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AbstractThis work reports preparation of Pisum sativum (peas) derived graphitic carbon (PSC) and its activation
with potassium hydroxide (KOH), referred to as Pisum sativum derived activated graphitic carbon (PSAC). The struc-
ture, morphology and surface area of the materials were characterized by using X-ray diffraction (XRD) analysis, Fou-
rier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), Raman spectroscopy and Brunauer
Emmet Teller (BET). The electrochemical performance of the material was investigated by using cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), cyclic stability and electrochemical impedance spectroscopy (EIS). The
graphitic carbon obtained showed specific surface area of 240 m2 g1 with pore size of 3.32 nm. The electrochemical
testing of activated carbon delivered specific capacitance of 517 F g1 at 10 mV s1 with 86% of capacitance retention
after 2,000 cycles at 10 mA cm2. It showed high specific energy of 35 Wh kg1 at specific power 645 W kg1.
Keywords: Pisum sativum, Carbon Materials, Graphitic Carbon, Thin Films, Electrical Properties

INTRODUCTION

The development of efficient energy storage systems is essential
for storing energy. Among the various energy storage devices, super-
capacitors (SCs) have piqued the interest of researchers due to their
unique characteristics, such as high storage capacity, rapid charging-
discharging, higher power density, long retention time and envi-
ronmental friendliness [1,2]. Despite having high power density,
SCs are not able to reach high energy density requirements, partic-
ularly for use in electric vehicles [3]. Intensive research is being car-
ried out for the development of new electrode materials for SCs [4].
SCs are mainly classified into three types: electric double layer capaci-
tors (EDLC), pseudo capacitor and hybrid [5]. Carbon is com-
monly used in electric double layer capacitors (EDLC) because of
its high abundance, low cost, easy synthesis and excellent proper-
ties like good conductivity, high stability, and easy surface modifi-
cation [6,7]. Many carbon materials with high specific surface areas
(SSAs) are prepared from high-cost and unsustainable chemical
petroleum resources, leading to side effects for the environment [8].
The synthesis of graphitic carbons by green route or by using nat-
urally abundant materials as source of carbon makes the process
economical [9].

To overcome this problem, biomass or natural resources with low
cost and easy availability are investigated as an alternative for obtain-
ing high value carbon [10-12]. Among many kinds of materials, the
use of some food materials, such as peas (Pisum sativum), can also
yield good quality carbon upon carbonization under controlled
atmospheres. This will reveal the additional value of vegetable food

stuffs for the preparation of high-quality carbon [13]. Therefore,
this work is focused on preparation of high-quality graphitic carbon
from peas (referred to as PSC), its activation with KOH, referred
to as Pisum sativum activated carbon (PSAC), and testing of its
electrochemical performance for supercapacitive application. The
results revealed a good quality carbon with superior performance
can be obtained, thus making the finding a significant advance-
ment in the field of EDLCs.

EXPERIMENTAL

1. Materials and Instruments
These details are given in the ESI.

2. Synthesis of PSC and PSAC Materials
2-1. Preparation of PSC

Dry peas were washed with deionized water and dried in an
oven. The dried peas were ground to make fine powder and pyro-
lyzed at 800 oC under N2 atmosphere in a tubular furnace for 2 h.
After carbonization, the size of prepared carbon material was reduced
by ball milling the sample in a planetary ball mill for 3 h.
2-2. Preparation of PSAC

PSC was activated with KOH with a ratio of 4 : 1 (KOH : PSC).
The mixtures were impregnated and stirred with 40 ml ethanol to
make a paste. After soaking at room temperature for 12 h, the paste
was completely dried. The dried mass was heated at 800 oC under
N2 atmosphere in a tubular furnace for 2 h. The activated sample
was washed with distilled water and dried in an oven at 70 oC for
24 h.
2-3. Electrochemical Measurements

The electrochemical experiments were carried out by using a 3-
electrode assembly in a 1 M KOH electrolyte. The electrode was
prepared by mixing sample, carbon black and polyvinylidene fluo-
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ride (PVDF) binder (8 : 1 : 1) proportion in N-methyl pyrrolidone
(NMP) solvent.

RESULTS AND DISCUSSION

1. X-ray Diffraction (XRD)
The XRD was used to analyze the structural properties of the

synthesized samples. Fig. 1(A) shows the XRD patterns of the syn-
thesized PSC and PSAC samples. The XRD pattern for the sam-
ple PSC displays two small broad diffraction peaks around 23.9o

and 43.4o corresponding to the (002) and (100) diffractions for gra-
phitic carbon. The XRD pattern for sample PSAC shows diffraction
peaks located at 2 theta=23.9o and another peak at 2 theta=43.4o,
which are sharper than PSC diffraction peaks. According to these
peaks, it is possible that the activated carbon contains potassium
with high crystallinity after being activated with KOH. The broad
and weak peaks in this XRD pattern indicate the amorphous nature
of carbon. Their appearance illustrates the existence of micro-gra-
phitic structure in PSC and PSAC samples [14,15].
2. Raman Spectroscopy

The graphitization degree and defects were confirmed by Raman
spectroscopy. Fig. 1(B) shows the Raman spectra of the synthe-
sized PSC and PSAC samples. The peaks observed at 1,351 cm1

and 1,349 cm1 in the PSC and PSAC samples, respectively, are
referred to as D band and the peaks at 1,590 cm1 and 1,600 cm1

in the PSC and PSAC samples, respectively, are referred to as G

Fig. 1. (A) XRD patterns of PSC and PSAC material, (B) Raman spectra of PSC and PSAC material, (C) IR spectra of activated and non-
activated PSC, and (D) SEM images of a) PSC and b) PSAC.

band. The D band presents a favorable situation for charge stor-
age, while the G band is good for electrical conductivity. The cal-
culated intensity ratio of PSC and PSAC of D to G band (ID/IG)
was found to be 1.17 and 1.18, respectively [16,17].
3. Infrared Spectroscopy (FTIR)

Structural information of the synthesized samples was identi-
fied by IR spectroscopy. The IR spectra of PSC and PSAC samples
are shown in Fig. 1(C). The broad peak at 3,424 cm1 is identified
as O-H and N-H stretching vibrations of hydroxyl, amine groups
and absorbed water molecules in as-obtained carbon powders. The
band at 1,640 cm1 in PSAC sample is ascribed to C=O stretching
mode. The weak and wide bands between 1,330 to 940 cm1 are
observed as the response of C-O stretching vibration [18].
4. Scanning Electron Microscopy (SEM)

The morphological information of PSC and PSAC materials
was obtained by SEM. Fig. 1(D) a) and b) depict the SEM images
of synthesized PSC and PSAC samples. The PSC shows stacked
debris-like morphology with almost non-porous nature. The PSAC
sample exhibits porous structure due to activation. The average
pore diameter and height of PSC and PSAC samples are observed
around 2.40 and 4.31m, respectively. This porous nature of car-
bon is beneficial to improve the electrochemical performance due
to increased surface area [19].
5. Brunauer Emmet Teller (BET)

The specific surface area of (SSA) carbons was calculated by
applying Brunauer-Emmet-Teller (BET) method, and pore size dis-
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tribution of PSC and PSAC samples was obtained by Barret- Joyner-
Halenda (BJH) method [20]. Fig. S1 shows adsorption and desorp-
tion curves of both samples and it is classified as a type IV isotherm.
The BET surface areas of PSC and PSAC were found to be 21.766
m2 g1 and 240 m2 g1, respectively. The sample PSAC exhibits the
higher SSA and smallest particle size as compared to PSC sample.
In the BJH analysis pore size distributions of 2.48 and 3.32 nm for
PSC and PSAC samples were observed [19].
6. Electrochemical Testing

Fig. 2(a) illustrates cyclic voltammograms of PSAC electrode. The

Fig. 2. (a) The cyclic voltammograms of PSAC material at different scan rates. (b) The Galvanic charge-discharge cycles of PSAC material at
different current densities.

Table 1. The specific capacitance values at different scan rates and current densities.

Material Scan rate
(mV s1)

Specific capacitance
form CV (F g1)

Current density
(mA cm2)

Specific capacitance form GCD
(F g1)

PSAC

010 517.54 01 255.06
020 467.57 02 247.66
040 400.21 04 212.34
060 351.98 06 188.28
080 334.94 08 166.50
100 315.50 10 147.74

Fig. 3. (a) Cyclic stability of PSAC material up to 2000 cycles. (b) Nyquist plot and circuit fitting for PSAC material.

PSAC material has retained an EDLC behavior as the scan rate
increased from 10 to 100 mV s1 between 0 to 1 V. The maxi-
mum specific capacitance value obtained from CV is 517.54 F g1

at 10 mV s1. The measurement of charge-discharge time of the
electrode was recorded by GCD cycles. Fig. 2(b) depicts the GCD
cycles of PSAC material at various current densities ranging from
1 mA cm2 to 10 mA cm2. The maximum specific capacitance
calculated from GCD is 255.06 F g1 at 1 mA cm2. It shows excel-
lent specific energy and specific power of the PSAC material, i.e.,
about 35.42Wh kg1 at 645.16W kg1. The specific capacitance val-
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ues at different scan rates and current densities are listed in Table 1.
The graph in Fig. 3(a) indicates cyclic stability of PSAC material

over 2000 cycles. Cycle studies were carried out by using GCD tests
in the potential range 1 V to 0 V at 10 mA cm2 current density.
It has shown 85.71% stability, i.e., only 14.29% deterioration in spe-
cific capacitance value.

The fundamental nature of SC is determined by using electro-
chemical impedance spectroscopy (EIS). Fig. 3(b) shows the Nyquist
plot and circuit fitting of PSAC material. The frequency range of
EIS measured is 10 mHz to 100 KHz. The impedance of PSAC
material electrode, the spectra is in a slight bend at higher fre-
quency and spike at lower frequency. Nyquist plot contains combi-
nations of the resistance of electrolyte ionic resistance, current collector
and contact resistance between active material interface and cur-
rent collector. The values of resistors (R1 and R2) are 1.66, 6.30
and capacitor (Q2) is 0.88×103 F·s (a1), which were used for cir-
cuit fitting.

CONCLUSION

The novel PSAC material showed excellent electrochemical prop-
erties and proved to be useful active material for use in ELDCs.
This scientific advancement may pave the way for additional agri-
cultural or food-based materials for the preparation of desired gra-
phitic carbon materials for energy storage as well as for other relevant
applications.
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Chemicals and Reagents
Potassium hydroxide (KOH) was obtained from Molychem. Ltd.,

carbon black was obtained from SRL chem. Ltd., Polyvinylidene
fluoride (PVDF) were obtained from Alfa Aesar, N-methyl pyr-
rolidone (NMP) was obtained from sigma Aldrich, Ethanol was
obtained from Sd Fine Chem. Co. Ltd., Dry Peas and deionized
water was used for the preparation of all solutions.
Instruments and Methods

Dry Pisum sativum derived carbon (PSC) and activated carbon
(PSAC) were characterized by different characterization techniques.
The crystal structures of PSC and PSAC samples were characterized
by X-ray diffraction spectra and registered on Bruker D2 Phaser
diffractometer using 5 s/scan speed. The 2 value ranged from
20o-80o with CuK radiation (1.5405 Å, 30 kV, 10 mA). The at-
tenuated total reflectance Fourier transform infrared (FTIR) spectra
were recorded with Perkin Elmer spectrometer operated at room
temperature (25±1 oC) with nominal resolution of the detector of
2 cm1. An advanced ATR baseline correction was applied to all
spectra in the range of 4,000 to 600 cm1. The surface morphology
of PSC and PSAC samples was analysed by JEOL JSM-6360 scanning
electron microscope (SEM) at an acceleration voltage of 20 kV. The
BET specific surface area, total pore volume and pore size distribution
of the as-prepared samples were characterized by N2 sorption

measurements on a Quantachrome autosorb automated gas sorption
system. The electrochemical performance of the as-prepared elec-
trodes was performed on Biologic VSP3 electrochemical workstation
using a three-electrode testing system.
Formulas

The specific capacitance, energy density, power density and
stability of prepared electrodes were calculated from the cyclic volt-
ammetry and galvanostatic charge-discharge measurement using
following formulas.

(1)

(2)

(3)

(4)

Where, I is the current (A), m is the total mass deposited on elec-
trodes (g), t is the discharge time (s), and V is the applied poten-
tial (V) [23].
Porosimetry (Nitrogen Adsorption Desorption)

Csp  
1

m Vf   Vi  v
-------------------------------------- I V dv…from CV

Vi

Vf


Csp  
It

mv
-----------………From GCD

Emax  
0.5cv2

3.6
--------------

Pmax  
3,600 E

t
--------------------

Fig. S1. (a) Shows the N2 adsorption-desorption isotherms of PSC and PSAC material, (b) isotherms using BJH method shows the pore size
distribution of PSC and PSAC material calculated from the adsorption.


