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Hierarchical hollow-tubular porous carbon
microtubes prepared via a mild method for
supercapacitor electrode materials with high
volumetric capacitance

i ") Check for updates ‘

Cite this: RSC Adv., 2022, 12, 16257

Xuan Xiao,? Lei Song,? Qianli Wang,® Zhicheng Wang,® Hongyan Wang,? Juncai Chu,?
Jianmin Liu,? Xinru Liu,? Zhentao Bian & *2° and Xuanxuan Zhao®

In this paper, hollow-tubular porous carbons were synthesized from abundant biomass Cycas fluff (CF)
through simple carbonization followed by an NaHCOs mild activation process. After activation, the
tubular structure of the CF was retained, and a hierarchical structure of micropores, mesopores and
macropores was formed. When the optimal mass ratio of NaHCOz/CF is 2, the obtained porous carbon
CF-HPC-2 sample has a large specific surface area (SSA) of 516.70 m? g™ in Brunauer—Emmett—Teller
(BET) tests and a total pore volume of 0.33 cm® g% The C, O, N and S contents of CF-HPC-2 were
tested as 91.77 at%, 4.09 at%, 3.54 at%, and 0.6 at%, respectively, by elemental analysis. Remarkably, CF-
HPC-2 exhibits a high volume capacitance (349.1 F cm™> at 1 A g~%) as well as a higher rate capability
than other biomass carbon materials (289.1 F cm™ at 10 A g™3). Additionally, the energy density of the
CF-HPC-2 based symmetric supercapacitor in 2 M Na,SO4 electrolyte at 20 kW kg™t is 27.72 W h kg™,
The particular hollow tubular morphology and activated porous structure determine the excellent
electrochemical performance of the material. Hence, this synthetic method provides a new way of
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1 Introduction

For the past few years, the risks associated with global warming
and the continued increase in CO, emissions caused by the
massive emission of greenhouse gases from the burning of
fossil fuels have attracted worldwide attention."® A large
number of new energy sources are being developed, resulting in
a growing demand for eco-friendly, efficient, and low-cost
energy storage technologies.*® However, compared with tradi-
tional capacitors, supercapacitors are a type of electrochemical
energy storage equipment associated with low cost, high power
density, stable cycling life, and good operational stability.>*®
However, supercapacitors have the problems of high cost and
poor electrical conductivity in commercial applications. In
order to solve this problem, the development of high-efficiency
carbon electrode materials that exhibit high energy has been
researched."™"
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storing energy for porous carbon as high volumetric capacitance supercapacitor materials.

Currently, the commonly used electrode materials for
supercapacitors mainly include porous carbon, carbon nano-
tubes, graphene, and other carbon-based materials.'>** Among
them, porous carbon has the advantages of a hierarchical
porous structure, a high surface area and good cycling
stability.”'® As far as we know, constructing a hierarchical
porous structure significantly improves the electrochemical
performance of porous carbon.'”*® The well-defined hierar-
chical porous structure not only provides efficient and stable
channels for rapid diffusion/transfer, but also offers a higher
specific surface area (SSA).'?° Besides this, introducing
heteroatoms (such as N, S) to the framework and surface of
porous carbon can produce additional pseudo-capacitance,*>*
as well as facilitate conductivity and surface wettability.>*>®
Research has shown that porous carbon that has been co-doped
exhibits better electrochemical properties due to the synergistic
effect of the self-doped heteroatoms.””*® Various methods have
been used for preparing porous carbon materials, including the
catalytic activation of biowaste, chemical vapor deposition,
etc.”>*® Nevertheless, the cumbersome multi-step procedures,
complex process conditions and expensive precursor
consumption hinder the large-scale production of porous
carbon.*!

The raw materials for the production of porous carbon are
coal®* and asphalt,® but considering the excessive consumption
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of fossil fuels and some environmental problems, biomass as
a raw material has entered the field of vision of researchers.
Because of its advantages of low cost, being a complete source,
environmental friendliness and many self-doped heteroatoms,
the preparation of porous carbon using biomass as a precursor
is becoming increasingly more popular.** Jiang et al'® used
natural cotton fiber as a raw material and coated it with
NaH,PO, to successfully prepare a hollow tubular porous
material via simple carbonization and KOH-KNO; activation.
Zhou et al. prepared a hollow tubular structure with corn silk as
a raw material via a one-step carbonization method. After KOH
activation, a hierarchical porous structure with a high surface
area and heteroatom doped content was obtained.

Chemical reagents promote dehydration and the structural
reorganization of the pores of carbonaceous materials. Various
chemical reagents can be used as activators, namely salts of alkali
metals (AICl;, ZnCl,),* acids (H3PO,4,* H,SO,), or bases (KOH,
NaOH, K,COs, Na,C03).** Zinc chloride is the main chemical
activator used on a large scale. It has now been abandoned due to
environmental problems linked to the toxicity of residual zinc-
derived compounds. Magnesium chloride produces toxic gases
that are harmful to the human body and the environment during
experiments. Phosphoric acid (H;PO,) easily generates various
forms of phosphate and phosphite at high temperature, so that
the ash content of activated carbon increases. Compared with
H;PO,, KOH is highly corrosive to instruments. Therefore, KOH is
rarely used to synthesize porous carbon in industrial production.
NaHCO; is weakly alkaline and is milder, more environmentally
friendly and safer than other chemical activators, therefore
making NaHCO; a beneficial activator for the preparation of
gradient porous carbon.*” As an activator, NaHCO; produce more
micropores and mesopores, which is beneficial to increasing the
SSA. Therefore, NaHCOj is one of the most suitable activators.

Hence, we use Cycas fluff (CF) as a carbon material and
NaHCO; as an activator to synthesize hollow-tubular porous
carbon via a simple approach. The results show that the
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prepared porous carbon not only retains the hollow tubular
structure of the original fibers, but also forms a hierarchical
porous structure. CF-HPC-2 sample has a relatively high SSA of
516.70 m* g ' and a total volume of 0.33 cm® g~ . Remarkably,
the obtained porous carbon exhibits a high volume capacitance
of 349.1 Fem *at1 Ag 'and 289.1 Fem 2 at 10 A g%, and
high-performance carbon with rich energy groups was
produced. The regulation and development of high-
performance, low-cost and green porous carbon electrode
materials from biomass materials not only alleviates the
increasingly severe energy crisis, but also solves the problems of
environmental pollution and energy storage.

2 Experimental
2.1 Materials

Cycas fluff was collected Suzhou University, Anhui Province,
China. Sodium bicarbonate (NaHCOj;), hydrogen chloride
(HCI), and ethanol were purchased from Aladdin Chemistry
(China) Co., Ltd. None of the chemicals underwent any purifi-
cation. Deionized water was used during the whole process.

2.2 Preparation of CF-0 and CF-HPC-y

The preparation steps of CF-0 and CF-HPC-y are illustrated in
Fig. 1. CF-HPC-y was prepared using CF as a precursor and
NaHCO; as an activator. The CF was cleaned with distilled water
and dried and then completely immersed in an aqueous NaHCO;
solution for 24 h in a weight ratio of NaHCO;: CF=0:1,1:1,
2:1, and 3: 1, before being further dried at 100 °C for 24 h.
Then, the CF was activated at 700 °C under an Ar atmosphere for
2 h at a heating rate of 5 °C min~'. The samples were finally
washed using 1 M HCl and then washed (with deionized water) to
eliminate the NaHCOj3, until the pH value of the solution reached
about 7. The resulting samples were dried at 100 °C for 24 h.
According to the weight ratio of NaHCOj: CF, the products ob-
tained were named CF-0, CF-HPC-1, CF-HPC-2, and CF-HPC-3.

CF-HPC-y

Fig. 1 Schematic illustrations of the preparation of CF-0 and CF-HPC-y from Cycas fluff.
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2.3 Characterization

Scanning electron microscopy (SEM, Hitachi S-2600N) and
transmission electron microscopy (TEM, JEOL JE-2100F) were
used to study the structural properties and morphology of the
composite. The crystal structure was tested using an X-ray
diffraction analyzer (XRD, Smartlab 9 kW, Japan). The XRD
results were further verified by Raman spectroscopy (Thermo
Fisher). The nitrogen adsorption/desorption isotherms were
tested on a Micromeritics ASAP 2020 analyzer. The BET surface
area was assessed and the T-plot method was used to calculate
pore size distribution. Surface elements were analyzed by XPS
measurements (XPS, 250Xi, Thermo Fisher Escalab, USA).

2.4 Electrochemical measurements

Firstly, the as-prepared carbon samples, acetylene black and
PTFE with a mass ratio of 48 : 9:3 were mixed with ethanol. The
above mixture in ethanol solvent was coated onto 1 x 1 cm?
nickel foam and dried at 85 °C for 24 h (the loading density of
the electrode was controlled to be ca. 2.5 mg cm ™ 2). The elec-
trochemical performance of CF was then measured in 6 M KOH
electrolyte using a three-electrode cell system on an electro-
chemical workstation (CHI760D). The electrochemical perfor-
mances of the samples were measured using a carbon rod and
Hg/HgO as counter and reference electrodes, respectively. Cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) were measured
on an electrochemical workstation at room temperature. CV
performance was tested in the potential range of —1 to 0 V, EIS
measurements of the supercapacitor were conducted within
a frequency domain of 100 kHz to 0.01 Hz. The gravimetric
capacitance (C, F g ') and volumetric capacitance (C,, F cm™*)
were measured according to:

C=(x Adl(m x AV) (1)
C,=Cxp (2)
p =1V, + (1/p)] 3)

In these formulas, I (A), At (s), m (g), and AV (V) are the
discharge current, discharge time, mass of the active materials,
and working potential range, respectively. p, is the true density
of carbon (2 g ecm ), p (g cm?) is the density of CF and V, is
the total pore volume (cm® g™ ).

The electrochemical performance of the CF-HPC-2//CF-HPC-
2 device was realized in a two-electrode electrochemical test
system. The working electrodes were prepared using the same
method as that for the working electrode in three-electrode
system. Symmetric two-electrode cells were assembled using
two electrodes with exactly the same mass and were conducted
in the voltage range of 0-2.0 V. The specific capacitances (Cs, F
g~ 1), energy density (E, Wh kg~ ') and power density (P, W kg™ )
were determined separately according to:

Cs = (41 x Apl(m x AV) (4)

E=(Cs x AV?I2 x 3.6) (5)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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P = 3600 x E/At (6)

where I (A) is the discharge current, m (g) refers to the total mass
of active materials on both electrodes, AV is the potential
difference (V) in the discharge process, and At is the discharge
time (s).

3 Results and discussion

The surface morphology of the dried CF was investigated by
SEM, as shown in Fig. 2a and b. A long tubular structure with
slight folds was observed. The effect of different NaHCO;
content on the morphology and structure of the CF was studied.
As can be seen, CF-0 exhibits a slender, smooth and hollow
tubular structure without obvious holes or damage (Fig. 2c). The
CF-HPC-1 sample is tubular with an abundant hierarchical
porous structure and presents coarse surface particles, as
shown in Fig. 2d. Owing to NaHCOj; activation and carboniza-
tion, the tubular structure of CF was destroyed and formed an
apparent porous structure. After activation by NaHCO;, more
intense damage occurs on the tubular structure, leaving a rough
surface on CF-HPC-2 (Fig. 2e). Retaining the hollow elongated
framework is essential for ion diffusion/transport, meanwhile
the abundant pores can facilitate electrolyte penetration and
offer more electrochemically active sites. Interestingly, CF-HPC-
3 presents a large collection of irregular broken block particles
with a coarse surface (Fig. 2f), probably due to the destruction of
etched pores induced by the high NaHCO; dosage.

The microstructure of CF-HPC-2 was further studied by
transmission electron microscopy, as shown in Fig. 3. Fig. 3a
and b show the relatively sharp edges of the thin carbon sheet
interconnected with porous structures that resemble worm-
holes. The surface of CF-HPC-2 shows a highly stratified
micropore arrangement, with micropores (<2.0 nm), mesopores
(2.0-50.0 nm) and macropores (>50.0 nm) (Fig. 3c and d). The
porosity of the carbon material is critical to the rapid migration
and infiltration of electrolyte ions. Obviously, a material with
a hierarchical pore structure like CF-HPC-2 can be expected to
have good electrochemical performance. Additionally,
elemental mapping was carried out to examine elements
present in CF-HPC-2, and also to confirm the uniformity of the
C, N, O and S atom distribution on the surface of CF-HPC-2
(Fig. 3f-i). From elemental mapping, it was shown that the
C, N, O and S atoms are homogeneously distributed on the
surface of carbon matrix.

The chemical components of the CF samples were measured
by X-ray photoelectron spectroscopy (XPS) (Fig. 4 and Table 1).
As shown in Fig. 4a, the full scan spectra show four peaks at
around 284, 532, 400 and 168 eV, indicating the existence of C,
O, N and S respectively, in CF-0 and CF-HPC-y. Three individual
peaks in the high-resolution C 1s spectrum in Fig. 4b at 284.7,
284.8, 286.3 €V can be attributed to C=C, C-C and C-0O,*>*
respectively. The deconvoluted O 1s spectrum (Fig. 4c) of CF-
HPC-2 indicate the presence of three types of bonding at
531.9, 532.8 and 532.8 eV, corresponding to C=0, C-OH and C-
O-C, respectively. These carbonyl (C=0) and hydroxyl (C-OH)
functional groups participate in electrochemical redox

RSC Adv, 2022, 12, 16257-16266 | 16259
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Fig. 2 SEM images of dried (a and b) CF, (c) CF-0, (d) CF-HPC-1, () CF-HPC-2, and (f) CF-HPC-3.

reactions which enhance the pseudo-capacitance: >C-OH =
>C=0+H"+e, )C=0+e = >C-O-**The N 1s XPS region
spectrum is shown in Fig. 4d, with three component peaks at
397.5, 400.3, and 402.5 eV, attributed to N-5, N-Q and N-X,*
respectively. The presence of functional groups like N-5, N-Q
and N-X enhances the energy storage performance of the
material by providing pseudo-capacitive reactive sites. In addi-
tion, three distinguishable peaks in the spectrum of S 2p
(Fig. 4e) at 163.6 eV, 164.7 eV and 168.5 eV correspond to -C-S-
C-, -C=S- and -C-SO,-C-, respectively.* Altogether, the O, N
and S self-doped heteroatoms can availably enhance the elec-
trochemical capacitance by improving the reversibility of the
redox reactions and improving surface wettability and
compatibility, thus exhibiting promising high-capacity storage
performance.

XRD and Raman spectroscopy were employed to investigate
the structures of CF-0 and CF-HPC-y. The XRD patterns show
two diffraction peaks at around 24° and 44°, which are attrib-
uted to the reflections from the (002) and (100) planes of
graphitic carbon (Fig. 5a).”” Meanwhile, with an increase in
NaHCO; content, the intensity of the (002) peak weakens, sug-
gesting a low degree of graphitic structure.*®

16260 | RSC Adv, 2022, 12, 16257-16266

Fig. 5b displays the Raman spectra of the carbon samples.
Two obvious characteristic Raman peaks can be observed
distinctly at around 1333 ecm ' and 1594 cm ™', respectively
belonging to the D- and G-bands of disordered carbon and
graphitic phase carbon.* Generally, the peak intensity ratio I/
I; is used as an indicator of structural defects in carbon-based
samples. The Ip/Ig values of CF-0, CF-HPC-1, CF-HPC-2 and
CF-HPC-3 were calculated to be 0.82, 0.91, 0.91 and 0.97,
respectively. Clearly, the Ip/Ig value of CF-HPC-y samples is
slightly higher than that of CF-0, suggesting that more struc-
tural defects were introduced into the CF-HPC-y samples as
a result of NaHCO; activation, in agreement with the SEM
results.

The pore structure properties of CF-0 and CF-HPC-y were
studied by conducting N, adsorption/desorption measurements
on the CF-HPC-y samples, which show representative type-I
isotherms combined with typical IV type isotherms with
a hysteresis of H4 type (Fig. 6).*** It is clear that the sharp steep
curves in the low P/P, (below 0.1) region indicate the charac-
teristics of the monolayer adsorption of micropores. The
hysteresis loop at P/P, in the range of 0.45-0.9 indicates the
existence of a large amount of mesopores in the structure.
Obviously, CF-HPC-y possesses a hierarchical porous structure

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 TEM images at different magnifications of the (a—d) CF-HPC-2 samples, (e) SEM image and elemental mapping images of (f) C, (g) O, (h) N

and (i) S for CF-HPC-2.

with a mixture of micropores and mes/macropores. After acti-
vation, the pore size distribution of the CF-HPC-y broadens, and
the SSA and pore volume of the CF-HPC-1 slightly increase,
which can be attributed to the increase in NaHCO; content.
According to Table 2, when the proportion of NaHCO; increases
to 1 : 3, the SSA and pore volume of CF-HPC-3 reduce drastically
due to the destruction of the structure caused by excessive
NaHCO;. The BET surface areas of the CF-0, CF-HPC-1, CF-HPC-
2, and CF-HPC-3 samples are 71.69, 377.94, 516.70 and 397.92
m?® g™, respectively.

To compare the electrochemical performance of the CF-
0 and CF-HPC-y samples, the electrochemical properties of
CF-0 and CF-HPC-y in three-electrode systems in 6 M KOH
aqueous solution were studied using CV, GCD and EIS methods.
Fig. 7a and b depicts the CVs and GCD tests of CF-0 and CF-
HPC-y. The CV curves of CF-0 and CF-HPC-y show the main
capacitance characteristics of a double layer capacitor (EDLC),

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

and the pseudo-capacitance characteristics according to the
approximate rectangular shape data with a few peaks. Never-
theless, CF-HPC-2 has a higher area than the other samples,
indicating that its maximum capacitance supports it having the
highest SSA and pore volume among the samples. The GCD
testing of CF-0 and CF-HPC-y was also carried out, and the
discharge time of CF-HPC-2 was significantly greater than those
of the other samples, which is consistent with the CV results. To
further explore the rate capability, the capacitance and
discharge current density data of CF-0 and CF-HPC-y are shown
in Fig. 7c. Obviously, CF-HPC-y has a higher capacitance (from
0.5Ag 'to10Ag ') compared to CF-0, indicating that CF-HPC-
2 has superior rate capability (Table 3). CV of CF-HPC-2 under
different scan rates and GCD under different current densities
were studied. Fig. 7d displays CV curves of CF-HPC-2 in the scan
rate range of between 5 and 100 mV s~ '. The quasirectangular
CV curves were well maintained, even at 100 mV s~ ', implying

RSC Adv, 2022, 12, 16257-16266 | 16261
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Fig. 4 Full scan spectra of (a) CF-0 and CF-HPC-y and (b—e) high-resolution C 1s, O 1s, N 1s and S 2p XPS spectra of CF-HPC-2.
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Fig. 5 (a) XRD patterns and (b) Raman spectra of CF-0 and CF-HPC-y.

Table 1 Elemental contents of CF and CF-HPC-y

XPS (at%)

Sample C N o S

CF 89.09 8.51 1.47 0.93
CF-HPC-1 85.85 11.64 1.58 0.93
CF-HPC-2 91.77 4.09 3.54 0.60
CF-HPC-3 92.92 4.83 1.78 0.47

the capacitive superiority of CF-HPC-2. Even at 10 A g, the
GCD data (Fig. 7e) exhibit an approximate triangular shape,
further demonstrating the highest rate capability and excellent
capacitive behavior of CF-HPC-2.

Afterward, the charge transport and accessibility of ions
within the hierarchical architectures were verified by EIS
testing. As shown in Fig. 7f, compared with CF-0, the Nyquist
plot of CF-HPC-2 exhibits a nearly vertical plot in the low-

16262 | RSC Adv, 2022, 12, 16257-16266
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frequency region (<0.1 Hz), revealing its ideal capacitive
behavior, and it having the smallest semicircle at high
frequency manifests that it exhibits the lowest charge transfer
resistance, further demonstrating that CF-HPC-2 has the fastest
ion spread and charge transfer ability in the electrolyte. The
excellent electrochemical performance of CF-HPC-2 can be
attributed to the following reasons. First of all, the large number
of micropores generated during the activation process is the key
to the EDLC properties. In addition, micropores shorten the
length of the ion diffusion path. Secondly, mesopores provide
ion transport channels, while macropores act as ion buffers.
Lastly, the high specific surface area provides a large number of
active sites for electrochemical reactions where charges are
stored.

The electrochemical performance of CF-0 and CF-HPC-y in
1 M Na,SO, aqueous solution in three-electrode system was also
studied by the same method. It was observed that the CV curves
of the CF-0 and CF-HPC-y electrodes exhibit a quasi-rectangular

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Pore parameters of CF-0 and the CF-HPC-y samples
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p
Sample SBET (mZ gil) Smicro (mZ gil) Smicro/SBET (0/0) Vt (Cm3 gil) Vmicro (Cm3 gil) Vmicro/Vt (%) (g Cmis)
CF-0 71.69 — — 0.03 — — —
CF-HPC-1 377.94 273.54 72.38 0.21 0.15 71.43 1.41
CF-HPC-2 516.70 268.31 51.93 0.33 0.14 42.42 1.20
CF-HPC-3 397.92 310.56 78.05 0.23 0.17 73.91 1.37
shape (Fig. 8a). The corresponding GCD curves of CF-0 and CF-
. ) _ HPC-y illustrated in Fig. 8b exhibit almost symmetrical trian-
—=— Adsorption —+— Adsorption . . . . . .
% 1~ Desonion G| 7 Desorpton gular shapes, indicating reversible and typical electric double
§ »] e § ‘,“WMWWM‘; layer capacitor behavior. According to the Nyquist diagram of
% . < L] g ( s e the sample (Fig. 8c), the curve of the CF-HPC-2 sample is more
] o 04 2
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2 3 ] : : ’ PR .
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M Qv pressureomy T B ey . 2 is better than those of the other samples. The CV plots of the
250] —+— Adsorption n ] Adsorpton CF-HPC-2 electrode at different scan rates were also measured,
E wl — Desorption Vi "]~ Desompion ; as shown in Fig. 8d, from which it can be seen that all the curves
5 £ el ..
3 @ A 2 present a similar rectangular shape. All of the curves of CF-HPC-
: " (df " T g e 2 at various current densities (0.5 to 5 A g ') are almost
5 g 3 . . - i,
E } N \/\ /\\»‘,‘/ : o symmetrical and linear, as shown in Fig. 8e. In addition, after
g , bl 3 , AN s 10 000 cycles, 96.36% and 96.71% of the initial specific capac-
1 . . . .
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Relative pressure (P/P,) Relative pressure (P/P,) Iyte, indicating that the electrode material has good cycling

Fig. 6 N, adsorption—desorption isotherms obtained using the BET
method and the pore-size distribution curves (inset) of CF-0 and the
CF-HPC-y samples.

stability (Fig. 8f).
CF-HPC-2 was assembled into symmetric supercapacitors in
2 M Na,SO, and 6 M KOH electrolyte solutions for further
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Fig.7 Electrochemical properties of CF-0 and CF-HPC-y tested in a three-electrode systemin 6 M KOH: (a) CV curves ata scanrate of 5mV s,
(b) GCD curves at 1 A g2, (c) the specific capacitances of CF-0 and CF-

1

HPC-y at current densities of 0.2-10 A g%, (d) CV curves of CF-HPC-2 at

different scan rates, () GCD curves of CF-HPC-2 at 0.2-10 A g™, and (f) Nyquist plots.
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Fig. 8 Electrochemical performance of CF-0 and CF-HPC-y tested in a three-electrode system in 1 M Na,SOy: (a) CV curves at a scan rate of
10 mV s72, (b) GCD curves at 1 A g2, (c) Nyquist plots, (d) CV curves of CF-HPC-2 at different scan rates, (e) GCD curves of CF-HPC-2 at 0.5-
5A g% and (f) Capacitance retention of CF-HPC-2 at 1 A g™t in Na,SO, and KOH electrolyte, respectively.

verification. As shown in the constant-current discharge curves
of the CF-HPC-2 based symmetric supercapacitor at various
specific current values (0.2-5 A g~ ') in Fig. 9a, all the curves are
nearly symmetrical triangles, indicating the good rate capability
of the fabricated device. Fig. 9b shows the CV curves of
a symmetric supercapacitor based on CF-HPC-2 at different
scan rates from 5 to 100 mV s '. At different scan rates,
a symmetrical rectangular shape was observed in the CV curves.

As shown in Fig. 9¢, nearly symmetric triangular shapes can
be observed in the GCD curves of CF-HPC-2 conducted under
different current densities from 0.5 to 10 A g~ ', implying its
excellent capacitive behavior. The CV curves exhibit quasi-
rectangular shapes from 10 to 200 mV s~ ', suggesting that the
capacitor exhibits good EDLC behavior and excellent capaci-
tance in 2 M Na,SO, electrolyte (Fig. 9d). The excellent energy
density and power density were ascribed to the ordered lamellar

0.008 |- b

0.004

e
BS
1

0.000

Potential(V)
e
=
L

Current(A)

-0.004 -

Hed
b
N

00 -0.008 -

Potential(V)

T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 0.0 02 04 0.6 0.8 10 0 20 40 60 80 100 120
Time(s) Potential(V) Time(s)
0.015 30
d e —a—KOH
0.010 | 25 4 —6—Na,S0,
“-M
0.005 |- =204
=
g 3
£ 0.000 215
2 Z
= 3
Q -0.005 - 104
&
]
-0.010 = 54
0015 0+
T T T T T T T
0.0 0.5 15 2.0 1000 10000

10
Potential(V)

Power density(W kg')

Fig. 9 Electrochemical performance of the CF-HPC-2 based symmetric supercapacitor. (a) GCD and (b) CV curves of CF-HPC-2//CF-HPC-2 at
different current densities (0.2—5 A g~*) and scan rates (5-100 mV s %) in 6 M KOH electrolyte, (c) GCD curves at current densities of 0.5-10 Ag~*
in 2 M Na SOy, electrolyte, (d) CV curves (10-200 mV s™1) in 2 M Na,SOy, electrolyte, and (e) Ragone plots.
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Table 3 Comparison of the electrochemical performance of CF-HPC-2 and some reported biomass-derived carbon materials

Precursors Activator Cy C, Test conditions Ref.
Water chestnut KOH 346 115 6 M KOH, 0.5 A¢g " 53
Pomelo peel NH,H,PO,/KHCO, 207 92.82 0.5 M NaCl, 1 mvV s! 54
Sugar cane bagasse ZnCl, 300 134 1M KOH, 0.25 A g™ " 55
Kelp None 440 360 6 M KOH, 0.5A g * 56
Flour LiCI/KCl 261 327 1M H,80,,1Ag™" 57
Coconut shell ZnCl, 248 145.03 6 M KOH, 0.5 A g’1 58
Wheat bran KOH 294 184 6 M KOH, 0.5 A g " 59
Acacia gum KOH 272 177 6 MKOH,1Ag* 60
Corn straw KOH 222 — 6 MKOH,1Ag™" 61
Shrimp shells None 322 — 6 MKOH, 0.5A¢g " 62
Fungus KOH 374 — 6 M KOH, 0.5 A g " 63
Cycas fluff NaHCO, 291 349 6 MKOH,1Ag " This work

structure promoting the sufficient storage of ions. The Ragone
plot (Fig. 9e) illustrates the energy densities of the CF-HPC-2
based symmetric supercapacitor in 6 M KOH and 2 M Na,SO,
electrolytes. The plot shows that the CF-HPC-2 supercapacitor
assembly exhibits excellent energy and power densities in
Na,SO, compared to in KOH electrolyte. Benefiting from the
higher voltage of Na,SO, (2 V), the CF-HPC-2 based symmetric
supercapacitor exhibits an energy density of 27.72 W h kg™ " at
a power density of 20 kW kg~'. Moreover, the energy density
remained at 21.31 W h kg~ ' even as the power density increased
to 40 kw kg

4 Conclusion

To sum up, this paper proposes an effective, green and
economical strategy by which to prepare layered CF-HPC-y via
the carbonization and activation of low-cost CF, using mild
NaHCO; as the activator. The optimal activation conditions
were investigated by studying the mass ratio of NaHCO; to CF.
The prepared CF-HPC-2 has a high SSA of 516.70 m”* g~ * and
a total volume of 0.33 cm® g~ '. The porous carbon displays
a high-volume capacitance of 349.1 Fem > at 1 Ag™ " and 289.1
Fcm > at 10 A g~ . Besides this, the energy density of the CF-
HPC-2-based symmetric supercapacitor displays a maximum
energy density of 27.72 W h kg ™" at 20 kW kg~ ". Thus, this study
proposes a mild and environmentally-friendly method by which
to fabricate bulk capacitors, providing a new idea for energy
storage systems.
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