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Introduction

Supercapacitors have emerged as a promising class of electro-
chemical energy-storage devices that could bridge the gap
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Introducing micropores into carbon nanoparticles
synthesized via a solution plasma process by
thermal treatment and their charge storage
properties in supercapacitorst
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Carbon materials synthesized via a solution plasma process (SPP) have recently shown great potential for various
applications. However, they mainly possess a meso—macroporous structure with a lack of micropores, which limits
their applications for supercapacitors. Herein, carbon nanoparticles (CNPs) were synthesized from benzene via SPP
and then subjected to thermal treatment at different temperatures (400, 600, 800, and 1000 °C) in an argon
environment. The CNPs exhibited an amorphous phase and were more graphitized at high treatment
temperatures. A small content of tungsten carbide particles was also observed, which were encapsulated in
CNPs. An increase in treatment temperature led to an increase in the specific surface area of CNPs from 184
to 260 m? g~* through the development of micropores, while their meso—macropore structure remained
unchanged. The oxygen content of CNPs decreased from 14.72 to 1.20 atom% as the treatment temperature
increased due to the degradation of oxygen functionality. The charge storage properties of CNPs were
evaluated for supercapacitor applications by electrochemical measurements using a three-electrode system in
1 M HSO, electrolyte. The CNPs treated at low temperatures exhibited an electric double layer and
pseudocapacitive behavior due to the presence of quinone groups on the carbon surface. With increasing
treatment temperature, the electric double layer behavior became more dominant, while pseudocapacitive
behavior was suppressed due to the quinone degradation. Regarding cycling stability, the CNPs treated at high
temperatures (with a lack of oxygen functionality) were more stable than those treated at low temperatures.
This work highlights a way of introducing micropores into CNPs derived from SPP via thermal treatment, which
could be helpful for controlling and adjusting their pore structure for supercapacitor applications.

between conventional capacitors and batteries." They offer
several advantages over other energy storage devices, including
high power density, fast charge and discharge, long cycle life,
and environmental friendliness.>* They can be classified into
three main types based on their charge storage mechanism: (i)
electric double layer capacitors (EDLCs), which store charges
through electrostatic interaction on the surface of the electrode
(non-faradaic process),** (ii) pseudocapacitors (PCs), which
store charges through reversible redox reactions at the elec-
trode-electrolyte interface (faradaic process),”® and (iii) hybrid
supercapacitors, which combine both EDLC and PC behaviors
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T Electronic supplementary information (ESI) available: TGA curve of CNT-RT
under O, flow, EDS area analysis of CNP-RT, TEM images showing the presence
of WC,_, particles embedded in carbon particles, N, adsorption-desorption
isotherm of CNPs, BJH pore size distribution obtained from desorption
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to achieve high energy and power density.”** The electrode
materials have been proven to play a vital role in determining
the charge storage performance and stability of
supercapacitors."® Various families of materials have been
investigated and used as electrode materials in both research
and commercial products, including porous carbons,"*® metal
oxide,"” metal sulfide,’®* metal nitride,’ MXenes,>** metal-
organic frameworks,*" and mixtures thereof.”>** Among them,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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carbon-based materials are the most popular and attractive
materials for supercapacitor electrodes because of their unique
properties, such as low cost, abundance, large specific surface
area, microporosity, high conductivity, and high thermal and
chemical stability.**¢

Carbon materials with a broad range of nanostructures,
porosity, and functionality have successfully been synthesized
from either natural or synthetic sources via various synthesis
approaches.”**® Most of the research efforts in this field have
concentrated on synthesizing porous carbons from natural
biomass via carbonization and activation processes.'>*>*°
However, the use of synthetic sources has received relatively little
attention so far. Over the past decade, the solution plasma
process (SPP) has emerged as a powerful and interesting method
for synthesizing carbon materials from various synthetic carbon
precursors (e.g., benzene,*>* toluene,*® xylene***) at room
temperature and atmospheric pressure. Benzene was found to be
the most suitable precursor for synthesizing carbon materials via
SPP in terms of the highest yield since its unsaturated ring
structure could induce a faster formation rate than the others.*

Typically, carbon materials synthesized via SPP are in a partic-
ulate form with an amorphous structure and possess a hierarchical
meso-macroporous structure with a lack of micropores.*** Due to
these properties, they have been applied for various energy and
environmental applications, such as electrocatalysts in fuel
cells,®*?%*° anode materials in lithium and sodium-ion
batteries,***® catalysts for biomass conversion,*>*" and adsorbents
for CO, capture and dye removal.****> Although significant progress
has been made in various applications, there has been no study on
the applications of SPP-derived carbon materials in super-
capacitors due to the limitations of low surface area and lack of
micropores. Furthermore, their charge storage properties are still
questionable and require more study. Therefore, it is necessary to
address this limitation to broaden their potential application in
supercapacitors.

Herein, carbon nanoparticles (CNPs) were synthesized from
benzene via SPP. A thermal treatment process was then con-
ducted at 400, 600, 800, and 1000 °C in an inert atmosphere to
improve the surface area through the development of micro-
pores. The effect of treatment temperature on the structural
properties, morphology, and surface chemical functionality of
CNPs was investigated and discussed. The electrochemical
charge storage properties of CNPs were tested using a three-
electrode system at room temperature in 1 M H,SO, electro-
lyte, and their charge storage properties were correlated with
their physicochemical properties.

Experimental
Materials

Benzene (C¢Hg, purity >99%) was purchased from Qrec Chem-
ical, Co., Ltd, and tungsten wire (1 mm diameter, 99.99% purity)
was purchased from Nilaco Corporation. Ethanol (C,HsOH,
purity 99.9%), isopropanol (C;HgO, purity 99.8%), and sulfuric
acid (H,SO,, purity 98%) were purchased from RCI Labscan Ltd.
Nafion® DE 521 solution (5 wt% in a mixture of lower aliphatic
alcohols and water) was purchased from Sigma-Aldrich.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ultrapure water (18.2 MQ cm at 25 °C) was obtained from
a Direct-Q™ 5 UV Millipore water purification system. All
chemicals used in this work were of analytical grade and used
without purification.

Synthesis of CNPs via SPP

A pair of symmetric tungsten wire electrodes (1 mm diameter)
covered with an insulating ceramic tube was inserted in the
center of a 100 mL glass vessel reactor. Benzene (80 mL) was
poured into the glass reactor and used as a precursor for CNP
synthesis. Plasma was generated at the electrode gap
submerged in benzene by connecting them to a bipolar pulse
power supply (MPP-HV02, Kurita Seisakusho Co., Ltd, Kyoto,
Japan). The voltage amplitude was about 1 kV, and the
frequency and pulse duration were 20 kHz and 1 us, respec-
tively. Once plasma occurred under vigorous stirring, black
solid particles were immediately produced from the plasma
region, and colorless benzene turned black in a few minutes.
The formation mechanism of carbons from SPP has already
been reported and described in the literature.**%* After
synthesis for 20 min, the solid carbon product was collected by
vacuum filtration through a filter paper (Whatman No. 1) and
repeatedly washed with ethanol until the washed solvent was
colorless. The washed samples were subsequently dried at 80 °C
for 24 h in an oven (Memmert, UN55). On average, the yield of
carbon product was ~500 mg (synthesis rate ~25 mg min ).
The as-synthesized CNPs from SPP were denoted as CNP-RT.
The CNP-RT was then loaded into a ceramic boat and sub-
jected to thermal treatment in a tube furnace (Vecstar, VCTF4)
at 400, 600, 800, and 1000 °C for 2 h with a heating rate of 10 °©
C min " under a flow of argon gas (0.2 L min ", purity 99.99%),
followed by natural cooling to room temperature. The thermally
treated CNP-RT was denoted as CNP-T, where T represents the
treatment temperature (i.e., 400, 600, 800, and 1000 °C).

Characterization

To investigate the properties and structure of CNPs, various
analytical techniques were employed. The phase structure of
CNPs was verified using a Bruker D8 Advance X-ray diffrac-
tometer with Cu K, radiation (2 = 1.5406 A) operated at 40 kv
and 30 mA. Raman spectra were collected using a JASCO NRS-
5100 spectrometer with a laser excitation wavelength of
532.1 nm. Morphological features of the CNPs were examined
with a JEOL JSM-7600F field-emission scanning electron
microscope at an acceleration voltage of 1 kV. Energy dispersive
spectroscopy (EDS) was performed using an Oxford Instrument
spectrometer equipped with a Hitachi SU3500 scanning elec-
tron microscope. The microstructural details of CNPs were
evaluated using a JEOL JEM-3100F transmission electron
microscope at an acceleration voltage of 300 kV. Thermogravi-
metric analysis of CNPs was performed on a Mettler Toledo TGA
2 analyzer under N, and O, flows from 50 to 800 °C with
a heating rate of 10 °C min~'. N, adsorption-desorption
isotherms of CNPs were recorded using a Micromeritics 3Flex
surface characterization analyzer at —196 °C to evaluate their
specific surface area and pore structure. Prior to the
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measurement of N, adsorption-desorption isotherms, the CNPs
were degassed at 150 °C for 12 h under a vacuum using a Smart
VacPrep instrument. The elemental composition and chemical
bonding states were determined using a Kratos Axis Ultra DLD
X-ray photoelectron spectrometer (XPS) equipped with an Mg K,
radiation as an X-ray source (1253.6 eV). The binding energy was
calibrated using the C 1s peak at 284.5 eV.

Preparation of working electrode

The CNPs (5 mg) were dispersed in a mixture of 475 pL of
ultrapure water, 475 uL of isopropanol, and 50 pL of Nafion®
DE 521. The mixture was sonicated for 60 min to obtain
a homogeneous suspension. The glassy carbon (GC) electrode
(3 mm disk diameter, ALS Co., Ltd) was thoroughly polished on
a polishing pad with 0.1 pm diamond and 0.05 um alumina
slurries. The GC electrode was finally polished on an alumina
polishing pad with only water to remove the alumina particles
remaining on the electrode surface. The polished and cleaned
GC electrodes were rinsed with ultrapure water and air-dried.
After that, 3 pL of the prepared suspension was drop-cast onto
the GC electrode, which was then air-dried, yielding a mass
loading of 0.015 mg, before electrochemical measurements.

Electrochemical measurements

Electrochemical measurements were performed using a three-
electrode system in 1 M H,SO, electrolyte at room tempera-
ture. Platinum wire (ALS Co., Ltd) and Ag/AgCl in saturated KC1
solution (ALS Co., Ltd) were used as the counter and reference
electrodes, respectively. The CNP-modified GC electrodes were
used as the working electrodes. Three electrodes were con-
nected to a Biologic VSP potentiostat/galvanostat station
controlled by EC-Lab software. Cyclic voltammetry (CV)
measurement was performed in the potential range of 0-1 V vs.
Ag/AgClin 1 M H,SO, solution at different scan rates from 10 to
100 mV s~ ". Additionally, galvanostatic charge-discharge (GCD)
test was conducted in the same potential range corresponding
to the CV measurements at different current densities ranging
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Fig. 1 (a) XRD patterns and (b) Raman spectra of CNPs.
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from 1 to 20 A g~ '. A stability test was done by charge-discharge
cycling for 5000 cycles at a current density of 10 A g~ .

Results and discussion
Structural properties

The XRD patterns of all CNPs are shown in Fig. 1a. The major
broad peak at 24° and a small hump at 43° corresponded to the
(002) and (101) planes of the amorphous carbon, respectively.
The dyo, lattice spacing was calculated from the C 002 peak
using Bragg's law as about 0.370 nm, which was larger than that
of ideal graphite (0.335 nm). A broad diffraction peak and large
dooz values indicate an amorphous structure of CNPs. Addi-
tionally, for CNP-RT, CNP-400, and CNP-600, a set of sharp
diffraction peaks detected at 36.7°, 42.6°, and 61.8° were iden-
tified as the (111), (200), and (220) planes of the WC,_, phase
(JCPDS no. 20-1316), respectively. Although the WC;_, phase
showed a more intense peak than the carbon phase, it cannot be
used to indicate a higher amount of WC,; _, in CNPs. According
to the TGA analysis under O, flow, the amount of tungsten was
only 2.25 wt%, as indicated by the remaining weight at 800 °C
(Fig. S1t). For CNP-800, the peak intensity of WC,_, signifi-
cantly decreased, while new peaks appeared at 31.4°, 35.4°,
48.1°, and 63.8°, which correspond to the (001), (100), (101), and
(110) planes of WC (JCPDS no. 65-8828). The peaks of the WC
phase became more intense for CNP-1000, whereas those of the
WC; _, phase disappeared completely. This result indicates that
the WC,_, began to transform into the WC phase at 800 °C,
which was completed at 1000 °C. The WC,_, phase is typically
found in CNPs synthesized from SPP due to the interaction
between tungsten eroded from the electrodes and carbon
radicals generated from carbon precursors during synthesis.****

Raman spectroscopic measurement was carried out to
obtain more structural information on the degree of graphiti-
zation of CNPs. The Raman spectra of all CNPs displayed two
distinct peaks at 1355 cm™ ' and 1600 cm™ ", corresponding to
the D and G bands, respectively (Fig. 1b). The G band corre-
sponds to the vibration mode of sp® carbon bonds in the
hexagonal lattice of graphitic structure (ordered structure),
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while the D band is associated with the disordered structure in
the carbon lattice.***” The ratio of the integrated intensity of the
D band to the G band (Ip/Ig) is typically used to determine the
degree of graphitization of carbon materials.*** The Ip/Ig
values decreased from 2.71 for CNP to 2.36 for CNP-1000,
indicating that the CNPs were more crystallized or had
a higher degree of graphitization as the treatment temperature
increased.

Morphology and microstructure

The morphology and particle size of CNPs were observed using
FESEM and TEM, as displayed in Fig. 2. FESEM images show
that all CNPs were composed of aggregated nanosized particles
that formed a meso-macroporous structure.* In the EDS area
analysis (Fig. S2t), a small tungsten content was detected at
about 0.48 £ 0.14 atom%, which is consistent with the TGA
result. TEM images revealed that all CNPs had a round shape
with a primary particle size of 20-40 nm, which was consistent
with the FESEM images. There was no significant difference in
morphology and particle size observed among CNPs treated at
different temperatures, indicating that the thermal treatment
process had no influence in altering the morphology and
particle size of CNPs. High-resolution TEM (HRTEM) images
were acquired to gain more microstructural information. A
short-range ordered structure of nanocrystalline graphite sur-
rounded by a disordered structure of amorphous carbon was
clearly observed. Additionally, small particles of tungsten
carbide (dark contrast) were occasionally observed in CNPs
(Fig. S31). The selected-area electron diffraction (SAED) patterns
in the inset of the corresponding TEM images show a diffused
ring pattern, which confirms the amorphous structure of CNPs.
The results obtained from HRTEM and SAED patterns of CNPs
are consistent with the XRD results.
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Thermal properties

The mass change during the heating of CNPs was examined
using TGA analysis at the temperature range of 50-800 °C in an
N, flow to avoid oxidation and burning out of CNPs, as shown in
Fig. 3. Two steps of weight loss were observed for all CNPs. The
first step occurred between 50 and 150 °C, which was caused by
the evaporation of adsorbed water molecules from the CNP
surface. The second step ranging from 150 to 600 °C was
possibly due to the degradation of residual organic fractions
produced from SPP and oxygen functional groups on the CNP
surface.”®>*> While there was no significant difference in mass
change at the first step (~1 wt%) between CNPs before and after
thermal treatment, weight loss at the second step decreased as
the treatment temperatures increased. For instance, CNP-400,
CNP-600, CNP-800, and CNP-1000 had weight losses of 5.5,
3.9, 2.7, and 1.9 wt% at 800 °C, respectively, in comparison to
7.8 wt% loss for CNP-RT. This decrease suggests that the
amount of residual organic fraction and oxygen functional
groups in CNPs decreased with increasing treatment tempera-
ture. Degradation of organic fractions and oxygen functional
groups during thermal treatment could result in the formation
of micropores in CNPs.

Surface area and porosity

N, adsorption-desorption isotherms were used to examine the
surface area and porous structure of CNPs, as shown in Fig. 4a
and S4.t1 All isotherms exhibited mixed type II and IV features
with a narrow hysteresis loop, suggesting the predominance of
mesopores and macropores formed by interparticle spacing.
Although the isotherm feature remained unchanged as the
treatment temperature increased, the quantity adsorbed at an
initial relative pressure gradually increased due to a greater

Fig. 2 FESEM, TEM, and HRTEM images: (a) CNP-RT, (b) CNP-400, (c) CNP-600, (d) CNP-800, and (e) CNP-1000. The corresponding SAED

patterns are shown in the inset of TEM images (a-2)-(e-2).

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 16136-16144 | 16139


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02314a

Open Access Article. Published on 08 June 2023. Downloaded on 6/15/2026 2:05:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

s
£
2
(5]
= —— CNP-RT
90 | —— CNP-400 .
—— CNP-600
—— CNP-800
—— CNP-1000
85 " 1 " 1 n 1
200 400 600 800

Temperature (°C)

Fig. 3 TGA curves of CNPs in the temperature range of 50 to 800 °C
under an N, flow.

quantity being adsorbed in monolayers. This result indicates
the development of micropores in CNPs after thermal treat-
ment. Using the Brunauer-Emmett-Teller (BET) method, the
specific surface area (Sggr) of CNPs was determined from the
adsorption data at relative pressures of 0.05-0.30. The Sggr
values increased from 184 m® g " for CNP-RT to 260 m* g~ for
CNP-1000 as the treatment temperature increased (Fig. 4b). The
t-plot analysis indicated that CNP-RT had only meso-macro-
pores with no micropores, whereas the micropore surface area
increased by 5-32% as the treatment temperature increased.
The surface areas contributed by meso-macropores of CNPs
remained at almost the same value without significant change.
This result suggests that the increased Sger of CNPs was due to
the development of micropores created by the thermal treat-
ment process. The decomposition of less stable organic
compounds remaining in CNPs after synthesis and oxygen
functional groups could lead to the development of micropores
on the CNP surface. The range of total pore volumes was 0.445-
0.472 cm® ¢~ '. The trend of micropore volume was consistent
with the specific micropore surface area. The pore size distri-
bution of CNPs was also determined by the Barrett-Joyner—
Halenda (BJH) method using the desorption branch isotherm
(Fig. S51). Evidently, all CNPs revealed a broad distribution
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covering the mesopore and macropore regions. The average
pore diameter was estimated to be about 20 nm for all CNPs. A
summary of all textural parameters discussed is presented in
Table 1.

Surface composition and chemical bonding states

XPS measurement was employed to quantitatively extract the
surface chemical composition and bonding states of CNPs. The
XPS survey scans were composed of the C 1s and O 1s peaks with
no W 4f peaks (Fig. S61). Although the CNPs contained WC;_,
and WC particles, the W 4f peak was not detected because they
were encapsulated in the carbon matrix (Fig. S31). The chemical
compositions (C and O contents) for all CNPs were determined
through quantitative XPS analysis and are listed in Table 2. The
O content decreased from 14.72 atom% for CNP-RT to 1.20
atom% for CNP-1000 as the treatment temperature increased,
which was due to the removal of oxygen functional groups at
high temperatures. High-resolution XPS O 1s spectra were used
to distinguish the type of oxygen functional groups. The XPS O
1s spectra (Fig. 5) were deconvoluted into three sub-peaks,
including Oy at 530.7 £ 0.1 eV (C=O0: carbonyl and quinone),
Oj at 532.3 £ 0.1 eV (C-O: phenol, ether, and epoxide groups),
and Oy at 534.5 + 0.1 eV (carboxylic groups and water adsorbed
molecules).***” With increasing treatment temperature, the Oy
peak decreased and nearly disappeared at 1000 °C, while the
other two peaks (Oy and Oyy) were still observed. This finding
can be explained that the C-O bonds are more thermally stable
than the C=0 bonds.**** The formation of the oxygen func-
tional groups on the CNP surface during SPP could be attrib-
uted to two possible causes: (i) the interaction between reactive
carbon species and oxygen dissolved in benzene during
synthesis®®** and (ii) surface exposure to ethanol and air during
washing and drying processes.

Electrochemical charge storage properties

The charge storage properties of CNPs for supercapacitor
applications were electrochemically tested in 1 M H,SO, solu-
tion using CV and GCD measurements. Fig. 6a shows the
comparative CV curves of CNPs within the potential window of
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N L
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(a) N, adsorption—desorption isotherms and (b) bar plots showing the contribution of specific surface area (Sggt) of CNPs by micropores
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Table 1 Textural parameters obtained from analysis of the N, adsorption—desorption isotherms for CNPs

Samples SBETa (mz gil) Smicrob (mz gil) Smeso/macroc (mz gil) Vtotald (Cm3 gil) Vmicroe (Cm3 gil) Vmeso/macrof (Cm3 gil) Dg (nm)
CNP-RT 184 0 184 0.455 0 0.455 19.3
CNP-400 191 9 182 0.450 0.003 0.447 20.3
CNP-600 218 42 176 0.471 0.021 0.450 22.5
CNP-800 241 67 174 0.447 0.039 0.408 21.2
CNP-1000 260 80 180 0.485 0.041 0.444 19.6

¢ Sger is the spec1ﬁc surface area determined by the BET method. ? Spicro is the micropore-specific surface area determlned by the ¢-plot method.

¢ Smeso/macro 18 the specific surface area contrlbuted by mesopores and macropores (Smeso/macro = SBET —

determined at a relative pressure (P/P,) of 0.95.

desorption isotherm.

Table 2 Surface composition, O/C ratio, and relative percentage of
oxygen bonding states from deconvolution of XPS O 1s spectra for
CNPs

Composition Deconvoluted peak

(atom%) composition (%)
Sample C (o} Oo/C O; On Om
CNP-RT 85.28 14.72 0.17 47.88 38.71 13.41
CNP-400 89.92 10.08 0.11 28.32 49.91 21.77
CNP-600 92.77 7.23 0.08 24.64 43.01 32.35
CNP-800 96.96 3.04 0.03 16.12 44.12 39.76
CNP-1000 98.80 1.20 0.01 8.04 48.05 43.91

0-1V at a scan rate of 20 mV s~ *. The CV curves of CNP-RT and
CNP-400 displayed a quasi-rectangular feature along with
reversible redox peaks (oxidation/reduction) in the potential
range of 0.1-0.6 V. This indicates the combined EDLC and PC
behaviors. The appearance of redox peaks in CNP-RT and CNP-
400 is attributed to the presence of the quinone groups on the
carbon surface, which can be reduced to hydroquinone through
reaction with hydronium ions (H;0") in the electrolyte (inset of
Fig. 6a).>°° However, other types of oxygen functionalities seem
to have a negligible effect on electrochemical PC behavior in
acid electrolytes.®>** The redox peak was substantially

CNP-1000

CNP-800

CNP-600

CNP-400

Normalized intensity (a.u.)

532 530 528

534 l
Binding energy (eV)

538 536 526

Fig. 5 High-resolution XPS O 1s spectra of CNPs with deconvolution.

© 2023 The Author(s). Published by the Royal Society of Chemistry

micro 1S the micropore volume determined by the ¢-plot method.
volume contributed by mesopores and macropores (Vimeso/macro = Veotal —

Sm,m,) Viotal 1S the total pore volume

Vineso/macro 18 the pore

Vinicro)- £ D is the average pore diameter determined by BJH using the

suppressed with increasing treatment temperature to 600-
1000 °C, indicating that the PC contribution became less
prominent due to the substantial loss of quinone groups, which
is consistent with the XPS result. As the scan rate was increased
from 10 to 100 mV s %, the CV curves of CNPs showed an
increase in current without any distortion in shape (Fig. 6b and
S7t), indicating excellent rate capability.

The GCD curves of CNPs were compared at a current density
of 1 A g (Fig. 6¢c). CNP-RT and CNP-400 displayed nonlinear
behavior in their charge and discharge curves, and the slope
(dv/dt) changed with the voltage due to the PC effect. CNP-600,
CNP-800, and CNP-1000 had a more linear behavior due to
a decrease in the PC effect. The GCD curves of all CNPs
remained similar in shape with faster charge and discharge
times as the current density increased from 1 to 20 Ag™* (Fig. 6d
and S8t). Typically, the specific capacitance (C;) can be deter-
mined using the slope of the discharge curve when the charge
and discharge curves are linear within the potential window
investigated. However, due to the nonlinear GCD curve, the Cg
values were calculated by integrating the area under the
discharge curve using the following equation:

21

where [Vdt is the integrated area under the discharge curve, I is
the applied constant current (A), m is the mass of active mate-
rials (), and V; — V; is the potential window.®’

The calculated Cs values of CNPs were plotted as a function
of current density and are displayed in Fig. 6e. The C, values
decreased as the current density increased. The decreasing
tendency can be explained by the diffusion limit of the elec-
trolyte ions. At low current density, the ions have sufficient time
to diffuse and penetrate into the deeper pores of CNPs, resulting
in more interaction with a large surface area. In contrast, due to
fast charging and discharging at high current density, the ions
had limited access to the pores, leading to a lower number of
charge storage. The C, values were found to be 24.6, 27.6, 19.0,
15.3, and 19.5 F gf1 for CNP-RT, CNP-400, CNP-600, CNP-800,
and CNP-1000 at a current density of 1 A g ', respectively.
CNP-400 showed the highest C; value among CNPs, which was
mainly due to PC behavior through the quinone groups on its
surface. Although CNPs treated at high temperatures had larger
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Fig. 6 (a) Comparative CV curves of CNPs within the potential window of 0—1V at a scan rate of 20 mV s~ the vertical arrows indicate the
faradaic redox peak, and the inset shows the quinone redox reaction in the potential from 0.1to 0.6 V. (b) CV curves of CNP-400 at different scan
rates from 10 to 100 mV s7%, (c) comparative GCD curves of CNPs at a current density of 1 A g2, (d) GCD curves of CNP-400 at different current
densities from 1to 20 A g2, (e) specific capacitance (Cs) of CNPs as a function of current density, and (f) capacitance retention of CNP-400 and
CNP-1000 measured at a current density of 10 A g% over 5000 cycles. The inset shows the CV curves of CNP-400 and CNP-1000 before and

after 5000 cycles.

surface areas with more contribution of micropores, their Cj
values were not improved as expected. This finding suggests
that the oxygen functional groups had a stronger influence on
enhancing the Cg value of CNPs than the surface area and
microporous structure. It should be noted here that the effect of
WC, _, and WC phases on charge storage could be ignored due
to their small contents in CNPs.

To assess the cycling stability of CNPs, a cyclic charge-
discharge test was carried out for 5000 cycles at a current

16142 | RSC Adv, 2023, 13, 16136-16144

density of 10 A g~". CNP-400 and CNP-1000 were selected as
representative PC and EDLC electrodes, respectively. After 5000
cycles, the capacitance retention of CNP-400 gradually
increased up to 114% of its initial value. This increase in
capacitance retention over 100% could be attributed to gradual
surface activation that occurred during the prolonged charge-
discharge process, which is indicated by the stronger redox
peak in its CV curve after 5000 cycles (inset of Fig. 6f). This could
result in additional PC with increasing charge-discharge cycles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the higher surface wettability caused by surface
activation led to more accessibility of electrolyte ions into the
micro-mesopores of the carbon electrodes.®®*”° In contrast, the
capacitance retention of CNP-1000 exhibited excellent stability,
with almost 100% retention after 5000 cycles. There was no
change in the CV curves for CNP-1000 before and after the
cycling test (inset of Fig. 6f). This result confirms that CNP-1000
exhibited better cyclic performance and stability than CNP-400
because the surface of CNP-1000 was more stable in acid elec-
trolyte than CNP-400.

Conclusions

CNPs were synthesized from benzene via SPP and then sub-
jected to thermal treatment under an inert atmosphere at
varying temperatures. The CNPs exhibited an amorphous phase
and became more graphitized at high treatment temperatures.
Although the morphology and particle size of CNPs remained
unchanged after thermal treatment, it could lead to a moderate
increase in the specific surface area through the development of
micropores in primary particles. The oxygen content of CNPs
decreased significantly (from 14.72 to 1.20 atom%) due to the
removal of oxygen functionality. Electrochemical measure-
ments revealed that CNP-RT and CNP-400 exhibited EDLC along
with PC behavior (reversible redox peak). The redox reactions
occurred through the oxidation/reduction of the quinone
groups on the CNP surface. With increasing treatment
temperature, EDLC became the main contribution to charge
storage due to the PC suppression, resulting from quinone
degradation. After the stability test for 5000 cycles, CNP-1000
showed better cycling performance than CNP-400, which was
likely due to its higher stable surface or lack of oxygen func-
tional groups of CNP-1000. These findings suggest that thermal
treatment under an inert atmosphere can create micropores on
SPP-derived CNPs to enhance their suitability for super-
capacitor applications. Although the number of introduced
micropores in CNPs via thermal treatment was not as high as
expected, there is ample opportunity to enhance and regulate
the porosity of CNPs to achieve further progress for super-
capacitor applications.
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