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Abstract: Biomass materials have received attention for energy storagebecaused of the advantage
of low-cost, easy-to-prepare, and eco-friendliness. Three-dimensional carbon materialswith
abundant pore structure gradually becomeresearch hotspot in high-performance energy storage. In
this study, an easy-to-prepare, green, light and elastic activated carbon was present using the
biomass Juncus effusus (JCE) via high-temperature pyrolysis, followed by activation in air.
Compared with previously reported bio-carbons, the proposed air-activated bio-carbon contributes
in the fabrication of pores to preserve the interconnected, reticular and tubular structure. Moreover,
the interconnected porous material also inherits the excellent tenacity of the original JCE such as the
material can be bended to below 90° under an external force while maintaining structural integrity.
The activated porous carbon material exhibits an enhanced electric double-layer capacitance (~210
Fg'at1l A g), with capacitance retention of ~78.62% at 10 A g-. The interconnected porous carbon
microtubes electrode as a double-layer symmetric capacitor exhibits considerable capacitance
retention (84%) after 2000 cycles at 1 A g'. The improved energy storage performance was proposed
to be attributed to the shortened ionic diffusion distance and sufficient contact between the interface
of the carbon electrode and electrolyte, which is resulted from the elastic, undamaged structure and
types of pores. These results demonstrated that as-preparedcarbon materials have potentional
application in symmetric capacitors.

Keywords: elasticbiomass; tubular structure; interconnected porous carbon; electric double layer
capacitance

1. Introduction

Carbon materials with high surface area, accessible surface chemical, special diffusion pathway
for ions, and easy-to-functionalize surface have attracted much attention in various fields, such as
chemical adsorption, electrocatalysis, energy storage, electrochemical senor, and capacitor devices
[1-6]. Carbon materials for these advanced applications should essentially possess an appropriate
structure to allow ion migration [7]. Carbon materials are especially used as electrodes in
electrochemical double-layer capacitors (EDLCs) to store energy [8, 9].

Numerous studies have reported that special structures are often needed to obtain electrode
materials with good performance. Typical supercapacitor electrode materials can be categorized into
one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D), depending on the
structure for charge transfer. Some examples of these materials are carbon nanotubes [10-13],
graphene [14-17], carbon nanofiber [18-20], and porous carbon [21, 22]. Tubular nanostructure offers
high surface area with less utilization of mass to encapsulate materials with poor conductivity [23,
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24] but has low surface area [25] and high contact resistance at the electrode-current collector [26, 27].
Although 2D materials, such as graphene nanosheets, provide short diffusion distance and high
flexibility [28, 29], graphene nanosheets tend to aggregate (self-restack) during the preparation of the
electrode, resulting in substantial loss of active surface area and reduced electrochemical
performance [28]. Developing multidimensional architectures of combined 1D and 2D structures
which can provide efficient ion diffusion between electrode and electrolyte can reasonably solve these
drawbacks [30]. Consequently, the overall performance of the capacitor can be improved. However,
such materials are relatively expensive because of their complex preparation processes and scarce
raw materials. These characteristics severely limit the potential of these carbon materials for large-
scale production and practical application.

Compared with artificially synthesized 3D carbon material, carbon-based materials derived
from biomass, a source of “green” and renewable energy, have also been demonstrated as better
alternative for capacitor devices as positive and negative electrodes [31, 32]. Numerous types of
biomass sources, such as cotton, celtuce leaves, and bamboo, have been used to improve performance
by manufacturing porous structure and building 3D framework [33-38]. Chemical and physical
activation are two common methods for fabricating pores to optimize the structure and improve
corresponding application performance. Macroporous, mesoporous, and microporous structures
usually present enhanced electrochemical performance compared with that of the single-sized pore
materials. Thus, different nanoscale pores can minimize the diffusion distance to the interior surface
and lower resistance to facilitate energy storage [39]. Moreover, surface functional groups containing
oxygen, nitrogen, fluorine, phosphorus, and other heteroatoms can considerably enhance the
capacitance of carbon electrode because of the pseudocapacitance effect in charge or mass transfer
between electrodes and electrolytes [40—42]. Carbon oxidation is the most straightforward way to
generate oxygen groups on the carbon surface. However, these oxygen groups are unstable during
cycling, leading to the fading of the pseudocapacitance [43]. Li et al. [44] found that the performance
of activated carbon in air at 300 °C (AC-air) was better than that of AC-KOH, because AC-air
contained more nitrogen content but with similar oxygen content. Introducing nitrogen into the
electrode materials can enhance electrical conductivity and wettability for high pseudocapacitance
[45]. In addition, materials with high tenacity have been used for devices to store and convert energy
[46]. The reported bio-carbon electrodes have low elasticity. These carbon sources generally show
poor mechanical stability and lead to mass reduction and partial destruction of the pristine
microstructure under high-temperature pyrolysis. These processes decrease specific capacitance,
limiting the application of bio-carbons [47, 48]. Thus, the development of a highly elastic carbon
material remains a significant challenge.

In this study, we present a low-cost, green, light and high elastic bio-carbon derived from juncus
effuses which is throughout the warm region of the world, which can be harvested for mass
production in the fall of the year. Compared with other biomass, the natural biomass is easy to
production and has special 3D tubular structure. After air-activation, the porous tubular bio-carbon
can be obtained (Figure 1). The as-obtained porous carbon material inherited the good flexibility of
the original biomass with high tenacity. The porous carbon material after being assembled as a
symmetric capacitor exhibited enhanced electric double-layer capacitance (~210 F g' at 1 A g1), with
capacitance retention of ~78.62% at 10 A g1. Moreover, the carbon microtubes electrode exhibited
considerable capacitance retention (84%) after over 2000 cycles at 1 A g as a double-layer symmetric
capacitor. Therefore, the porous and reticular carbon is highly promising for various applications,
especially, in energy storage.
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Figure 1.Schematic illustration of the Carbons fabrication.

2. Results and Discussion

Morphology and structure./uncus effusus (JCE) is a crude herb with remarkable tenacity and grid
tubular structure. Compared with other biomasses, this biomass is easy to bend and has no
deformation. Its tenacity is still maintained after carbonization, and its tubular structure is not
destroyed readily. This flexible biomass is composed of amino acids, which contain abundant
nitrogen. Thus, this plant is chosen as a carbon source containing nitrogen with 3D flexible network.
The carbonized JCE with high tenacity possessed an interconnected tubular framework with slight
inorganic impurities. Heat treatment at 300 °C for 8 h in air was performed to ensure the removal of
impurities and produce pores to increase surface area to provide new electronic transmission
channels. The overall changes in the bio-carbon materials under different sintering processes are
shown in Figure 2. High-temperature pyrolysis provided the condition for fabricating pores. The
resulting physical and chemical changes gradually increased the pores on the surface, which is
conducive for storing ions and electrons.
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Figure 2. (a) Digital photographs of the length and width of JCEs; (b, ¢) SEM images of the original JCE with low
and high magnification; (d, e) the JCE-1 sample with low and high magnification; (f, g) the JCE-2 sample with

different magnification; (h) schematic illustration of the surface changes before and after activation.

Figure 2a exhibits the volumetric change after different stages, which reveal that the annealing
process induced the shrinkage of the bio-carbon. However, the three frameworks shown in the
scanning electron micrographs in Figures 2b, d and f were not damaged. The structure of the
unprocessed original JCE shows an interconnected hollow tubular structure in an orderly
arrangement, and no pore was found on its surface (Figures 2b and c). Such hollow 3D structure can
not only enhance the contact between the electrode material and electrolyte, but also serve as a
reservoir for the electrolyte, shortening the ion diffusion pathway and facilitating charge transfer.
Figure 2d exhibits the image of JCE-1, which inherited the interconnected tubular structure. In
addition, pores gradually formed on the framework of JCE-1 (Figure 2e). Such morphological change
should be associated with carbon loss upon high-temperature carbonization. The surface
microconvexities which resembled the texture of a tree may be ascribed to the shrinkage degree of
material during annealing. Figure 2f reveals that JCE-2 retained the overall structural integrity.
Nevertheless, compared with the carbon material without activation, some pores of JCE-2 were
entirely opened, and different nanoscale pores were generated on JCE-2 as observed at high
magnification (Figure 2g). These findings suggest the effectiveness of the proposed activation method
to create porosity on the network. Figure 2h presents schematic illustration of the surface changes
before and after activation.

Digital photographs of the bio-carbons which indicate the tenacity before and after carbonization
are shown in Figures 3I and II to investigate whether the structure of JCE was damaged under an
external force. The original JCE was bended to different angles, and fracturing of the surface, even at
60°, was not observed. The activated carbon also retained good flexibility after carbonization.
However, tenacity was destroyed when JCE was bended to below 90°, because carbonization
destroys some chemical bonds, consequently reducing elasticity. The activated carbon generally has
good flexibility, which endows great application potential.
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Figure 3. Digital photographs of the original JCE (I) and JCE-2 (II) for the tenacity.

The structure and composition of JCE-1 and JCE-2 samples were further investigated by X-ray
diffraction (XRD) and energy dispersive spectroscopy. Figure 4a shows the XRD patterns of the two
samples. The diffraction peaks at 23.64° and 38.18° could be indexed to the (002) and (100) peaks of
graphitic carbon. These two peaks became weaker and broader after activation, indicating the
formation of amorphous carbon. Figure 4b exhibits that the atomic ratios of C:O were 95.13:2.67 and
90.58:8.01, respectively. Only ~1.41 wt% N was detected in the JCE-2 and ~1.37 wt% N in JCE-1. The
oxygen contents increased slightly after activation in air because bonding interaction occurred
between carbon and oxygen at 300 °C in air. The bonding altered the functional groups on the surface
of the material and improved performance. In addition, compared with JCE-1, the loss of carbon in
JCE-2 further reveals the transformation of microporous and mesoporous structures. Figure 4c
reveals the type-IV isotherm with clear H2-type hysteresis loops in the relative pressure region of
0.5-1.0 P/Po. The occurrence of capillary condensation indicates the wide distribution of pore sizes,
which are consistent with the scanning electron microscopy results. The BET and Langmuir surface
areas of JCE-2 were 1362 and 1695 m? g, respectively. The total pore volume of JCE-2 was 0.87cm?g;
1, which was smaller than those of previously reported bio-carbons. Figure 4d indicates that the pores
on the network had primarily small size distribution, which was calculated from adsorption branch
as ~3.9 and ~2.1 nm, respectively. The BET result indicates that the structure isa mesoporous
structureclose to the micropore one. This structure could shorten the diffusion pathway of ion and
facilitated ion transport, which would further improve the performance of activated carbon.
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Figure 4. (a) XRD pattern and (b) EDX spectrum of JCE-1 and JCE-2; (c) Nitrogen adsorption-desorption
isotherm and (d) pore-size distribution of JCE-2.

Electrochemical Measurements The part of hollow tubular structure can be preserved because
of the flexible properties of bio-carbon. This structure can help the electron and ion transfer to store
energy. Figure 5a shows that the CV curves of JCE-2 from -1.0 to 0 V demonstrates the regular
rectangle, which suggests that the capacitive response of electrical double-layer formation and redox
reaction, which may be attribute to surface oxygen and nitrogen functionalities. Figure 5b shows the
galvanostatic charge/discharge (GCD) curves at different current densities, exhibiting symmetric
charge-discharge curves with small IR drop. The high specific capacitance of 260 F g was obtained
for JCE-2 at a current density of 0.5 A g-1. The value is higher than most of bio-carbon. Moreover, the
synthesized product still retained high specific capacitance of 218 F g (~84% capacitance retention)
at a current density of 10 A g-'. The high results reveal that the porous 3D material provides storage
environment for ions and electrons. Simultaneously, the introduction of oxygen and nitrogen
accelerate the migration velocity of electrons, improving the performance, especially for the rate

capability.
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Figure 5. (a) CV curves as a function of discharge current density and (b) GCD curves and specific capacitances

of JCE-2 at different densities in a three-electrode cell.

To explore the practical applications of the JCE for capacitor, symmetric devices were assembled.
The related capacitive performances with JCE-based electrodes were also evaluated. Figure 6a shows
the CV curves of JCE-2//JCE-2 symmetric cell in the voltage windows of 0.9, 1.0, 1.2, and 1.3 V at the
scan rate of 10 mV/s. All curves exhibit rectangle-like shapes, while polarization began to increase
gradually when the operation voltage was extended to over 1.2 V. However, polarization was larger
at the working voltage of 1.0 V (Figure S1). Therefore, 0.9 V was determined as the optimal voltage
for subsequent measurements. Figures 6b and 6¢ show the CV curves of JCE-1//JCE-1 and JCE-2//JCE-
2 symmetric cells with potential window from 0 V to 0.9 V in 2 M KOH aqueous solution at different
scan rates ranging from 10 mV sto 100 mV s-.. Fig. 6b displays that the rectangular-shaped CV curves
of JCE-1//JCE-1 symmetric system and the slight distortion at the high scan rates suggest that the JCE-
1 works as an EDLC. Figure6c exhibits that the JCE-2//JCE-2 cell exhibits perfect rectangle-like shapes,
indicating a capacitance response derived from the EDLC with stable reversibility and good
performance. The CV area of the JCE-2//JCE-2 cell is much larger than that of the JCE-1//JCE-1 cell,
suggesting that the symmetric system of JCE-2//JCE-2 performs better because of the easier
accessibility of ion along its porous pathways. Figure6d reveals the relationship between specific
capacitances and sweep rates of the two cells. The specific capacitance of JCE-2//JCE-2 cell was 53 F
glat5mV s, and the cell retained 42.84 F g-! even at a high sweep rate of 50 mV s with a capacitance
retention ration of 80% (Figure6e). However, the capacitance of JCE-1//JCE-1 was only 50% that of
JCE-2//JCE-2, which demonstrated that the soft and open porous structure via activation in air
helpedto improve the performance of carbon materials.
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Figure 6. Electrochemical performance of the cells for carbons: Cyclic voltammograms (CV) curves of (a) JCE-
2//JCE-2 at different potential windows; (b) JCE-1//JCE-1 and (c) JCE-2//JCE-2 at different sweep rates; (d)
specific capacitances; (e) capacitance retention ratios and (f) Nyquist plots of JCE-1//JCE-1 (black) and JCE-
2//JCE-2 (red).

The electrochemical impedance spectra of the materials were characterized to further investigate
the behavior of the assembled symmetric systems. Similar shapes with a straight line at low frequency
and a half arc at the high-frequency region were observed (Figure6f). The high-frequency shape could
be ascribed to the double-layer capacitance (Can) and charge transfer resistance (Ret) between the
electrode and electrolyte interface. The inclined line is due to the Warburg impedance in the low-
frequency region, resulting from the frequency dependence of ion transport in the electrolyte. The
JCE-2//JCE-2 cell presented smaller interfacial charge transfer impedance in KOH electrolyte,
indicating improved charge diffusion velocity between electrolyte ions and active surface. The slopes
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of the Nyquist plots show that JCE-2//JCE-2 displays a more nearly vertical line than JCE-1//JCE-1,
indicating a capacitive performance. JCE-2//JCE-2 with rich mesoporous structure exhibitsa lower
impedance and more ideal capacitor behavior, corresponding to the CV curve.

The GCD curves exhibit a nearly symmetric triangular shape with an IR drop in Figure7a.
Specific capacitances were calculated to be 131.4, 126.93, 122.93, 110.67, and 93.25 F g-'from discharge
times at different current densities of 0.5, 1, 3, 5, and 10 A g7, respectively. The IR drops at different
currentdensities usually resulted from equivalent series of resistance. The IR increased gradually as
the current density increased.The internal resistance may have beencaused by the ash from carbon
materials. Meanwhile, Figure7b reveals the charge/discharge condition of JCE-2. Compared with
JCE-1, the JCE-2 has a smaller IR drop, which may be ascribed to oxygen and nitrogen functionalities
as well as the existence of mesoporous produced on the surface in the air-activation stage. In addition,
the specific capacitances increased significantly. The activated JCE-2 exhibited considerable
capacitance of 175.56 F g, when the discharge current density was 10 A g, with capacitance
retention of ~78.62% (Figure 7c). As a reference, the bio-carbon was also chemically activated with
KOH. Though all electrodes exhibit nearly symmetric profiles, it can be seen that the JCE-KOH
electrode shows a lower capacitance than JCE-2 (Figure 7d, 7e). The specific capacitances for two
electrodes at different current densities are collected in Table 1. The results demonstrate activation-
KOH and activation-air both provide favorable condition for the diffusion and storage of ions and
electrons, but, activation-air is more conducive to improve the capacitance of porous JCE. It is
noticeable, JCE-2, despite its lower surface area, exhibitsa potential advantage as an electrode
material for capacitor compared with the most bio-carbon activated in KOH (Table S1). Figure7f
shows that the bio-carbon electrodes exhibit good cycling stability as double-layer symmetric
capacitors. However, the capacitance retention of JCE-2 (84%) is not as good as that of JCE-1 (95%)
after over 2000 cycles at 1 A g. Figure S2 shows that the shape and area of the CV curves after 2000
cycles are nearly consistent by the first cycle, which may be ascribed to the oxygen groups produced
on the surface in the air-activated process.
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Figure 7. Electrochemical characteristics of single electrode for carbons: GCD curves of (a) JCE-1 and (b) JCE-2
at different current densities; (c) the specific capacitance as a function of discharge current density; (d) CV and
(e) GCD curves of JCE-1, JCE-2, JCE-KOH at 10 mV s and 1A g, respectively; (f) cycling stability and
capacitance retention of JCE-1 (black) and JCE-2 (red) at charge/discharge current density of 1 A g

Table 1. Comparison of the electrochemical performance in the two-electrode testing by different
activation way for bio-carbon derived from JCE.

Specific Capacitance (F g-1)

Samples  Activated Way Yield
1Ag? 2Ag? 5Ag! 10 A g
JCE-2 Air 213 207 186 175 72%
JCE-KOH KOH 180 171 165 150 43.44%

Results from the CV, galvanostatic charge/discharge curves, and cycling stability show that the
hetero-atoms only play a role in electroconductivity, but have little contribution to the supply of
capacitance during the charge/discharge process. Thus, the whole system is mainly an EDLC. The
properties of pesudocapacitance should be exhibited by adjusting the quantity of hetero-atoms to
further improve the performance of carbonized JCE.This section may be divided by subheadings. It
should provide a concise and precise description of the experimental results, their interpretation as
well as the experimental conclusions that can be drawn.

3. Materials and Methods

3.1. Preparation of activated carbon derived from Juncus effusus (JCE) with flexibility.
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The JCE was bought and used without any further purification. The 0.1 g rushes was directly
pyrolyzed at 900 °C for 2 h under Ar atmosphere to obtain the pyrolytic carbon material. After cooling
down to room temperature, the samples were by ultrasound in KOH for 2 h, and then washed with
HCl and DI water until PH reached a value of 7 (denoted as JCE-1). After drying at 80 °C for 12 h,
JCE-1 was activated at 300 °C for 8 h in air at a heating rate of 5 °C min to produce activated carbon
(denoted as JCE-2). Meanwhile, KOH is used as chemical activation agent to gain JCE-KOH. Finally
the three products were collected for further characterization.

3.2. Structural Characterization.

The morphologies and sizes of the as-prepared samples were determined by field-emission
scanning electron microscopy (SEM) at an accelerating voltage of 5 kV with an energy-dispersive X-
ray spectroscopy (EDX) system. X-ray diffraction (XRD) patterns were performed with a Bruker D8
Advance X-ray powder diffractometer using Cu-Ka irradiation within 10°< 20 < 90° at a scan rate of
40 min-1. Nitrogen adsorption/desorption measurements were performed to investigate the surface
characteristics at 77 K on a Micromeritics ASAP2420 instrument. The Brunauer-Emmett-Teller (BET)
method was utilized to calculate the specific surface area and the pore size.

3.3 Electrochemical Measurements.

The electrochemical measurements were carried out by two-electrode systems. The working
electrode was prepared by mixing the as-prepared active carbons, acetylene black, PTFE with a mass
ratio of 8:1:1 in an appropriate amount of isopropyl alcohol. After the solvent evaporated, this paste
was pressed at 10 MPa and the electrode materials were dried for 12 h at 100 °C, then loaded 3~4 mg
between two pieces of nickel foam under a pressure of 100 kPa. Then the two ~electrode cell was
soaked in the 2 M KOH aqueous solution and waiting for test. Gravimetric capacitance from
galvanostatic charge/discharge was calculated by using the formula:

Csingle-clectrode=4IAt/mAV (F/g) (1)
Cee= IAt/mAV (F/g) (2)

The gravimetric specific capacitance of the individual electrode is calculated from the CV curve
based on the following equation:

Ceei=A/(2smAV) (F/g) 3)

Here, I is constant discharge current, At is the time period for a full discharge, A is the integral
area of the closed CV curve, m is the mass of the active material, AV is width of the potential widow,
s is the potential scan rate.

Cyclic voltammetry (CV) measurements were carried out on a CHI604E electrochemical
workstation (Chenhua, Shanghai, China) at voltage scan rates ranging from 10 to 100 mV s-1 and the
potential ranges from 0 to 0.9, 1.0, 1.2, and 1.3 V, respectively. The electrochemical impedance
spectroscopy data were recorded using a electrochemical workstation for a frequency between 0.01
Hz and 100 kHz. The electrochemical galvanostatic charge/discharge measurements and cycling tests
of the products were performed using an ordinary LAND testing system.

4. Conclusions

An interconnected and reticular carbon microtubes derived from elastic JCE was introduced by
high-temperature carbonization and activation in air. The bio-carbon simultaneously inherited the
interconnected tubular structure from the original JCE and produced rich mesopores on the surface,
providing high SSA and a series of pore sizes. In addition, the porous carbon microtubes could be
bended to below 90°, without fracturing on the surface. The porous material with tubular structure,
as a symmetric capacitor, exhibited enhanced electric double-layer capacitance (~210 F g at 1 A g),
with capacitance retention of ~78.62% at 10 A g7, indicating considerable tenacity. The inactivated
carbon electrode could also offer high specific capacitance of 126.93 F g-lat 1 A g'. Moreover, the two
bio-carbon electrodes exhibited considerable cycling stability. Thus, compared with chemical
activation, the air-activated way can not only create positive effect for pore fabrication to improve
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performance of bio-carbon for symmetry capacitor, but also preserves the integrity and tenacity of
the framework.

Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1: CV curves of
JCE-1//JCE-1 at different potential windows, Table S1: CV curves of JCE-2 // JCE-2 at the first, 1000th, 2000th
cycle.
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