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A simple and effective template-free method to prepare hierarchical porous carbons (HPCs) has been
developed by using low-cost coal-tar pitch as a starting material, anhydrous aluminum chloride as the
Friedel-Crafts catalyst, and oxalyl chloride as the cross-linking agent. By a simple controllable Friedel-
Crafts reaction, diketone-functionalized coal-tar pitch as the hierarchical porous coal-tar pitch precursor
was obtained via a one-step carbonization to provide a well-developed micro—mesoporous network.
Nitrogen adsorption and desorption measurements showed that the surface area, pore volume, pore size
and pore size distributions of the resulting carbon materials was dependent on the usage of the cross-
linking agent. The as-fabricated HPCs have a large Brunauer—Emmett-Teller specific surface area of
1394.6 m? g ! and exhibit an excellent electrochemical performance with the highest specific capacitance
of 317 F g*1 at a current density of 1 A g*1 in a three-electrode system. A symmetric supercapacitor was
fabricated from HPC-DK-1.0 in a two-electrode system, which exhibits a high specific capacitance of 276 F
g7t at a current density of 025 A g~% a high rate capability and an excellent cycling stability with
a capacitance retention of 92.9% after 10 000 cycles. The one-step carbonization method that produced
HPCs for electrical double-layer capacitors represents a new approach for high-performance energy storage.
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1. Introduction

In recent years, the design and preparation of organic hierar-
chical porous carbons (HPCs) has attracted significant attention
in academia and industry because of the HPCs unique nano-
porous hierarchy, which has potential application in catalysis,
gas separation, electromagnetic interface shielding, super-
capacitors and fuel cells etc.” To our knowledge, HPCs have
been prepared by hard-soft-templating approaches or
templating/corrosive-chemical-activation combination
methods.®” These strategies have achieved great success in the
preparation of various HPCs with precise pore structures.
However, they have some limitations. For example, the proce-
dure is complicated and tedious because of the required fabri-
cation of templates with a special nanostructure or molecular
structure, the removal of hard-templates or post-activation
treatment, and many expensive templates are required.'***
These limitations, result in an uncompetitive price-to-
performance ratio for the HPCs compared with other mate-
rials for any given application, which limits their commercial
viability. An exploration of new template-free preparation
methods is urgently required in the study of HPCs.

“The State Key Laboratory of Fine Chemicals, Dalian University of Technology, Dalian,
116012, PR China. E-mail: shen_kh@dlut.edu.cn; Tel: +86-411-84986102

*Sinosteel Anshan Research Institute of Thermo-Energy Company Limited, Anshan,
114044, PR China. E-mail: wsk5840863@126.com

This journal is © The Royal Society of Chemistry 2019

Coal-tar pitch (CP) is the main by product of the coking
process in the coal chemical industry, and is often used to
prepare carbon materials because of its relatively low price,
sufficient quantity and higher carbon yield. For example, CP can
be used to produce needle coke, carbon fibers, mesocarbon
microbeads and carbon foam.™™° In recent years, there has
been growing interest in the application of porous carbons in
the fields of gas storage and EDLC.""** However, preparation of
pitch-based HPCs often requires templates or supports, such as
mesoporous silica, metal oxides or silicon wafer that caps
a metallic layer."** The procedure is too complicated and
tedious to apply in practice, therefore, it is imperative that new
methods be developed to prepare pitch-based HPC carbons.
One of the most widely used strategies to prepare HPCs is by the
Friedel-Crafts reaction, in which pitch is polymerized under
mild conditions and uses cheap and sustainable building
blocks to produce highly porous hyper-cross-linked mate-
rials.*®*** Such polymers contain various molecules from oligo-
mers to 3D cross-linking supramolecules with significant
differences in molecular size, structure, and pyrolysis behavior.
Some light molecules or thermolabile groups in the pitch are
removed during the controlled pyrolysis, which could generate
abundant mesopores. The devolatilization of the volatile
component is accompanied by bubble formation, which occurs
first in the vicinity of the primary bubble nuclei. The bubbles
coalesce and grow under appropriate conditions, which leads to
formation of mesopore voids or macropores in carbonized
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products.” Thus, the pitch polymers may be promising candi-
dates for constructing HPCs with explicit mesopore control for
high-performance supercapacitors.

We report herein the template-free fabrication of a novel type
of HPC by constructing diketone (-COCO-) cross-linking
bridges between polycyclic aromatic hydrocarbons (PAH) in
CP to yield diketone-functionalized CP (DKCP). The polar
carbonyl group has a high reaction activity and favors the
modification of CP by providing it with hydrophilic properties
that enhance its wettability for polar solvents, and the oxygen
functional groups can be used as anchoring sites for metal
particles and large molecules.”*®” Such novel bridges can
provide a high crosslinking density and oxygen atoms to the
hierarchical porous modified CP materials, to achieve the car-
bonizability of a crosslinking modified CP framework and the
inheritability of a hierarchical nanoporous structure. These
properties should make DKCP a promising candidate for HPC
production with the characteristics of preparation simplicity
and easy scalability. The overall synthetic procedure is illus-
trated in Fig. 1.

2. Experimental
2.1 Materials

The raw CP was obtained from the Anshan Iron and Steel Group
Co. Ltd (Anshan, China). A refined coal tar pitch (RFCP) with
a softening point of 33 °C was obtained by a mixed solvent-
extraction method and its compositions. The main properties
of the RFCP and DKCP are shown in Table 1. Anhydrous
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aluminum chloride (AICl;) was from Tianjin Guangfu Fine
Chemical Reagent Co. Ltd. (Tianjin, China). Oxalyl chloride
(OC), hydrochloric acid (HCI) and dichloroethane (DCE) were
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All chemical reagents were of analytical grade.

2.2 Procedures

2.2.1 Polymerization of RFCP. In this one-step cross-
linking approach, oxalyl chloride (OC) was used as an external
cross-linker to react with RFCP. RFCP (50 g) was dissolved in
500 mL of 1,2-dichloroethane under argon, before a certain
amount of OC and AICIl; was added to the solution. The resul-
tant mixture was stirred for 6 h at 40 °C to undergo the AICl;
catalyzed Friedel-Crafts reaction of the RFCP and OC. The
reaction was terminated by adding an ethanol-water solution.
The product was filtered, washed with an ethanol-water solu-
tion that contained hydrochloric acid, and dried under
a reduced pressure at 80 °C for 12 h. The obtained DKCPs with
different OC/RFCP mass ratios are referred to as DKCP-x, where
x represents the mass ratio of OC vs. RFCP. All resultant
samples were dark-brown powders.

2.2.2 Carbonization. Sample carbonization was carried out
in a tube furnace under atmospheric pressure according to the
following procedures. Approximately 10 g of sample was
carbonized at 800 °C for 2 h with a heating rate of 2 °C min~" to
yield HPCs. The obtained HPC-DKs with different OC/RFCP
mass ratios are referred to as HPC-DK-x, where x represent
the mass ratio of OC vs. RFCP. A N, stream was introduced into
the tube furnace throughout the carbonization.
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Fig. 1 Scheme of preparation mechanism of HPC materials in this study.
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Table1l Bulk and surface elemental compositions of RFCP and DKCPs

Element analysis (wt%) XPS
Sample C H (¢} N C/H C/O Clat% O/at%
RFCP 93.2 4.7 1.9 02 165 654 95.2 4.6
DK-CP-0.5 80.7 3.3 15.8 0.2 2.04 7.86 84.6 13.7
DK-CP-1.0 73.6 2.6 23.6 0.2 2.36 4.16 83.2 15.7
DK-CP-1.5 70.2 2.1 27.5 0.2 279 3.40 82.8 16.1

2.3 Measurements and analyses

Fourier transform-infrared (FTIR) spectra were collected on
a Thermo Nicolet-360 spectrometer (USA). The elemental
content of carbon, hydrogen, and chlorine were analyzed with
a Vario Macro EL analyzer (Germany). Thermogravimetric
analysis (TGA) was performed to determine the pyrolysis
samples by using an HCT-1 instrument (China). Samples
morphologies were observed by JSM-6700F scanning electron
microscope (FESEM, Japan) and by using a Tecnai-G20 trans-
mission electron microscopy (TEM, USA). Surface chemical
composition of samples was studied by X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB250, USA). The surface
area and porosity of the samples were estimated from the
isotherms of nitrogen adsorption-desorption at 77 K by
ASAP2020. The specific surface area was calculated with the
Brunauer-Emmett-Teller (BET) equation. The pore size distri-
bution of the samples was calculated based on the density
functional theory (DFT) method.

2.4 Electrochemical measurements

The carbon electrode was fabricated by mixing HPCs and pol-
ytetrafluoroethylene (PTFE) with a mass ratio of 9 : 1. Then, the
mixture was rolled into a thin film and cut into round films
(12 mm in diameter). Each round film with a 2.5 mg cm ™2 mass
loading was dried in vacuum oven at 120 °C for 2 h, and then
pressed onto nickel foams to fabricate supercapacitors elec-
trodes. The obtained electrodes were soaked in 6 M KOH elec-
trolyte under vacuum for 120 min. A button type-supercapacitor
was assembled by two similar electrodes and separated by
a polypropylene membrane. The cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements
were conducted by using a CHI760E electrochemical worksta-
tion (Chenhua, Shanghai, China). EIS was carried out over
a frequency range of 100 kHz to 0.01 Hz with an amplitude of
5 mV. The galvanostatic charge-discharge measurements and
cycle life tests were conducted on a supercapacitance test
system (SCTs, Arbin Instruments, USA). The specific capaci-
tance of the working electrodes was calculated from the galva-
nostatic discharge process via the following equation.

I x Ar

C= —— 1
mx AV @)
4 x I x At

Gl = Scar )
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where C; (F g ') is the specific capacitances of the three elec-
trodes system, C..; (F g7') is the specific capacitances of the
symmetric supercapacitor system, I is the discharge current (A),
At is the discharge time (s), AV is the voltage change (V) that
excludes the voltage drop during the discharge process, and m is
the mass of the active material (g).

The energy and power density of the symmetric super-
capacitor systems were calculated by using the eqn (3) and (4):

Cce]l x AV? x 1000

Ece =
! 2 x 4 x 3600 (3)
E.1 x 3600
Pcell = HT (4)

where E..; (W h kg™ ') is the specific energy density, Pee (W
kg™') is the specific power density, Cey (F g7 ') is the total
specific capacitance of the two-electrode cell, AV is the voltage
change that excludes the IR drop during the discharge process,
and At is the discharge time.

3. Results and discussion
3.1 Characteristics of RFCP and DKCPs

3.1.1 Elemental analysis and XPS analysis. The elemental
analysis of the RFCP and the DKCPs is provided in Table 1. The
DKCPs compared with the RFCP have a high oxygen content
with an increase in OC content. The decrease of the C/O ratio
indicates that the diketone-structure was successfully intro-
duced into the RFCP (Table 1). The introduction of diketone
functional groups is key to achieving a highly disordered carbon
structure. The introduction of oxygen induces cross-linking of
the RFCP structure, which prevents the melting and orderly
rearrangement of the RFCP during the high-temperature
carbonization process, and inhibits the graphitization
process. The evolution of CO and CO, during the high
temperature process changes the microstructure of the carbon
materials and plays a dual regulation role.

The surface chemistry of the DKCPs was studied by X-ray
photoelectron spectrometric (XPS) measurement (Fig. 2a). The
XPS survey spectra show two peaks at binding energies of
284.1 eV and 531.5 eV, which correspond to C1s and Ols,
respectively, and suggest that all the samples contain a consid-
erable number of oxygen-containing groups on their surfaces.
During the carbonization process, the oxygen-containing
groups in the pitch are unstable and can decompose to CO,
and CO during heat treatment and self-activation of the
HPC,*®?® which can assist in creating additional pores.

Information on the chemical state of the elements anchored
to the DKCPs surface was obtained from XPS. In the C1s spec-
trum of the DKCP-1.0 (Fig. 2b), peaks exist for different func-
tional groups, namely C=C, C-C, and C-H bonds (284.3 eV),
C=0 bonds (286.5 eV), and O-C=0 bonds (288.4 eV).** The O1s
spectrum of the DKCP-1.0 (Fig. 2¢) can be fitted with two major
component peaks. The peak at 531.8 eV is attributed to C=0
bonds and the 533.1 eV peak results from O-C=0.** These
observations show that the DKCPs consists of aromatic carbon
with carbonyl and carboxylic functional groups.
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Fig. 2 XPS spectra for RFCP derivatives (a) Cls (b) Ols, and (c) XPS spectra of DKCP-1.0.

3.1.2 FT-IR analysis. As shown in Fig. 3, the absorption
peaks at 3040 and 2910 cm ' result from aromatic C-H
stretching vibration and aliphatic C-H stretching vibration,
respectively.> The peak at 1600 cm ™ is attributed to aromatic
C=C stretching vibration and the peak at 1460 cm ' is attrib-
uted to the C-H bending vibration of methyl and methylene.**
The peaks at 1720 cm ™' is attributed to C=0 vibration.** The
peaks at 1170 cm ™ is attributed to C-C stretching vibration.
The absorption peaks of the aromatic ring skeletal vibrations
move to lower wavenumbers after modification, which indicates
the degree of conjugation of the aromatic rings. Hence, the
degree of polymerization for the aromatic rings increases
significantly. Therefore, RFCP can be bridged by OC.

3.1.3 Thermogravimetric analysis. Thermogravimetric
analysis (TGA) was used with derivative thermogravimetry
(DTG) to study the transitions of RFCP and DKCPs at different
carbonization temperatures. Fig. 3b shows that both RFCP and
DKCPs decompose in a single mass loss stage from 50 to 800 °C.
The mass loss results mainly from the removal of gases and
light compounds that are generated via thermal polymerization
and the cracking of side chains of aromatic rings.*®* The
carbonization yields of RFCP, DKCP-0.5, DKCP-1.0 and DKCP-
1.5 are 16.3%, 41.5%, 55.9%, and 65.9%, respectively, which
indicates that the carbonization yield of RFCP can be improved
by cross-linking OC. This outcome can be rationalized as
follows: OC can react with small molecules in RFCP to from
large molecules,** which decreases the removal of light
compounds and increases the carbonization yield. The polar
oxygen-containing functional groups from more thermal-
resistant materials and increase the carbonization yield of

RFCP. DTG curves (Fig. 3c) show that RFCP and DKCPs lose
mass at varying rates, as related to the cross-linking degree by
OC. The RFCP profile is characterized by a single peak that is
centered at 251 °C, which indicates that the mass loss rate at
this temperature reaches a maximum. However, three peaks
exist in the DTG profile of the DKCPs, which indicates that the
main reactions/transformations that occur during the pyrolysis
process are similar. The first peak centered at 224 °C (peak I)
can be ascribed to the evaporation of absorbed water. Most
oligomers in the RFCP fraction are easy to gasify and/or distill
below 430 °C,*” which leads to the formation of a DTG peak that
is centered at approximately 367 °C (peak II). Above 450 °C, the
remaining oligomers and macromolecules cross-link to form
larger molecules, even solidified coke. The condensation reac-
tions are accompanied by a release of small molecules, such as
CO,, CO, H,0, and CH,, that leads to the third DTG peak that is
centered at approximately. 509 °C (peak III).**** When the
temperature exceeds 620 °C, a carbon-structure rearrangement
occurs in the solidified coke and no significant mass loss
appears.” The configuration of small oligomers and large
macromolecule networks in the diketone-functionalized pitch
polymers leads to a stepwise pyrolysis and aggregation process,
which could have a significant effect on the morphology and
microstructure of the resultant carbons.

3.2 Characterization of porous structure of HPCs

3.2.1 Brunauer-Emmett-Teller (BET). Porous structures of
HPC-RF and HPC-DKSs are presented in Fig. 4a by measuring the
N, adsorption-desorption isotherms. All samples display
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Fig. 4 (a) N, absorption/desorption isotherms; (b) pore size distributions for the HPC samples.

mixture-type isotherms with hysteresis loops, which indicates
a combination of microporous/mesoporous structure.** The N,
adsorption isotherms of all HPC-DK samples show a steep N,
uptake at low relative pressure (P/P, < 0.001), reflecting the
existence of abundant micropores. The adsorption isotherms of
HPC-DKs show an evident hysteresis loop in the medium
pressure region (P/P, = 0.4-0.9), indicating that a large number
of mesopores exist in these HCPs. Therefore, the HPC-DK-0.5
shows a dominant pore size distribution of less than 2 nm.
With an increase of OC mass, a more porous structure emerges
in the HPC-DK-1.5 and HPC-DK-1.0. The HPC-DK-1.0 exhibits
a more significant hysteresis than HPC-DK-0.5, HPC-DK-1.5,
and the HPC-RF in the relative pressure (P/P,) range of 0.4-
0.9, which indicates a higher amount of mesopores in HPC-DK-
1.0 compared with other HPCs when using the same starting
materials and for the same procedure. The porous structure was
created by the crosslinking reactions and the heteroatoms in
the carbonyl-functionalized pitch are chemically unstable,
which provides more “active sites” for carbonization. Thus, the
surface functional groups of the RFCP provide a meaningful
contribution to the high BET surface area. The calculated
structure parameters of a series of carbon materials, including
the BET specific surface area (SSA), total and micro-mesopore
volume are summarized in Table 2. For a constant sintering
temperature, the SSA, pore size distribution, and pore volume of
the HPCs are influenced significantly by the mass ratio of the
cross-linking agent (OC). It is found that the specific surface
areas and pore volume vary with the weight ratios of oxylyl
chloride to refine coal-tar pitch (OC/RFCP). The highest BET
surface area and pore volume (1394.6 m> g~ ', 1.54 cm® g~ ) are
obtained in HPC-DK-1.0. With the increase of OC/RFCP from
0.5 to 1.0, the BET surface area increases from 410.9 m* g~ ' to

Table 2 Pore structure parameters of nanoporous carbon materials

1394.6 m* ¢, and the pore volume from 0.64 cm?® g™ ' to 1.54
em® g~'. However, a further increase of OC/RFCP leads to
a decrease in the specific surface area and pore volume.
Therefore, the larger BET surface area and pore volume at large
OC/RFCP can be explained as the results of higher crosslinking
degree. However, a further increase of OC/RFCP leads to
a decrease in the specific surface area. The reason is that when
excess OC is used, only one of the two acyl chloride groups in
oxalyl chloride reacts with the aromatic rings. As a result, the
crosslinking degree of RFCP decreases. The other acyl chloride
group on oxalyl chloride is converted into a carboxyl group, as
demonstrated by the FTIR spectra of the DKCPs. Fig. 4b shows
the pore-size distribution of the HPCs, which justifies the
effectiveness of the micropore and mesopore introduction on
the HPCs by a one-step carbonization process in the presence of
a cross-linking agent (OC). The HPC-DK-1 shows a dominant
pore size distribution of less than 2 nm. With an increase in OC
mass, a more porous structure emerges in the HPC-DK-1.5 and
HPC-DK-1.0. The amount of 3 nm mesopores also increased,
which provides a low resistant ionic pathway, and improves the
accessibility of the micropores to electrolytes. The number of
micropores less than 2 nm increased greatly for the HPC-DK-1.5
and HPC-DK-1.0 samples, as shown in Fig. 4b. The variety of
pore sizes with a high pore volume provides highly efficient
mass transport through the mesopores and a large SSA from the
micro-to mesopores, which achieves an excellent performance
for electrical double-layer capacitor applications.

3.2.2 SEM and TEM analysis. The HPC morphologies were
studied by field-emission scanning-electron microscopy and
high-resolution transmission-electron microscopy (HRTEM)
(Fig. 5). The (fold)block structure for the RFCP after carbon-
ization was clearly visible, and the mesopore and macropore

Samples Sper (m* g1 Smeso (M> g™ Viotal (cm® g71) Viniero (em® g71) Vineso (cm® g™7)
HPC-RF 127.6 24.9 0.06 0.003 0.057
HPC-DK-0.5 410.9 138.5 0.64 0.26 0.38
HPC-DK-1.0 1394.6 778.9 1.54 0.41 1.13
HPC-DK-1.5 910.1 381.7 0.99 0.32 0.67

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 20019-20028 | 20023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03813b

Open Access Article. Published on 26 June 2019. Downloaded on 10/31/2025 2:44:37 PM.

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

(cc)

RSC Advances

View Article Online

Paper

Fig.5 SEMimages of HPC-RF (a), HPC-DK-0.5 (b), HPC-DK-1.0 (c) and HPC-DK-1.5 (d), TEM images of HPC-DK-1.0 at 100 nm (e), and 5 nm (f).

structures appeared in their matrix as diketone groups that were
introduced into the RFCP. The decomposition of carbonyl-
functional RFCP was one of the factors that affected their
porous nanostructure, and the carbonyl content is the main
governing index. Holes were derived from the decomposition of
the carbonyl group and the self-assembly foaming process, in
which gases formed by pyrolysis/gasification of active precursor
molecules lead to the formation of many holes, such as in
common foaming processes for preparing carbon foams.*>*
This result is consistent with the composition characteristics of
pitch cross-linked discussed above, in which the rich substit-
uent carbonyl groups and the aromatic structures affect the
fusibility of the DKCPs significantly, and thus determines the
structural properties of the pyrolyzed carbons. The HPC-DK-0.5
contains more oligomers with a lower cross-linking degree,
which possesses a lower systemic viscosity and a higher plas-
ticity. DKCP-1.5, in contrast, has many macromolecules with
serious cross-linking and so the number of holes on the HPC-
DK-1.5 surface is lower (Fig. 5d). The porous structure was
verified by HRTEM. The HRTEM micrographs in Fig. 5e and f
show that HPC-DK-1.0 is amorphous and has a highly disor-
dered pore structure. Abundant micropores occur with the
mesoporous channel walls, which indicates the formation of
a continuous three dimensional pore network. This result is
consistent with the DFT pore size distribution results.

20024 | RSC Adv., 2019, 9, 20019-20028

3.3 Electrochemical properties

The electrochemical performances of the obtained carbon
materials were investigated in a three-electrode system in 6.0 M
KOH solution. Cyclic voltammetry (CV) curves (Fig. 6a) of the
carbonized material electrodes with a scanning rate of 50 mV
s~ ' exhibited a typical rectangular I~V curve without any redox
peak with bumps —1.0 to 0 V, which suggests that all carbonized
materials exhibited a pure capacitive behavior.**** The HPC-DK-
1.0 presented the largest encircling area of the CV curve, which
revealed its highest capacitance among the three HPC carbons.
Galvanostatic charge-discharge (GCD) curves of HPCs obtained
at 1 A g~ (Fig. 6b) showed almost symmetrical triangles with
a tiny deformation, which suggests a reversible electrochemical
capacitive performance with a high charge/discharge efficiency.
The capacitance of HPC-DK-1.0 calculated from the galvano-
static charge-discharge curve is 317 F g " at 1 A ¢ " and is
significantly higher than that of the carbon materials reported
in previous studies.**'**” The large specific capacitance may be
caused by its high accessible surface areas and rich reasonable
distributed pores. More significantly, the IR-drops of the HPCs
at the start of discharge are less than 7 mV, which suggests
avery low equivalent series resistance, an excellent conductivity,
and a high mass transfer and/or diffusion rate of ions within the
electrode materials. Fig. 6¢ presents the rate performances of all
the carbonized materials. The specific capacitances decrease

This journal is © The Royal Society of Chemistry 2019
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with an increase in current density for all samples. The behavior
is related closely to the pore-size dependent diffusion limitation
of ions inside the electrode material at higher current densi-
ties.*® HPC-DK-1.0 exhibits the highest capacitance of 317 F g "
at a current density of 1 A g~ among the three carbonized
materials, which is much higher than that of HPC-DK-0.5 (207 F
g™ ') and HPC-DK-1.5 (265 F g~ ') at the same conditions. At
a high current density of 10 A g, HPC-DK-1.0 exhibits a high
specific capacitance of 242 F g ', and retains 76.3% of the
specific capacitance. The capacitance retentions in the same
current range are 73.9% and 69.1% for HPC-DK-0.5 and HPC-
DK-1.5, respectively. The high specific capacitance and excel-
lent rate performance of the HPC-DK-1.0 is ascribed to its
superhigh BET surface area (Sggr = 1394.6 m> g~ ') and well-
distributed hierarchical porous structures which provide
a high accessible surface for electron accommodation and
convenient electrolyte-ion transportation.*”** Electrochemical
impedance spectroscopy (Fig. 6d) was conducted to understand
the capacitance mechanism. In the low frequency region, the
line that is nearly parallel to the imaginary axis demonstrates an
excellent supercapacitor capacitive behavior.* In the medium
frequency region, the inclined line with a 45° slope corresponds
to the diffusive resistance of electrolyte ions within the pores of
electrode materials (Warburg resistance). In the high frequency
region, the semicircle diameter indicates a change in transport

This journal is © The Royal Society of Chemistry 2019

resistance (R.) at the electrode/electrolyte interface.*® The
intercept of the semicircle with a real axis (2') is referred to as
the internal resistance (Rs), which includes the intrinsic resis-
tance of the electrode material, the contact resistance between
the electrode material and the current collector, and the resis-
tance of the electrolyte solution.” Electrochemical impedance
spectroscopy of the HPC-DK-1.0 presents a short Warburg
region and a small semicircle diameter, which means that its
hierarchical porous structure favors electrolyte ion access and
rapid ion transportation. The R value of HPC-DK-1.0 is the
smallest among the three HPC carbon electrodes, which indi-
cates its excellent conductivity and improves its supercapacitive
performance.

The symmetric supercapacitor was assembled by using HPC-
DK-1.0 as positive and negative electrode materials, because the
three-electrode configuration may produce large errors, and
lead to an overestimation of capacitance. Fig. 7a shows typical
CV curves of the HPC-DK-1.0 based electrode over scanning
rates of 5-200 mV s~ in a 6.0 M KOH aqueous electrolyte. All CV
curves were rectangular without obvious redox peaks at a scan-
ning rate of 5-200 mV s ', which is characteristic of excellent
capacitive behavior.*” No significant distortions in the CV curves
result when the scan rate was increased to 200 mV s~ !, which
suggests rapid ion/charge transport within electrodes and the
near-ideal capacitive behavior with a good rate capability.

RSC Adv., 2019, 9, 20019-20028 | 20025
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Fig. 7b shows the galvanostatic charge-discharge curves of
HPC-DK-1.0 based supercapacitor at different current densities
from 0.25 to 10 A g '. The symmetric linear charge and
discharge curves with a negligible voltage drop demonstrate
a high coulombic efficiency and a negligible internal resistance.
From the discharge curve, the specific capacitance at a constant
current density of 0.25 A g~ * was found to be 276 F g~ *, which is
much higher than that of the RGO-CMK-5 electrode (144.4 F g~*
at 0.2 A g '), the curved graphene electrode (154.1 F g~ ' at
1 A g and the 3DG-MnO,-13% electrode (36 F g~ " at
0.5 A g ') in a two-electrode system. The capacitance could
retain a high value of 196 F g~ ' even at a very high current
density of 50 A g~ ' (Fig. 7c), which indicates the high rate
performance of the HPC-DK-1.0 based symmetric super-
capacitor. The specific capacitance of HPC-DK-1.0 at different
current densities is shown in Fig. 7c. The capacitance decreases
rapidly from 256 to 224 F g~ ' when the current density increases
from 0.25 to 3 A g~ *. After that, it drops slowly at high current
densities from 3 to 50 A g ', which reveals the excellent rate
capability of the HPC-DK-1.0 electrodes. Such an excellent rate
performance is essential for practical application involving
a high-rate supercapacitor. The kinetic ion diffusion within the
electrode was investigated by electrochemical impedance
spectroscopy. Fig. 7d shows the dependence of the impedance
phase angle on the frequency of the HPC-DK-1.0 electrode. The

20026 | RSC Adv., 2019, 9, 20019-20028

relaxation time constant 7, of the supercapacitor, which is
defined as 1/f, at a phase angle of —45°, represents the point
where the resistive and capacitive impedances are equal. For the
symmetric supercapacitor that was fabricated from HPC-DK-
1.0, the characteristic frequency f, at a phase angle of —45°
was observed to be 1.3 Hz in KOH aqueous electrolyte, which
corresponds to a time constants 7, of 0.77 s, which is nearly
equal to 0.73 s of the graphene aerogel of the GA-0.5 electrode,*®
and is smaller than that of a conventional activated carbon-
based electrode (10 s).”” The very short time constant of HPC-
DK-1.0 highlights the critical role of nanopores in promoting
the ion kinetic diffusion in the interior of the electrodes.
Cycling stability is one of the most important parameters for
practical application of supercapacitors. The cycling stability of
an HPC-DK-1.0 based supercapacitor was investigated by
a consecutive charge-discharge measurement at a constant
current density of 3 A g~' for 10 000 cycles. Although the
specific capacitance of the HPC-DK-1.0 electrode decreased
gradually with the cycling number (Fig. 8a), a capacitance
retention of 92.9% was still obtained after 10 000 cycles, which
indicates its good electrochemical stability. The rectangular CV
profile (Fig. 8a inset) and Nyquist plots (Fig. 8b) with negligible
changes after 10 000 cycles support this electrochemical cycla-
bility. The small semicircle in the high-frequency region and the
almost vertical line in the low-frequency region indicate that

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03813b

Open Access Article. Published on 26 June 2019. Downloaded on 10/31/2025 2:44:37 PM.

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

(cc)

View Article Online

Paper RSC Advances
25 10
240-] a b | *~x c
20 8 \*\*
] . i _ _ 84
3200 92.9% I E TRk,
r 54 = 16 1 —a—1st § “*
51604 s E 154 L —e—3000th Ery
g =2 s 12 4 ——s000tn 2
] @ £ 10000 th [
’5120_ §? 6000 th I\"10 08 % - s
« s = 1 4 T 44
3 80- £2 —10000th_4 ¥ 3
S 54 | — 0.4 & E
404 ©"00 02 04 05 08 10 54 00 fl w2
Potential (V) 0.0 04 08 12 16 20
0 T T T T 0 T T T 0 - y
0 2000 4000 6000 8000 10000 0 5 10 15 20 102 10 10°
Cycle number Z (ohm) Power density (W/kg)
Fig. 8 (a) CV curves at different cycles, (b) Nyquist plots of different cycles with the inset showing the plots in the high frequency region, and (c)
Ragone plot.

HPC-DK-1.0 has an excellent electrical conductivity (Fig. 8b
inset). The capability of HPC-DK-1.0 that integrated its high rate
performance with an excellent cycling stability is of great
importance for high-performance supercapacitors. Fig. 8c
shows the Ragone plot of the symmetric capacitor. With KOH as
the electrolyte, the energy and the power density were
6.81 W h kg™ " and 25 kW kg™ " at a current density of 50 A g7,
respectively, which exhibits an outstanding power performance.

4. Conclusions

We have developed a simple and effective template-free method
to prepare HPCs by constructing diketone cross-linking bridges
in RFCP. The oxygen facilitated extensive cross-linking forma-
tion and prevented graphitization. The diketone structure in the
pitch is unstable and can decompose to CO, and CO during
heat treatment, which can assist in creating additional pores.
The Sger and Vi of the HPCs increased with the cross-linking
agent to precursor ratio. The optimum cross-linking agent to
precursor ratio was found to be 1.0, which resulted in a specific
surface area of 1394.6 m”> g~ " and a porosity volume of 1.54 cm®
g ' HPC-DK-1.0 could be one of the best electrode materials for
supercapacitors with a high specific capacitance of 276 F g~ at
a current density of 0.25 A g~ " and a high capacitance retention
of 92.9% after 10 000 cycles in a symmetric two-electrode cell
because of its high surface area, small inner resistance and high
electrical conductivity. These results show that these porous
carbon materials are promising for use in high-performance
supercapacitors.
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