
Ultrafast Joule Heating Modification of Methane-Pyrolyzed Carbon
Black for Supercapacitor Application
Guinan He, Zhongjie Shen,* and Haifeng Liu*

Cite This: https://doi.org/10.1021/acs.langmuir.4c03818 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Carbon black from methane pyrolysis for hydrogen
is an alternative resource and can be improved for conductive
material supplication. Our current work uses an ultrafast Joule
heating technique to modify the methane-pyrolyzed carbon black
and prepare nanoparticles of electrode material for supercapacitor
application, coupled with density functional theory, structural, and
electrochemical analyses. Evolution rules of the carbon and pore
structures of the modified sample with an increase in temperature
reveal good structure improvements. The graphitization degree of
modified carbon black nanoparticles increases, and the particle
morphology changes from a smooth surface, disordered structure
removal, and pore formation to graphite crystallization. Band
structure and state density analytical results show that the modified
carbon black with a defect-free structure possesses metallic properties and exhibits good electrical conductivity. A temperature
around 1576 °C to the initial graphitization was defined based on the critical point of the evolution of ordered and disordered
structures, while the electrical conductivity of the carbon black nanoparticles at 2000 °C reaches 2300 S/m. The modified carbon
black performed with stable charge/discharge characteristics, exhibiting a 4.31% capacitance drop at a current load of 2 A/g and a
18.31% capacitance drop at a current load of 20 A/g.

1. INTRODUCTION
Renewable energy, as a key role on the action of the carbon
emission reduction and green development of global energy
sector, is being received wide attention and utilized in many
fields, such as solar, hydro, wind energy, etc.1,2 These
renewable energies are influenced by naturality (e.g.,
fluctuating seasonal and regional properties), which signifi-
cantly limit the stable and large-scale utilization.3 To solve
these issues, supercapacitors as an energy storage technology,
with high power density, maintenance-free, long life, and other
excellent performance become the focus of academic and
industrial attention.4−6 Supercapacitor technology has made
rapid progress, especially in the academic field, and new
technological breakthroughs have been reported, with the
support and great progress in manufacturing and application,
including communications, urban rail transit systems, in-
telligent distributed power grids, and military equipment.7−9

Carbon black, which has good conductivity and compati-
bility with other materials (such as conductive polymers), is a
promising material for manufacturing carbon electrodes in the
supercapacitor.10 Compared with the carbon black prepared
from acetylene, tar residue, coal, or other resources, the
byproduct carbon black from the methane pyrolysis (MP), of
which the main target is hydrogen production, is a low-cost
material and can be modified for a high value.11 In some

industrial applications, the MP reaction also occurs as a side
reaction in the recovery of high-temperature flue gas from
methane. However, due to the high temperature of the flue gas,
a large amount of carbon black is generated during the
reforming process, which may lead to catalyst deactivation due
to carbon deposition.12 Therefore, catalysts are generally not
added in these fields, and higher temperatures are often
required for the flue gas to react fully with methane, exceeding
1100 °C to ensure that the MP and reforming reactions
proceed sufficiently, resulting in a methane conversion rate of
over 90%.13 The primary products of MP are large-particle-
sized amorphous carbon or carbon with graphite-like proper-
ties, which are deficient in organic functional groups that
enhance surface reactivity and exhibit high thermal stability.14

Nonetheless, the amorphous structure and relatively low
specific surface area of the byproduct carbon black restrict
further application in the supercapacitor field.15 The
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modification of the methane-pyrolyzed carbon black is an
alternative method to advance the charge specific volume and
conductivity.
Ordered structures of the carbon black typically exhibit

better electron mobility.16 Graphitization modification enables
the effective transformation of carbon black from an
amorphous structure into an ordered one, which can
significantly enhance the electrical conductivity of carbon
black, thereby accelerating the charging and discharging rates
of supercapacitors.17 Considering that carbon black possesses
carbon-based properties and exhibits physical and chemical
characteristics similar to graphite, the transformation into a
more structured material is feasible.18 Compared to oxidation
and doping modifications, high-temperature thermal treatment
more efficiently enhances the electrical conductivity of carbon
black while avoiding structural damage that may result from
excessive oxidation or doping.19 The high-temperature
graphitization process includes the stages of carbonization
and graphitization, where the temperature for graphitization is
typically above 2000 °C.20 Through the application of high-
temperature thermal treatment, the carbon particles within the
carbon black are induced to reorganize.21 Such reorganization
converts a shift from amorphous state to a crystalline
arrangement in the formation of a graphite-like structure,
improving the electrical conductivity.22 However, the graphi-
tization process induced by high temperature varies among
different substances and across different forms of the same
substance, attributable to the distinct initial configurations of
carbon atoms and the prevalence of lattice defects.23 For
instance, highly active carbonaceous materials like activated
carbon exhibit a more loosely packed arrangement of carbon
atoms, necessitating temperatures exceeding 2500 °C for the
graphitization process to facilitate the transition into an
ordered graphite structure.24 In contrast, the commercial
high-temperature graphitization process typically requires the
temperature reaching 3000 °C.25 Therefore, the study of the
process of carbon black graphitization has always been one of
the core issues of carbon black graphitization.
Recently, the ultrafast Joule heating technology has been

reported as a method that saves time and energy and has
become a strong candidate for carbon black graphitization
methods.26 Ultrafast Joule heating technology enables rapid
temperature increase and decrease, capable of generating high
temperatures in high-resistance areas.27 This capability
effectively repairs the intrinsic structural defects of carbon
materials, leading to efficient graphitization.28 Additionally,
ultrafast Joule heating technology can be widely applied to the
graphitization treatment of various precursors, such as bowl-
like carbon,29 biochar,30 and commercial carbon black.31 This
technology effectively mitigates issues like surface oxidation,
agglomeration, and immiscibility, which are commonly
encountered during the preparation process of nanomateri-
als.32 However, research on the high-temperature graphitiza-
tion of methane-pyrolyzed carbon black, which has low
reactivity, is currently relatively scarce. Therefore, further in-
depth study of the high-temperature graphitization process of
methane-pyrolyzed carbon black is warranted.
In this study, ultrafast Joule heating technology was used to

conduct high-temperature structural modification experiments
on methane-pyrolyzed carbon black. Instruments such as an X-
ray spectrometer, a transmission electron microscope, and a
multifunctional physical property measurement system were
used to characterize the structure of the synthesized and

modified carbon black. Density functional theory (DFT)
calculations were combined to simulate the impact of carbon
black defects on electrical conductivity during the high-
temperature graphitization process. A systematic study of the
relationship between the microstructure of the carbon black
samples and the high-temperature conditions is conducted,
with particular attention given to the variation patterns of the
carbon black graphitization degree. Finally, the performance of
modified carbon black in supercapacitors was tested and
verified by using an electrochemical workstation.

2. EXPERIMENTS AND SIMULATION
2.1. Materials. The carbon black sample was prepared by using

the chemical vapor deposition method of MP (CH4, purity 99.9%) in
a tubular furnace. The pyrolysis temperature was set at 1100 °C, and
the flow rate of the methane gas was set to 300 mL/min with ambient
pressure. After cooling to room temperature in the tube furnace, the
deposited carbon black at the bottom of the tube furnace was
collected, denoted as C1-x, where C1 represents the carbon black
deposited in the tube furnace, and x represents the reaction
temperature in degrees Celsius. Fully automatic proximate analyzer
(Changsha Kaiyuan Instruments, 5E-MACIII and 5E-MVC6700,
China) was utilized to characterize the purity of the carbon black. The
result is shown in Table 1.

2.2. High-Temperature Modification Experiment. The
collected carbon black (0.2 g) was spread in a graphite boat and
placed in an ultrafast Joule heating device. The device diagram is
shown in Figure 1. After the furnace chamber had been continuously

evacuated three times, the carbon black was rapidly heated to 1400
°C, 1700 °C, and 2000 °C at a heating rate of 100 °C/s for thermal
modification and held the temperature for 10 s before quickly
annealing and cooling. After cooling to room temperature in the
furnace, we introduced argon gas to retrieve the modified carbon
black sample. The resulting product was named C2-x, where C2
represents the carbon black modified by an ultrafast Joule heating
device.
2.3. Structural Characteristic Analysis. The crystal structure of

carbon black was analyzed using an X-ray diffractometer (Thermo
Fisher Scientific, America) with Cu Kα radiation, within a 2θ range of
10°−80° at a scanning rate of 2°/min. The interlayer spacing (d002)
was calculated based on the Bragg equation, as described by eq 1. The
average crystal size of the carbon black was calculated using the
Debye−Scherrer equation, indicated by eq 2.33 The determination of
the crystallite thickness (Lc) and lateral size (La) employed K-values
of 0.9 and 1.84, respectively, where Lc represents the thickness
perpendicular to the basal plane obtained from the (002) reflection,
and La represents the thickness parallel to the basal plane obtained

Table 1. Carbon Black Information Used in This Study

proximate analysis (ad, wt %)

moisture
(M)

volatiles
(V)

fixed carbon
(FC)

ash
(A)

particle size
(nm)

C1-1100 0.86 7.48 91.38 0.28 500

Figure 1. Diagram of the ultrafast Joule heating device.
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from the (100) reflection. Additionally, the carbon black structure was
further tested using a Raman spectrometer (Thermo Fisher Scientific,
America) with an incident laser power of 4 mW at a wavelength of
532 nm.

= ·d /(2 sin )002 (1)

where λ represents the wavelength of X-rays, 1.54 Å, and θ is Bragg
diffraction angle, degrees.

= · ·L K /( cos ) (2)

where K is the Scherrer constant and β is the half-height width of the
diffraction peak, radians.

The specific surface area and pore size distribution of the carbon
black samples were characterized by using a nitrogen adsorption/
desorption analyzer (Quantachrome Corp, USA). The surface
morphology and internal structural feature of carbon black were
tested using field emission scanning electron microscopy (FESEM)
(GeminiSEM 500, Germany) and transmission electron microscopy
(TEM) (Talos F200X, America), respectively.

The electrical conductivity (σ) of the carbon black samples was
assessed by utilizing a powder resistivity tester (FT-300I, China)
under pressures ranging from 5 to 25 MPa. The conductivity of
samples was calculated based on resistance and sample dimensions
(length and cross-sectional area) using the following formula34

= ·L R S/( ) (3)

where R represents the electrical resistance of the sample, Ω, S
denotes the cross-sectional area of the sample, m2, and L is the length
of the sample, m.
2.4. Electrochemical Properties. Electrochemical tests were

conducted in a three-electrode cell in 1 M H2SO4, with carbon black
mixed with anhydrous ethanol and poly(tetrafluoroethylene) prepared
on a rotating disk electrode to make the working electrode. The
carbon black loading was 0.7 mg/cm2. A platinum electrode was used
as the counter electrode, and an Ag/AgCl electrode was used as the
reference electrode.34

Cyclic voltammetry tests were carried out on a Pine electro-
chemical workstation in the United States with a scan rate of 100 mV/
s. The initial and final voltages for the tests were set at 0 and 0.8 V,
respectively. Constant current charge−discharge cycling tests were
performed at current densities of 0.5−2 A·g−1 and 20 A·g−1. The
specific capacitance of different carbon black samples was calculated
based on the discharge process of the constant current charge−
discharge curves, using the following formula34

= · ·C I t m U/( ) (4)

where I denotes the discharge current in amperes, A, Δt signifies the
discharge time in seconds, s, m represents the mass of the carbon
black sample loaded in grams, g, and ΔU indicates the discharge
voltage range in volts, V.
2.5. DFT Analysis. As a widely recognized and successful method

in the realms of condensed matter physics, quantum chemistry, and
computational physics,35 DFT serves as an effective tool for
elucidating the intricate relationship between the electrical con-
ductivity variations of carbon black and underlying electronic
structure. Utilizing the CASTEP software package within the
Materials Studio software suite, computational analyses were
conducted on both pristine and double-vacancy-defective structures
of carbon black to ascertain the relationship between defects and

electrical conductivity. The generalized gradient approximation was
applied to modify the PBE functional for addressing exchange-
correlated potential energy.36 The energy cutoff point was set to 400
eV, and the k point was set to 20 × 20 × 2. In the calculation process,
by expanding the graphene primitive cell into a 5 × 5 × 2 super
cellular structure, the defect free and double-vacancy defect carbon
black model were established. The optimized carbon black structure
and band integration path are depicted in Figure 2. The calculation
path was set as G → W → Q → Y → G → Z → C → Q to calculate
the band structure and state density distribution of carbon black with
different defect degrees.

3. RESULTS AND DISCUSSION
3.1. Temperature Effect on Carbon Structure. The

XRD spectra for the modified carbon black samples C1-1100,

C2-1400, C2-1700, and C2-2000 are illustrated in Figure 3. The
002 peak of the carbon black sample prepared at 1100 °C is
clearly broad, indicating low crystalline carbon. Upon an
increase in temperature, 002 peaks sharpen and narrow,
signifying an enhanced structural order within carbon black.
The structural parameters of various carbon black samples, as
calculated and detailed in Table 2, show that as the
temperature increases, the interlayer spacing d002 decreases
from 0.349 nm to 0.342 nm, gradually approaching the

Figure 2. Optimized carbon black structure and band integration path. (a) Optimized electronic structure of defect-free carbon black. (b)
Optimized electronic structure of double-vacancy defect carbon black. (c) High symmetry points in Brillouin region.

Figure 3. XRD spectra of modified carbon black samples at different
temperatures.

Table 2. XRD Structure Parameters of Carbon Black at
Different Temperatures

sample C1-1100 C2-1400 C2-1700 C2-2000

2θ (002)/° 25.478 25.525 25.759 25.993
2θ (100)/° 43.521 43.451 43.143 42.786
fwhm (002) 4.325 3.727 1.976 0.891
fwhm (100) 4.211 3.216 2.488 1.143
d002/nm 0.349 0.348 0.345 0.342
Lc/nm 1.863 2.162 4.080 9.053
La/nm 4.155 5.439 7.023 15.268
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Figure 4. Raman spectroscopy of ordered structure variations in carbon black at different temperatures. (a) Raman spectra. (b) Raman spectrum
fitting diagram of C2-2000. (c) ID1/IG ratio changes of carbon black samples at different temperatures.

Figure 5. Pore structure and BET surface area of carbon black at different temperatures. (a) Aperture distribution curve. (b) Specific surface area
changes curve of different carbon black samples.

Figure 6. Electrical conductivity and electrical conductivity increase multiple (relative to C1-1100) curves of carbon black at various test pressures
and temperatures. (a) Carbon black electrical conductivity. (b) Carbon black electrical conductivity increase multiple.
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interlayer spacing of graphite. The result indicates that a rapid
temperature increase and high-temperature conditions can
promote a more refined and orderly rapid stacking of carbon
atoms, which is conducive to the formation of a carbon
structure with three-dimensional order similar to graphite.
Additionally, apart from the distinct 002 and 100 peaks
observed near 26° and 43°, respectively, peaks at 60°, 70°, and
77° corresponding to the 103, 104, and 110 planes also provide
information regarding the grain size and stacking mode of the
carbon material.37 Particularly at 2000 °C, the intensity of
these three peaks is more pronounced, indicating that the C2-
2000 sample has a higher degree of crystallinity. Furthermore,
the thermal treatment process is accompanied by the growth
and stacking of carbon black crystallites, as evidenced by an
increase in the crystallite thickness Lc from 1.863 nm to 9.053
nm and an expansion in the lateral crystallite size La from 4.155
nm to 15.268 nm.
In Figure 4a, the Raman spectrum shows two bands at 1350

cm−1 (D band) and 1580 cm−1 (G band), which are denoted
in Figure 4b, the former corresponding to disordered structure
within the graphene planes and the latter associated with the
in-plane vibrational motion of carbon atoms in sp2-bonded
atoms,38 representing the information on graphitic carbon. The
height, shape, position, and area of the D and G peaks of
carbon black also have a certain impact on the final carbon
structural properties.39 The height and sharpness of the G peak

indicate the presence of graphite carbon crystals. In contrast, a
larger and broader D peak is associated with a higher degree of
disordered carbon and defects in graphite materials. At 2000
°C, the C2-2000 sample clearly has the sharpest D and G
peaks, indicating that carbon black has the highest degree of
graphitization at this temperature. Simultaneously, in the first-
order spectrum, the D peak is fitted into four distinct peaks:
the D1 peak (∼1360 cm−1) indicative of defects in the graphite
microcrystalline plane, the D2 peak (∼1620 cm−1) representing
the graphene layer on the surface, the D3 peak (∼1500 cm−1)
characteristic of amorphous carbon, and the D4 peak (∼1180
cm−1) arising from a disordered graphite lattice.40 Figure 4b
shows the Raman spectrum fitting diagram of C2-2000 sample.
Additionally, a distinct 2D peak located at 2680 cm−1 was
observed in the C2-2000 sample, indicating the highly ordered
graphite layers within the carbon matrix,41 suggesting that the
carbon black at 2000 °C exhibits a pronounced layered
structure. The intensity ratio of the D1 peak to the G peak
(ID1/IG) reflects the graphitization degree of carbon black, and
the calculated ID1/IG values are shown in Figure 4c. With the
temperature increase, the ID1/IG value of the carbon black
samples decreases from 2.46 to 0.82, indicating higher
orderliness at higher temperatures, consistent with the results
calculated from XRD.
Figure 5 presents the BET analytical results for the modified

carbon black sample, including the pore size distribution curve

Figure 7. Band structure and state density of modified carbon black. (a) Band structure of defect-free carbon black. (b) State density of defect-free
carbon black. (c) Band structure of carbon black with double-vacancy defects. (d) State density of carbon black with double-vacancy defects.
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and the specific surface area variation curve. While the
temperature increases from 1100 to 1700 °C, carbon black
restructures from the nonporous to the porous structure. The
expansion of the pore size and the multiplication of pores
contribute to the enlargement of the specific surface area of
carbon black. However, when the temperature rises to 2000
°C, the abrupt decrease in the specific surface area, coupled
with a reduction in the number of pores with diameters greater
than 4 nm, indicates that the pores within the carbon black
particles begin to shrink, resulting in a decrease in the specific
surface area. In conjunction with the analyses from the XRD
and Raman results, the phenomenon can be deduced as a
further reduction in the interlayer spacing of carbon black
particles and a decrease in the defect level within the particles.

This results in contraction of the layered structure in the
carbon black particle and a final reduction in the pore
diameter.
3.2. Effect of Ordered Structure on Electrical

Conductivity. The electrical conductivity of carbon black at
various temperatures is presented in Figure 6. From Figure 6a,
the electrical conductivity of carbon black gradually increases
with the rise in temperature and test pressure. Under a
pressure of 25 MPa, the electrical conductivity of the carbon
black increases from 60 to 2300 S/m, falling within the range
of the electrical conductivity of conductive carbon black (103
to 105 S/m). This suggests that the transformation of the
defect structure in carbon black has enabled the transition from
semiconductor properties to the properties of an excellent

Figure 8. FESEM and TEM images of different carbon black samples. (a,b) C1-1100. (c,d) C2-1400. (e−h) C2-1700. (i−l) C2-2000. (a,c,e,i)
FESEM images. (b,d,f−h,j−l) TEM images.

Figure 9. Structure analysis of modified carbon black samples at different temperatures. (a) Raman spectra and (b) relationship of IG/ID1 with
temperature.
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conductive material. Figure 6b illustrates that while the carbon
black exhibits a high electrical conductivity under high
pressure, the increase multiple of conductivity decreases.
This indicates that within the temperature range of 1400−2000
°C, the rate at which electrical conductivity increases with
temperature is decelerating as the pressure increases.
The Raman test results indicate that the degree of defects in

carbon black decreases with the increase in temperature.
Therefore, the structural changes of carbon black at high
temperature can be represented by the double-vacancy defect
structure and the defect-free structure, thereby determining

how the structure of carbon black affects electrical con-
ductivity.42,43 The band structure and density of states (DOS)
calculations for carbon black with a defect-free structure and
double-vacancy defect structure are shown in Figure 7. The
band structure diagram in Figure 7a demonstrates that carbon
black with a defect-free structure has a bandgap of zero,
allowing valence electrons to more readily transition to the
conduction band, suggesting that this structure of carbon black
possesses good electrical conductivity. The DOS diagram in
Figure 7b demonstrates that the DOS curve for carbon black
has very sharp peaks, and the Fermi level intersects with the
DOS curve. This further suggests that the defect-free structure
of carbon black possesses metallic properties and exhibits good
electrical conductivity. The band structure diagram in Figure
7c indicates that the bandgap of the carbon black increases
from 0 to 0.208 electron volts, creating a forbidden band
between the conduction and valence bands, where valence
electrons require more energy to transition to the conduction
band. The DOS diagram in Figure 7d shows that the curve of
the carbon black becomes relatively flat and displays
discontinuity near the Fermi level. This suggests that carbon
black with double-vacancy defects has reduced electrical
conductivity, endowing the material with enhanced semi-
conductor properties.
3.3. Morphological Characteristics of Modified Car-

bon Black Microcrystalline. Figure 8 shows the FESEM and
TEM images of carbon black samples before and after
modification. Carbon black particles are mainly observed to
exist as irregular aggregates, with numerous branching

Figure 10. Cyclic voltammetry curves of carbon black at different
temperatures.

Figure 11. Constant current charge/discharge curve of carbon black under different load currents. (a) 0.5 A/g. (b) 1 A/g. (c) 2 A/g. (d) 20 A/g.
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structures forming on the surface. The branching increases the
contact area for charge transfer and improves the rate of charge
transfer. From Figure 8a,b, the carbon black particles in the
initial sample are observed to be primarily spherical, with no
surface porosity present. When the temperature is increased to
1400 °C, the carbon black surface no longer exhibits a
complete spherical shape. As shown in Figure 8c, the C1-1400
sample surface has developed fine particles. From the TEM
image of the C1-1400 sample in Figure 8d, distinct whisker-like
particles are observed on the surface of the carbon black
sample. The removal of volatile components at high temper-
atures causes the rupture and partial detachment of the surface
disordered carbon. This leads to an increase in the original
porous structure of the carbon black and the creation of
additional specific surface area through the formation of
whisker-like particles from the separated disordered carbon.
Consequently, under the combined effects of the reduction in
carbon black particle size and the formation of whisker-like
particles on the surface, the specific surface area of the carbon
black samples shows a sharp increase at temperatures between
1100 and 1400 °C. When the temperature continues to
increase to 1700 °C, as shown in the FESEM diagram of the
sample C2-1700 in Figure 8e, a large number of pores appear
on the surface of sample C2-1700, thus forming porous
spherical particles and resulting in a rapid increase in the
surface area of carbon black. However, when the temperature
rises to 2000 °C, as shown in the FESEM diagram of sample
C2-2000 in Figure 8i, the carbon black particles begin to close,
the surface pores begin to shrink, and the specific surface area
of carbon black decreases.
Figure 8f−h,j−l displays the TEM images of the modified

carbon black samples at 1700 °C and 2000 °C, respectively.
Figure 8h and Figure 8l are local magnifications of Figure 8g
and Figure 8k, respectively. With the temperature rising
further, the carbon atoms tend to arrange themselves into an
orderly layered structure, and the crystallite size of carbon
black gradually increases. From Figure 8g,h, the C2-1700
carbon black sample shows a clear layering phenomenon on
the particle surface. The interlayer spacing d002 aligns with the
results from XRD measurements with both being approx-
imately 0.345 nm. When the temperature further increases to
2000 °C, as shown in Figure 8k,l, the thermal expansion effect
leads to a further reduction in the interlayer spacing of the
carbon black internal crystallites. The d002 of the C2-2000
carbon black sample decreased to around 0.34 nm. In addition,
due to collision fusion of crystallites, transformation of
disordered carbon, and an increase in the number of layers,
the carbon black crystallite sizes La and Lc further increase.
3.4. Carbon Structure and Graphitization. Based on the

analysis of the carbon black structure at different temperatures,
the graphitization process of carbon black at high temperatures

can be obtained. The initial carbon black particles are spherical
particles and exist in the form of chain aggregates. With the
increase in temperature, carbon black first experienced the
process of surface disordered carbon shedding under the
influence of volatilization and thermal stress. At 1400 °C, a
large number of unshed disordered carbon layers appeared on
the surface of carbon black, forming irregular spherical
particles, carbon black particles with more pores began to
form, and the particle size of carbon black particles also began
to shrink, but no obvious layered ordered structure appeared.
With the temperature further increasing, the amorphous
carbon layers on the surface of carbon black particles
essentially delaminate, forming a porous spherical particle
structure. The amorphous structure within carbon black begins
to transition into an ordered layered structure, with a further
reduction in both particle diameter and interlayer spacing. At
1700 °C, carbon black particles formed an obvious multilayer
graphite structure. When the temperature rapidly increases to
2000 °C, the interlayer spacing of the carbon black continues
to decrease due to the thermal expansion effect, and the pores
on the surface of the particles begin to close. Additionally, due
to the collision fusion between carbon black grains and the
increase in the number of layers, as well as the further
transformation of disordered carbon, this leads to a rapid
increase in the La and Lc dimensions of the carbon black
crystals.
In order to determine the temperature limit of disordered

carbon removal of carbon black and the formation of layered
structures, samples C1-1100 were taken as raw materials and
left for 1 s at 1200−2000 °C, respectively. The Raman results
are shown in Figure 9. The change rate of IG/ID1 at different
temperatures is taken as the graphitization rate of carbon black.
The relationship between carbon black graphitization rate and
temperature can be obtained by combining the Arrhenius
equation. Through linear fitting of the data from the low- and
high-temperature regions, the extrapolated lines intersect at a
single point, corresponding to a temperature of 1576 °C.
Thereby, the influence process of temperature on carbon black
graphitization can be obtained. At temperatures between 1100
°C and 1576 °C, carbon black primarily undergoes the loss of
disordered carbon, resulting in the formation of a porous
carbon structure. Between 1576 °C and 2000 °C, a layered,
ordered structure is formed, with the porosity gradually
decreasing.
3.5. Performance of Modified Carbon Black in

Supercapacitors. The cyclic voltammetry curves of all
carbon black samples are shown in Figure 10. The CV curves
of the carbon black samples tend to be rectangular in shape,
consistent with the CV curve shape of the supercapacitors. The
area enclosed by the CV curve represents the specific
capacitance of carbon black. From the graph, the specific

Table 3. Specific Capacity of Carbon Black Samples at Different Temperatures

sample C1-1100 C2-1400 C2-1700 C2-2000
acetylene carbon black (acetylene vapor deposition, 700 °C,

nickel catalyst)45
KOH-activated sewage sludge

(400 °C)46

C (F/g)
0.5 A/g

4.03 6.77 11.34 7.65 8.40 11.18

C (F/g) 1 A/g 3.75 6.51 11.11 7.45 8.10 10.76
C (F/g) 2 A/g 3.33 6.29 10.76 7.32 7.60 10.31
C (F/g)
20 A/g

2.80 5.00 9.00 6.25

ΔC1 (%) 17.37 7.09 5.12 4.31 9.52 7.78
ΔC2 (%) 30.52 26.14 20.63 18.31
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capacitance of carbon black peaks at 1700 °C. According to the
BET characterization results, the specific capacitance of the
carbon black increases with the increase in specific surface area
when the temperature is between 1100 °C and 1700 °C.
However, when the temperature is raised to 2000 °C, the
specific surface area of the sample C2-2000 is lower than that of
the sample C2-1400, yet the specific capacitance of C2-2000 is
higher than that of C2-1400. The enhancement of porosity
facilitates the diffusion of charge within carbon black and
expands the space available for charge storage, thereby
increasing the specific capacitance of carbon black. Consistent
with the literature on the correlation between specific
capacitance and the specific surface area and conductivity of
carbon material,44 the carbon black’s high specific surface area
and porosity contribute to the elevated specific capacitance.
Based on the constant current charge−discharge curves

illustrated in Figure 11, the specific capacitance values for each
carbon black sample under different current loads are
calculated and listed in Table 3. The sample C2-1700 exhibits
the highest specific capacitance, reaching 11.34 F/g, primarily
due to the porous structure characteristics compared with
other modified carbon black samples. The high specific surface
area and porosity afforded by the porous structure are
conducive to the storage and transport of charge. The
capacitance decrement percentages are ascertained for both
high and extreme current loads with ΔC1 (%) corresponding
to 2 A/g and ΔC2 (%) corresponding to 20 A/g. Observing the
constant current charging curves, the charging time within the
capacitor decreases noticeably with the increase in the heat
treatment temperature of the carbon black, aligning with the
changes in electrical conductivity of carbon black. The
enhanced orderliness of the carbon black significantly improves
electrical conductivity, which in turn increases the charging
rate of the capacitor. The sample C2-2000, characterized by
good crystallinity and order, shows the smallest decrease in
capacitance compared to the sample C1-1100, which has
obvious structural defects, with only a 4.31% decrease at the
high current load of 2 A/g and an 18.31% decrease at the
extreme current load of 20 A/g. This indicates that C2-2000
has a stable electrochemical performance. However, excessively
high temperatures can cause the closure of surface pores on
carbon black particles, which may lead to a reduction in
specific capacitance. Therefore, these particles must undergo
an activation process to improve performance in super-
capacitors.

4. CONCLUSIONS
The pyrolytic carbon black is subjected to high-temperature
modification treatment at 1400 °C, 1700 °C, and 2000 °C
using ultrafast Joule heating technology. At 1100−1576 °C,
with the increase of temperature, carbon black particles form a
porous structure due to the partially disordered carbon falling
off, resulting in an increase in the specific surface area of
carbon black particles, and the carbon black particles gradually
change to a layered structure. Upon reaching a temperature of
1700 °C, a pronounced multilayered structure characteristic of
graphite was observed to form. With the temperature rising to
2000 °C, the interplanar spacing within the carbon black
particles was observed to decrease, concurrently with an
increase in the number of layers. The electrical conductivity of
these carbon black particles was enhanced to a level of 2300 S/
m. Under a high current load of 2 A/g, the observed
capacitance reduction was a mere 4.31%, and under the more

extreme current load of 20 A/g, the capacitance reduction was
limited to 18.31%. Therefore, a potential supercapacitor
material had been offered, with modified carbon black serving
as the electrode material.
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