carbon. (b) TEM morphology of candle soot particles after flame synthesis at lower magnification. (c) TEM

morphology of candle soot particles at higher magnification. (d) Schematic showing the three-step graphitization of candle soot under different

temperature conditions.
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Fig. 2 (a) TEM morphology of candle soot particles after graphitization at 1500 °C at lower and higher magnification with SAED pattern. (b) TEM
morphology of candle soot particles after graphitization at 1800 °C at lower and higher magnification with SAED pattern. (c) TEM morphology of candle
soot particles after graphitization at 2100 °C at lower and higher magnification with SAED pattern. (d) TEM morphology of candle soot particles after
graphitization at 2400 °C at lower and higher magnification with SAED pattern.

onions are more distinct and straighter than those of the This indicates that candle soot carbon nanoparticles trans-
spherical onions of candle soot carbon with an interlayer dis- formed to polyhedral onions have more ordered and concentric
tance of about 0.339 nm, close to that of the (002) graphite plane.  graphitic layers, as also shown in the SAED diffraction rings.
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Fig. 3 (a) X-ray diffraction of graphitized candle soot carbon after graphitization from 1500 °C to 2400 °C. (b) The schematic shows the calculated
structural parameters, interlayer distance d(poz), humber of graphitic layers (N), L, and L. of the graphitized candle soot carbon, with graphitization
temperature. (c) Change in FWHM and interlayer distance with graphitization temperature. (d) Variation in bandgap energy with the change in interlayer
distance in a carbon onion during graphitization.
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The change in crystallinity during the graphitization of
candle soot carbon at varying temperatures was also analyzed
using powder X-ray diffractometry with a step size of about
0.02°, as shown in Fig. 3a. A broad and weak diffraction peak at
about 26.3° confirms that bare candle soot carbon is amor-
phous (disordered) with an interlayer spacing (doop) of
0.355 nm. The interlayer spacing (doo,) (eqn (S1), ESIt) was
calculated from Bragg’s law,"® and crystallite height (L.) along
the c-axis (eqn (S2), ESIT) and crystallite size (L,) along the
a-axis (eqn (S3), ESIt) were evaluated by the Debye-Scherrer
formula'” (see Section S1 for more details, ESIt). The calculated
structural parameters, interlayer distance do,), number of
graphitic layers (N), and L, and L. of the graphitized candle
soot carbon, with temperature are depicted in Fig. 3b.

Peaks at around 25°, 43°, 53° and 78° indicate the diffraction
peaks corresponding to the (002) (100), (004) and (110) planes
of graphitic carbon."”” The (002) peak is attributed to the
stacking structure of graphene layers along the c-axis (i.e., the
orientation of the aromatic ring carbon layers in a three-
dimensional arrangement).'® The (100) plane mainly represents
the hexagonal plane structure of carbon along the ag-axis.'® The
narrow and high intensities of the (002) and (100) peaks indicate
the better orientation and the larger size of the aromatic layer
slices, respectively.”” After graphitization at 1500 °C, the inten-
sities of the (002) and (100) diffraction peaks increase; this
indicates that the graphitic content in the candle soot carbon
structure is enhanced with a closer interlayer spacing of
0.352 nm. The crystallite size (L,) and the crystallite height (L)
also increase, indicating the improvement in the stacking of
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aromatic ring carbon layers along the ¢- and a-axes. As the
graphitization temperature increases from 1500 °C to 2100 °C,
the FWHM peak width decreases, indicating an increase in
sp>bonded graphitic content in the graphitized carbon onion
(Fig. 3¢).

The calculated d-spacing of graphitized candle soot carbon
from XRD analysis is also consistent with our observation from
HRTEM (Fig. 2). With increasing temperature, the interlayer
distance decreases and causes the two-dimensional microcrys-
tallinity to grow gradually along the a- and c-axes. This is also
supported by the calculated crystallite size (L,) and the crystallite
height (L) along the a- and c-axes, respectively. It is interesting to
note that the (002) and (100) diffraction peaks become narrow and
sharp, while other diffraction peaks of carbon corresponding to
the (004) and (110) planes start evolving with increasing graphi-
tization temperature (Fig. 3a). This indicates that the number of
parallel graphitic layers increases, and the aromatic graphene
layer becomes orderly with higher graphitization temperature.'®
At 2400 °C, we achieved higher graphitization of candle soot
carbon particles into polyhedral carbon onions with an interlayer
spacing of 0.342 nm (comparable to pristine graphite), crystallite
size (L,) of 4.91 nm, and crystallite height (L.) of 9.34 nm, with
nearly 14 parallel graphitic layers along the c-axis.

To understand the effect of the change in interlayer distance
of graphene layers in carbon onions during graphitization on
the energy gap, we performed first-principles calculations
based on the density functional theory (DFT) (see Section S2
for more details, ESIt). The variation in relative energy gap with
interlayer distance is depicted in Fig. 3d. This result indicates
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(a) Raman spectra of collected candle soot and graphitized candle soot carbon after graphitization from 1500 °C to 2400 °C. (b) The change in I4/

Iy ratio with graphitization temperature. (c) Variation in FWHM of the G band with the structural transformation of candle soot carbon during

graphitization.
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that the relative energy gap increases with interlayer distance
and can reach up to ~110 meV at an interlayer distance of
3.52 A (it is achieved by graphitization at 1500 °C). Thus, we can
consider that graphitization is also a promising and control-
lable way to tune the energy gap of candle soot carbon onions
for developing different electronic and semiconductor devices
such as p-n junctions, transistors, photodiodes, and lasers.”*

Raman spectroscopy, a non-destructive characterization
technique, was applied to understand the microstructural
changes occurring during the graphitization process from candle
soot carbon to polyhedral carbon onions and to investigate the
ordering of the carbon structure during the transformation.
Raman spectra were recorded at room temperature on candle
soot carbon after graphitization from 1500 °C to 2400 °C, as
shown in Fig. 4a.

Raman spectra show two modes; the first-order mode is in
the ranges 1000-1800 cm™ " and the second-order is in the
range 2200-3100 cm ™ *. The first-order mode shows the G band
and D band around 1347 cm ' and 1589 cm ', respectively.
The positions of the D band and G band mostly rely on the
qualities of the carbonaceous material structure, such as
vacancies, grain size, edge defects, dangling bonds, and other
disorders.?* The G band is related to the E,g vibrations corres-
ponding to crystalline sp> domains and bond stretching of all
pairs of sp” atoms in both rings and chains (it is indicative of
crystalline graphite content).”® Whereas the D band is observed
due to the radial A;, breathing mode of vibration (breathing
modes of sp> atoms in the ring), which, in turn, signifies the
presence of defects along with the disordered amorphous
carbon content.>® On increasing the graphitization temperature
from 1500 °C to 2400 °C, the intensity of the G band mono-
tonically increases with a reduction in the intensity of the D
band, indicating an increase in the graphitic content and
a reduction in defects with graphitization temperature.
At 2400 °C, the intensity of the G band dominated over the D
band. The sp® content was 56% more than the sp® content
(46%), indicating that polyhedral onions consist of more
ordered graphitic sp® planes. This observation can be con-
firmed with clear and straight lattice fringes of polyhedral
candle soot carbon onions, as observed in the HRTEM micro-
graph. The sp” and sp® content were evaluated by calculating
the relative area under the D and G bands. The relative intensity
of the D to G bands (I4/I) is widely used to trace the defects
present on carbon structures (i.e., degree of graphitization).****
Fig. 4b shows the ratio (Ia/I) decreases with increasing graphi-
tization temperature, indicating the polyhedral carbon onion
structure has a more ordered structure and tends to be graphitic.
Fig. 4c represents the change in full width at half maximum
(FWHM) of the G band with graphitization temperature of the
graphitized candle soot carbon material. FWHM of the G band
mainly represents the disorder within the carbon sp” sheets.”® As
the graphitization temperature increased, the FWHM decreased,
indicating the lower disordered content within the carbon sp?
sheets. The in-plane crystallite thickness for the graphitized
carbon structure is calculated using the Tuinstra and Koenig
relation L, = 4.4(I,/I5).”” The in-plane crystallite thickness for
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candle soot carbon increases from 3.6 nm to 6.0 nm, with
graphitization temperature ranging from 1500 °C to 2400 °C.
It is also implied that the graphitized candle soot carbon onion
has a greater number of sp®> domains with less disordered
content compared to non-graphitized candle soot carbon.>®

Additional peaks (including 2D and combined (D + G)) are
observed in the range 2500-2800 cm ', which reflects the
second-order two-phonon process associated with defects
arising from all kinds of sp® carbon materials.>® It can be
observed that the 2D band starts evolving and becomes sharp
as the graphitization temperature increases. The 2D band in
this graphitized carbon material exhibits a doublet structure,
which means that the stacking of graphene layers is ordered
along the hexagonal axis. It is mainly associated with the
splitting of the m and m* electronic states, as a result of
interactions between the successive layer planes.”*?° In the
case of a one-layer graphene structure, the 2D band forms a
singlet, whereas, for two-layer graphene, it exhibits a quadru-
plet structure.”® Here, the Raman spectrum (2D band) of
graphitized carbon onion at 1500 °C is almost indistinguish-
able from that of a polyhedral carbon onion at 2400 °C. This is
due to the 2D band splitting merging into a doublet.*°

At temperatures above 1500 °C, the transformation of candle
soot carbon nanoparticles to carbon nano-onions is initiated by
the thermal energy associated with graphitization temperature.
As the graphitization temperature increases, more ordered
graphitic content develops with decreasing distance between
the graphene layer and increasing crystallite size (L.), as shown
in Fig. 5a. The calculated activation energy (please refer
eqn (S4) and (S5), ESIf) for the transformation of candle soot
carbon nanoparticles to polyhedral carbon nano-onions is
8.74 kcal mol ' with a pre-exponential constant of 0.002 (see
Section S3 for more details, ESIT). Here, the activation energy
for the graphitization of candle soot carbon particles is
comparably lower than for the graphitization of other precursor
materials.®" This may be due to the nano-effect of candle soot
carbon particles, as the kinetics of nanomaterials is much
faster than for bulk materials.*?

The change in lattice orientation during graphitization can
also be analyzed using the XRD pattern. Williamson and Hall
reported that the observed XRD diffraction line broadening
(FWHM) is due to crystallite size and micro-strain. Therefore,
we used the diffraction patterns of graphitized candle soot
carbon to evaluate the average crystallite size (dxgp) and
microstrain (¢) at each graphitization temperature using the
Williamson-Hall (W-H) relation (eqn (S6), ESIT)*** (see Section
S4 for more details, ESIT). The W-H curve for candle soot carbon
with graphitization temperature (Fig. 5b) indicates that the
strain present in the sample is compressive. This compressive
strain in the material leads to the overall contraction of a particle
with a reduction in interlayer spacing, which induces curvature
across the carbon nano-onion and may form polyhedral
(hexagonal) rings, as observed in the TEM images. As the graphi-
tization temperature increases, the decrease in compressive strain
may be due to the reduction in lattice imperfections, as observed
in TEM, XRD, SAED, and Raman analyses.*® Similarly, it has been

© 2022 The Author(s). Published by the Royal Society of Chemistry
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showing the structural transformation of candle soot carbon during graphitization.

observed that when a carbon onion is exposed to electron
irradiation it undergoes self-compression, leading to the for-
mation of pentagonal and heptagonal rings that induce curvature
in the network.*®

The observed size of hexagonal carbon onions in the TEM
micrograph is slightly smaller than the initial size of candle
soot carbon nanoparticles. The decrease in the volume/size of
the graphitized polyhedral carbon onion may be caused by the
compressive stress and difference in the densities between the
hard carbon nature of candle soot carbon (the density of hard
carbon is ~1.45-1.55) and the more graphitic nature of the
polyhedral carbon onion (the density of graphite is ~2.15-
2.25).>” The present study also clarifies that the polyhedral onions
have a more ordered graphitic sp> content and are energetically
favorable at a higher temperature of graphitization (2400 °C) than
spherical carbon onions obtained from graphitization of candle
soot carbon at 1500 °C. A similar type of transformation and
behavior is also observed in the case of CNTs.*® It has been
observed that normal nanotubes with circular shapes are energe-
tically favorable at low temperatures. However, the configurational
entropy accompanied by Stone-Wales defect creation at high
temperatures makes polygonal nanotubes or nanofibers. These
polygonal structures are thermodynamically more stable
and contain less aromatic graphene interlayer spacing.*® Here,
spherical candle soot carbon onion is also energetically more
stable at low temperature, as observed through TEM analysis.
However, at high temperatures the polygonal (hexagonal) onion
structure is more favorable with a reduction in graphene inter-
layer spacing, as observed in TEM and XRD patterns.

The TEM micrograph and Raman spectra show that the candle
soot carbon and graphitized spherical carbon nano-onions consist

© 2022 The Author(s). Published by the Royal Society of Chemistry

of small domains of graphitic sp> sheets with defects in the
structure. Therefore, m-electrons in candle soot carbon and
spherical carbon onions are mostly localized in small domains,
which cannot actively take part in the conduction of electrons.*
However, the graphitization temperature increases the polyhedral
carbon onion form with more graphitic sp> sheets, reduces
graphene interlayer spacing, and decreases the number of defects,
resulting in the delocalization of m electrons.’” Therefore, our
studies along with other findings*’~*° strongly confirm that the
structure of spherical onions is energetically favoured at low
temperatures and far from the perfectly closed graphitic structure.
In contrast, polyhedral carbon onions at high temperatures are
thermodynamically more stable (Fig. 5¢), accompanied by a highly
ordered graphitic structure, with a reduction in the graphene
interlayer spacing and more conduction 7 electrons within it.
Further, we have measured the electrical conductivities of directly
collected candle soot carbon (CCSC) and graphitized candle soot
carbon at 2400 °C (GCSC). The electrical conductivities of CCSC
and GCSC measured from the -V characteristic curves obtained
by linear sweep voltammetry. The current response is recorded by
varying the voltage from 1 to 4.0 V with a scan rate of 0.01 Vs~ .
The current response varies linearly with the applied voltage
between the two probes at a fixed distance. The slope of the
linear fit of the curves is used to obtain the conductivity of the
samples. The conductivities for CCSC and GCSC are calculated to
be 0.13 and 0.20 S cm ™. The electrical conductivity of GCSC was
found to be the higher due to the high amount of ordered
graphitic domains obtained during the graphitization process,
as discussed in the previous section.

Further, we demonstrated graphitized candle soot carbon as
an anode material for a metal-ion battery and how their

Mater. Adv., 2022, 3, 3610-3619 | 3615
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(a) Cyclic voltammetry curves (first 5 cycles) of collected candle soot carbon (CCSC) electrode for LIB. (b) Cyclic voltammetry curves (first 5

cycles) of graphitized candle soot carbon (GCSC) electrode for LIB. (c) Charge—discharge curve of CCSC electrode for the first 10 cycles in LIB.

(d) Charge—discharge curve of GCSC electrode for the first 10 cycles in LIB.

structural transformation engineered the tuning of the electro-
chemical performance. Fig. 6a and b represents the cyclic
voltammetry curves of directly collected candle soot carbon
(CCSC) and graphitized candle soot carbon at 2400 °C (GCSC) at
a scan rate of 0.1 mV s~ between 0.05 and 3.0 V. Galvanostatic
charge-discharge was carried out at 50 mA g~ for all measurements.
In the first discharge cycle for CCSC, there are two distinct
reduction peaks at approximately 1.40 and 0.60 V (vs. L i'/Li)
and for GCSC they are at 1.0 and 0.55 V, which is mainly
attributed to electrolyte decomposition and the formation of a
protective solid electrolyte interphase (SEI).*° However, the
peak (0.15-0.25 V) during the anodic scan indicates the removal
of adsorbed/de-intercalation of Li-ions from the carbon
structure.*!

After the first cycle, GCSC shows stable CV curves in terms of
shape and current density over the CCSC, indicating that the
graphitization of CCSC at 2400 °C (GCSC) increases the graphitic
content and efficient lithiation/de-lithiation over the GCSS.
Fig. 6¢c and d show the electrochemical charge-discharge profiles
of CCSC and GCSC, with a cut-off voltage of 0.005 to 3.0 V at a
current density of 100 mA g, respectively. In the first cycle,
CCSC offers high discharge capacity (762 mA h g~') but suffers
from low Coulombic efficiency (40.2%). Whereas GCSC shows an

3616 | Mater. Adv., 2022, 3, 3610-3619

initial discharge capacity of 534 mA h g~ with an improved

Coulombic efficiency of 76.4%. Here CCSC offers a high initial
discharge capacity (762 mA h g~ ') but shows low capacity in the
following cycles compared to GCSC because CCSC has a more
disordered structure consisting of numerous structural defects
(e.g., defects, edges, and residual heteroatoms) which provide
plenty of storage sites with a wide distribution of binding
energies for metal-ions.”> The presence of a more disordered
structure in CCSC results in a high initial discharge capacity with
SEI formation, electrolyte decomposition and irreversible Li"
capture. Furthermore, CCSC and GCSC have graphitic as well
as disordered contents (from Raman analysis); therefore metal-
ion storage in CCSC and GCSC materials possesses both sloping
and plateau voltage regions, involving an intercalation
mechanism, adsorption mechanism, and capacitive mechanism.
However, CCSC achieved more capacity (discharge/charge curve)
in the sloping voltage region because of the adsorption of ions on
the surface of active sites (edge carbon fragments and heteroa-
toms such as oxygen and hydrogen) while the GCSC achieved the
capacity in a low-voltage plateau region which is attributed to
metal-ion intercalation/deintercalation into the graphitic layers.*?

Further, during cycling of GCSC over CCSC, the discharge
plateaus shift down (positively) and the charge plateaus shift up

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(negatively), indicating that the structural transformation of
candle soot carbon into carbon nano-onion lowers the polar-
ization and increases the Li-ion cell reversibility.

Next, we demonstrated the use of CCSC and GCSC in a K-ion
battery and their relative electrochemical performances. The
graphite anode used in a potassium-ion battery has a limited
theoretical capacity of 279 mA h g~ with poor cyclic stability
compared to an Li-ion battery;** therefore, it may be advanta-
geous to use glassy carbon as an anode. Fig. 7a and b represent
cyclic voltammetry (CV) curves for five cycles at a scan rate of
0.1 mV s~ " in a voltage range of 0.01-3.0 V (vs. K'/K).

For CCSC, the broad cathodic reduction peaks located
at ~0.6 and ~0.01 V and anodic peaks located at 0.3 V
correspond to the formation of a solid-electrolyte interface
(SEI), intercalation, and de-intercalation of K-ions in CCSC,
respectively.”> Whereas GCSC has a cathodic peak located at
~0.78 V and 0.65-0.7 V, and an anodic peak located at 0.68 V,
representing the formation of SEL®® insertion of potassium
ions, and extraction of potassium ions in GCSC,*” respectively.
Here, CCSC shows relatively broad cathodic and anodic profiles
for the CV curves compared to GCSC. This indicates that CCSC
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has high surface-driven storage of K-ions due to the presence
of disordered carbon and multiple defects, as revealed in
Fig. 2 and 3.

Further the K-ion storage performance of CCSC and GCSC
was analyzed by galvanostatic charge-discharge, as shown in
Fig. 7c and d. In the first cycle, CCSC shows a lower Coulombic
efficiency (56.9%) than GCSC because CCSC contains many
defective structures, leading to irreversible K-ion trapping and
more SEI formation. We should also note that the initial
Coulombic efficiency of CCSC is improved for the K-ion system
(56.9%) compared to the Li-ion system (40.2%). This shows the
advantage of the glassy nature of CCSC as an anode for a K-ion
battery. However, as GCSC has a better degree of graphitization
with limited defective structures, it still leads in terms of
reversible and more efficient K-ion intercalation with higher
Coulombic efficiency (76.2%). Further, it can be observed that
charge-discharge curves of CCSC contain a highly sloping
region with higher voltage, whereas GCSC shows a low sloping
region at a lower voltage. This GCD behavior indicates that
CCSC possesses surface-induced K-ion storage due to the
presence of defects with amorphous carbon content. Whereas
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(a) Cyclic voltammetry curves (first 5 cycles) of collected candle soot carbon (CCSC) electrode for KIB. (b) Cyclic voltammetry curves
(first 5 cycles) of graphitized candle soot carbon (GCSC) electrode for KIB.

(c) Charge—discharge curve of CCSC electrode for the first 10 cycles in

KIB. (d) Charge—discharge curve of GCSC electrode for the first 10 cycles in KIB.
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GCSC shows K-ion intercalation/de-intercalation due to the
presence of a more graphitic structure. Thus, this study
suggests that the electrochemical behaviors of energy storage
devices are highly dependent on structural transformation and,
therefore, by simply tuning the graphitization conditions of
candle soot carbon materials, one can extend their utilization
for wider electrochemical applications.

3. Conclusion

This work reports a facile method of preparing a spherical
and polyhedral (hexagonal) carbon nano-onion structure by
graphitization of candle soot carbon in the temperature range
1500 °C-2400 °C. The structural transformation of candle
soot carbon with graphitization temperature was thoroughly
investigated and it was observed that the structure of spherical
onions is energetically favored at low graphitization temperature
(1500 °C). However, the structure of polyhedral carbon onions
is thermodynamically more stable at high graphitization
temperature (2400 °C). Polyhedral carbon onions have a highly
graphitic ordered structure, reduced graphene interlayer spacing,
and greater crystallite size along the a- and c-axes compared to
spherical onions. Thus, this work provides a mechanistic under-
standing and structural transformation of candle soot amorphous
carbon into spherical and polyhedral graphitic carbon nano-
onions. This study will also open new and unprecedented avenues
for future research in graphitized candle soot carbon and tune its
properties as a functional material, as described in this work as a
case study for Li-ion and K-ion battery applications.
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