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Wrinkled graphene

electrolyte with 3 V voltage range, demonstrating to run a toy fan and lightning a LED for

Nanosheets

15 min after charging for 60 s.

High surface area
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Introduction
Electrochemical supercapacitors store energy by charge
accumulation at the electrode-electrolyte interface through
non-faradaic process, which provides high power density and
long cycle life as converse to batteries, where charge storage
takes place due to electrochemical reduction-oxidation (redox) reactions. Supercapacitors find their use in high power
applications like drilling, camera flash, hybrid electric vehicles
and memory backup systems. However, the limitation associated with supercapacitors is low energy density, which
hinders their use in predominant applications [1e5]. Supercapacitors are basically of two kinds: electric double layer
capacitors (EDLCs) and pseudo capacitors (PCs). In EDLC
supercapacitors, non-faradaic charge transfer occurs at the
electrode-electrolyte interface whereas on contrary, faradaic
reactions are responsible for the charge storage in PCs.
Generally, carbon-based nanomaterials (graphene, carbon
nanotubes, carbon nanofibers, activated carbon and carbon
aerogel etc.) possess EDLC behavior. On the other hand,
additionally attached oxygen-containing groups, carboxyl
groups to carbon nanomaterials, heteroatom doping (N-, S-, Pand B-) in carbon nanostructures, metal oxides (TiO2, MnO2,
RuO2, CuO, Fe2O3, NiO, Fe3O4 and IrO2 etc.) and conducting
polymers (polypyrrole, polyaniline etc.) contribute to pseudo
capacitance and boost the supercapacitive performance.
Therefore, in order to enhance the electrochemical performance including energy density without compromising with
power density and cycle life of supercapacitor, it is important
to design and develop carbon-based electrode materials
owning good electrical conductivity, high specific surface area
and proper pore size distribution with the insertion of PC
material [6e8].
Though the commercialized supercapacitors are based on
activated carbon, they suffer from low specific capacitance
resulting from their low electrical conductivity and a large
number of micro pores, which may reduce ion and charge
transportation rate [9e12]. As known, carbon nanomaterials
such as graphene, carbon nanotubes, carbon nanofibers and
carbon nanocomposite materials are playing a promising role
in energy storage applications [13e15]. Among these, twodimensional (2D) structured graphene sheets are seeking
more attention due to high electrical conductivity, excellent
mechanical strength, thermal stability, chemical stability and
large surface area. Apart from this, there are many reports
based on 2D carbon nanomaterials such as graphene, carbon
nanosheets and their composites with a three-dimensional
(3D) structure, which are used as electrode materials for energy storage applications mainly batteries and supercapacitors. 3D nanomaterials play a vital role in improving the

electrochemical performance including specific capacitance,
energy density, power density and cycle life of supercapacitors. Nevertheless, in 2D structures, aggregation of
graphene nanosheets due to strong van der Waals forces
happens and as a result, macro particles are formed and
nanosheets are not accessible for the ion adsorption and
charge transportation, degrading the electrochemical performance. Thus, the better replacement for 2D graphene nanosheets would be a 3D graphene nanosheets. 3D graphene
nanosheets are potential alternative electrode materials for
supercapacitors due to their good electrical conductivity,
unique structure with interconnected pores. 3D graphene and
its derivatives find applications in different sectors namely
sensors, fuel cells, batteries, hydrogen production and storage, solar cells and supercapacitors. In comparison to 2D
graphene, 3D graphene manifests superior surface area and
porosity that advantage them in enhancing their energy
storage properties. 3D graphene exhibits increased number of
active sites due to their unique morphology, leading to better
electrode-electrolyte interaction and hence better electrochemical properties than 2D structures [16e20]. In the second
place, heteroatom doping especially NeS doping in biomass
derived carbon have got considerable attention in academia
and industries due to their ability to enhance the charge
storage with high energy and power densities. N-doping improves the electron-transfer properties of the carbon material
whereas that of S-doping improves the pseudo capacitive
performance [21e24].
The precursors used for synthesizing such carbon nanomaterials involve expensive non-renewable materials and
multiple preparation steps and the use of toxic chemical/
gaseous reagents, which limit their large-scale production
[25,26]. Therefore, emerging a low-cost and environmentally
friendly method for producing large-scale carbon nanomaterials with high specific surface area and distinctive pores
structure is favorable for improving the electrochemical performance. Accordingly, 3D interconnected hierarchical
porous graphene like structure with thin carbon walls and
heteroatom doping is considered to be a promising electrode
material. Here, the thin wrinkled walls of the graphitic carbons form a 3D graphene like network and provide a high
conductivity, the unique pore structure consisting of interconnected meso, micro and macro pores, improves ion and
charge transportation rate and reduces the ion diffusion path
length. Designing hierarchical porous carbon materials using
soft and hard templates demand number of time-consuming
and expensive synthesis steps. Synthesis of high surface
area conductive porous carbon materials utilizing biomassbased easy and efficient techniques for high-performance
supercapacitor have found extensive interest in the recent
times. Typically, the inherent microstructure and
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composition of the biomass influence the final product
structural and morphological properties of carbon nanomaterials and their electrochemical properties. NeS co-doped
porous carbons were reported recently by using thiourea,
Na2SO3, 1-Amino-2-thiourea and etc. [27e30]. However, most
of these precursors are expensive and might release some
toxic gases during the decomposition process.
The present work demonstrates a facile single-step ecofriendly synthesis process for self NeS co-doped 3D wrinkle
graphene nanosheets (H-GNS) like structure with high surface
areas by carbonization of biomass Tender palm shoots. For
the first time, we have used Tender palm shoots as a self NeS
co-doped carbon source and to further increase the heteroatom doping content, amoxicillin is used as an NeS doping
agent. Tender palm shoots, rich in carbohydrates, are easily
available in Asian countries and contain 1% of water, 94.1% of
carbohydrates, 4% of protein, 0.5% of fat, and 1.4% of ash.
Tender palm shoots and amoxicillin are carbonized at various
temperatures ranging from 700 to 900  C with NaHCO3 to form
a 3D wrinkled porous graphene like structure. Compared with
the other chemical activation process, the present method
based on NaHCO3 is better and scalable, since the organic
impurities developed during decomposition process can be
easily removed with deionized water rinsing. To the best of
our knowledge, no reports are available on Tender palm
shoots derived self NeS doped 3D H-GNS for electrochemical
supercapacitor applications.

Results and discussion
The overall process involved in the preparation of biomassderived 3D H-GNS is depicted in Fig. 1. To make sure that
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the developed microstructure is appropriate, we carbonized
the raw Tender palm shoots at 350  C in the nitrogen atmosphere and examined their microstructure by scanning electron microscopy (SEM). Fig. S1a shows the porous framework
assembled by carbon walls in the carbonized palm shoots (see
Supplementary data file). More specifically, the observed
microstructure revealed a unique multilayer structure,
investigated as the layers of graphitic structure. Eventually, if
we could de-laminate and avoid the agglomeration of
graphitic layers, a novel and largely scalable biomass-derived
3D porous graphene like nanosheets could obtain readily.
Dual heteroatom doping is found to be more productive in
comparison with single heteroatom doping and presents a
unique set of properties due to the synergistic effects. Hence,
we presented a simple single-step green synthesis process for
self NeS co-doped high surface area wrinkled 3D graphene
like nanosheets using Tender palm shoots and NaHCO3.
Carbonization process at 700  C and 800  C give rise to
partial delamination as shown in Figs. S1bec. For H-GNS at
900  C as shown in SEM micrograph (Fig. 3) the wrinkled graphene like nanosheets are obtained, which comprise of
interconnected graphene like sheets intertwining each other
to attain 3D structure. Particularly, randomly crumpled sheets
in line with one another with thick graphene layers at the
edges are found which tend to contribute high graphitization
in H-GNS-900. In comparison to conventional graphene
nanosheets, the thin and distinctive wrinkles are significant in
the as-synthesized 3D H-GNS, which might develop from the
intense gasification and self-activation through the carbonization process. As seen in Fig. S1 and Fig. 3, the carbonization
temperature also influences the morphology of as-prepared
samples. Further investigations by transmission electron microscopy (TEM), disclosed the intertwining of the 3D structure

Fig. 1 e Schematic representation for the synthesis process of H-GNS from Tender palm shoots.
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Fig. 2 e (a) X-ray diffraction patterns and (b) Raman spectra of the H-GNS-700, H-GNS-800 and H-GNS-900.

Fig. 3 e FESEM images of (a) HGNS-900 and (b) HRTEM image of the H-GNS-900 (inset shows the SAED pattern of the H-GNS900).

resulted in thin graphene like sheets of different thickness.
The TEM image depicts conventional sheets comprised of few
layers of graphene like nanosheets. The selected area electron
diffraction (SAED) pattern of 3D H-GNS-900 suggests explicit
diffraction ring pattern, which reveals the high degree crystalline nature. The energy dispersive X-ray (EDX) elemental
mapping clearly shows the homogenous distribution of nitrogen; oxygen and sulfur within the H-GNS-900 (see Fig. S3).
The graphitization degree of the prepared samples is
characterized by X-ray diffraction (XRD) and Raman spectroscopy. Fig. 2a displays the characteristic XRD peaks of the
samples H-GNS-700, H-GNS-800, and H-GNS-900. With the
increase of carbonization temperature from 700 to 900  C, the
diffraction peak (2 0 0) slightly shifts to higher scattering angles, and there is a reduction in intensity of the weak peak at
43 , indicating the higher degree of graphitization [31]. The
peaks located at 25.9 and 43 are observed after the carbonization at 900  C, these peaks are characteristic of graphene
sheets or graphene sheet like carbon materials, and indicating

a high degree of graphitization for 3D H-GNS with an interplanar spacing of 3.4 
A. The broad diffraction peak denotes the
existence of wrinkled nature of graphene like nanosheets.
Further, the Raman spectra of 3D H-GNS-700-900 samples
show the existence of high degree of graphitization. The peaks
at 1340 cm 1, 1585 cm 1 and 2693 cm 1 are related to the
characteristic D (defects), G (graphitic) and 2D bands, respectively. The 3D H-GNS-900 spectrum showed a low intense D,
sharp G, and 2D bands with an ID/IG ratio of 0.41, whereas ID/IG
ratio for H-GNS-700 and H-GNS-800 are 0.84 and 0.89 respectively. The decreased ID/IG of 3D H-GNS-900 signifies relatively
a higher degree of graphitization. The above results demonstrate that the spectrum is characteristic of graphene like
nanosheets [32].
Then, to study the textural properties of the prepared electrode materials, nitrogen adsorption-desorption characteristics are elucidated at 77 K, and the results are presented in
Fig. 4a. It is obvious that H-GNS-700 to H-GNS-900 exhibit both
Type I and Type IV characteristic adsorption-desorption
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Fig. 4 e (a) Nitrogen adsorption-desorption isotherms at 77 K and (b) pore size distributions of H-GNS-700, H-GNS-800 and HGNS-900.

isotherms, which substantiates the hierarchical porous structure of the H-GNS samples [33]. There is significant prompt rise
at lower pressures, attributes the presence of the micropores,
and a broad curve that extends from P/P0 ¼ 0.4 to 1 for H-GNS700 to H-GNS-900 demonstrates the mesoporous structure.
However, a significant hysteresis loop and obvious kink at high
pressures (P/P0 ˃0.4) for H-GNS samples, signifies the development of the small number of macropores. Fig. 4b shows the pore
size distribution (PSD) calculated using DFT (density functional
theory) model. The specific surface area of H-GNS-900 found to
be 2095 m2 g 1, which is greater than that of H-GNS-700
(1478 m2 g 1) and H-GNS-800 (1738 m2 g 1). With increasing the
carbonization temperature from 700 to 900  C, the total pore
volume progressively increases from 0.90 cm3 g-1 for the HGNS-700 to 1.45 cm3 g-1 for the H-GNS-900. However, the pore
diameter gradually decreased from 4.0 nm for the H-GNS-700 to
3.38 nm for the H-GNS-900. We can scrutinize that all the prepared electrode materials exhibit hierarchical (micro, meso and
macro) pore structure. The well-developed mesopores resulted
from the interaction between NaHCO3 and Tender palm shoots.
The detailed mechanism for the synthesis of NeS co-doped
high surface area 3D H-GNS is explained as below. The self
NeS co-doped 3D H-GNS formed with N (2.1 at %) and S
(0.45%), when the biomass and NaHCO3 is carbonized at
700  C. To further enhance the NeS doping amount, the
combination of Tender palm shoots, NaHCO3 and amoxicillin
are used as precursors, in which Tender palm shoots acted as
a carbon source, NaHCO3 as pore-creating agent and amoxicillin as an NeS co-doping agent. When increasing the
carbonization temperature from 700 to 900  C, high surface
area porous 3D H-GNS samples are developed. In addition,
through the reaction with the decomposed ammonia (NH3)
and SO3 from the amoxicillin, a fraction of carbon atoms is
replaced by nitrogen and sulfur and finally high amount of
NeS doped 3D H-GNS is obtained. Here, Na2CO3 plays a
promising role in ripping off and using the sp3 hybridized
carbon atoms in between the graphitic layers of Tender palm
shoots derived carbon. Once the Na2CO3 is decomposed,
resultant Na atoms catalyzed the graphitic microstructures to
form a 3D wrinkled graphene sheets like structure. Also, the

pore formation is developed by the release of CO2 from the
surfaces once NaHCO3 is decomposed. The Na2CO3 is emancipated and trapped in the inner pores developed by CO2 gas
bubbling, which helps in the development of micro and
mesopores. The released CO2 further interacts with carbon
through the gasification resulting in thinner walls. It is well
reported that K, Na, and Ca are liable to catalyze the high
graphitization of amorphous carbon and these atoms can
develop charge transfer centers with aromatic hydrocarbons
and also with graphitic layers to obtain crystallinity. For the
presence of inherent inorganic elemental composition, see
Table S1. Elements such as K, Na, Ca, P, Fe and Cl, influence
the self-activation of Tender palm shoots which enhances the
graphitization degree. Where, the Cl ions etch out the carbon
structure and developed micro and mesopores, and K, Na and
Ca prevent the generation of van der Waals force, which
hinders the aggregation of sp2 hybridized carbon layers and
results in 3D graphene-like structure. In addition, while
increasing the carbonization temperature, oxygen also contributes to etching the graphitic layers to develop 3D graphene
like sheets.
The pore formation mechanism is explained as follows:
2NaHCO3 / Na2 CO3 þ CO2 þ H2 O

(1)

Na2 CO3 / Na2 O þ CO2

(2)

Na2 CO3 þ 2C/2Na þ 3CO

(3)

Na2 O þ C/2Na þ CO

(4)

CO2 þ C/2CO

(5)

The existence of wrinkles offers the enhanced ion interaction at the electrode-electrolyte interface. Na2CO3 is a general carbon activation agent, the use of Na2CO3 is reported in
literature as activation agent for the synthesis of porous carbon and there is no report for obtaining 3D-graphene like
nanosheets structure. The possible reason could be: some of
the biomass materials might react directly with Na2CO3
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without being subjected to carbonization which would
certainly generate a huge amount of tar in the reaction and
this tar is possible to hinder the catalytic effect of Na2CO3. The
reaction temperature also plays a major role, the reordering of
graphitic microcrystals is restricted at temperature below the
melting point of Na2CO3 (850  C). It is realized that no
graphene-like sheets are developed when the carbonization is
done below 900  C. According to previous reports, few 3D
graphene like materials are developed from some of the
biomass precursors, but they have used multiple and critical
preparation steps. Herein we have used a single preparation
step for self NeS co-doped 3D graphene like sheets.
X-ray photoelectron spectroscopy (XPS) is used to understand the chemical composition of the 3D H-GNS-900. The
higher resolution survey spectrum as shown in Fig. S4 confirms the presence of N, C, O and S in H-GNS-900. The highresolution N1 spectra is deconvoluted to four different
peaks, which correspond to pyridinic (N6, 398.3 eV), pyrrolic
(N5, 399.9 eV), quaternary (QN, 400.8 eV) and oxidized-N (N-Ox,
402.4 eV) [34,35]. Typically, pyrrolic N and pyridinic N are
located along the wings of the graphitic carbon plane, while
the quaternary N are located at the wings of graphitic carbon
plane and within the oxidized 3D graphene like sheets. It is
well known that the insertion of even small amounts of heteroatoms (N, S) can significantly improve the physicochemical
properties of the carbon network, such as electrochemical
activity, conductivity and oxidation stability. In aqueous
electrolyte, it is believed that both pyrrolic N and pyridinic N
are electrochemically active, which offers the extra pseudo
capacitance, whereas the inserted quaternary N into the
graphitic planes bonded to the three carbon atoms contribute
to the electron transfer and significantly improve the electrical conductivity of carbon network. The deconvoluted S 2p
spectra have peaks at 164.0 eV, 165.5 eV, 167.9 eV and 169.3 eV,
respectively. The initial two dominated peaks correspond to
the S 2p3/2 and S 2p1/2 peaks for the thiophene-S (-C-S-C) due
to a spin-orbit coupling, which contributes the pseudo
capacitance behavior, and the peaks at 167.9 and 169.3 eV
correspond to the oxidized sulfur group C-SOx-C. The obvious
development of volatile SeO groups could be responsible for
the relatively reduced percentage of S in the prepared samples
compared to N after carbonization. The C1s peak at 284.5 eV,
285.8 eV, and 286.8 eV corresponds to sp2 hybridized C(C]C)
atoms in graphene, a broad high-intensity shoulder peak relates to sp2-C atoms bonded to S and carbonyl groups such as
(C]C), (OeCeO) and a low-intensity sp3 CeN bonds, respectively. The peak at 531.1 eV (C]O) in the O1s spectra shows
the existence of oxygen atoms, which efficiently participate in
contributing to the pseudo capacitance by improving the
wettability of carbon material and involves in faradaic reactions. Elemental composition of prepared materials at
different temperatures are determined by XPS and the
composition values are listed in Table S2.

Electrochemical performance of NeS co-doped 3D wrinkled
graphene sheets-based carbon electrodes
The electrochemical performances of H-GNS 700e900 electrode materials are examined in the aqueous 1 M H2SO4
electrolyte. Fig. S5a represents the cyclic voltammetry (CV)

curves for H-GNS-700 and H-GNS-800 with the nearly rectangular shape at the scan rate of 100 mV s 1. The specific
capacitance (Cp) of H-GNS-700 and H-GNS-800 electrodes is
measured from the charge-discharge (CD) profiles as shown in
Fig. S5b at 1 A g 1. CD curves present the non-linear shape,
which indicates both EDLC and PC nature and exhibit capacitance of 270 F g 1 and 364 F g 1 for H-GNS-700 and H-GNS-800
electrodes, respectively.
In order to observe the stability of prepared electrode material, we have done the electrochemical testing of H-GNS-900
in various electrolytes, both in three- and two-electrode configurations at various scan rates and current densities.
Initially, the performance of the H-GNS-900 electrode is
examined in a three-electrode configuration using 1 M H2SO4.
Fig. 5a shows the CV profiles of H-GNS-900 in a potential
window of 0e1 V. It shows a quasi-rectangular shape at
various scan rates with slight pseudo capacitive contribution
due to the influence of surface heteroatom (N, S) functionalities. Further electrochemical performance is studied with the
CD profiles at different current densities as shown in Fig. 5b. It
exhibits the nonlinear behavior with the high chargedischarge rate. A high specific capacitance of 529 F g 1 is obtained at 1.5 A g 1 current density. The increase in current
density from 1.5 to 3, 6, 8 and 30 A g 1 results in a gradual
decrease in specific capacitance from 529 to 424.8, 420, 377.6,
347.5 F g 1, respectively. A specific capacitance of 347.5 F g 1 is
still sustained even at a high current density of 30 A g 1, which
further proves the high ion transfer rate i.e. good rate capability of H-GNS.
Compared with the earlier reports, it is worthy to note that
a specific surface area value does not certainly promote a high
specific capacitance. For example, while the excellent surface
area (2557 m2 g 1) of the carbon derived from silk fibroin displayed a specific capacitance of 264 F g 1; the much lower
surface area (221 m2 g 1) of the activated carbon obtained
from eggshell membrane exhibited a high specific capacitance
of 297 F g 1. The huge variation can be principally ascribed to
the variation in their specific active surface area, which can be
greatly progressed by a unique morphological structure, such
as in case of carbon derived from the eggshell. Thus, a suitable
morphological structure can promote a high specific active
surface area (accessible surface area for electrolyte ion interaction). This is quite persistent with our data, where the
substantially high specific capacitance (529 F g 1) with an
adequate surface area (2095 m2 g 1) apparently signifies the
high active specific surface area of the 3D H-GNS-900. Here,
the excellent electrochemical performance of H-GNS-900 is
due to the 3D wrinkled graphene like sheets with interconnected pore structures, which not only exhibits the high
specific surface area but also shortens the ion diffusion path
length and assists the quick ion transportation. Furthermore,
the doping with heteroatoms offers high electrical conductivity, pseudo capacitance and hence better performance.
To further investigate the electrochemical performance of
H-GNS-900, a symmetric supercapacitor is fabricated using
1 M H2SO4. From Fig. 5c, CV curves show rectangular shape,
this is maintained even at high scan rates, denoting the ideal
capacitive behavior and good rate performance. In addition,
the CD profiles display the symmetrical triangular shape even
at higher current densities with no remarkable IR drop; specify
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Fig. 5 e Electrochemical capacitive behavior of the H-GNS-900 measured in a three-electrode system: (a) CV curves, and (b)
GCD curves in 1 M H2SO4; (c) CV curves, and (d) GCD curves in 1 M H2SO4 for two electrode configurations.

the electrochemical reversibility with low internal resistance
(Fig. 5d). A high specific capacitance of 330 F g 1 at 1 A g 1 and
a gradual decrease in specific capacitance (148 F g 1) is
observed with increased current density (30 A g 1). The symmetric system also exhibits a maximum energy density of
11.5 Wh kg 1 at a power density of 0.5 kW kg 1. Information on
variation of N, S content with carbonization temperature and
its influence on electrochemical performance is given in the
supplementary data file.
Further, a standard technique to study equivalent series
resistance (Rs), charge transfer resistance (Rct), and capacitive
behavior etc. widely known as electrochemical impedance
spectroscopy (EIS) is implemented. The Nyquist plot of HGNS-900 electrode in 1 M H2SO4 in the frequency ranges from
100 kHz to 10 mHz is shown in Fig. S6. A semicircle at high
frequencies with a diameter of ~2.89 U along the real axis
denotes the charge-transfer resistance at the electrodeelectrolyte interface. This low Rct could be due to the unique
3D porous graphene sheets with the interconnected hierarchical porous structure, which reduces the ion diffusion
length, acts as ion transportation channels and also behave as
ion buffering reservoirs. The low equivalent series resistance
of ~ 0.28 U, at a high-frequency region, signifies that the
hetero-atom doping increases pore accessibility for the ions,
and are facilitated with good intrinsic electronic properties of
the electrode material, also it could be due to the smaller
contact resistance between the electrode material and electrolyte ions. The vertical line at mid-frequency range is a
characteristic of ideal capacitor behavior denotes the Warburg

impedance ascribed to the frequency dependence of ion
diffusion/transfer. In addition, the wrinkled thinner walls of
the H-GNS-900 improve the diffusion of the ions readily. The
measured values from the Nyquist and bode plot are given as
below; Rs ¼ 0.28 U, Rct ¼ 2.89 U, W ¼ 0.47 U. From the bode plot,
it is observed that the phase angle of H-GNS is 88 which is
nearer to that of an ideal capacitor value of 90 . This resulting
of low equivalent series resistance, low charge-transfer
resistance, low relation time, high phase angle and excellent
specific capacitance suggest the superior electrochemical
properties of H-GNS, which are favorable for a supercapacitor
device. The variation of the phase angle from 90 supports the
pseudo capacitive behavior. Relaxation time constant (t0 ¼ 1/
f0, f0 ¼ frequency at 45 ) is a significant feature of the
supercapacitor device. Time constant for H-GNS is found to be
2.1 s. This low relaxation time of H-GNS reveals diffusion of
ions deeper into the electrode material and that the supercapacitor device achieved its maximum capacitance with
rapid recharging. It is well recognized that the high-power
density relates to lower relaxation time constant values.
This value is rapid than that of the commercially available
Maxwell’s supercapacitors (3.86 s).
In the present scenario, flexible supercapacitors are given
considerable attention in flexible energy storage device for
wearable applications such as electronic appliances, electric
devices and smart garments etc. Considering the notable role
of electrolyte and current collectors in such design, we intent
to assemble solid-state flexible supercapacitor using H-GNS900 as an electrode material with PVA/H2SO4 based solid-state
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Fig. 6 e Electrochemical studies of H-GNS-900 (a) CV curves in PVA/H2SO4 gel electrolyte, (b) GCD curves in PVA/H2SO4; (c) CV
curves in Agarose/NaCl hydrogel electrolyte, (d) GCD profiles in Agarose/NaCl in two electrode configurations.

gel electrolyte. The CV and CD performance of such fabricated
device is shown in Fig. 6aeb. The CV curves show nearly
rectangular shape in the potential window of 0e0.9 V, and the
measured specific capacitance from the CD curves is
112.1 F g 1 at 1 A g 1. The step by step decrement in specific
capacitance 105.7, 104.3, 94.6, 93.3, 91.11 F g 1 is observed as
the current density is increased. It retains 81.3% of initial
capacitance and exhibits high energy of 12.6 Wh kg 1 at a
power density of 450 W kg 1, respectively.
Further, we report a fully bio-compatible solid-state flexible supercapacitor using a NaCl-Agarose hydrogel electrolyte.
It is less expensive and environmentally friendly, consists of
chemically interconnected Agarose backbone with sub
micrometer pores. NaCl-Agarose gel electrolyte is prepared by
inclusion of both Naþ and Cl ions into hydrogen-bonded
interconnected self-construction of molecules of Agarose
gel. This porous structured gel electrolyte facilitates the rapid
ion transfer channels, resulting in high-energy storage capacity. To all above, the simple gelation process, low cost of
Agarose and NaCl salt, permits this solid-state flexible
supercapacitor to be fabricated appreciably. Fig. 6c shows the
CV curve for biocompatible solid-state flexible supercapacitor.
It reveals a quasi-rectangular shape at different scan rates and
Cp is measured from the CD curves (Fig. 6d) at current densities in the range of 1.5e15 A g 1. CV plots demonstrate
symmetrical shape with a small IR drop in a wide range of
current densities signifying excellent rate capability. A Cp of
120 F g 1 at 1.5 A g 1 and a Cp of 95 F g 1 is still maintained at a
high current density of 15 A g 1. It also shows high rate
capability of 79% at a current density of 15 A g 1 with a high

energy density of 10.6 W h kg 1 and power density of
599 W kg 1. Calculations are made based on considering total
mass of the two symmetric electrodes. There are no observed
changes in CD curves when flexible capacitor is bended at
angles from 0 to 180 at a current density of 1.5 A g 1 as shown
in Fig. S7a. Interestingly, the three flexible supercapacitors
connected in series can power up a red LED for 15 min after
charging for 60 s.
The commercial supercapacitor industry is dominated by
organic electrolyte owing to their high working voltage range.
Also, it facilitates the utilization of cheaper materials for
current collectors and packages. In this work, 1.5 M tetraethylammoniumtetrafluroborate (TEABF4) in PC solution is
used as electrolyte. The CV and CD profiles are shown in
Fig. 7aeb in an organic electrolyte. The H-GNS-900 exhibits a
superior Cp of 140, 132, 124, 109 F g 1 at 1, 2, 5, and 10 A g 1
current density respectively and also presents a high energy
density of 43.75 Wh kg 1 at a power density of 750 W kg 1.
Comparison of electrochemical performance of the present
work with previously reported biomass-derived porous carbon listed in Table S3. Noticeably, the calculated specific
capacitance for H-GNS-900 in the organic electrolyte is lower
than that of aqueous electrolyte, attributed to the larger solvated ion sizes and lower dielectric constants of organic
electrolytes. Also, the pseudo capacitance contribution from
carbon-based electrode materials is less in case of organic
electrolytes.
Furthermore, non-aqueous electrolytes such as ionic liquids are acquiring the potential interest in energy storage
devices due to their high and stable voltage range. Added to
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Fig. 7 e Electrochemical performance characteristics measured in two electrode configuration (a) CV curves at various scan
rates, and (b) GCD curves at different current densities in 1.5 M TEABF4/PC electrolyte; (c) CV curves of H-GNS/IL, (d) CD
profiles at various current densities in [BMIM][TFSI] electrolyte.

the above, high ionic conductivity, a wide voltage window
(3e7 V), low vapor pressure, superior thermal and electrochemical stability make ionic liquids an ideal eco-friendly
alternative to organic electrolytes. However, the presence of
water molecules may reduce the working potential of ionic
liquids. Hence, to overcome this, we have used hydrophobic 1butyl-3-methylimidazoliumbis
(trifluoromethanesulfonyl)
imide [BMIM] [TFSI] ionic liquid at atmospheric conditions to
obtain high energy and power densities. In general, ionic
liquid-based supercapacitors are fabricated in glove box condition but in the present work, we have assembled the symmetric device using environmentally compatible [BMIM][TFSI]
ionic liquid. The CV curve and CD plots of H-GNS-900 electrode in [BMIM][TFSI] are shown in Fig. 7ced. The curves have
the nearly rectangular pattern, and stable up to working
voltage of 3 V. A specific capacitance of 85 F g 1 at 2 A g 1 is
realized for the full device and this value is comparably high to
the reported values. This advancement in the working potential and the specific capacitance in ionic liquid electrolyte
resulted in enhanced energy and power density of
106.3 Wh kg 1 and 3 kW kg 1 respectively. This enhanced
electrochemical performance in ionic liquid electrolyte can be
attributed to (i) the high specific surface area and unique pore
size distribution which matches the size of the electrolyte ion
leading to substantial specific capacitance improvement; (ii)
the interaction of lone pair electrons in nitrogen atoms of HGNS and imidazolium ring which greatly improves the binding energy, charge transfer from nitrogen to carbon atoms,
thereby enhanced electrical conductivity leading to improved

performance; (iii) the unique pore nature and the large
amount of wrinkles present in the surface of H-GNS increases
the surface accessibility to ions, decrease the electrolyte ion
diffusion distance to the inner pore walls thereby contributing
more to improved electrochemical performance.
Fig. 8a displays the Ragone plots of the H-GNS-900, i.e.,
the energy densities versus power densities, determined in
various electrolytes. Impressively, excellent energy density
of 106.3 Wh kg 1 at a power density of 3 kW kg 1 in the ionic
liquid, and large energy density of 43.75 Wh kg 1 at a power
density of 750 W kg 1 in an organic electrolyte is achieved.
This realized energy and power densities in organic and
ionic liquid electrolytes are higher than the previous reports
on heteroatom doped carbon materials derived from
biomass. The long-term stability of electrode materials is a
crucial parameter for their potential applications in practical supercapacitors. Fig. 8b shows the rate capability plot
in various electrolytes. In addition, the cyclic capability of
H-GNS-900 electrode is studied for continuous 10, 000 cycles
(see Fig. 8c) at 5 A g 1 current density and surprisingly 93%
of initial capacitance is retained over 10,000 cycles. The
above observation validates that the Tender palm shoots
derived carbon holds excellent electrochemical stability and
good electrochemical performance in the three, and twoelectrode systems. Due to high power/energy density, HGNS based supercapacitor could power up a red LED with
3 V voltage window in the organic electrolyte and drive a toy
fan. The energy density levels with recent reports are
compared in the Ragone plot with our work [36e47].
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Fig. 8 e (a) A Ragone plot; (b) Specific capacitance as a function of current densities in different electrolytes for H-GNS-900; (c)
Capacitance retention of H-GNS-900 at a current density of 5 A g¡1 over 10,000 cycles in 1 M H2SO4.

Conclusion
In conclusion, self NeS co-doped hierarchical porous 3D graphene like nanosheets are developed through a simple
carbonization and self-activation process from biomass Tender palm shoots. The inherent inorganic elements composition such as K, Cl, P, O, S, Ca and Fe in biomass influence a selfactivation in addition to the carbonization process in presence
of Na2CO3 and thereby produce a unique porous wrinkled 3D
graphene-nanosheets. Moreover, H-GNS-900 electrode material exhibits a high electrochemical performance in various
aqueous and non-aqueous electrolytes. This is due to the high
specific surface, hierarchical 3D porous structure, the high
degree of graphitization, and excellent electrical conductivity
along with nitrogen-sulfur co-doping. The present results
suggest the possibility of utilizing nature to improve the
development of electrode materials with high performance
through simple methods. This method holds significance for
the low-cost and large-scale production of excellent performance electrode materials for electrochemical devices.

Experimental
Materials synthesis
In a typical preparation process, the Tender palm shoots is
dried in air and ground to a fine powder. The obtained fine
powder is pre-carbonized at 350  C for 2 h under N2 gas flow in

a tubular furnace, which resulted in the complete decomposition of carbohydrates to carbon. The collected precarbonized sample is mixed with NaHCO3 in 1:1 mass ratio.
The entire mixture is dissolved in DI water, kept undisturbed
for overnight, later the mixture dried at 70  C for 8 h. The dried
sample is then placed in a ceramic crucible and heated at
700  C for 2 h under N2 atmosphere. To further enhance the
NeS co-doping amount the above procedure is repeated with
the addition of 15 wt % of Amoxicillin followed by carbonization from 700 to 900  C (heating rate 5  C per minute) for 2 h,
under N2 gas flow in a tubular furnace. The collected sample is
washed with ethanol and de-ionized water to remove the
impurities such as Na2CO3. Finally, the 3D H-GNS sample is
collected by drying at 80  C overnight in an oven. The obtained
samples are referred as H-GNS-700, H-GNS-800 and H-GNS900.

Materials characterization
The structural properties of prepared materials were analyzed
by using X-ray diffraction (XRD) studies conducted with a
PANalytical X’Pert Pro X-ray diffractometer with a CuKa radiation source (l ¼ 0.15406 nm) in the 2q range between 5 and
90 with a step size of 0.02. Raman spectroscopy measurements were taken using a confocal WiTech Raman spectrometer with an Nd: YAG laser (532 nm). For morphological
studies, FEI Inspect F scanning electron microscope was used.
The morphology of the samples was observed using highresolution transmission electron microscopy (HR-TEM) with
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a Tecnai G2 20 operated at 200 keV. The surface chemical
characteristics were performed by energy dispersive spectroscopy (EDX). Surface area and pore size distribution analysis of H-GNS were performed in micromeritics ASAP 2020
instrument. X-ray photoelectron spectroscopy was carried out
in Specs X-ray photoelectron spectrometer, X-ray source
being Mg Ka and analyzer PHOIBOS 100MCD.

Electrochemical characterization
The working electrodes are prepared by mixing 80 wt % assynthesized powder samples with 15 wt % acetylene black
and 5 wt % Polytetrafluoroethylene (PTFE). After that, NMethyl-2-pyrrolidone (NMP) is added to form homogenous
slurry, which is coated on a piece of a carbon sheet current
collector. The loading of as-prepared sample on carbon sheet
is approximately 2 mg with an area of 1 cm2. The as-prepared
electrodes are dried at 70  C overnight. The electrochemical
measurements (Cyclic voltammetry (CV), charge-discharge
(CD) characteristics and electrochemical impedance spectroscopy (EIS) measurements) are carried out on a CH1608C
workstation. The electrochemical response of 3D H-GNS is
studied in three and two electrode configurations in aqueous
(1 M H2SO4) electrolyte. For the three-electrode system, 3D HGNS, Ag/AgCl, and Pt wire are used as working, reference and
counter electrodes, respectively. The EIS measurement is
conducted for the 3D H-GNS electrode material in the frequency ranging from 10 mHz to 100 kHz with 5 mV amplitude.
In order to practically exhibit the potential applications of HGNS in supercapacitors, the model supercapacitor device is
assembled in ionic liquid [BMIM] [TFSI]), all solid-state gel
electrolyte (PVA/1 M H2SO4), NaCl-Agarose hydrogel and with
organic electrolyte (TEABF4/PC). The supercapacitor assembly
consists of H-GNS-900 coated carbon sheet as electrodes,
polypropylene membrane as a separator, [BMIM] [TFSI] ionic
liquid as an electrolyte and stainless sheets (SS) as current
collectors. A separator soaked and dried with ionic liquid is
placed between two electrodes. This setup is further sandwiched between two Perspex sheets along with SS current
collectors. Similarly, all-solid-state supercapacitor device is
fabricated using gel electrolyte (PVA/1 M H2SO4) placed between the electrode materials coated on carbon cloth. The
specific capacitance (C), power density (P), and energy density
(E) values are measured using the below-given equations. For
two electrode system in the organic electrolyte, H-GNS-900
material slurry is prepared, coated on aluminum foil, dried
initially at 60  C for 12 h and later at 120  C for 6 h. The prepared electrodes are then cut into 12 mm discs and used for
coin cell fabrication. The cell is constructed in a glove-box
under an argon atmosphere using 2032-type coin cell, glassy
fiber (GF/D) from Whatman as a separator and 1.5 M tetraethylammoniumtetrafluroborate (TEABF4) in PC solution as
electrolyte. Agarose-NaCl bio-compatible gel electrolyte is
prepared by addition of 1 g of Agarose powder to 0.5 M NaCl
solution followed by continuous magnetic stirring, and
simultaneous heat treatment at 100  C. The resultant agarose
gel is poured on a glass plate and allowed to cool down at room
temperature. As prepared thick gel film was removed from the
glass plate, and then sandwiched with H-GNS-900 electrodes.
For three electrode configurations [48,49]

C¼

I
m  DE
Dt
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(7)

For the two electrode configuration [50e52]
C
¼

4I
; specificcapacitance of thesingleelectrodeof fullcell
m1 DE
Dt
(8)

C¼

I
; for full device specific capacitance
M  DE
Dt

E¼

1  C  ðDEÞ2
2  3:6

(10)

P¼

E  3600
Dt

(11)

(9)

where C stands for the specific capacitance, I is the discharge
current, DV is the working potential of the electrode material,
Dt is the discharge time, m is the mass of the active material
on electrodes, m1 is the mass of the active material on two
electrodes, M is the total active mass of the two electrodes, E is
the energy density and P is the power density of the full
device.
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