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Abstract

Biomass-derived carbons have been extensively researched as electrode material for
energy storage and conversion recently. However, most of the previous works convert
crude biomass directly into carbon and the electrochemical capacitances for the
resultant carbons are quite often underestimated as well as large variations in
capacitances exist in literatures due to the complex nature of biomass, which
practically hinder their applications. In this work, polysaccharide nanofibers were
extracted from an inexpensive natural fungus using a hydrothermal method and were
converted to porous carbon nanofibers (CNFs) by potassium hydroxide activation.
The porous carbons were assembled into symmetric supercapacitors using both
potassium hydroxide and an ionic liquid (IL) as electrolytes. Solid state nuclear
magnetic resonance characterization showed that the micropores of the as-prepared
carbons are accessible to the IL electrolyte when uncharged and thus high capacitance
is expected. It is found in both electrolytes the electrochemical capacitances of CNFs
are significantly higher than those of the porous carbon derived directly from the
crude fungus. Furthermore, the CNFs delivered an extraordinary energy density of
92.3 Wh kg? in the IL electrolyte, making it a promising candidate for electrode
materials for supercapacitors.

Keywords: Supercapacitors; Extraction of biomass; nuclear magnetic resonance



1. Introduction

Carbon is currently the dominating electrode material for commercial
supercapacitors due to its high electrical conductivity, low cost and long cycling life
[1]. Among the various types of carbon-based electrode material such as activated
carbons, graphene and carbon nanotubes, porous carbons derived from biomass are
particularly promising due to the abundance, low cost and the hierarchical structures
of the raw materials [2, 3]. High electrochemical capacitances have been achieved
with carbons derived from a variety of biomass such as lotus, watermelon, leaves, and
hemp fibers [4-10]. However, most of the work converted crude biomass directly into
carbon; there are large variations in the capacitances for biomass-derived carbons in
literatures. This might be due to the heterogeneous structure for the precursor and the
overheating and condensation of the skeleton during carbonization as biomass are
typically complex mixtures of biopolymers and inorganic salts. The carbonization
behavior, structure and performance of the carbon derived from each individual
component such as cellulose, hemicellulose and lignin, can be significantly different
from those for the crude biomass [11]. Removing the shielding component from the
crude biomass might promote the conversion of polysaccharide into carbon [12].
Recently, Jiang et al demonstrated that in bamboo chopsticks, cellulose fibers can be
separated from the lignin and hemicelluloses matrices through a facile hydrothermal
method, and the carbon derived from the separated fibers shows a higher surface area
and higher capacity than those of the bulk bamboo-derived carbon as an anode

material for Li-ion battery [13]. Similar enhancement in the capacitance of corn



cob-derived carbon has also been observed by removing the lignin and carbonizing
the crystalline cellulose only [14]. It is proposed that carbonizing the components
separately instead of the whole biomass might increase the surface area and improve
the uniformity of the derived carbon, which are crucial for practical applications.

In our previous study, an industrial biopolymer cellulose was used as the precursor
to prepare carbon nanofibers and homogeneous structure across the carbon monolith
and good capacitive performance was achieved [15]. We also demonstrated that
hexagonia apiaria (HA) which is an inexpensive fungus composed of mainly dextrin,
can be converted into porous carbons which would exhibit excellent electrocatalytic
activity when doped with nitrogen and sulfur [16]. In the present study, the nanofibrils
in HA were extracted from the bulk prior to the carbonization process. It was found
that carbons derived from the extracted fibers possess a higher surface area and
enhanced electrochemical capacitance in both aqueous and ionic liquid (IL)

electrolytes than those derived directly from the crude HA.

2. Experimental
2.1 Materials

Hexagonia apiaria was collected from Nanshan lychee orchard, Shenzhen.
Potassium hydroxide (KOH), Polytetrafluoroethylene (60%w), and an ionic liquid
1-Ethyl-3- Methylimidazolium Tetrafluoroborate (EMIImBF4) were purchased from
Aladdin Chemicals. Sulfuric acid (98%) was purchased from Guanghua Chemicals.

All the chemicals were analytic grade and used without further purification.



2.2 Preparation of porous activated carbon

The HA fungus was washed and cleaned by water and dried in an oven at 60°C,
which was then cut into chips with a length of ~1.5 cm and a width of ~0.5 cm. To
extract the nanofibers from HA, 2 g of the chips were put into a stainless steel
autoclave with Teflon-lined while adding 70 ml of 3M KOH solution and treated at
150°C for 6 h. The cooled solution was then neutralized with sulfuric acid, and the
precipitate was collected by filtration and rinsed thoroughly. The preparation
procedure is shown in Figure 1.

Figure 1.

To prepare porous carbon, both the crude HA and extracted nanofibers were
mixed with KOH with a mass ratio of 1:3. The mixtures were then treated at 800 °C in
a nitrogen atmosphere for 2 h, with a ramp rate of 10 °C min’. The residues were then
thoroughly washed with sulfuric acid and deionized water. The resultant carbons were
denoted as HA-800 and CNF-800, respectively.

2.3 Characterization

Scanning electron microscopy (SEM) investigation was performed on a Navo Nano
450 microscope. Microstructures of the active carbons were investigated using a
JEOL JEM-2100 transmission electron microscope (TEM). Raman spectra were
obtained using a Horiba LabRAM HR800 spectrometer coupled to a 633 nm laser.
The crystal structure of the fibers was examined using a Philips X’PERT APD powder

X-ray diffractometer (XRD, A = 1.54 A, CuKa radiation). The specific surface area



and pore size distribution of the carbon materials were characterized using nitrogen
adsorption at 77 K (Micrometrics ASAP 2020). Thermogravitermic (TG) analysis of
the precursors was carried out using a Jupiter Netzsch STA 449 C instrument. Fourier
transform infrared (FTIR) spectra were collected using a Nicolet 6700 spectrometer.
X-ray photoelectron spectroscopy (XPS) measurements were performed on an Ultra
DLD using a monochromic Al X-ray source. Solid state nuclear magnetic resonance
(NMR) experiments were performed using a Bruker Avance III HD 400 spectrometer
equipped with 2.5 mm double-resonance MAS probes, and the rotor was spinning at
10,000 rpm. To prepare the NMR samples, porous carbons were degassed at 150 °C
for 3 h under vacuum and 0.1 g of the degassed carbon was soaked into 0.2 g of an
acetonitrile solution of the IL EMIImBF4 (wt.50%) for 30 min, and the solvent was
then removed in a vacuum oven at room temperature.
2.4 Capacitance measurement

Supercapacitors were constructed following the procedure described in our
previous study [15]. Specifically, 80 mg of the porous carbons was ground and mixed
with 10 mg of carbon black and an aqueous suspension of PTFE (10 mg). The paste
was then casted onto nickel foam, dried under vacuum at 50 °C for 24 h and pressed
to give the electrodes. Supercapacitors were built by assembling two pieces of the
electrode, with a filter paper as a separator in a coin cell. Two types of electrolyte
were used to assemble supercapacitors, i.e. 6 M aqueous KOH and EMIImBF4. The
loading of carbons in each electrode was 5 mg. The performance was then tested

using cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) methods.



The specific capacitance Csp for each electrode was determined using Eqn (1) [17]:
Csp = 4xIxt/(mxAV) where 1 is the current, AV is the potential change within the
discharge time, t is the discharge time, and m is the total mass of active materials in
both electrodes. The energy density was calculated using Eqn (2): E=0.5%Cix(AV)?
and the power density was calculated using Eqn (3): Pt = E¢/t where E: is the energy
density, Pt is the power density, and C: is the specific capacitance of the total device.
The cyclic stability tests were carried out using a CT2001A battery tester and all other
electrochemical measurements were performed on a CHI760E electrochemical

workstation.

3. Results and discussion
3.1 Structural characterization

The crude HA was first treated through a KOH hydrothermal process, during which
the major composition dextran underwent hydrolysis and the nanofibers formed stable
dispersion in the KOH solution due possibly to the electrostatic repulsion. The
suspension was neutralized and the nanofibers precipitated out of the solution which
were then collected and rinsed thoroughly. SEM observation into the crude
HA-derived carbon reveals networks of hollow carbon fibers (Figure 2a). After
hydrothermal treatment of the crude HA in KOH solution, polysaccharide nanofibers
were extracted which were further converted into porous carbon. Figure 2b shows the
SEM image of the carbon nanofibers which were carbonization product of the

extracted nanofibers. It can be seen that the product retained the fibrous morphology



and are well separated from each other. The average diameter decreased from 2 um
for the hollow fibers in crude HA-derived carbon to 620 nm for the carbon nanofibers
(CNFs). The smaller diameter of the nanofiber precursor than the crude HA might
lead to a higher surface area for the resultant carbon. Our previous study demonstrated
that during carbonization, a higher degree of graphitization and more uniform
structure can be obtained when a nano-sized precursor is used as compared to the
micro-scale precursor [18]. TEM inspection into the porous carbons indicate a slightly
higher degree of graphitization in the CNF than in the crude HA-derived carbon, as
can be seen from Figures 2c and 2d.

Figure 2.

The chemical structures of the crude HA and the extracted nanofibers were
characterized using infrared spectroscopy and the spectra are shown in Figure 3a. The
peaks at 3419 cm™, 2923 cm™ and 1373 cm™ correspond to the stretching of OH,
stretching and bending of CH, respectively, suggesting the dominating polysaccharide
composition of HA. The OH peak at ~3400 cm™ in the extracted nanofibers is reduced
significantly upon hydrothermal and acidification treatments, which indicates the
hydrolysis of the polysaccharide. The TG and differential thermogravimetric (DTG)
curves of the raw HA and extracted nanofibers are shown in Figure 3b. It can be seen
the weight loss occurs at a much slower rate and in a wider temperature range for the
extracted nanofibers than for the crude HA during carbonization. It was demonstrated

in our previous study that the chemical reactions involved in the 240°C-400 °C range



influence the microstructure of the resultant carbon significantly [18]. The slower
reaction for the extracted nanofibers would allow a more complete rearrangement of
carbon atoms and eventually lead to a higher structural order in the nanofiber-derived
carbon which was confirmed by XRD and Raman characterizations. Both the crude
HA and extracted nanofibers were carbonized and activated at 800°C and the
crystallite structure was characterized using XRD (Figure 3c). The broad peak at
around 23.4° suggest amorphous nature for both HA-800 and CNF-800. Compared
with HA-800, the peak for CNF-800 is narrower and more intense, which indicates a
higher structural order for the latter.

The structure was further characterized by Raman spectroscopy (Figure 3d). It can
be seen that the intensity ratio between the D band and the G band, Io/lg, increases
from 1.4 for HA-800 to 1.55 for CNF-800. Previous studies demonstrated that a
higher Ip/lg corresponds to a larger graphitic domain for small crystallites [19, 20].
Thus the Raman characterization suggests a higher graphitization degree for CNF-800,
which is in accordance with the XRD results. Furthermore, the standard deviation of
In/lg ratio was 0.18 and 0.12 for HA-800 and CNF-800, respectively, which suggests
that the latter carbon possess a more uniform structure than the former due possibly to
the more uniform carbonization condition inside the precursor.

The surface area of the porous carbon was measured using a nitrogen
adsorption/desorption method and the N> adsorption-desorption isothermal cures are
shown in Figures 3e. Both HA-800 and CNF-800 exhibit a typical “type I1”

characteristic, and the specific surface area increased from 895 m? g* for HA-800 to



1280 m? g* for CNF-800. The micropores account for 45% and 49% and the
mesopores account for 55% and 51% of the total surface areas for HA-800 and
CNF-800, respectively. The average diameter estimated using the
Barrett-Joyner-Halenda method (BJH) model for CNF-800 is 2.2 nm and that for
HA-800 is 2.8 nm. Such pore size distributions (shown as inset in Figure 3e) and the
small average diameter for these carbons are beneficial for the ion storage based on
electrostatic adsorption. The concentration of the elements on the surface were further
analyzed by XPS and the full spectra are shown in Figure 3f. The molar fractions of
carbon, nitrogen and oxygen were 93.09%, 1.91% and 5% in HA-800 and 95.26%,
1.37% and 3.37% in CNF-800, respectively. The slightly lower contents of
heteroatoms in CNF-800 did not result in a lower capacitance compared to HA-800,
due to the dominating electrical double layer capacitance which will be discussed
later.

Figure 3.

For energy storage based on electrical double layer capacitance, it is crucial that the
internal surfaces of the electrode materials are accessible to ions. The accessibility of
the micropores of the as-prepared carbons to electrolytes was investigated using NMR
spectroscopy, which is achieved by analysising the perturbation of NMR spectra of
the electrolyte induced by the adsorbents. When the electrolytes are confined in a
nanopore, the NMR peak for a nucleus shifts to a higher position due to the
diamagnetic shielding effect of the sp? hybridized carbon networks [21]. Such effect is

10



only appreciable when the pores are small enough (i.e. micropores) and thus the NMR
technique can be used to probe the infiltration of ions into small pores [21-24]. Both
HA-800 and CNF-800 were impregnated with an acetonitrile solution of EMIImBF4
and 'B NMR spectra were acquired for the electrolyte-loaded carbons after
evaporating the solvent and the results are shown in Figure 4. For both samples, the
1B peak split into two components. The one at -1.4 ppm corresponds to free
electrolyte molecules (or weakly bound electrolytes) whereas the one at higher
position are ascribed to the strongly bound electrolytes in micropores or small
mesopores. The shift of the !B peak upon adsorption of the electrolyte for HA-800
relative to the free molecules was 2.6 ppm whereas this value was 3 ppm for CNF-800,
i.e. a stronger interaction between the electrolyte and the carbon surface in the latter
sample due to a smaller average pore size and higher graphitization degree. This result
also suggests that the electrolyte can wet the carbons and infiltrate into the small pores
(particularly the micropores) when uncharged, and the stronger interaction in
CNF-800 indicates an enhanced wettability which is the prerequisite for efficient
energy storage. Furthermore, the slightly higher intensity of the peak for the bound
electrolyte suggests a higher fraction of electrolytes adsorbed in the small pores of
HA-800 than in those of CNF-800. The fraction of the strongly adsorbed electrolytes
accounted for ~69% of the total electrolytes for CNF-800 while this value was 65%
for HA-800, both estimated using the peak areas. These results suggest the adsorption
of electrolytes is critically determined by the pore structure. However, the kinetics for
penetration of ions into the pores and the arrangement of electrical double layer (e.g.

11



whether desolvation and distortion of the ions occur or not) upon charging remains
our future work.

Figure 4.

3.2 Electrochemical performance in agueous KOH electrolyte

A three-electrode configuration was first used to investigate the electrochemistry of
the porous carbons and the CV curves are shown in Figure 5. Both samples displayed
rectangular-like CV curves with only slight distortions, and no obvious redox peaks
were observed, which confirms that the main contribution for the energy storage in

these carbons is from electrical double layer capacitance.
Figure 5.

The capacitive performance of the porous carbons was investigated by
assembling the electrodes into symmetric supercapacitors using a KOH aqueous
solution as the electrolyte. CV curves obtained at different scan rates for CNF-800 are
shown in Figure 6a. Typical rectangular shape without any redox peak is seen for the
curves, again suggesting electrical double layer nature of the energy stored in the
porous carbon which provides a route for reversible adsorption and desorption of ions.
HA-800 showed similar CV responses, although with lower currents. The capacitance
was further determined by GCD measurements and typical curves are shown in Figure
6b. The capacitance measured at a current density of 1 A g for CNF-800 was 324 F
gt, which is over twice of the values measured for HA-800 (155 F g1). A comparison

with the literature data (Table 1) on electrochemical capacitance of biomass-derived
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carbon suggests that the CNF-800 is superior to most of the good results obtained by
pyrolysising crude biomass such as willow catkin and tobacco rods [25-30].
Furthermore, the high capacitance of CNF-800 was achieved at a moderate specific
surface area compared to other biomass-derived carbons, which is evident from the
areal capacitance (i.e. normalized to the surface area) listed in Table 1. A relatively
low surface area is beneficial for practical application as a higher surface area would
adsorb more electrolytes and reduce the gravimetric capacitance of the device. It is
recognized that the charge storage based on an electrical double layer mechanism for
a material does not only depend on the surface area; the electrical conductivity,
wettability and pore size distribution also influence the capacitive performance
significantly. The extraordinary area capacitance of CNF-800 could be related to the
suitable pore size and excellent wettability as revealed by the NMR analysis. It should
be noted, however, large variations in capacitance of biomass-carbon appear in
literatures and strict comparison is difficult to make due to the different testing
configurations (i.e. three- or two-electrode) and conditions (i.e. the discharging rate).
Nevertheless, this work utilizes the same activation method for preparation and the
same conditions for testing the performance of HA-800 and CNF-800, which clearly
demonstrated that the performance of biomass-carbon can be enhanced by separating
the components from the biomass prior to carbonization. Such enhancement is
thought to be attributed to a higher structural order, larger surface areas and better
wettability in the CNFs than in the crude-HA-derived carbon.

Table 1
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The rate performance was evaluated up to a current density of 20 A g (Figure 6c).
As is expected the capacitance decreased with the increasing current density due to
that the ions movement is limited only to the surfaces of the electrode material at a
higher current density [31], and the rate performance can be improved by optimizing
the pore size distribution of the carbons. It can be seen for CNF-800, the capacitance
measured at 20 A g still retained 79% of its value measured at 0.5 A g*. The
capacitance of HA-800 decreased faster with the increase of discharge current,
retaining 70% of the value measured at 0.5 A g™. The cyclic performance of the
electrode was also assessed by repetitive charge/discharge tests of the supercapacitors
at a current density of 2 A g for 5000 cycles (Figure 6d). The capacitance drops
relatively fast during the first few charging cycles due to ion trapping or surface
reactions [32]. After about 400 cycles, both HA-800 and CNF-800 were stabilized and
the final reduction of capacity after 5000 cycles was ~6.6% and ~3.7%, respectively.
It is thought that the graphitic structure which is a denser stacking of carbon layers is
favored over the amorphous carbon for rate and cyclic performances. A more uniform
structure is also beneficial for the cycle life of the electrode.

Figure 6.

Electrochemical impedance spectroscopy (EIS) was carried out in the frequency
range of 0.1 Hz-100 kHz to further investigate the behavior of the electrodes. Figure 7

shows the Nyquist plots of all electrodes. The nearly vertical straight line paralle to Z"”
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axis in the low frequency region indicates capacitive nature of these carbon materials.
In the high frequency region, the semicircle is related to properties of electrode such
as porosity, conductive, thickness of electrode as well as the difussion of ions. The
equivalent circuit used for the impedance analysis, which is a combination of
capacitor and resistors to reflect the real double layer capacitance and the resistance of
electrolyte ion diffusion into porous carbon materials, is also shown in Figure 7 [33].
The solution resistance (Rs) and the charge transfer resistance (Rct) of the electrodes
can be determined from the intercept at the real axis (Z’) and the diameter of the
semicircle, which is 0.45 Q and 0.5 Q for CNF-800, respectively. These values are
0.82 Q and 0.54 Q for HA-800, respectively. This suggests a lower resistance for
CNF-800 than HA-800, which can be explained by a higher graphitization degree and

higher surface area accessble to the electrolyte for the former carbon.

Figure 7.

3.3 Electrochemical performance in the IL electrolyte

Electrolytes with wider electrochemical window are more favorable compared to
the aqueous electrolytes as the energy density of a supercapacitor scales with the
square of voltage according to Egn (2). Room temperature ILs are promising
electrolyte alternative to aqueous electrolytes due to their higher operating voltage
and the lower vapor pressure [34, 35]. Therefore, the electrochemical performance of
the as-prepared porous carbons in the IL EMIImBF4 was also tested. The CV curves

measured in the range of -1 to 3 V for CNF-800 are shown in Figure 8a. It can be seen
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the curves are nearly rectangular at low scan rates but distortion is observed when the
scan rate is increased to 100 mV s™. In addition, GCD curves showed linear behavior
at low current densities (Figure 8b). The voltage drop becomes obvious when the
current density exceeds 10 A g* for both HA-800 and CNF-800. EIS measurements
showed that the Rs is 4.2 Q and 2.5 Q for HA-800 and CNF-800, while the Rt is 3.2 Q
and 1.7 Q, respectively, suggesting improved electrical conductivity in the exfoliated
nanofiber electrode. The higher resistances in the IL electrolytes than in the aqueous
electrolyte for both systems revealed by EIS are also consistent with the CV and GCD

measurements.

The rectangular shape for the CV curves and the linear GCD curves again suggest
typical electrical double layer capacitive characteristic in the IL electrolyte. The
CNF-800 showed a specific capacitance of 171 F g at a current density of 1 A g7,
which is 70% higher than that of HA-800. As the current density increased to 20 Ag?,
the CNF-800 retained 72% of the capacitance measured at 0.5 A g whereas the
retention for HA-800 was 69% (Figure 8c). These results indicate that the
capacitances for both porous carbons in the IL electrolyte are lower than in aqueous
electrolytes, and the decay of capacitance at higher discharge current is even more
severe, although the rate performance for the two carbons in our case is already better
than good results in literatures for carbon materials in IL electrolytes such as carbon
nanofibers [36] and heteroatom-doped-graphene in IL [37]. The lower capacitance
and the deteriorate rate performance in IL than in the KOH are attributed to the
relative difference between pore size in the electrode and size of the ions in the
electrolyte [31]. The durability of the supercapacitors containing the IL electrolyte
was also examined. The HA-800 retained 95.2% of its initial capacitance whereas the
retention for CNF-800 was 96.8%, similar to their cyclic performances in the KOH

electrolyte.
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Despite the lower capacitances in the IL electrolyte, both HA-800 and CNF-800
showed significantly higher energy densities than in aqueous electrolyte due to the
larger voltage window. Specifically, the CNF-800 showed an extraordinary energy
density of 92 Wh kg™ at a power density of 493 W kg and it still retains a value of
35 Wh kgt at 14 KW kg2, as can be seen from the Ragone plot shown in Figure 8d. It
is noteworthy that CNF-800 also shows an energy density of 11.3 Wh kg* at 60 W
kgt in the aqueous electrolyte due to the impressive capacitance. The energy densities
shown here are superior to the commercial carbon-based supercapacitors (<3 Wh kg™),
and are higher than or comparable to other biomass-derived carbons for both aqueous-
and IL-based supercapacitors (Table 1). Moreover, the performance of the IL-based
supercapacitor is even comparable to those obtained with hybrid batteries based on
metal and metal oxides (60~100 Wh kg™) [38, 39]. The extraordinary energy densities
for our porous carbons are attributed to the higher voltage window than those used in
previous works [4, 40-42]. It is thus clearly demonstrated that nanofibers extracted
from HA fungus is a promising carbon source for high-performance electrode material
for supercapacitors. These results also manifest that the performance of a carbon
derived from a single component separated from the biomass can be substantially
higher than that derived from the whole biomass which is complex mixture of organic
and inorganic compounds.

Figure 8.
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4. Conclusions

Polysaccharide nanofibers were extracted from HA through a hydrothermal method.
Porous carbons derived from the extracted nanofibers exhibited a two-fold increase in
electrochemical capacitance than those derived directly from the crude HA tested in
KOH aqueous solution, which is due to the larger surface area and a higher structural
order. TGA characterization indicated that structural difference is related to a slower
and more complete rearrangement of carbon atoms during the carbonization process.
The structural feature exerts the nanofiber-derived carbon with stronger interaction
with the electrolyte than the crude HA-derived carbon as disclosed by NMR
characterization. Porous carbon derived from both precursors also showed high
energy densities in an IL electrolyte. The results demonstrated in this study paves the
way for efficient utilization of biomass for applications in electrochemical energy

storage.
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Figure 1. Schematic diagram for the preparation of porous carbons from HA.
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Figure 2. SEM images of: (a) HA-800 and (b) CNF-800. The inset to (a) shows a

digital photo of the crude HA. TEM images of: (c¢) HA-800 and (d) CNF-800.
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Figure 3. (a) IR spectra, (b) TG and DTG curves for the crude HA and extracted

nanofibers, (c) XRD patterns, (d) Raman spectra, (e) N2 adsorption-desorption

isothermal cures and (f) XPS spectra for HA-800 and CNF-800.
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Figure 5. CV curves for the porous carbons measured with a three-electrode

configuration in 6 M KOH electrolyte: (a) HA-800 and (b) CNF-800. The reference

electrode was Ag/AgCl and the counter electrode was a Pt wire.
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Figure 6. Electrochemical characterization in 6 M KOH electrolyte: (a) CV curves
and (b) charge/discharge curves for CNF-800 measured at different current densities;
(c) the specific capacitance of the electrodes as a function of current density; (d)
cyclic performance of the electrodes at a constant current density of 2 A g*. The

devices were stabilized for 20 cycles prior to the stability tests.
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Tables

Table 1 Comparison of capacitive performances of biomass-derived carbons

Precurs Electro- Gravimetric Areal Energy Ref.

or lyte Capacitance capacitance | density (Power
(Testing condition) (LF cm?) | density)

Willow | KOH 298 F gt (05 A| 154 21 Wh kgt | [29]

catkin g} (180 W kg? in
Na2SOs4)

Loofah KOH 304 Fgl (@ A| 175 10 Wh kgt | [43]
sponge g (500 W kg™)

Water KOH 2713 F gt (1 A| 209 724 Wh| [44]
hyacinth g?h) kg (LAgh)

Sugarca | KOH 1421 F g* (05| 75 19.74 Wh| [45]
ne Agh kgt (500 W
bagasse kg™)

HA- KOH 324 Fgl (1 A| 253 11 Wh kg'| This

extracte g% (60 W kg™) work
d
nanofibers

Hemp IL 122 Fgl 1 A| 53 19 Wh kgt | [4]
bast fiber g (20 KW kg™)
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Wood I 170 F gt (L A| 5.0 20 Wh kg | [40]
sawdust gl (42 kKW kgt)

Rice I 196 F gt (1 A| 7.9 914  Wh| [42]
bran gh) kgt (0.1Ag?Y)

Paper IL N/A N/A 51 Wh kgt | [41]
pulp  mill (375 W kg™)
biowaste

HA-ext IL 171 F gt 1 A 13.4 92.3 Wh This
racted g kg! (493 W | work
nanofibers kgl)
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