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Abstract 
The present study demonstrates a facile, one-step pyrolysis method to synthesize porous carbon nanoparticles using widely 
distributed Mimosa pudica (Touch-me-not) biomass leaves at different temperatures. Multiple characterization techniques 
(N2 adsorption–desorption experiments, FESEM, XRD, Raman spectroscopy, XPS) demonstrate the morphological nature 
and excellent surface properties, with the surface area up to 440.7 m2 g−1. The electrochemical studies of as-synthesized 
porous carbon nanoparticles, as electrodes, were carried out in both three and two electrode setups. The maximum specific 
capacitance obtained was 356.1 F g−1 at 0.1 A g−1 in 4.0 M KOH electrolyte. The symmetric supercapacitor showed a spe-
cific capacitance of 126.8 F g−1 at 0.1 A g−1 and a high energy density of 34.5 Wh kg−1. The device also showed impeccable 
stability for 10,000 galvanostatic charge–discharge cycles with 99.2% Coulombic efficiency and capacitance retention of 
81.39%. The stability of the device was investigated by floating method (aging), which showed 86.8% capacitance reten-
tion, suggesting a huge capacity of biomass-derived carbon materials for efficient and stable high-performance electrodes in 
electrochemical energy storage applications using an environmental-friendly approach. This study illustrates a sustainable 
approach to produce porous carbon nanoparticles for effective energy storage devices.
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1  Introduction

Fossil fuel depletion and environmental pollution have pro-
moted the growth of alternative energy technologies such as 
electrochemical energy systems, which encompass batteries, 
fuel cells, and electrochemical capacitors. These are capable 
of converting and storing energy from other modes, all in a 
small portable device [1]. Batteries and fuel cells exploit the 
energy stored in chemical bonds while supercapacitors store 
energy by the electrostatic separation between the electrolyte 
ions and electrode surface. Lithium-ion batteries (LIBs) suf-
fer from recyclability and performance deterioration issues 
over long cycles. Supercapacitors have gained attention 
as promising green energy storage devices owing to their 
higher power density and long cycle stability than LIBs [2].

Electrochemical capacitors or supercapacitors are spe-
cial types of capacitors, which have electrodes with very 
high surface area materials utilizing porous carbons or metal 
oxides [3]. The stored energy in supercapacitors is propor-
tional to the capacitances of the electrodes. Capacitance in 
an electrode is dependent on three factors, as indicated in 
Eq. 1 [4].

where A is the surface area available to the electrolyte ions, d 
is the small separation between the electrode surface and elec-
trolyte ions, and � is the electrolyte dielectric constant. The 
large energy storage potential of the supercapacitors compared 

(1)C =
�A

d
,

with conventional capacitors is mainly due to the small sepa-
ration distance (~ 1 nm) between the electrode surface and 
electrolyte ions. Since capacitance and electrochemically 
active surface area are directly proportional, electrode mate-
rials with high porosity and the surface area result in larger 
electrochemically active surface area, thereby enhancing the 
capacitance. [5, 6]. Micropores with pore diameters of less 
than 2 nm, contribute towards a higher surface area. These 
micropores along with mesopores (pore diameters between 2 
and 50 nm), are ideal for supercapacitor electrodes [4].

A major obstacle to supercapacitors is the insufficient 
energy density compared with batteries, which limits their 
applicability. Significant works have been carried out to 
increase the applicability of supercapacitors [7–13]. Energy 
density can be increased by developing electrode materials 
with high capacitance and electrolytes with wider potential 
windows. Although organic electrolytes and ionic liquids (ILs) 
can offer a wider potential window, they usually suffer from 
lower ionic conductivity. Aqueous electrolytes, which are inex-
pensive and easily handled, greatly simplify the fabrication and 
assembly processes of supercapacitors. Organic electrolytes 
and ILs, on the other hand, generally need purification under 
a controlled atmosphere to avoid moisture contamination. For 
acid and alkaline electrolytes, the cell voltages are generally 
limited to 1.0 V. However, in the present study, the synthesized 
novel porous carbon nanoparticles derived from the Touch-me-
not plant allow the alkaline KOH electrolyte to be operated up 
to 1.4 V without decomposition of water and H2/O2 gas evo-
lution. The interaction between the electrode and electrolyte 



1245Journal of Applied Electrochemistry (2020) 50:1243–1255	

1 3

has a profound influence on the supercapacitor performance. 
The plant is abundantly found and its leaf is well known for 
its nyctinastic movement. The electrode from the novel carbon 
material exhibited a very high specific capacitance of 356.1 F 
g−1 and the symmetric supercapacitor device, showed a high 
energy density of 34.5 Wh kg−1, which places the synthesized 
materials among the best porous carbons in comparison with 
previously reported supercapacitors.

2 � Materials and methods

2.1 � Materials

The biomass precursor was collected from Sirsi, Karnataka, 
India. All the reagents/chemicals were of analytical grade 
and used as supplied to carry out the electrochemical meas-
urements. Millipore water was utilized to prepare all the 
electrolyte solutions.

2.2 � Preparation of carbon nanoparticles

Touch-me-not plant leaves were separated from rest of the 
plant. The leaves were dried in a vacuum oven at 100 °C for 
2 days. The dried leaves were ground and sieved in a 60 µm 
mesh in a vibratory sieve shaker (Aimil). The sieved powder 
was pyrolyzed under N2 atmosphere in a quartz tube furnace 
(NoPo Nanotechnologies) at different pyrolysis temperatures 
of 500 °C to 1000 °C at heating and cooling rates of 10 and 
2 °C min−1, respectively. The residues obtained after pyrolysis 
were carbon nanoparticles and were labelled as MP5, MP6, 
MP7, MP8, MP9 and MP10, each representing the temperature 
(500, 600, 700, 800, 900, and 1000 °C) at which it was pre-
pared. A detailed study on the synthesis of porous carbon nan-
oparticles has been previously reported by our group [14–17].

2.3 � Characterization

Thermogravimetric analysis (TGA) was done on the raw 
and synthesized samples to study the thermal behaviour of 
the materials. Scanning electron microscopy (SEM) and 
energy dispersive spectroscopy (EDS) were performed to 
investigate the morphology and elemental composition of 
the material. Fourier transform infrared spectroscopy (FTIR) 
was carried out to analyse the functional groups present in 
the material. X-ray diffraction (XRD) was carried out to 
identify the crystallinity and phases. Raman spectroscopy 
was performed to identify the vibrational modes, defects, 
and graphitic nature of the materials. BET specific surface 
area and porosity were determined by N2 adsorption–desorp-
tion experiments.

2.4 � Electrode preparation and electrochemical 
measurements

Electrochemical measurements were carried out using an 
AUTOLAB M204 instrument equipped with a frequency 
response analyser. Carbon nanoparticles, polyvinylidene 
difluoride (PVDF) and carbon black were mixed homoge-
neously in N-methyl pyrrolidone (NMP) as the solvent in 
9:1:1 ratio, respectively. The mixture was coated onto nickel 
foam on 1*1 cm2 area. 4.0 M KOH was used throughout the 
measurements as the electrolyte. A Pt wire was used as the 
counter electrode and saturated calomel electrode was used 
as reference electrode. A symmetric supercapacitor was fab-
ricated using a Whatman glass fibre filter paper as separator 
and Ni substrate in 4.0 M KOH electrolyte.

3 � Results and discussions

3.1 � Thermal behaviour

The purity and composition of nanomaterials are very 
important before they are used for applications. The copi-
ous amount of the nanomaterial was heated and its behav-
iour was analysed from TGA. The percentage mass loss 
with temperature in the inert atmosphere is depicted in 
Fig. 1a. The samples were heated from 25 to 1000 °C at 
10 °C min−1 heating rate. The precursor biomass sample 
mainly contains cellulose, hemicellulose and lignin. The 
initial mass loss around 100 °C is due to the removal of 
moisture. Stage 2 represents a major weight loss. Pyrolysis 
of hemicellulose starts around 200 °C while that of cellulose 
begins around 300 °C. Hemicellulose is more amorphous 
with less strength. However, cellulose is more crystalline 
with long glucose monomer units and is pyrolyzed at higher 
temperatures than hemicellulose. Lignin, on the other hand, 
is more cross-linked, making it thermally stable [18]. Stage 
3 represents the degradation of lignin with low or gradual 
mass loss. TGA was also carried out for carbon nanoparti-
cles pyrolyzed at different temperatures. All the materials 
show remarkable thermal stability, with MP10 exhibiting 
the best thermal stability with very low decomposition and 
mass loss.

3.2 � Morphology and porosity

The FESEM morphology of all the prepared carbon sam-
ples is depicted in Fig. S1. Since MP10 showed better 
behaviour in all the cases, here we represent the nano char-
acterization data for MP10 and rest of the data is given 
in ESI. Figure 1b shows FESEM morphology of MP10. 
The morphology confirms the thermal decomposition of 
Touch-me-not leaves producing carbon with nano sized 
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spheres. It is clear from Fig. S1 that the carbon nano-
particles are not discrete bodies, but are present as the 
aggregates of spherical bodies. This augmentation can be 
attributed to the long reaction times and results from cool-
ing from the pyrolysis temperature to ambient temperature 
[19]. The histogram (Fig. 1c) depicting particle size dis-
tribution, is constructed using Fig. 1b. This shows that the 
majority of the particles have size less than 40 nm. 67% of 
the particles were found to be in the range of 20–40 nm.

EDS plot of prepared carbon nanoparticles are depicted 
in Fig. S2. Figure 1d, shows the EDS plot and the inset 
in Fig. 1d shows the pie chart depicting the elemental 
composition of the MP10 carbon nanoparticles. As the 
pyrolysis temperature was increased, there was a steady 
increase of carbon percentage. Oxygen is another ele-
ment, which is present in significant quantity while some 
alkali metal ions are also present in trace amounts. The 

self-doped oxygen also has a positive effect on the capaci-
tance through enhancing the surface wettability of carbon 
materials, which benefits fast ion transport into the inner 
pore channels and achieves satisfactory surface accessibil-
ity for electrolyte ions, boosting the electric double-layer 
capacitance [20, 21].

FTIR spectrum (Fig. 1e) depicts the presence of func-
tional groups in MP10. FTIR spectra for all the other sam-
ples are given in Fig. S3. The broad peak around 3440 cm−1 
corresponds to the O–H stretching frequency. The small 
less intense peak around 2983 cm−1 can be attributed to the 
C–H stretching. A moderately sharp peak around 1449 cm−1 
is due to the C–H bending mode while the peak corre-
sponding to the C–O stretching mode is observed around 
1115 cm−1. The peak corresponding to the C–H bending 
mode is observed around 877 cm−1. The XRD pattern of 
MP10 (Fig. 1f) is characterized by an amorphous hump, 

Fig. 1   a TGA plot of precursor and MP carbon nanoparticles, b SEM 
image of MP10, c  histogram representing carbon nanoparticles size 
distributions of MP10, d EDS plot of MP10; the pie chart in the inset 

shows the elemental composition of MP10. FTIR spectrum (e), XRD 
plot (f) and Raman spectrum (g) of MP10. h N2 adsorption–desorp-
tion plot of MP10, and i pore size distribution of MP10
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followed by a main diffraction peak at 2θ = 29°, correspond-
ing to the 002 graphitic plane. This is the typical pattern 
observed for turbostratic carbons [22]. A secondary graph-
ite plane (001) is observed around 2θ = 44°. Similar XRD 
patterns were observed for other MP samples (Fig. S4). In 
addition to XRD, Raman spectroscopy (Fig. 1g) gives more 
useful information regarding the carbon structural order. The 
two main peaks around 1344 and 1593 cm−1 are commonly 
denoted as D-band and G-band, respectively. The diagnostic 
disorder in the carbon structure is indicated by the D band 
while the G-band represents the E2g mode of vibration of sp2 
bonded carbon. The relative intensities of D and G-bands 
(ID/IG) are generally used to assess the graphitic nature of 
the material [19]. The ID/IG value for MP was found to be 
1.06, indicating the presence of a greater number of edge 
defects in the carbon material. The Raman spectra of other 
MP samples are shown in Fig. S5.

Porous nature of the prepared nanomaterials was under-
stood from the N2 adsorption–desorption isotherms. MP10 
exhibited type IV isotherm (Fig. 1h) with a hysteresis loop, 
confirming its mesoporous nature. The N2 adsorption–des-
orption isotherms for other samples are shown in Fig. S6. 
As shown in Fig. S6, up to MP8, there is low N2 uptake. 
In contrast, MP9 (Fig. S6) and MP10 show a significant 
increase in N2 uptake along with capillary condensation 
at p/po < 0.1, which can be ascribed to the adsorption of 
N2 in micropores. Porosity values of MP carbon nanoparti-
cles obtained from N2 adsorption–desorption isotherms are 
tabulated in Table S1. The Brunauer–Emmett–Teller (BET) 
specific surface area of MP10 was found to be 440.7 m2 g−1. 
The micropores present in MP10 contribute to the increase 
in the surface area of the materials. Barrett–Joyner–Halenda 
(BJH) method was employed to calculate the pore size distri-
butions (Fig. 1i) Mean pore diameter was found to be 1.9 nm 
while the diameter of the supermicropore was 0.8 nm. The 
micropore volume was calculated to be 0.20 cm3 g−1 and 
the total pore volume was 0.21 cm3 g−1. This indicates 
that the bulk of the N2 adsorption has taken place in the 
micropores. Much of the surface area of the material is 
found in the narrow micropores, also called supermicropo-
res (0.7 < d < 2 nm). Such type of bimodal porous structure 
is beneficial for electrochemical applications.

3.3 � Electrochemical measurements

The electrochemical property of MP electrodes was investi-
gated in 4.0 M KOH aqueous electrolyte by three-electrode 
configuration. Alkaline electrolytes such as KOH are cost-
effective and easy to handle. KOH was chosen as the electro-
lyte due to its high ionic conductivity (~ 0.6 S cm−1) at high 
concentrations. Figure 2 presents the cyclic voltammetry 
(CV) curves. CV was performed in the potential window 

of − 1.0 V to 0 V at different scan rates ranging from 5 to 
100 mV s−1. The rectangular CV profile at lower scan rates 
was only slightly deformed and showed a quasi-rectangular 
profile, providing evidence for well-developed capacitive 
behaviour. The absence of any redox peaks proves the EDLC 
nature of the material in KOH electrolyte.

The EDLC behavior of MP carbon electrodes was further 
investigated using galvanostatic charge–discharge profiles 
(Fig. 3) in 4.0 M KOH. The curves were linearly symmetric 
and triangularly shaped, which confirms the EDLC behav-
ior of the material. Generally, the micro- and mesoporous 
surfaces impart high surface area, which will enhance dif-
fusion of electrolyte thereby increasing specific capacitance 
and energy density of the supercapacitor [14]. The galva-
nostatic charge–discharge curves were measured at current 
densities from 0.1 to 5.0 A g−1. Specific capacitance was 
calculated using the preformulated equations reported in 
earlier works [14, 21]. Specific capacitance was increased 
at lower discharging rate (low current density) as the ions 
in the electrolyte solution will diffuse through entire micro 
and mesopores. At high charging rates the electrolyte can 
access only the larger pores which will diminish the specific 
capacitance. Variation of specific capacitance of all the MP 
samples, with current density is shown in Fig. 3h. Of all the 
samples tested, MP10 exhibited a high specific capacitance 
of 356.1 F g−1 at 0.1 A g−1. This can be attributed to the 
presence of optimum bimodal pores. Also, the N2 sorption 
studies have indicated the presence of hierarchical micropo-
res and mesopores. Furthermore, the presence of oxygen het-
eroatom also has a positive effect on the capacitance through 
enhancing the surface wettability of carbon materials, which 
benefits faster ion transportation into the inner pore channels 
and achieves satisfactory surface accessibility for electrolyte 
ions, boosting the electric double-layer capacitance [20, 21].

Electrochemical impedance spectroscopy (EIS), was per-
formed to study the ion and electron transport behaviour 
at open circuit potential [21]. Figure 4a shows the Nyquist 
impedance plots measured in the frequency range of 0.01 
to 105 Hz. The plot depicts the typical features of porous 
carbon electrodes with a − 45° Warburg region at lower 
frequency and a small approximate semicircle in the high 
frequency region. RS values in the range of 1.2–0.07 Ω were 
obtained, with 1.2 and 0.07 Ω for MP5 and MP10, respec-
tively, indicating a very low resistance at high frequency 
region as the pyrolysis temperature was increased. Double 
layer charge storage and absence of Faradic charge storage 
along with dependence of phase angle with frequency is 
also indicated by Bode plot (Fig. 4b). From the Bode plot, 
it is clear that MP10 in 4.0 M KOH with a phase angle of 
− 84.1° is very close to that of an ideal capacitor (− 90°) 
[23]. Capacitances derived from the EIS test are based on the 
equations involving the real and imaginary part of the com-
plex impedance, reported in earlier works [24]. Dependence 
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of real and imaginary capacitances over frequency for all 
the MP samples is depicted in Fig. 4c and d respectively. 
For fabricating devices, it is ideal for the capacitance to 
remain constant with frequency after the transition between 
resistive and capacitive behaviours, which is appropriately 
represented in Fig. 4c [25]. From the plot, it is clear that 
only MP10 shows such ideal behaviour while for materials 
synthesized below 1000 °C, the capacitance continues to 
increase with decreasing frequency. Figure 4d depicts the 
imaginary part of capacitance as a function of frequency 
for all the MP samples. The peak of the curve is roughly 
considered to be a point from which the circuit changes 
from purely resistive to purely capacitive. The inverse of 
the frequency at which this transition takes place provides 
a parameter known as relaxation time constant (τo), which 

is an indicator of the responsiveness of the supercapacitors 
[26]. The time constant is found to decrease with pyrolysis 
temperature. τo for MP5 was calculated to be 5.6 s while for 
MP10 it was 0.25 s. This is an indication of how quickly the 
supercapacitor can undergo charge–discharge transitions. 
The τo values obtained are much lower than some of those 
reported in earlier works on biomass derived carbons. The 
key parameters obtained after fitting the data are tabulated 
in Table 1.

3.4 � Practical symmetrical supercapacitor

CR2032 coin cell, a symmetrical supercapacitor, was 
made using MP10, as it showed a high specific capaci-
tance (356.1 F g−1). Figure 5a shows the CV plot with 

Fig. 2   Cyclic voltammetric curves of MP5 (a), MP6 (b), MP7 (c), MP8 (d), MP9 (e), and MP10 (f) in 4.0 M KOH at different scan rates. Com-
parison of all the MP materials at 10 mV s−1 in 4.0 M KOH (g)



1249Journal of Applied Electrochemistry (2020) 50:1243–1255	

1 3

1.0 V cell voltage. At lower scan rate (10 mV s−1), the CV 
can be seen with slight rounded top left and bottom right 
corners of the rectangular curve. The loss of rectangular 
shapes was seen with an increase in scan rate. However, 
the absence of any characteristic redox peaks when the 
cell voltage was increased from 1.0 to 1.5 V (Fig. 5b) 
indicates capacitive behaviour and signifies the capa-
bility of MP10 device for operating at higher potential 
windows. Overpotential was observed when the applied 
potential was increased above 1.5 V. Hence, charge–dis-
charge studies were restricted to 1.4 V. Charge–discharge 
curves at different current densities from 0.1 to 2.5 A 
g−1 under 1.0 V (Fig. 5c) displayed a triangular, linear 
and symmetrical nature without any significant IR drop, 
confirming the EDLC behaviour and good electrochemi-
cal reversibility of the MP10 cell. Figure  5d depicts 
retainment of triangular nature of the galvanostatic 

charge–discharge curves at different potential windows. 
Variation of specific capacitance with current density is 
depicted in Fig. 5e. In the three electrode setup, a com-
plete potential window is applied on the working elec-
trode wherein for a symmetrical supercapacitor device/
cell, the applied voltage is shared between the two elec-
trodes [27]. For the same reason, the capacitances are 
lower than that obtained for MP10 in three electrodes 
set up (356.1 F g−1). The fabricated supercapacitor cell 
had a Csp of, 126.8 F g−1, 124.8 F g−1 and 124.6 F g−1 
at 1.4, 1.2 and 1.0 V operating potential at 0.1 A g−1. 
The key energy performance is listed in Table 2. Imped-
ance of the cell as a function of frequency was done by 
EIS testing. The Nyquist plot shows a semicircle in the 
high frequency region and a linear line in the low fre-
quency region (Fig. 5f). The plot indicates presence of 
surface impedance, ion transfer resistance and Warburg 

Fig. 3   Galvanostatic charge–discharge curves of MP5 (a), MP6 (b), MP7 (c), MP8 (d), MP9 (e), and MP10 (f) in 4.0 M KOH at different current 
densities. Comparison of all the MP materials at 0.1 A g−1 in 4.0 M KOH (g). Plot of variation of specific capacitance with current density (h)
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impedance. The Bode plot (Fig. 5g) was used to dem-
onstrate cell response between the phase angle and the 

frequency. The real and imaginary parts of the capaci-
tances calculated are depicted in Fig. 5h as a function 
of frequency. τo for the MP10 device was found to be 

4.8 s. The equivalent circuit model was used to fit the 
experimental data and to derive the EIS parameters. The 
obtained values are listed in Table 1.

The energy and power densities of the symmetric cell, 
were calculated using the following equations [28]:

where Csp (F g−1) is the specific capacitance calculated from 
charge–discharge cycles, varDeltaV (V) is the voltage and t 
(s) is the discharge time during the galvanostatic charge–dis-
charge measurements. Ragone plot depicting variation of 
energy density with power density is shown in Fig. 6a. A 
very high energy density of 34.5 Wh kg−1 is reached at a 
power density of 494.5 W kg−1 at 1.4 V. The energy and 
power densities were inversely related; that is, as power 
density increases, energy density decreases. At a very high-
power density of 12.2 kW kg−1, energy density could still 
be retained at 18.5 Wh kg−1. The obtained values are much 

(2)E
(

Whkg−1
)

=
Cspx(V

2
max

− V
2
min

)

7.2
,

(3)P
(

Wkg−1
)

=
Ex3600

t
,

Fig. 4   a  Nyquist impedance plot of MP5, MP6, MP7, MP8, MP9 
and MP10 in 4.0 M KOH. The inset shows the high frequency region 
of the Nyquist plot. b Plot of Bode phase angle as a function of fre-

quency and c and d are the real and imaginery capacitance as a func-
tion of frequency resectively

Table 1   Fitted key parameters of electrochemical impedance meas-
urements

a Before 10,000 charge–discharge cycles
b After 10,000 charge–discharge cycles

Material RS (Ω) RCT (Ω) C (mF) CPE (F) W (Ω)

MP5 1.2 4.9 0.234 0.225 0.263
MP6 0.5 0.9 0.021 0.862 0.422
MP7 0.4 0.5 0.32 0.047 0.425
MP8 0.3 0.6 0.038 0.262 0.863
MP9 0.5 0.3 0.26 0.0004 0.529
MP10 0.07 0.2 0.050 0.38 1.456
MP10Cella 3.9 3.6 0.0067 0.053 0.053
MP10Cellb 5.4 13.7 0.000264 0.00279 0.07
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Fig. 5   a CV of MP10 symmetric cell at different scan rates in 4.0 M 
KOH. b CV at 10 mV s−1 under different potential windows. c Galva-
nostatic charge–discharge curves at different current densities. d Gal-
vanostatic charge–discharge curves under different potential windows 
at 0.1 A g−1. e Specific capacitance of the cell as a function of current 

density. f Nyquist impedance plot of the cell at OCP. The inset shows 
the high frequency region. g Bode phase angle plot as a function of 
frequency and h real and imaginary parts of the capacitances derived 
from impedance studies

Table 2   Key energy 
performance parameters of 
MP10 symmetric supercapacitor

Symmetric coin cell device Potential (V) Current 
density (A 
g−1)

Specific 
capacitance (F 
g−1)

Energy 
density (Wh 
kg−1)

Power 
density (W 
kg−1)

MP10 1.0 0.1 124.6 17.3 73.9
2.5 88.7 7.8 2003.2

1.2 0.1 124.8 25 124.3
2.5 90.8 11.3 3400.6

1.4 0.1 126.8 34.5 494.5
2.5 93.7 18.5 12,215.8
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higher than some of those reported in recent works [29–32]. 
The energy and power density values calculated at differ-
ent current densities and operating potentials are given in 
Table 2. Cycling stability is an essential factor for superca-
pacitor electrodes. Stability studies were performed using 
galvanostatic charge–discharge cycling at a current density 
of 2.0 A g−1 for 10,000 cycles, as shown in Fig. 6b. The 
symmetric cell exhibited 81.4% capacitance retention at the 
end of 10,000th charge/discharge cycle (Fig. 6b), indicating 
excellent cycling ability. The cell also exhibited seamless 

Coulombic efficiency of 99.2% even after 10,000 cycles 
which could be attributed to effective accessibility for the 
ions onto the porous surface of electrode. The stability of the 
device was also tested by floating method (aging), as shown 
in Fig. 6e, which shows the voltage-holding curve at 2.0 A 
g−1 for a period of 100 h, which showed 86.8% capacitance 
retention throughout the aging time, signifying that the cell 
exhibited remarkable stability throughout.

A red LED bulb was connected to a single MP10 
coin cell, which glowed for 3.4 min on charging for 20 s 

Fig. 6   a  Ragone plot of MP10 symmetric cell, b  capacitance reten-
tion and Coulombic efficiency as function of charge–discharge cycle 
number. The inset shows the initial and final charge–discharge curves 
at 2.0 A g−1 during 10,000 cycles. c CV depicting efficiency of the 
device before and after 10,000 cycles at 10 mV s−1. d Nyquist imped-

ance plot depicting an increase of impedance after 10,000 cycles. 
e  Floating test indicating capacitance retention over 100 h at 2.0  A 
g−1. f CV depicting the changes in the electrochemical nature of the 
device before and after the floating test

Fig. 7   a Equivalent circuit of MP10 coin cell obtained from impedance data, red LED glow in dark (b) and bright (c) conditions using MP10 
coin cell. (Color figure online)
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(Fig. 7). This indicates that the synthesized carbon materi-
als have a huge capacity for a high-performance electrode 
in electrochemical storage applications. The obtained 
energy parameters were compared with those reported in 
some of the previously published works on porous carbons 
for energy storage applications (Table 3). The comparison 
highlights the availability of high energy density of the 
MP10 material.

4 � Conclusions

Biomass precursors possess a novel inherent structure and 
composition. Optimized pyrolysis technique can be used to 
prepare sustainable, high capacitive carbon with sufficient 
surface area and interconnected bimodal porous structures. 
Since the precursor used here is abundantly available and 
for preparation, a single step is followed without using any 
activating agents, the method is cost effective. The present 
work demonstrated the use of such abundant biomass as 
raw material for the synthesis of porous carbon nanoma-
terials with good electrochemical properties. Reaching 
high energy density of 34.5 Wh kg−1 at 494.5 W kg−1 
could prove beneficial for application in hybrid energy 
storage systems [33–35] with cell assembly. MP10 car-
bon nanoparticle is boon to clean technology which can 
complement and reduce excess load on batteries thereby 
lessening the burden on the environment. The tuning of 
MP materials is in progress with respect to different elec-
trolyte concentrations, functionalizing the MP, activating 
the carbon materials and will be reported elsewhere.
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