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A B S T R A C T

Turning trash into treasure, the present work divulges the preparation of onion-like porous carbon derived out of
the most malignant invasive weed, the Prosopis juliflora. The pods of the Prosopis juliflora are treated hydro-
thermally and chemically activated using KOH. The effect of activation temperature on the pore formation is
investigated to obtain the desired porous carbon. The prepared porous carbon (J–800) has a significant specific
surface area of 967 m2 g−1 with unique morphology of onion-like nanostructures and provided a sensible spe-
cific capacitance of 274 F g−1 at 1.3 A g−1 in H2SO4 electrolyte. Further, the performance of the device is
effectually enhanced by adding KI as redox additive. Interestingly, the increased cell voltage (1.4 V) and im-
proved cell capacitance of 588 F g−1 is obtained. Ultimately, a superior energy density of 35.7Wh kg−1 at an
enhanced power density of 971W kg−1 is also obtained in the redox additive based aqueous electrolyte. A
detailed investigation of the surface storage mechanism is discussed, and the stability of the prepared super-
capacitors is also demonstrated. Thus, the most eradicable eco-threat P. juliflora is successfully reformed into an
efficient electrode material for the energy storage application.

1. Introduction

The inevitable reliance on overpriced fossil fuels and their malicious
impact on the environment has allegedly forced us to hunt the low-cost
and green sources of energy. Also, the contemporary craving for unin-
terrupted supply and efficient storage of energy has urged the use of
electrochemical energy as an alternative power source. Among such
electrochemical energy storage systems, the electric double-layer ca-
pacitors (EDLCs) always have an imperative role since they provide
higher power density (> 10 kW kg−1), very rapid charging/discharging
capability or power capability and significantly longer cycle life
(> 50,000 cycles). The main limitation of EDLCs is their lower energy
density (< 10Wh kg−1 in aqueous medium) than batteries combined
with a high cost per unit energy [1–3]. The energy storage mechanism
of EDLCs is based on the adsorption of electrolyte ions and the forma-
tion of an electric double layer on the electrode/electrolyte interface
[4,5]. Various carbon-based materials such as graphite [6,7], graphene
[8,9], activated carbons (ACs) [10,11], carbon nanotubes [12,13],
carbon nanofibers [14,15], carbon aerogels [16,17] and carbide-

derived carbons [18,19] have been investigated as electrode materials
because of their good conductivity and high surface area. As well as, the
recent works indicated that hierarchical porous carbon and high N/O
doped porous carbon displayed excellent electrochemical performances
for supercapacitors [20–23].

Moreover, activated carbons are widely used because of their well-
developed surface area, high porosity, good accessibility for electrolyte
ions, and high chemical and electrochemical stability [24–26]. Com-
mercial grades of activated carbon are manufactured from bituminous
coal, peat and lignite, which are quite expensive. Thus, it is to be
stressed that obtaining porous carbon through biomass wastes is com-
paratively cheap, and hence, it is considered as a potential raw material
for the preparation of porous carbons [27]. Prosopis juliflora, the most
intransigent invasive weed, has colonized millions of hectares of land
and are depleting the water resources, threatening the crop production,
and displacing native flora and fauna [28]. The eradication of this eco-
threat appears to be challenging and ungovernable. Therefore the knack
of employing alternate management is that it can be converted into a
productive, profitable, and sustainable resource for energy sectors,
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especially activated carbon production [29]. Moreover, there were only
a few reports on P. juliflora derived carbon for the energy storage ap-
plications; which include the preparation of tube-like carbon as elec-
trode material for the fabrication of non-aqueous Li-ion hybrid super-
capacitors [30–32].

As mentioned earlier, the most important drawback of EDLCs is the
lower energy density. Normally, the energy density can be enhanced by
two approaches, (i) increasing the specific capacitance and (ii) in-
creasing the operating voltage of the device. Hence the specific capa-
citance can be enhanced by improving the conductivity, tuning the
porosity, incorporating the surface functional groups and increasing the
specific surface area of the electrode material [33]. On the other hand,
for increasing the operating voltage, the electrolytes are altered by
hosting the redox species, which generates faradaic pseudocapacitance
that contributes to the overall capacitance, which in turn high energy
density. Among the above two processes, the redox-mediated process is
relatively simple and effective [34–39]. As well as the redox-additive
liquid electrolyte overcomes the common issues such as low accessi-
bility, poor ionic mobility, and surface wettability between the elec-
trode and electrolyte [40]. Different materials have been used as redox
additives, such as KI, K3Fe(CN)6, K4Fe(CN)6, KBr, FeBr3, hydroquinone,
p-phenylenediamine, etc. with conventional electrolytes like KOH,
H2SO4, Na2SO4, and so on [41]. Among the redox elements, the iodine
appears to be impeccable because of its rich oxidation states from the
most stable iodide (−1) to iodate (+5). Previously, the exceptional
electrochemical behaviour of carbon/iodide interface has been suc-
cessfully demonstrated [42–47], as iodide (I) can produce redox pairs
such as 3I/I3, 2I/I2, 2I3/3I2 and I2/IO3 during the electrochemical
process. Due to the small ionic sizes (around 0.5 to 1.5 nm), these redox
derived polyiodides can easily access the micropores and small meso-
pores of the porous electrodes and hence it is proved to be one of the
most compatible redox additives for the activated carbon-based elec-
trodes having hierarchical porous network [42–44]. Moreover, there
are no reports for the redox additive mediated electrochemical activity
of P. juliflora derived carbon to the best of our knowledge.

In the present work, the preparation of onion-like porous carbon
from the P. juliflora pods is reported for the application of super-
capacitors. Moreover, the retarded energy density of EDLC is addressed
with the redox additive based aqueous electrolyte. Initially, the desired
porous structure is attained by optimizing the activation temperature.
Then the optimized electrode (J–800) with the well-defined porous
network is employed for EDLC fabrication after a detailed physio-
chemical characterization. Further, the performance of the resulting
device is improved by modifying the electrolyte with the use of KI as
redox additive. Moreover, the detailed surface charge storage me-
chanism behind the enhancement of energy density with the use of
redox additive is discussed. Hence, this work is strongly believed to be
an alternate management or control-technology for the eradication of
the most environmentally threatening invasive weed P. juliflora.

2. Materials and methods

2.1. Source of porous carbon

The porous carbon used in this study was obtained from the pods of
P. juliflora trees colonized in the dried water body of Sathyamangalam
town (11.5048° N, 77.2384° E) in Tamilnadu, India. The pods were
collected, sun-dried and ground coarsely. Subsequently, it was oven
dried at 80 °C for 24 h and again ground to obtain a fine powder which
was used as raw material for the preparation of porous carbon.

2.2. Synthesis of porous carbon

The finely powdered pods of P. juliflora was taken in a quantity of
2 g along with 40ml of 1M H2SO4 in a Teflon lined autoclave and
placed at 180 °C for 24 h. The collected hydrothermal carbon (HTC) was

washed with double distilled (DD) water followed by ethanol and dried
at 80 °C for 12 h. The obtained HTC was soaked with KOH at a ratio of
1:1 using DD water and kept under stirring for 24 h. The resultant was
coarsely ground and dried overnight at 80 °C. Further, the obtained
KOH activated HTC was carbonized at three different temperatures of
600, 700 and 800 °C for 1 h under an argon atmosphere at a heating rate
of 10 °C/min. An appropriate quantity of 1M HCl was added separately
to all the three carbonized samples and washed thoroughly with DD
water and ethanol to bring a neutral pH. Later, the samples were dried
overnight at 80 °C to get the desired porous carbons that were named as
J-600, J-700, and J-800 based on their carbonization temperature.

2.3. Characterization of porous carbon

X-ray diffraction (XRD) patterns were obtained from a dif-
fractometer (Model: Rint 1000, Rigaku, Japan) using Cu Kα radiation
(λ=0.15418 nm) in the 2 θ range of 10° to 80°. Fourier transform
infrared (FTIR) spectra of the samples were recorded by an IR Prestige-
21 spectrometer (Schimadzu Corp., Japan) with the scan range of
400–4000 cm−1. The Raman spectra were performed using HORIBA
Jobin Yvon LabRAM HR 800. Scanning Electron Microscope (Model S-
4700, Hitachi, Japan) was used to investigate the surface morphology
of the carbons. The Brunauer–Emmett–Teller (BET) specific surface
area and pore size distribution were determined by conducting a ni-
trogen adsorption/desorption analysis recorded at 77 K using ASAP
2420 device from Micromeritics®. X-ray photoelectron spectroscopy,
XPS was also performed using a Multilab 2000 (Thermo Scientific, UK)
with monochromator and Al Kα radiation (hν =1486.6 eV). The dis-
tinct lattice fringes and selected area electron diffraction, SAED pattern
were recorded using a JEOL JEM 2100 high-resolution transmission
electron microscope.

2.4. Electrode preparation and cell assembly

The working electrodes were fabricated by finely mixing the pre-
pared porous carbon (8mg) with carbon black (1mg) and poly-(viny-
lidene fluoride) (PVDF, 1mg) in 0.3ml of N-methyl-2-pyrrolidone
(NMP) to produce a homogeneous slurry. Then an appropriate amount
of mixture was coated on a pre-treated flexible carbon cloth substrate
(1 cm×1 cm) using a paintbrush to attain a mass loading of ~1mg.
Finally, the fabricated electrodes were dried at 80 °C in vacuum for
24 h. The symmetric supercapacitors were assembled using the pre-
pared porous carbon electrodes, separated by a polypropylene sheet
immersed in 0.5M H2SO4 and 0.5M H2SO4+ 0.05M KI, electrolytes.

2.5. Electrochemical measurements

The electrochemical measurements were carried out using Bio-Logic
SP150 instrumentation at room temperature. The fundamental elec-
trochemical characterizations involving the three-electrode system
were done using graphite rod and Ag/AgCl as counter and reference
electrodes, respectively. All the three-electrode studies were obtained
using 0.5M H2SO4 electrolyte. The electrochemical impedance spec-
troscopy (EIS) measurements were made by applying an AC voltage of
10mV amplitude in the frequency range of 1 Hz to 1MHz at open
circuit voltage (OCV). Further, the cyclic voltammetry (CV) and gal-
vanostatic charge-discharge (GCD) tests were done in the potential
range of 0 to 0.8 V at various scan rates (5–50mV s−1) and current
densities (0.6 to 6.3 A g−1), respectively. The specific capacitance of
the electrodes is calculated using the following equations (Eqs. (1) &
(2)),

=
× ×

C
IdV

m Vsp (1)
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= ×
×

C I t
m Vsp (2)

where, ∫ IdV is the integral area of the CV curve, m is the mass of a
single electrode, ϑ is the applied scan rate, ∆V is potential range, I is the
applied current, and ∆t is the discharge current. The specific capaci-
tance of the device (Csp), energy density (E) and power density (P) are
obtained using the equations, Eqs. (3)–(5).

= ×
×
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Here, the M is the total mass of the two electrodes and I ∫ V(t)dt is
the integral area of the discharge curve.

3. Results and discussion

3.1. Morphological and textural characteristics of porous carbon

The morphological features of the prepared porous carbons are
studied using FESEM and TEM micrographs. Fig. 1a, b shows the
FESEM images of J-600, which demonstrates the poor distribution of
porous morphology due to the inadequate temperature for the complete
activation and pore formation. While further increasing the activation
temperature to 700 °C, the pore formation is about to report an even
distribution but without any prominence (Fig. 1c, d). Therefore, the
activation temperature was further increased to 800 °C to achieve a
comprehensive activation with synchronized pore distribution. Inter-
estingly, the desired porous carbon with uniform porous texture is at-
tained at 800 °C (Fig. 1e, f). It can also be seen that the sample possesses
a rich interconnected porous structure that offers tunnel like provisions
to access the inner surface of the material. Thus, the obtained porous
structured J–800, is anticipated to provide better electrochemical
properties.

The effect of activation temperature on the evolution of porous
texture is explained using the schematic representation (Scheme 1) for

better understanding. The generation of the porous network in the
prepared carbons follow the conventional KOH activation process
[48,49]. At ~600 °C, the KOH is completely reacted with carbon to
form K2CO3 (Step: 1). Due to the low activation temperature, the
complete decomposition of K2CO3 is not possible; therefore the for-
mation of pores in J–600 is not certain over the entire portion, and
hence it exhibits poor porous structure. Consequently, at 700 °C acti-
vation, the decomposition of K2CO3 is improved (Step: 2), which results
in the random distribution of obscure pores in J–700 [50]. On the other
hand, the potassium compounds are completely reduced to metallic K
(Step: 3) at the activation temperature of 800 °C. In addition to this
chemical activation, physical activation also occurs through gasifica-
tion and supports the further development of porosity [51]. Thus, the
activated carbon with the desired hierarchical porous structure is at-
tained at a reasonably high temperature of 800 °C.

To further get an insight into the morphological features of prepared
porous carbons, a representative transmission electron microscopic
study was carried out for J–800 and the obtained results are provided in
Fig. 2(a–c). The TEM analysis transpires the onion-like carbon nanos-
tructures of the prepared J–800. The onion-like nanostructures (OLNs)
are observed with polyhedral shape, hollow core, multiple shells and
smaller size< 100 nm satisfying the morphological features of “carbon
onions” [52]. The average width of the outer shells of OLNs is measured
to be around ~3 nm, and the outer shells are found to get overlapped
with one another to form clusters of onion ring pattern. This connection
of OLNs makes them better conductive by reducing the resistance be-
tween the neighbouring particles.

The electrochemical performance of carbon material is generally
determined by its electrolyte-accessible specific surface area (SSA) and
the pore structure. Thus, to get a better understanding on the nature of
attained porosity, the SSA and pore size distribution of the prepared
porous carbons were examined using the BET analysis, and the obtained
results are provided in Fig. 3. Fig. 3a shows the N2 adsorption-deso-
rption isotherms of the prepared porous carbons. The obtained iso-
therms belong to the type IV combined with type I features (IUPAC
classification). The isotherms exhibit a strong adsorption at low pres-
sure (P/P0 < 0.01) followed by a broadening knee along a hysteresis
loop in the midrange (0.2 < P/P0 < 0.4) and a slight upward ten-
dency at relative-high pressure (P/P0= 0.9–1.0) reporting the

Fig. 1. FESEM micrographs of (a, b) J–600, (c, d) J–700 and (e, f) J–800 porous carbons.
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hierarchical porous network of prepared porous carbons with all the
three micro, meso and macropores, respectively [20,21,53,54]. The
textural parameters calculated from the BET analysis are provided in
Table 1. Among the prepared carbons, the J–800 has demonstrated a
high specific surface area of about 967 m2 g−1 than J–600 (503m2 g−1)
and J–700 (610m2 g−1). Similarly, J–800 possesses higher pore volume
of 0.53 cm3 g−1 than J–600 and J–700. The average pore diameter of
the prepared porous carbons is found to be ~4 nm. Thus, the majority
of pores obtained are either smaller mesopores or micropores. Using t-

plot method the microporous surface area and micropore volume are
calculated, which shows that the J–800 provides the maximum value of
849 m2 g−1 and 0.3 cm3 g−1, respectively. Overall, the pore volume of
micropores increases with increasing activation temperature.

Fig. 3b shows the pore size distribution of the prepared porous
carbons obtained from DFT method. The hierarchical porous network is
further validated according to the pore size distribution (Table 1). It can
be seen that the J–800 shows a relatively narrow distribution with
maximum peaks at< 2 nm and ~25 nm corresponding to the

Scheme 1. Effect of activation temperature on the evolution of porous structure.

Fig. 2. (a–c) TEM micrographs of J–800.

Fig. 3. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of porous carbons.
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micropores and mesopores, respectively. Normally, these micropores
significantly assist the double-layer formation in EDLCs, while meso-
pores serve as reservoirs for charge storage [55,56]. Therefore, the
developed pore system of J–800 will provide sufficient charge storage
through electric double-layer formation, and the interconnected porous
network will act as channels to support faster transport of ions and
electrons.

3.2. Physiochemical properties of porous carbon

The X-ray diffraction patterns (Fig. 4a) of all the prepared porous
carbons are similar, and the observed two significant peaks at the 2θ
values of 24° and 43°, corresponds to the (002) and (100/101) h k l
planes of carbon, respectively. In particular, a broad peak at 24° cor-
responds to the typical reflection of graphitic carbon and a weak broad
peak at 43° corresponds to the turbostratic stacking of hexagonal layers
of carbon atoms indicating the presence of amorphous carbon [57]. The
calculated d-spacing of the prepared porous carbon (3.71 Ǻ) is higher
than the graphite (3.35 Ǻ), which depicts the expansion of single layer
carbon content [58]. This single layer carbon content is nothing but the
micro graphene sheets of activated carbon that is roughly parallel, quite
defective and non-planar according to the “falling cards” model pro-
posed by Dahn et al. [59]. In order to measure the single layer carbon
sheets, the R-value was calculated based on the formula as reported in
ref. [59]. Normally, the R-factor is obtained from the ratio between the
height of (002) Bragg's peak and to the background. The calculated R-
factor values are 2.2, 2.0 and 1.9 corresponding to the J-600, J-700 and
J-800, respectively. The decreasing R-factor with increasing activation
temperature infers the expansion of single layer carbon content due to
chemical activation [60,61]. During KOH activation, the aligned
structural domains in the carbon matrix are getting broken due to the
intercalation of the potassium compounds [61]. Therefore, the obtained
lesser R-value at high activation temperature (800 °C) infers that the
graphene sheets are randomly distributed as single layers with a lesser
degree of graphitization and edge orientation [60]. In other words, the
lesser degree of graphitization confirms the lacking of long-range three-
dimensional order in the micrographene sheets of activated carbon.

To further validate the nature of prepared porous carbons, Raman
analysis was carried out, and the respective spectra are provided in

Fig. 4b. The prepared porous carbons exhibit the two most prominent
features of amorphous materials, namely, D-band appearing at
~1350 cm−1 and the G-band at ~1600 cm−1. In addition, one could
clearly observe insignificant broadband around 2700–3000 cm−1 that
corresponds to the unresolved 2D band at ~2700 cm−1 and G+D band
at ~2930 cm−1 [62]. The D band, which is known as the disorder or
defect band originates due to the presence of irregularities in the carbon
structure and is ascribed to the out-of-plane vibrations from A1g modes
whereas the G band is ascribed to in-plane vibrations from E2g modes.
The intensity of a D-band is considered to be directly proportional to
the extent of defects in the sample. The 2D band is the second order of D
band that results from a two-phonon lattice vibrational process, but
unlike the D band, it is not activated by the vicinity to defects [63]. But,
the G+D band, which is associated with the combination mode of D
and G bands, is induced by disorders of the carbon structure [64]. This
sort of Raman spectra with second order bands (2D and G+D) cor-
roborates the presence of onion-like nanostructures (OLNs) [62,65–67].
Moreover, the ID/IG ratio obtained with the relative intensities of D and
G bands is widely used for characterizing the defect quantity of gra-
phitic material. The calculated ID/IG ratios are in between 0.92 and
0.98, which indicates the highly disordered amorphous nature of the
carbon [68]. It can be seen that the ID/IG ratio increases with increasing
activation temperature that infers the low graphitization degree of
carbon at higher activation temperature. Since KOH activation favours
less graphitic carbon, the highly graphitic layers are left un-activated
and less dominant. Therefore, these layers rearrange disorderly leading
to a lower degree of graphitization at higher activation temperatures
[69].

The surface composition of the prepared carbon is characterized
using the FTIR spectroscopic analysis, and the resultant FTIR spectra of
the prepared porous carbons are shown in Fig. 4c. All the three porous
carbons exhibit similar spectral features with three important func-
tional groups, including the –OH, C]O, and CeO, respectively. The
–OH stretching observed around 3448 cm−1 is mainly attributed to the
chemisorbed water molecules and hydroxyl groups on carbon. The
peaks around ~1585 cm−1 and ~1035 cm−1 are derived from the C]
O and CeO stretching vibrations, respectively and the peak at
~496 cm−1 is attributed to the CeC stretching vibrations [70]. In
general, the activated carbon samples show only a few functional
groups with reduced intensities since the functional groups get reduced
during the activation process [71,72].

The elemental analysis and surface chemistry of the prepared
porous carbons are further studied using XPS, and the obtained results
are shown in Fig. 5 and Table 2. The XPS survey scans of porous carbons
provided in Fig. 5a shows two prominent peaks for the existence of
carbon (C 1s) and oxygen (O 1s) at binding energies of 284.1 and
531.7 eV, respectively. The selective existence of C 1s and O 1s peaks
elucidated the purity of prepared porous carbons. The C 1s core level
spectrum (Fig. 5b) of all the porous carbons are deconvoluted into three
significant peaks where the one prominent peak with dominant

Table 1
Textural parameters of the porous carbons.

Carbon BET
surface
area
(m2 g−1)

Pore volume
(cm3 g−1)

Pore
diameter
(nm)

Microporous
surface area
(m2 g−1)

Micropore
volume
(cm3 g−1)

J-600 503 0.325 3.811 391 0.155
J-700 610 0.462 4.032 500 0.201
J-800 967 0.527 3.897 846 0.336

Fig. 4. (a) XRD patterns, (b) Raman spectra, and (c) FTIR spectra of prepared porous carbons.
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intensity at a binding energy of 284.8 eV corresponds to the sp3 hy-
bridized carbon component, CeC. Whereas the other two peaks at
binding energies of 286.5 and 289.0 eV were assigned to the oxide
components, CeO and O–C=O respectively [57]. Similarly, in Fig. 5c,
the deconvolution of O 1s core level spectra also results in three peaks
at binding energies of 530.7, 532.1, and 533.6 eV that can be assigned
to the C]O, CeO, and O–C=O respectively [38]. Thus, the XPS ana-
lysis infers the presence of oxygen functional groups, which increases
the wettability of the electrode and also increases the specific capaci-
tance by involving in redox reactions contributing to pseudocapaci-
tance [73].

The prepared porous carbons consist of almost 80–85 at.% of carbon
with 15–18 at.% of oxygen and the remaining amount of nitrogen
(Table 2). However, this sensible presence of nitrogen and oxygen
moieties enhances the electrochemical properties of the prepared
porous carbons. Here, the carbon content increases with increasing
carbonization temperature, whereas the oxygen and nitrogen content
decreases. The O/C ratio decreases with the increasing activation
temperature, which might be due to the decarboxylation reactions that
result in the carbon-rich products at higher activation temperature
[74]. Furthermore, the loss of nitrogen content from 1.40 at.% (J–600)
to 1.28 at.% (J–800) on increasing activation temperature is due to the
formation and emission of gaseous nitrogen-containing compounds at
high temperatures [75]. The loss of nitrogen atoms with KOH activa-
tion, especially at a higher temperature (800 °C) is evident as per pre-
vious reports [69]. In conclusion, the O/C and N/C ratios decrease with
increasing activation temperature and provide a carbon-rich product as
obtained with J–800.

3.3. Electrochemical properties of porous carbon electrodes (three electrode
system)

The electrochemical impedance spectroscopy is a potential tool for
investigating the ion transport kinetics at the electrode-electrolyte in-
terface. The impedance analysis is carried out for the prepared porous
carbon electrodes at an open circuit potential in the frequency range of
1 Hz to 0.1MHz, and the corresponding Nyquist plot is given in Fig. 6a.
In general, the equivalent series resistance includes electrolyte re-
sistance (Rs), interfacial resistance (Rct), and ion diffusion resistance
that corresponds to the x-axis intercept at high frequency, semi-circle at
mid-frequency and a vertical line at a low frequency of Nyquist plot,
respectively. The Nyquist plots of the electrodes display a semicircle

obtained at the high-frequency region, demonstrating the charge-
transfer resistance followed by a straight line sloping at the low-fre-
quency region inferring the ion diffusion within the electrode [76]. The
obtained Rs values are 0.58, 0.57, and 0.55Ω for J–600, J–700, and
J–800 electrodes, respectively. Similarly, the charge transfer re-
sistances, Rct are found to be 1.75 for J–600, 0.95 for J–700 and 1.05 Ω
for J–800. The smaller semicircle and nearly vertical line of J–800
clearly portrays the smaller solution resistance (0.55 Ω), charge transfer
resistance (1.05 Ω) and faster ion transfer kinetics of the electrode
material. Further, the relatively shorter length of a straight line at low
frequency further validates the faster ion transfer from the electrolyte
solution into the hierarchical pores of carbon electrode [57].

To further substantiate the obtained impedance results, the ad-
mittance characteristics of the electrodes are obtained and provided in
Fig. 6b. The admittance plot is generally characterized using the Knee
frequency, which is defined as the maximum frequency at which the
resistance behaviour becomes negligible, and the capacitive behaviour
becomes dominant [77]. The observed high Knee frequency of
316.31 Hz further validates the low charge transfer resistance of the J-
800 electrode [77]. Even though J–700 exhibits much higher Knee
frequency, i.e., lower charge transfer resistance, the ion transfer ki-
netics is very poor. Moreover, the variation of phase angle with fre-
quency is provided in Fig. 6c. The phase angles are observed around
60°, which infers the contribution of partial ideal capacitive behaviour
or redox nature of the porous carbons due to the existence of oxygen-
containing functional groups [78]. Thus, the observed lower phase
angles substantiate the quick ionic diffusion of the prepared electrodes.
In addition, the relaxation time is calculated from the frequency values
at a phase angle −45° using equation, Eq. (6) [79],

=
f

1
2 (6)

The obtained τ values are 16, 47 and 64ms (milliseconds) for
J–600, J-700, and J-800, respectively. The higher relaxation time of
J–800 (64ms) validates the prolonged discharging process of the
electrode, which in turn can deliver energy for an extended time [77].
Fig. 6d shows the Nyquist plot of J–800 electrode at various applied
potentials (0 to 0.8 V). This obtained trend of Nyquist plot with varying
applied voltages validates the capacitive behaviour and ionic diffusion
in the electrode structure [80]. The change in behaviour observed at an
applied voltage of 0.8 V validates with the onset of oxygen evolution
observed during CV scans at the same potential. Therefore, from the
detailed impedance analysis, the J–800 is observed to possess better
conductivity with lesser solution resistance (0.55 Ω), charge transfer
resistance (1.05 Ω), high Knee frequency (316.31 Hz), higher relaxation
time (64ms), and enhanced ionic diffusion.

Further, the cyclic voltammetry analyses were carried out for the
prepared porous carbon electrodes at a scan rate of 5mV s−1 over the
potential range of 0 to 0.8 V vs. Ag/AgCl in 0.5M H2SO4 electrolyte and
are given Fig. 7a. It can be seen that all the electrodes display a quasi-

Fig. 5. XPS spectra of prepared porous carbons: (a) survey scan; high-resolution scans for (b) carbon C 1s, and (c) oxygen O 1s.

Table 2
XPS elemental analysis of prepared porous carbons.

Porous carbons C 1s (at.%) O 1s (at.%) N 1s (at.%) O/C ratio N/C ratio

J–600 80.23 18.37 1.40 0.23 0.017
J–700 83.10 15.58 1.32 0.19 0.016
J–800 84.02 14.7 1.28 0.16 0.015
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Fig. 6. (a) Nyquist plot, (b) admittance plot, and (c) log f vs. phase plot of prepared porous carbons, and (d) Nyquist plot of J–800 at various applied voltages.

Fig. 7. (a) Comparative CV curves of porous carbons at a scan rate of 5mV s−1, (b) CV curves of J–800 at various scan rates, (c) scan rate vs. discharge current plot of
porous carbons, (d) comparative GCD curves of porous carbons at a current density of 1.3 A g−1, (e) GCD curves of J–800 at various current densities, and (f) specific
capacitance vs. current density plot of porous carbons.
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rectangular behaviour with the existence of a broad hump inferring the
combination of both EDLC and pseudocapacitive behaviour. The pre-
sence of hump contributing the pseudocapacitance was mainly caused
by the reversible redox reactions of the oxygen-containing functional
groups present in the samples [49]. Among the prepared porous car-
bons, J–800 covers a maximum current area and provides a maximum
specific capacitance of 477 F g−1 than the J–700 (340 F g−1) and J–600
(250 F g−1) electrodes. The representative cyclic voltammogram of J-
800 electrode at different scan rates from 5 to 50mV s−1 are shown in
Fig. 7b. Interestingly, the quasi-rectangular nature of the CV curves
remain unchanged even at a high scan rate of 50mV s−1 and it delivers
a higher current with increasing scan rates validating the unin-
termittent accessibility of electrolyte ions, low internal resistance,
better rate capability and faster kinetics for the electric double layer
formation due to the hierarchically porous nature of J–800. To further
understand the diffusion progress of electrolyte ions with increasing
scan rates, the scan rate versus discharge current plot up to 250mV s−1

is provided for all the electrodes in Fig. 7c. The calculated mean areal
capacitance is 0.04, 0.05 and 0.10 F cm−2 for J–600, J-700 and J-800,
respectively. Thus, J–800 has displayed a better linear current beha-
viour and has provided a maximum mean areal capacitance of
0.10 F cm−2, which demonstrated the better accessibility of electrolyte
ions even at higher scan rates of 250mV s−1.

The galvanostatic charge-discharge analysis was carried out to fur-
ther investigate the capacitive charge storage behaviour of the prepared
porous carbon electrodes. Fig. 7d shows the comparative GCD curve of
all the electrodes at a current density of 1.3 A g−1. The GCD curves are
not exactly triangular and are slightly distorted, exhibiting the char-
acteristics of both EDLC and pseudocapacitive behaviour. The pseudo-
capacitive behaviour is attributed to the presence of electroactive
oxygen functional groups in the electrodes, as explained earlier [49].
Among these, J–800 shows a better capacitive behaviour with a cal-
culated specific capacitance of 274 F g−1 which is significantly higher
than that of J–600 (114 F g−1) and J–700 (194 F g−1). Moreover, J–800
has provided more than twice of the specific capacitance of J–600.
Hence, the GCD analysis was carried out at various current densities
from 0.6 A g−1 to 6.3 A g−1 for J–800 and is provided in Fig. 7e.
Further, the calculated specific capacitances are plotted with respect to
the applied current densities to understand the rate capability of the
electrodes (Fig. 7f). The obtained specific capacitance of J–800
(308 F g−1) at 0.6 A g−1 has a sensible decrement (227 F g−1) even at a
higher current density of 6.3 A g−1. Thus J–800 has retained almost
74% of its initial capacitance even at high current density whereas
J–700 and J–600 has retained only 69% and 57%, respectively. The
retarding specific capacitance with increasing current densities is quite
common since at lower current densities, the electrolyte ions diffuse
into the electrode and access the inner space of the material whereas at
higher current densities the ionic motion in and out of the pores is much
faster and hence the electrolyte ions cannot completely access the
electrode material. But, the J–800 electrodes has retained almost its
initial specific capacitance at higher current densities than the prepared
other electrodes.

This significant electrochemical performance of J–800 with a
maximum specific capacitance of 477 F g−1 at 5mV s−1 and 274 F g−1

at 1.3 A g−1 is obviously due to the (i) high BET specific surface area,
(ii) hierarchical porous network of micro and mesopores, (iii) high
microporous surface area, (iv) maximum pore volume, (iv) unique
carbon onion–like morphology, and (v) existence of oxygen-containing
functional groups. The above mentioned morphological and textural
features of J–800 electrodes with the prosperous count of micropores
and macropores have regulated the supply and storage of electrolyte
ions/charges. Because, the small mesopores can play adsorption and
transporting role, whereas, the micropores are liable for penetration of
electrolyte ions and faster charge accommodation. The abundant in-
terconnected micro/mesopores would provide low-resistant pathways
and played an essential role to make the shorter distance for ions

through the porous particles. In addition, the interconnected pores
structure can also provide good charge propagation ability for high scan
rates/current densities. Moreover, the unique morphology and porous
nature of J-800 electrode provide better conductivity with lesser solu-
tion resistance (0.55 Ω), charge transfer resistance (1.05 Ω), high Knee
frequency (316.31 Hz), higher relaxation time (64ms), and enhanced
ionic diffusion.

3.4. Electrochemical properties of fabricated supercapacitors (two electrode
system)

Based on the remarkable electrochemical performance of the J–800
electrodes, the symmetric supercapacitor (J–800║J–800) was fabri-
cated. Further, the redox-mediated electrochemical performance of the
device was studied in 0.5M H2SO4+ 0.005M KI electrolyte in com-
parison with conventional 0.5M H2SO4 electrolyte. Various con-
centrations of KI were used, and the best composition (0.005M) was
identified to obtain better electrochemical performance. The super-
capacitor studied using a conventional (J–800│H2SO4│J–800), and
redox additive (J–800│H2SO4–KI│J–800) electrolytes are named as
JCS and JRS, respectively, hereafter. Fig. 8a shows the comparative CV
curves of fabricated supercapacitors JCS and JRS at a scan rate of
50mV s−1. It can be seen that the JCS shows an ideal rectangular shape
that deliberates the typical electric double-layer based capacitive be-
haviour whereas the JRS has reflected an increased current area with a
non-ideal capacitive behaviour due to the redox reactions of KI. Fur-
ther, the JRS has delivered an operating cell voltage of 1.4 V, which is
evidently comprehensive than JCS (1 V). The significantly larger cur-
rent area delivered by JRS is obviously attributed to the incorporation
of redox-additive electrolytes with the iodide based redox pairs in-
cluding 3I/I3, 2I/I2, 2I3/3I2 and I2/IO3 [42–44]. The improved elec-
trochemical performance is explicitly due to better surface charge sto-
rage ability of the porous carbon electrode with the aid of redox pairs as
proposed by Chen et al. [34]. According to his mechanism, the interface
reactions take place at both the internal and external surface of the
porous-structured electrodes, as given below. Initially, (i) the iodide
redox species (R(bulk)/O(bulk)) such as I, I2, I3 and IO3 undergoes sol-
vation or de-solvation process for matching the pore size of the elec-
trode. (ii) After the solvation/de-solvation process, the resultant redox
species (R(pore)/O(pore)) with appropriate ionic sizes access the max-
imum number of pores, (iii) Further, the R(pore)/O(pore) reaches the
transition state (R⁎/O⁎) to facilitate the electron transfer. (iv) Subse-
quently, the highly favourable micropores and mesopores promote the
adsorption process resulting in the formation of R(ads)/O(ads). Finally,
the electron transfer takes place, and the transformation of adsorbed
redox species occurs based on the following redox reactions (Eqs.
(7)–(10)).

+I I e3 23 (7)

+I I e2 22 (8)

+I I e2 3 23 2 (9)

+ + ++I H O IO H e6 2 12 102 2 3 (10)

These redox reactions takes place between the iodide redox pairs at
the positive electrode and contribute pseudocapacitance [46] whereas;
the K+ ions of redox additive electrolyte undergo electrosorption on the
negative electrode and contribute electric double layer capacitance.
Further, the cyclic voltammetry was carried out at various scan rates
ranging from 10 to 150mV s−1 for both the supercapacitors, JCS and
JRS (Fig. 8b & c). The rectangular shape of JCS remains unchanged
even at a higher scan rate of 150mV s−1 that infers the ideal capacitive
behaviour of the fabricated EDLC (Fig. 8b). As shown in Fig. 8c, the
increasing current area with increasing scan rates and prominence of
redox peaks without peak shifting even at higher scan rates infers the
better electrochemical reversibility of the redox system in JRS. Fig. 8d
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shows the scan rate versus discharge current plot of fabricated super-
capacitors. The better linear current behaviour of JRS than JCS even up
to a higher scan rate of 150mV s−1 infers the relatively better acces-
sibility of redox-additive electrolyte ions than the conventional one.
This further validates that the redox-additive electrolyte with smaller
ionic sizes of iodide redox species, i.e., polyiodides such as I−, I3−, I5−,
and IO3

− can easily access the micropores and mesopores of the pre-
pared porous J–800 because the ionic sizes of these iodide species
ranges around 0.5 to 1.5 nm that is obviously appropriate for accessing
the micropores (< 1 nm) and smaller mesopores (< 5 nm) [44].

The galvanostatic charge-discharge characteristics of the fabricated
supercapacitors, JCS and JRS, are compared at an applied current of 1.3
A g−1 and are provided in Fig. 8e. The JCS deliberates a capacitive
behaviour with the incidence of linear, triangle-shaped GCD curve. On
the other hand, a faradaic plateau was obtained with JRS, which con-
firms the occurrence of voltage-dependent redox reactions within the
redox system [47]. The GCD curve of JCS reaches a cell voltage of 1 V
whereas the JRS provides an extended cell voltage of 1.4 V due to the
redox-mediated charge storage mechanism. The GCD curves obtained at
various applied currents from 1.3 A g−1 to 6.3 A g−1 are provided in
Fig. 8(f, g). Fig. 8h shows the comparative specific capacitance versus
applied current plot of fabricated supercapacitors. The JRS delivers a
remarkably higher specific capacitance of 589 F g−1 than JCS
(280 F g−1) at an applied current of 1.3 A g−1. Even at a high current of
6.3 A g−1, the JRS provides a maximum specific capacitance of
364 F g−1 than the JCS (202 F g−1). Thus, a nearly three times en-
hanced specific capacitance is obtained with the redox-additive medi-
ated storage mechanism of JRS than the conventional EDLC storage of
JCS with pristine electrolyte. This enhanced electrochemical perfor-
mance of JRS is highly contributed to the pseudocapacitive behaviour
delivered by the iodide redox species present in the redox additive

electrolyte. Thus, the iodide ions play a dual role by delivering good
ionic conductivity and a favourable pseudocapacitive effect on the
fabricated supercapacitor, JRS. It is clear that the unique hierarchical
porous network of prepared J–800 with the co-existence of both micro
and mesopores seems to be the most appropriate electrode texture for
both the electrosorption and the faradaic reactions related to the
polyiodide electron transfers involved during the charging process.

Stability is always a mandatory performance-analysing parameter
when it comes to the practical application of the fabricated devices.
Hence, the stability of the supercapacitors, JCS and JRS was carried out
at a high current of 6.3 A g−1 for about 10,000 cycles and is provided in
Fig. 9a. JRS has provided an initial specific capacitance of (364 F g−1)
and ended up with 352 F g−1 at 10,000th cycle and retained almost 96%
of its initial capacitance. Similarly, JCS has also retained almost 96% of
its initial capacitance since, the hierarchical porous structure and un-
ique carbon onion–like morphology of J–800 electrodes provide a low-
resistant pathway and good charge propagation ability to the fabricated
device. Thus without losing the stability, an enhanced specific capaci-
tance is attained with the redox additive based aqueous electrolyte. In
order to provide a clear picture of the stability, the comparative GCD
curves of JRS at 1st and 10,000th cycle is provided in Fig. 9b. The
galvanostatic charge-discharge behaviour of JRS remains unchanged
even after 10,000 cycles and has displayed a merely slight change with
charging and discharging period which results in a relative loss (4%) of
specific capacitance than initial specific capacitance.

The EIS spectra of JRS before and after cycling stability are provided
in Fig. 9c. After 10,000 cycles, the solution resistance has slightly in-
creased from 0.6 Ω to 0.9 Ω, whereas there is no significant change in
the charge transfer resistance validating the 96% retention of initial
specific capacitance by JRS. Moreover, the negligible change in re-
sistance of JRS even after 10,000 cycles, infers that the existence of

Fig. 9. (a) Cycling stability of the fabricated supercapacitors, (b) comparative GCD curves of JRS at 1st and 10,000th cycle, and (c) Ragone plot of fabricated devices.
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hierarchical porous network with unique onion–like morphology serves
a better charge transfer pathway for polyiodides during the charging
process. Finally, based on the GCD curves the energy density and power
density of fabricated supercapacitors are calculated, and the respective
Ragone plot along with the energy and power density of other related
recent reports are also provided for comparison in Fig. 9d. Further, the
detailed comparison of those reports with the present work is tabulated
(Table. 3) [81–88]. It is obviously clear from the Ragone plot that the
EDLC with redox additive electrolyte has provided an enhanced energy
density than the EDLC without redox additive. The JRS has provided a
remarkable energy density of 35.7Wh kg−1 at an enhanced power
density of 971W kg−1. On the other hand, JCS delivered an energy
density of 10.8Wh kg−1 at a power density of 694W kg−1. Thus, the
incorporation of redox additive based aqueous electrolyte has enhanced
the energy density without sacrificing the power density and stability of
conventional EDLC.

Overall, it is evident that the present work appears to be novel
management and control technologies to eradicate the environmentally
benign weed by adapting it as a renewable raw material for energy ap-
plication. The porous carbon obtained from the pods of P. juliflora is
significantly endowed with the following salient features that turn it into
a novel electrode material for the supercapacitors, i) the highly dis-
ordered amorphous nature, ii) surface enriched oxygen functional groups
contributing pseudocapacitance, iii) a unique onion like nanostructure
with high BET specific surface area of 967 m2 g−1, iii) existence of both
micro and mesopores which aids the charge storage and facilitates the
transfer kinetics, and vi) enhanced conductivity that favours faster
charge transfer kinetics. Further, the optimal utilization of KI redox ad-
ditive leads to the formation of carbon/iodide interface resulting in an
exceptional electrochemical behaviour. Hence, the fabricated JRS su-
percapacitor provides an enhanced energy density of 35.7Wh kg−1 at an
improved power density 971W kg−1 with remarkable stability over
10,000 cycles. Thus, the present work divulges the usage of eco-waste,
the P. juliflora pods for the production of porous carbon and electrode
material for the redox additive mediated supercapacitor application.

4. Conclusion

The knack of reforming the most threatening, invasive weed into an

efficient electrode material for the application of supercapacitor is
achieved with the present work. The enhanced performance of the
device is carefully investigated with the detailed characterization of
prepared electrode materials. The R-factor and ID/IG ratios calculated
from XRD and Raman analysis, substantiate the existence of structural
defects on KOH activation. The effect of activation temperature on the
morphology and pore formation is discussed in detail. The morpholo-
gical characteristics were investigated with FESEM and TEM analysis
and the unique onion–like morphology was observed to be the origin
for the enhanced electrochemical performance of the prepared P. juli-
flora carbon. Moreover, the BET analysis reports the high specific sur-
face area (967m2 g−1) and exclusively hierarchical porous network of
prepared J–800 electrode material. Impedance analysis elucidates the
better conductivity of J–800 with lesser solution resistance (0.55 Ω),
charge transfer resistance (1.05 Ω), high Knee frequency (316.31 Hz),
higher relaxation time (64ms), and enhanced ionic diffusion rate. Thus,
J–800 has exhibited a sensible specific capacitance of 274 F g−1 at a
current density of 1.3 A g−1 based on which a symmetric EDLC was
fabricated out of J–800 to provide an energy density of 10.8Wh kg−1 at
a power density of 694W kg−1 in H2SO4. Further, the performance of
the prepared EDLC is enhanced to achieve a remarkable energy density
of 35.7Wh kg−1 at a power density of 971W kg−1 by employing the
redox additive based aqueous electrolyte. Moreover, the redox-medi-
ated supercapacitor has also demonstrated excellent cycling stability for
about 10,000 cycles with almost 96% capacitance retention. Thus, the
aim of enhancing the energy density without sacrificing the power
density and cycling stability provided by the conventional electrolyte is
achieved with the redox-additive based aqueous electrolyte. Moreover,
an environmental threat derived low-cost biomass is employed as an
electrode material for the most trending energy application.
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Table 3
Comparison of specific capacitance and energy density with related recent reports.

Electrode Redox additive Supporting
electrolyte

Specific capacitance
(F g−1)

Condition
(A g−1)

Energy density
(Wh kg−1)

Power
density
(W kg−1)

Cycles Ref

AC
(Commercial: Loba Chemie)

KI H2SO4 1072 2.1 20.49 – 5000 [45]

Carbon naosheet
(MOF derived)

KI H2SO4 49 2 90 533 5000 [47]

AC (mango kernel)
AC (Commercial: Loba Chemie)

p-Hydroxyproline H2SO4 587.1

208.8

1

1

34.3

13.4

–

–

5000

–
[81]

AC (felt) K3[Fe(CN)6]
2,6-(DHAQ)

KOH 79 2mV s−1 39.1 100 5000 [82]

AC (corn silk) Alizarin
Bromoamine

H2SO4 260.8 0.5 17.8 360 1000 [83]

Porous carbon
(MgO template)

FeBr3 H2SO4 885 2 33.9 430 10,000 [84]

AC (charcoal) Hydroquinone
p-Phenylenediamine

H2SO4 116.23 2 1.85 150 2000 [85]

Porous carbon
(ZnO template)

Phosphotungstic acid
Potassium ferricyanide

H2SO4 77 2 21.1 100 5000 [86]

N,P doped carbon microsphere/rGo
nanocomposite

KI H2SO4 654 2 14.53 402 4000 [87]

PANI/CNT Fe3+/Fe2+ H2SO4 - PVA 1547 2 22.9 700 2000 [88]
Porous carbon

(P. juliflora pods)
–

KI

H2SO4

H2SO4

279

589

1.3 10.8

35.7

694

971

10,000 Present
work
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