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The generation and storage of green energy (energy from abundant and non-
fossil) is important for a sustainable and clean future. The electrode material in a
supercapacitor is a major component. The properties of these materials depend
on its inherent architecture and composition. Here, we have chosen sunflower
seeds and pumpkin seeds with a completely different structure to obtain a car-
bonaceous product. The product obtained from sunflower seed carbon is a three-
dimensional hierarchical macroporous carbon (SSC) composed of many granular
nanocrystals of potassium magnesium phosphate dispersed in a matrix. Con-
trary to this, carbon from pumpkin seeds (PSC) is revealed to be a more rigid
structure, with no porous or ordered morphology. The electrochemical superca-
pacitive behavior was assessed by cyclic voltammetry and galvanostatic charge—
discharge tests. Electrochemical measurements showed that the SSC shows a
high specific capacitance of 24.9 Fg~! as compared with that obtained (2.46 Fg1)
for PSC with a cycling efficiency of 87% and 89%, respectively. On high-
temperature cycling for 500 charge—discharge cycles at 0.1 Ag™!, an improved
cycling efficiency of 100% and 98% for SSC and PSC, respectively, is observed.

INTRODUCTION

Carbon-based composites are widely used as super-
capacitor electrode materials because of their large
specific surface area, good electrical properties, excel-
lent thermal stability, low density, and cost. Thus,
recent research has been focused on engineering the
physical and chemical properties of carbon-based
structures to improve their specific capacitance as well
as power density.”™ The high active surface area,
porosity, and structural stability are a few of the key
parameters governing the energy storage capability.
Depending on the carbon precursors as well as on the
activation methods used, carbon-based composites
result in different electrochemical properties, which
have been explored extensively in the last decade.”™
Another approach to fine-tune these properties is by
incorporation of metal oxides with various sizes and
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their inherent properties (RuOg, NiO, MnO5) resulting
in synergetic behavior for electrical double-layer capac-
itors.” 'Y On the other hand, a large amount of research
efforts has been made to build 3D architectures of
carbon-based nanomaterials such as CNTs and gra-
phene in view of their extraordinary properties.'**
Some of these nanostructured carbons are often
obtained under very harsh conditions by means of
laser, plasma ablation, or arc discharge, which usually
indicates a high-energy consuming process.®~

All available fossil carbons are limited by the
mining processes, which are hazardous and contam-
inative.'® The ever increasing demand of supercapac-
itor grade carbon materials brings an increasing
pressure for high-throughput production by more
feasible methods. To build a sustainable future, an
energy source needs to be nonfossil based; ideally, it
should be affordable and inexhaustible. In this search
for an alternative carbon source, researchers have
explored both a useful as well as a waste natural
carbon source starting from banana peel to animal

1513


http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-017-2406-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-017-2406-7&amp;domain=pdf

1514

bone and many more.'®2! Few of the naturally
abundant biomass resources often possess hierarchi-
cal 3D structures, which exhibit enhanced energy
storage. These 3D nano-scaled architectures have the
potential of providing a continuous electronic path-
way to ensure the good electrical contacts among
constituent materials.?% 23 To improve the properties
further, surface functional groups or heteroatoms
such as N, O, B, S, or P are reinforced to enhance the
electrical conductivity by influencing the wettabiligy
and electro-active surface area of material.**=®
Another simple and easily scalable approach is to
choose the biomaterials with either of these inherent
dopants firmly incorporated in the carbon frame. In
the current work, directed by the quest for utilizing
waste biomass, with such architecture, sunflower and
pumpkin seeds are explored. The role of the naturally
embedded minerals like potassium, magnesium, and
phosphorus are understood with the help of these two
differently designed carbon sources. The results of an
extensive microscopic and spectroscopic study reveal
the structural differences in the active carbon derived
from these sources. A comparative electrochemical
study has been performed to understand the role of 3D
structure and in situ doping in these two materials.

EXPERIMENTAL SECTION
Materials

Sunflower seed carbon (SSC) and pumpkin seed
carbon (PSC) were synthesized by a one-step simple
pyrolysis method. The sunflower and pumpkin
seeds were burned at 900°C for 10 h with a heating
rate of 5°C/min in argon Ar/H, (Fig. S1). A carbona-
ceous mass obtained after pyrolysis was ground into
fine powder and subjected to further characteriza-
tion and electrochemical investigations.

Characterization

The data for x-ray powder diffraction analysis was
collected on an x-ray diffractometer (XRD, PANalyt-
ical X’Pert Pro MPD) in flat plate geometry, using Ni
filtered Cu Ko radiation. Data were collected from 10°
to 60° with a step size of 0.02°. The spectroscopic data
were recorded with a 532-nm wavelength laser on
RENISHAW via Raman microscope and Perkin-Elmer
Fourier transform infrared (FTIR) spectrometer in the
wavenumber range of 3500-100 cm '. Scanning elec-
tron microscopy (SEM:FEI Quanta 400 ESEM FEG)
analysis was used to identify the microstructure of
samples. The TEM and HRTEM images were obtained
with a JEOL 2010. A detailed composition analysis is
performed using an FEG-EPMA (Electron probe
micro-analyzer) (JEOL EPMA 8600).

Cell Fabrication and Electrochemical
Measurements

To prepare the working electrode for the two-
electrode system, 80 wt.% SSC/PSC, 10 wt.% con-
ductive carbon, and 10 wt.% polyvinylidene fluoride
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(PVDF) were mixed together in N-methyl-2-pyrroli-
done (NMP) to form the homogeneous slurry that
was casted on aluminum foil. A sandwich-type
capacitor cell test was prepared with a pair of
electrodes and a piece of circular quartz as a
separator wetted with 0.5 M Nay,SO, as the aqueous
electrolyte and 1-Ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)-imide (EMITFSI) as the
ionic liquid electrolyte. Cyclic voltammetry curves
were obtained at various scan rates in a potential
window of 0.05-0.7 V with 0.5 M Nay,SO4 and 0.05—
3V with EMITFSI. GCD curves were recorded at
various current densities (1, 2, 5, 10, and 20 Ag™ 1Y)
with both electrolytes.

RESULTS AND DISCUSSION

The interconnected 3D carbon structures
obtained from sunflower seeds (SSC) had a porous
nature, where many granular nanocrystals dis-
persed in the amorphous carbon matrix were clearly
observed (Fig. S1 in the online supplemental mate-
rial). Interestingly, these nanoparticles are homo-
geneously distributed over the carbon structure,
whereas the carbon from pumpkin seeds (PSC) have
no inherent morphology (Fig. S1).

The typical morphology of the sunflower seed with
different magnifications shows that seed surfaces are
a woody bark-like (Fig. S2a through h). The SEM
micrographs of seed surface microstructures were
observed as mostly reticulate, with different textures
(Fig. S2b and c). The cross-sectional detailed mor-
phologies of the hierarchical structures reveal that
the structure of the architecture is composed of
hierarchical cylindrical tubes at a length of hundreds
of micrometers (Fig. S2e through h). These structures
connect to each other to form 3D hierarchical archi-
tectures. The morphology and composition of the SSC
sample were observed by SEM and EDS mapping at
different magnifications (Fig. 1a—c). The carbon
microstructures with significant numbers of sec-
ondary spherical particles homogenously dispersed
were observed, suggesting that a composite structure
has been formed, in which the amorphous carbon
phase forms a three-dimensional network, whereas
the reinforced particles are isolated. Note that these
particles are uniformly distributed over the amor-
phous carbon matrix. The elemental analysis cover-
ing a single particle showed the presence of C, Mg, K,
P, and O. The major elemental component (carbon)
was found to be distributed across the whole area
(Fig. 1d-h). The other reinforcements (K, P, Mg, and
O) are found to be concentrated at the particle’s
position. It confirms the composition of spherical
particles with different sizes. The experimental
volume fraction of particles can be basically quanti-
fied according to the area ratio of different compo-
nents provided in the scanning electron micrograph
(Fig. 1c). The experimental volume fraction of these
particles with respect to carbon is calculated to be
36.5%.
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Fig. 1. (a—c) Low-magnification and high-magnification SEM images and (d—h)

Low-magpnification, bright-field TEM image (1 um scale bar) and SAED pattern (amorphous carbon and crystalline spot) and (j—k) high-magni-
fication TEM images (100-nm scale bar) of the 3D hierarchical 3D hierarchical SSC microstructure. (l) Low-magnification (scale bar 1 ym) and
high-magnification TEM images of granular nanocrystals inside the SSC (100-nm size) and (m) the HRTEM image (2-nm scale bar) and SAED of

a selected area in Fig. 2I).

TEM images of the 3D hierarchical SSC
microstructure, and the overview of the product, is
consistent with the SEM results (Fig. li-m). A
significant number of these particles is well dis-
persed in the amorphous carbon matrix (Fig. la—c).
The TEM image (Fig. 1) and the selective area
electron diffraction (SAED) pattern, shown in the
inset, demonstrates the overall amorphous nature
of the SSC sample. TEM images (Fig. 11) with low
and high magnification clearly shows embedded
particles inside the SSC. The d-spacing, indexed

from the SAED pattern (Fig. 1m), confirms the
existence of KMgPO, nano-crystallites in the amor-
phous carbon matrix. Detailed strucutural charac-
terization using XRD, Raman, and FTIR is
discussed in the online supplementary information.

In CV measurements (Fig. 2) with different scan
rates (10-200 mVs ') in the potential ranges from
0.05 V to 0.7 V, the characteristic rectangular shape
was observed. For SSC (Fig. 2a), a larger capacitive
behavior than PSC (Fig. 2b), a higher capacitance is
observed. The samples of SSC and PSC displayed a
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Fig. 2. CV curves with scan rates (black square, red circle, green triangle, blue diamond, and blue star = 200 mVs~', 100 mVs~', 50 mVs~,
20 mVs~', and 10 mVs~") and specific capacitance; C, and efficiency; EFF as a function of cycle number at the current density of 0.1 Ag~" of (a)
SSC and (b) PSC at room temperature with 0.5 M Na,SO, aqueous electrolyte in potential window of 0.05-0.7 V; (c) SSC and (d) PSC with
EMITFSI ionic liquid electrolyte in potential window of 0.05-3 V at 80°C (Color figure online).

specific capacitance of 24.9 Fg~! and 2.46 Fg ' at a
scan rate of 10 mVs !, respectively. Although
capacitance loss can be observed when increasing
the scan rate from 10 mVs ™! to 200 mVs~! for both
samples, the SSC electrode still demonstrated a
specific capacitance of as high as 13.25 Fg~'. The
GCD was also performed and shown in inset of
Fig. 2a and b. At a constant current of 0.1 Ag™%, a
stable performance was observed for 1000 cycles.
The observed columbic efficiencies are 87% and 89%
for SSC and PSC, respectively.

Along with aqueous electrolyte, ionic liquid
EMITFSI was also used to make the same type of
two-electrode sandwich cell. The CV measurements
(Fig. S4a through c¢) at varying scan rates
(10200 mVs™!) in the potential ranges from
0.05 V to 3V at RT shows the nearly rectangular
shape of the plots. Owing to the less conducting
nature of the ionic liquids, here current is observed
as less compared with in the aqueous electrolyte. It
is still interesting to observe that SSC shows better
performance with EMITFSI also. Charge—discharge
behavior at a constant current is shown in Fig. S4b
through d. It is clearly evident that with EMITFSI,
the columbic efficiency is dramatically improved as
observed from the stable nature of the charge—
discharge profile. At an elevated temperature of
60°C, the viscosity of ionic liquid drops while

increasing the diffusivity into carbon matrix as well
as while increasing the conductivity. Hence, the
overall capacitance is found to be increased at lower
scan rate. Nevertheless, as the scan rate increases,
the kinetics of ionic movement become so rapid that
the capacitive property of material is decreased and,
hence, the values decrease in comparison with the
values obtained for RT cells. In 500 charge/dis-
charge cycles at 0.1 Ag™!, the cycling efficiency is
100% and 98% for SSC and PSC, respectively.

With promising results at an ambient tempera-
ture condition, the samples were further explored
for high-temperature performance. The samples of
SSC and PSC displayed a specific capacitance of
24.5 Fg ! and 3.87 Fg ! at a scan rate of 10 mVs™?,
respectively. The cyclic efficiency of 96% and 93%
for SSC and PSC, respectively, over 500 charge/
discharge cycles at 0.1 Ag™ ' is observed.

The rate capability and observed specific capaci-
tance of the SSC electrode at RT (Fig. 3a) is
monitored at the specific discharge/charge densities
of 1 Ag™',2 Ag”!, 5 Ag"!, and 10 Ag~'. The specific
capacitances obtained were 2.72 Fg~!, 2.25 Fg1,
148 Fg~!, and 0.79 Fg~!, respectively. At 80°C
(Fig. 3b), the specific capacitances were changed to
462 Fg ', 338Fg ', 1.37Fg ', and 0.16 Fg ',
respectively. Such an excellent rate performance
suggested that the SSC electrodes could be fully
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Fig. 3. Cycle stability at (a) room temperature (b) 80°C of SSC at different current densities in EMITFSI ionic liquid electrolyte; (c) Comparison of
the two samples under investigation with different electrolytes at RT; (d) SEM images of SSC with 0.5 M Na,SO, aqueous electrolyte after 500
cycles of charge—discharge. (e) Schematic of insight of improved performance for SSC over PSC supercapacitor.

charged rapidly and can be explored as a high-rate
supercapacitor with promising properties at ambi-
ent as well as at high temperatures. A comparative
quantification plot of the data obtained is summa-
rized in Fig. 3c. In accordance with our hypothesis
of effective in situ substitution in the carbon matrix,
improved performance was obtained as a result of
increased active sites at the carbon particle, which
is clearly reflected in electrochemical performance.
The morphology of the cycled SSC electrodes was
compared with the uncycled electrode sample using
SEM (Fig. 3d) to observe the long cycling effect, if

any. After a 1000-cycle test, the SEM of SSC
electrodes demonstrated no significant change, sug-
gesting that the morphology of the SSC sample
remains unaltered during the cycling. As a result of
the long-range continuous hierarchical structure
and high KMgPO, phase contents, SSC is proved to
be better carbon material with a high specific
capacitance of 24.9 Fg~! at a scan rate of 10 mVs™!
and excellent reversibility with cycling efficiency of
87% after 1000 cycles at a current density of
0.1 mA g 'in 0.5 M Na,SO,. At 80°C, the SSC still
shows a high specific capacitance of 24.5 Fg~! at a
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scan rate of 10 mVs™! and excellent reversibility

with cyclic efficiency of 100% after 500 cycles at a
current density of 10 mAg~! in EMITFSI.

In an attempt to extract the useful carbon mate-
rials from waste and organic sources available, we
have successfully used the sunflower and pumpkin
seeds. Instead of commonly employed harsh chemical
treatments, the simple method was employed. We
have observed a good rate capability behavior with a
scan rate from as low as 10 mV to a higher scan rate
of 200 mV. The positive aspect of the bigger particle
size achieved was the high-temperature performance
of materials, which in the case of nano mterials could
be very poor. Herein, in another attempt, it is also
revealed that the selection of carbon source in terms
of their inherent composition can play a beneficial
role. The natural consitituents of sunflower seed,
potassium, magnesium, and phosphorous are trasn-
formed into secondary sites by forming a phosphate
structure into the carbon matrix. These secondary
structure then itself can act as the active site for the
ions from electrolyte/analyte (Fig. 3e) and further
falicitate the total activity of the materials. In the
case with optimized synthesis, to get a reduced
particle size and modified network of structure, these
active sites will be throughout the channels provid-
ing a homogenous path for ion transfer/diffusion.
Hence, we believe that the results of the present
study will further attract the attention of researchers
toward development of similar economical and envi-
ronmentally friendly approaches.

CONCLUSION

In summary, we have demonstrated that a com-
mon biomass, the sunflower and pumpkin seeds, can
be converted into a carbon, and reinforced with a
potassium magnesium phosphate for the superca-
pacitor. The 3D hierarchical macroporous carbon
composed of many granular nanocrystals of potas-
sium magnesium phosphate dispersed in the amor-
phous carbon matrix is extremely stable during the
long-life charge/discharge process; as a conse-
quence, the capability and cyclic stability are
greatly improved. When evaluated as an active
material, it demonstrated a high specific capaci-
tance and excellent cyclic stability. Such capacitive
performance makes the carbon—-KMgPO, composite
of SSC a promising electrode material for the
supercapacitor.
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