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ABSTRACT: The scalable design and inexpensive synthesis of high-surface-area conductive
porous carbon electrode materials for high-performance supercapacitors have found extensive
interest. Typically, the inherent structure and composition of the biomass or biowaste
in uence the nal structural and morphological properties of carbon nanomaterials. To
investigate the in uence of internal microstructure on the nal products and their e ect on
electrochemical performance, herein, for the rst time, we demonstrated a facile approach for
the synthesis of three unique microstructures. N-doped two-dimensional wrinkled few-layered
porous graphene nanosheets (N-HGNSs), three-dimensional honeycomb-like porous carbon
(N-HPC), and carbon micro akes (N-CMF) are synthesized from three di erent parts of a
single biowaste material, Bombax malabaricum. N-HGNS, N-HPC, and N-CMF electrode
materials exhibit high speci ¢ capacitance (C,) values of 523, 458, and 363 F ¢ ! respectively,
at a high current density of 1.5 A g in 1 M H,SO, with a high rate capability of 82% at 30
A g !, which are, to the best of our knowledge, among the highest ever testi ed for N-doped

carbon materials obtained from biowaste. Furthermore, a fully biocompatible exible solid-state supercapacitor device is
successfully designed with high energy densities of 19.4 and 17.84 Wh kg 1, as well as excellent energy densities of 76.9 and 53
Wh kg ! are presented in Na,SO, electrolyte for N-HGNS and N-HPC electrodes, respectively. It is believed that this single-
step novel green approach could aid in the design of an e cient and large-scale process to prepare electrode materials with
tunable properties from biowaste for excellent energy storage applications. Furthermore, the three exible supercapacitors
connected in series can power a red light-emitting diode for 20 and 15 min after charging for 60 s for N-HGNS and N-HPC,

respectively.

INTRODUCTION

In recent times, electrochemical supercapacitors have attracted
considerable attention due to their high power density, long
cycle life, and quick charge discharge rate.* Since super-
capacitors can deliver high power in short pulses, they have
found applications in heavy electric vehicles, power backup
systems, and portable electronic devices.>® However, the only
limitation associated with the supercapacitors compared with
batteries is their lower energy density.” Based on the energy
storage mechanism, electrochemical supercapacitors are
classi ed into two types. One of them is the electric double-
layer capacitor, in which the energy storage takes place at the
electrode electrolyte interface. The other supercapacitor type
is the pseudocapacitor, in which the energy storage takes place
due to the fast redox reactions of the electroactive materials at
the electrode surface. Although pseudomaterials such as metal
oxides and conducting polymers exhibit high speci ¢
capacitance, their high cost and poor cycle life limit their
practical applications.” To address these di culties, carbon
nanocomposites are designed along with the pseudomaterials.
One of the productive ways of introducing pseudocapacitive
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behavior is through the incorporation of heteroatoms on the
surface of carbon materials. These doped heteroatoms
contribute pseudocapacitance, improve the surface wettable
properties of the carbon materials, and also alter the
electrochemical properties of the carbon nanomaterials.” The
fabricated supercapacitors utilizing such electrode materials
would exhibit the combined electric double layer and
pseudocapacitive behavior to obtain relatively high capaci-
tance, long-term cycle stability, and quick charge discharge. In
general, nitrogen-doped carbon nanomaterials are synthesized
by either post-treatment of carbon materials with the nitrogen
source, i.e., polypyrrole, or doping during carbonization of
carbon materials along with nitrogen-rich sources.”

In recent times, research and development have concen-
trated on nding various novel nanomaterials that can nd
applications in energy storage and conversion devices.®’
Although a variety of feasible designs are already presented,
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Figure 1. Schematic representation of the synthesis process of N-HGNS, N-CMF, and N-HPC.

the demand of novel materials with a high electrochemical
performance that can overcome some challenges, such as the
dependency on the abundant and expensive precursors and
multiple preparation steps using toxic chemical reagents, is
increasing.’® ** Electrode materials designed for high electro-
chemical performance should exhibit high electrical con-
ductivity and a large speci c surface area with unique pore
structures to access a signi cant amount of electrolyte ions at
the electrode electrolyte interface, subsequently supporting
the electric double-layer capacitance. Among all of the
nanomaterials, carbon materials such as graphene, carbon
nanotubes, and carbon nano bers** have found signi cance as
promising electrode materials for electrochemical devices.

In today’s world, there is a need to develop and scale up
sustainable, clean energy sources, and the technologies related
to these are acknowledged worldwide as an urgent priority.
The appropriate way to address the global economic issues is
to make use of biomass.”> *® The use of biomass or biowaste
materials is substantially less harmful to the environment; they
are abundant, inexpensive, and also help in the reduction of
fossil fuels. Till date, the physical (stream, CO,) and chemical
(KOH, NaOH, ZnCl,) methods of activation of biomass/
biowaste are the most commonly used methods to develop
porous carbon nanomaterials with high surface areas and
unique porosities.>?° It has been realized that the speci ¢
surface area and the pore structure of carbon materials are the
two important features that can in uence the rate capability
and the speci c capacitance of supercapacitors. This is because
the capacitance of a supercapacitor commences from the
electrostatic charge accumulation at the electrode electrolyte
interface. In recent times, porous carbon materials with two-
dimensional (2D)** and three-dimensional (3D) micro-
structures®® have found signi cance as promising electrode
materials for electrochemical devices since they have better
accessibility and can o er signi cant active surface area for
electrolyte adsorption to various pore sizes and also reduce the
di usion length of electrolyte ions into micropores.® There-
fore, extensive research methods including the use of expensive
soft and hard templates and metallic and toxic chemically or
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physically active reagents to produce porous carbons have been
developed. However, these routes still found some limitations
due to the complex and multiple preparation steps and the
need for expensive carbon precursors and expensive sacri cial
templates,”**° and hence limiting their large-scale applications.
Therefore, emerging inexpensive and nontoxic green ap-
proaches for the development of 2D and 3D porous carbons
have become urgent.

Herein, a less expensive, novel, scalable, and single-step
process is explored to develop nitrogen-doped porous carbon
nanomaterials with three unique morphologies by utilizing
three di erent parts of a single biowaste Bombax malabaricum
as a carbon precursor. In this work, comparative analyses of
three microstructures from B. malabaricum have been
presented by studying their material properties and evaluating
their supercapacitive performance.

These trees are commonly planted in African and Asian
countries, and they can produce around 2000 4000 seeds at a
time. In the spring season, B. malabaricum shells open up on
the tree and a large number of loosely imbedded seeds and the
pale yellow micro bers from the broken shell 'y in the wind. B.
malabaricum bers can grow up to 0.3 1.25 in. long, with
diameters of 30to 36 m, and they comprise both lignin and
cellulose. The oss is light in weight compared to the normal
cotton but is too rm for spinning. Earlier reports
demonstrated that various types of biomass-based porous
carbons have found potential applications as electrode
materials for supercapacitor applications due to their ability
to be carbonized, the speci ¢ inherent microstructures, and the
presence of organic and inorganic elemental contents to form
carbon nanomaterials. The various parts of B. malabaricum
should have unique inherent microstructures. The examination
of these microstructures and the electrochemical properties of
the prepared carbon materials derived from them are bene cial
to not only make use of biowaste but also understand the
variance of microstructure formation based on their inherent
structures and organic inorganic elemental compositions,
which help us in proper selection of biomass and development
of high-performance supercapacitor electrode materials. Here-
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Figure 2. (a) X-ray di raction patterns of N-HGNS-700 900, CMF, N-CMF, and N-HPC-700 900; (b) Raman spectra of N-HGNS-700 900,

CMF, N-CMF, and N-HPC-700 900.

Figure 3. Scanning electron microscopy (FE-SEM) images of (a) N-HGNS-700, (b) N-HGNS-800, (c) N-HGNS-900, (d) N-HPC-700, (f) N-
HPC-800 ((e) inset showing the low-magni ed image), (g) N-HPC-900, (h) CMF, and (i) N-CMF-900.

in, we presented a range of carbon nanomaterials developed by
a simple pyrolysis process in an inert atmosphere without using
any toxic activation methods. The developed materials
acquired high speci ¢ surface areas with unique hierarchical
pore structures, moderate conductivity, and uniform nitrogen
doping.

Typically, the supercapacitor device performance depends
primarily on two factors: the electrode material and the
electrolyte that we use. To verify the stable electrochemical
performance of the prepared electrode materials in various
electrolytes, these novel carbon materials are explored as
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electrode materials for supercapacitor applications with
excellent electrochemical performance both in acidic and
neutral aqueous electrolytes, and also we have demonstrated a
fully biocompatible solid-state supercapacitor.

RESULTS AND DISCUSSION

Initially, three simultaneously N-doped unique microstructures
are derived from three di erent parts of biowaste B.
malabaricum and the developed samples are examined as
active electrode materials for supercapacitor applications. The
overall synthesis process is shown in schematic Figure 1. The
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structural properties of as-synthesized N-HGNS, N-CMF, and
N-HPC are characterized in detail, as shown in Figure 2a. The
di raction peaks located at around 26.3 and 43° in the X-ray
di raction (XRD) pattern indicate the presence of graphene
nanosheets for N-HGNS, which shows a high graphitization
degree, and these characteristic peaks are related to the (200)
and (101) planes, which show a turbostratic graphitic
structure. The XRD patterns of N-CMF suggest the graphitic
nature of the carbon from the peaks at 25.9 and 43°. In the
case of N-HPC-700 to N-HPC-900, the XRD pattern shows
two di raction peaks located at around 24.8 and 43°, revealing
the low degree of graphitization, which can be ascribed to the
(002) and (100) planes of the disordered carbon layers,
respectively. The high intensity of the low-angle di raction
peak at 43° may be attributed to the presence of abundant
micropores in N-HPC. The decrease in intensity of the 43°
di raction peak with an increase in temperature indicates the
high graphitization level.

The graphitic nature is further veri ed by Raman spectros-
copy. The characteristic Raman peaks of the three unique
microstructures are located at around 1350 and 1580 cm !
(D and G bands of carbon, respectively). The D band is
associated with the defects and disorder present in the carbon
nanomaterials, while the G band is associated with the
graphitic level.?®%” The 1o/l intensity ratio is used to evaluate
the amount of graphitic ordering present in the carbon. For the
N-HGNS, the 15/ ratio reduces from 0.87 for N-HGNS-700
to 0.63 for N-HGNS-900, which speci es that a high amount
of ordered carbon present in B. malabaricum is carbonized at
high temperature. Speci cally, as the carbonization temper-
ature increases, the Raman spectra of the carbonized N-HGNS
not only simply display the D and G bands but also show a
peak at around 2689 cm !, which signi es the 2D band of
graphene. In the Raman spectrum of HGNS-900, the 2D band
(de ning the number of graphene layers) is strong, which
indicates that a large amount of graphene-like sheets exist in
HGNS-900. Therefore, the resulted Raman characteristic
peaks con rm that the carbonization process of the B.
malabaricum shells signi cantly increases the graphitization
level of the carbon nanomaterials. Figure 2b displays the
Raman spectra of N-CMF samples before and after carbon-
ization. The Ip/lg intensity ratio of the N-CMF before
carbonization (Ip/lg = 0.81) exhibits a smaller change than
that of the ratio after carbonization (Ip/lg = 0.88), which
speci es a higher graphitization degree of the carbonized N-
CMF. Similarly, the intensity of the D band of the N-HPC is
higher than that of the G band, which signi es a lower degree
of graphitization present in the N-HPC. As explained before,
the variation in the graphitization levels of N-HGNS, N-CMF,
and N-HPC is probably ascribed to the variation in the
inherent microstructures, the chemical composition of samples,
and proper carbonization temperature and process. The
presented organic and inorganic elemental compositions in
the pristine B. malabaricum are listed in Table S1.

The morphologies of the as-synthesized carbon nanomateri-
als are characterized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
inherent microstructures of B. malabaricum shells and seeds are
shown in Figure S1. The SEM images of N-HGNS-700, N-
HGNS-800, and N-HGNS-900 are shown in Figure 3a c. The
carbonization temperature also remarkably a ects the
morphology of the as-synthesized carbon materials. The
carbonization process at 700 and 800 °C gives rise to partial
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separation of the graphitic layers. At 900 °C, it is signi cantly
revealed that the microstructure consists of, speci cally,
wrinkled sheets in line with one another, with thick carbon
layers at the edges, which tend to impart crystalline nature to
N-HGNS-900. In comparison with typical carbon nanosheets,
the thin and well-de ned wrinkles are signi cant in the as-
prepared graphene-like nanosheets, which could develop from
the strong gasi cation during carbonization. In the carbon-
ization process, several gas bubbles located between the
multilayers contribute to the development of interconnected
thin and wrinkled few-layered graphene-like nanosheets. The
eld emission scanning electron microscopy (FE-SEM) images
of N-HPC-700 to N-HPC-900 are shown in Figure 3d,fg,
which obviously reveal that they have a distinctive three-
dimensional honeycomb-like structure comprising various
interconnected pores. The morphology of the as-prepared
micro bers before and after the carbonization process is shown
in Figure 3h, and we identi ed that all of the bers are smooth,
helically turned, and striped like a tube with an abrasive
granular surface. After carbonization at 900 °C (Figure 3i) in
the presence of NaHCO; and melamine, carbon micro bers
are partially disintegrated. Hence, the simultaneously N-doped
carbon micro akes are attained from these carbonized striplike
tubes. Further structural information of N-HGNS-800 and N-
HGNS-900 is provided with the high-resolution TEM (HR-
TEM) images, as shown in Figure 4ab. It con rms the

Figure 4. Transmission electron microscopy (FE-SEM) images of (a)
N-HGNS-800, (b) N-HGNS-900 (inset shows the SAED pattern),
(c) N-HPC-800, and (d) N-HPC-900 (inset shows the SAED
pattern).

wrinkled sheetlike structure with various pores that can be
clearly observed. The selected area electron di raction (SAED)
pattern of N-HGNS-900 signi es a well-de ned di raction ring
pattern, which reveals the high degree of crystalline nature of
the carbon walls. Similarly, for N-HPC-800 and N-HPC-900,
the HR-TEM images, as shown in Figure 4c,d, reveal the
honeycomb structure with numerous pores and the SAED
pattern reveals the polycrystalline nature of the carbon wall.
To further examine the textural properties of the three
di erent microstructured porous carbon nanomaterials, N,
adsorption and desorption isotherm characteristics are studied
for the samples at 77 K. As shown in Figure 5a, it is evident
that N-HGNS-700 to N-HGNS-900 samples have both type-
IV and type-l1 nitrogen adsorption desorption isotherm
characteristics, which signify the hierarchical porous (micro/
meso/macropore) structures of the N-HGNS materials. There
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Figure 5. Nitrogen adsorption desorption isotherms at 77 K: (a) N-HGNS-700 900, (c) N-HPC-700 900, and (e) N-CMF-900; pore size
distributions of (b) N-HGNS-700 900, (d) N-HPC-700 900, and (f) N-CMF-900.

are substantial sharp rises at low pressures, signifying the
presence of micropores, and a wide knee that enlarges from P/
P, = 0.01 to 0.45 for HGNS-700 to HGNS-900, signifying the
presence of a large number of mesopores. However, a
substantial hysteresis loop and noticeable edges at high
pressure (P/P, > 0.45) for N-HGNS materials signify the
formation of a small number of macropores. Figure 5b shows
the pore size distributions (PSDs) measured using the density
functional theory model. The unique porous nature of N-
HGNS can be attributed to the interaction between NaHCO;
and B. malabaricum. This speci ¢ nanosheet structure of the
carbonized shell reduces the di usion length of electrolyte
ions, resulting in excellent electrochemical properties of the N-
HGNS. Similarly, N-HPC-700 to N-HPC-900 (Figure 5c)
exhibit both type-l and type-1V absorption isotherms,
indicating the presence of micro- and mesopores. From the
PSD (Figure 5d), it is con rmed that there are numerous
mesopores and a small amount of micro and mesopores
presented in the N-HPC. The CMF (Figure 5e) shows the
characteristic type-1 isotherm with considerable adsorption at
low pressure, which indicates the presence of micropores. After
activation with NaHCO; at 900 °C, the obvious hysteresis
loop exists at high pressures. Such a transition in the isotherm
curves indicates the generation of mesopores after activation
with NaHCO;. Moreover, the H4-type characteristic loop in
the N-CMF indicates the generation of slitlike pores. CMF
shows the Brunauer Emmett Teller (BET) speci ¢ surface
area of 392 m? g L. After activation, the speci ¢ surface area of
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N-CMF increases to 1478 m? g » It is investigated that the
simple carbonization of the raw B. malabaricum cotton stalk
leads to the formation of micropores. Furthermore, activation
with NaHCO; at 900 °C results in the transition of these
micropores into meso- or even macropores. The above results
prove that the carbonization process in the B. malabaricum
using NaHCO; can produce carbon nanomaterials with a large
speci ¢ surface area and unique hierarchical porous nature. It is
also observed that the speci ¢ surface area and pore volume
increase but the pore size reduces gradually with increasing
temperature for all of the prepared materials. The analyzed
BET surface area, pore size, and pore volumes of all of the as-
prepared materials are listed in Table 1. The developed
hierarchical pore structures with the prepared electrode
material will bene t in enhancing the electrochemical perform-
ance. The macropores act as ion bu ering reservoirs,
mesopores reduce the ion di usion length and act as ion
transporting channels, and micropores can improve the ion and
charge storage capacities.

The mechanism for the preparation of simultaneously N-
doped high-surface-area wrinkled few-layered graphene nano-
sheets is elucidated below. B. malabaricum shells, NaHCOs,,
and melamine are used as precursors, in which the B.
malabaricum shell acts as a carbon source, NaHCO; acts as a
pore-developing agent, and melamine acts as a N-doping
source. While changing the pyrolysis temperature from 700 to
900 °C, high-surface-area porous N-HGNSs are produced.
Moreover, through the reaction with the decomposed
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Table 1. BET Surface Area and Pore Size Distribution of N-
HGNS, N-HPC, and N-CMF

sErEaEe total pore  micropore  mesopore  pore

area volume volume volume width

sample (mgh (mPghH (Emgh (mPgh (m)
N-HGNS-700 1727 121 051 0.70 4.64
N-HGNS-800 1944 131 0.57 0.77 4.63
N-HGNS-900 2402 181 0.64 1.19 3.60
N-HPC-700 1163 0.98 0.40 0.57 438
N-HPC-800 1485 1.27 0.53 0.72 4,74
N-HPC-900 2120 1.40 0.45 0.87 3.58
CMF 392 0.34 0.17 0.16 494
N-CMF-900 1478 1.18 0.42 0.70 4.00

ammonia (NH3) from melamine, a fraction of carbon atoms
are replaced by nitrogen. Finally, N-doped HGNSs are
developed. In the present work, Na,COj; played an important
role in delaminating and utilizing the sp3-hybridized carbon
atoms between the graphitic layers of B. malabaricum-derived
carbon. Once Na,CO; is melted, the generation of sodium
atoms catalyzed the graphitic microstructures to form a
graphene nanosheet-like structure. In addition, the pore
structures distinguished in the SEM images are created by
the release of CO, from the surfaces once NaHCO; is
decomposed. Then, sodium carbonate is evaporated and
entrapped in the inner pores generated by CO, gas bubbling,
which tends to contribute to the development of micro and
mesopores. The generated CO, further reacts with carbon via
gasi cation, resulting in thinner walls. As reported earlier,
sodium and potassium are likely to catalyze the high
graphitization of amorphous carbon, and these atoms can
create charge transfer centers with aromatic hydrocarbons and
also with graphite layers to obtain crystallinity. In addition to
the above reasons for microstructure formation due to the
carbonization process in the presence of Na,CQOj, the inherent
inorganic elements such as K, Na, P, and Cl also a ect the
self-activation of B. malabaricum shells. Here, CI ions etch out
the carbon structures and create micro- and mesopores and K
and Na can prevent the development of van der Waals force,
which overcomes the restacking of sp?-hybridized carbon layers
and develops a graphene-layered structure. Also, with an
increase in the calcination temperature, oxygen participates in
etching the carbon nanosheets to develop thin graphene layers.
As we know, carbon reduces itself at a higher temperature
(above 600 °C), developing a large number of micropores on
carbon nanosheets. Restacking of carbon nanosheets can be
avoided in a 3D interconnected honeycomb structure, and this
3D microstructure with a hierarchical pore structure can access

the electrolyte ions by reducing the ion di usion and
transportation length.
The pore generation mechanism is explained as follows

2NaHCO, NaCQ@ Cq@ HO @)
Na,CO, Na® CQ @
Na,CO;+ 2C  2Na 3C ?)
Na,O+ C 2Na © (@)
CO,+ C 2@ (5)

The presence of wrinkles provides an improved electrolyte
reaction interface with the carbon nanosheets.

The oxygen functionalities on the surface of the precarbon-
ized sample could help in the formation of three-dimensional
hierarchical porous carbons. The precarbonized sample is
initially mixed with NaHCO; and melamine, and NaHCO,
decomposed to Na,CO5; during the carbonization process to
produce sodium salts and then a molten mixture of sodium and
biochar. At higher carbonization temperatures, these sodium
salts and biochar start pyrolysis to form CO,, H,0, CO, and
other gases; simultaneously, the molten mixture could expand
like a sponge, which implicates the release of gases to form a
hierarchical porous structure. Through the gas dissipation and
pyrolysis of biochar, continuous interconnected 3D carbon
walls with a hierarchical porous structure would develop.
Therefore, the oxygen functionalities on the biochar surface are
decomposed during the carbonization, leading to the formation
of the molten mixture of sodium salt and biochar during the
carbonization process.?*%

The carbon (C), nitrogen (N), and oxygen (O) contents of
the prepared electrode materials are detected by X-ray
photoelectron spectroscopy (XPS) analysis, and the corre-
sponding elemental compositions are listed in Table 2. The
high-resolution deconvoluted C 1s spectrum of N-HGNS-900
is shown in Figure S2. It shows an intense peak at around
284.5 eV, which is assigned to the sp? carbon (C C) of
graphene, and also shows a broad high-intensity shoulder peak,
which results from C N bonds (at 285.7 eV) and low-
intensity sp®> C N bonds. The nitrogen content decreases
slightly when the carbonization temperature is increased, while
the O content increases slightly in this process. From these
results, we can observe that both N and O contents can be
controlled by properly adjusting the carbonization temper-
ature. To understand the type of nitrogen species present on
the surface of the carbon matrix, XPS analysis is performed to
examine the chemical compositions of N-HGNS, N-HPC, and
N-CMF. The high-resolution N 1s spectrum (Figure S3) is
deconvoluted into four di erent component peaks, which are

Table 2. Chemical Compositions of Prepared Carbon Materials Determined by X-ray Photoelectron Microscopy

XPS (atom %)

nitrogen functional groups (% concentration)

Cc 0} N
N-HGNS-700 86.63 5.36 8.01
N-HGNS-800 85.01 7.87 7.12
N-HGNS-900 84.87 10.18 4.95
N-HPC-700 85.79 6.84 7.37
N-HPC-800 84.01 9.27 6.72
N-HPC-900 83.88 12.54 3.58
N-CMF-900 85.97 10.57 3.46

pyrrolic N pyridinic N quaternary N oxidized N
65.46 16.02 18.52
47.15 19.90 32.95
35.07 17.01 3253 15.39
65.71 19.88 14.41
64.80 10.13 25.07
3213 19.72 32.59 15.56
38.04 20.36 19.93 21.67
6404 DOI: 10.1021/acsomega.9b00263
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Figure 6. Electrochemical capacitive behavior of the electrode materials measured in a two-electrode system: (a) CV curves at various scan rates
and (b) galvanostatic charge discharge (GCD) curves at di erent current densities for N-HGNS-900; (c) CV curves and (d) GCD curves for N-
HPC-900; and (e) CV curves and (f) GCD curves for N-CMF-900 in 1 M H,SO, (calculations are based on the mass of the active material on the

two electrodes).

attributed to pyrrolic (N5), pyridinic (N6), quaternary (NQ),
and oxidized nitrogen (N-Ox). It is understood that with the
increase of carbonization temperature the amount of N-5 and
N-6 decreases, while the amount of N-Q and N-Ox increases.
This signi es the conversion of pyrrolic N to pyridinic N,
quaternary N, and oxidized N at high carbonization temper-
atures. This is because the pyrrolic N is thermally unstable and
transforms gradually to pyridinic and quaternary N above 700
°C, while pyridinic N converts into quaternary and oxidized N
above 800 °C during the carbonization process. This could be
due to the higher thermal stability of quaternary N and
oxidized N. In general, pyrrolic N and pyridinic N are situated
along the wings of the graphitic carbon plane, while the
quaternary N can be situated both at the edge and within the
oxidized graphene layers.

The electrochemical performance of the prepared electrode
materials is examined in three electrode con gurations as
shown in Figure S4, and the detailed description of
electrochemical performance is presented in the Supporting
Information.

To explore the electrochemical performance of as-prepared
electrode materials, two-electrode symmetric supercapacitor
devices are designed using 1 M H,SO, as the electrolyte. From
Figure 6a c, it can be seen that all of the cyclic voltammetry
(CV) pro les show a distinctive rectangular shape. N-HGNS
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shows a larger area under the CV curve than the N-HPC,
demonstrating high charge transportation capability and ease
of ion transport within the N-HGNS electrode material. As
shown in Figure 6b,d.f, all of the charge discharge pro les are
linear and symmetric at various current densities. Also, there is
no obvious IR drop presented for the N-HGNS, which denotes
high columbic e ciency. The N-HGNS-900 sample exhibits
high speci ¢ capacitances of 358.4, 330, 312, 304, 297, and 288
F g ! at the current density range from 2 to 50 A g ! with
80.3% rate capability. The speci c capacitances of the N-HPC-
based cell are 337.6, 304, 297.6, and 2736 at 2 to 50 A g *
with 81% rate capability.

To examine the electrical conductivity, the resistance, and
the charge transportation process at the electrode/electrolyte
interface, the electrochemical impedance spectroscopy techni-
que is used in the frequency range from 0.01 Hz to 100 kHz,
with the amplitude of 5 mV, and the corresponding Nyquist
plots are shown in Figure S5. In the Nyquist plots, a small
semicircle at high frequency and a vertical line at low frequency
are noticed in all of the plots. The intercept of the semicircle
along the x-axis in the high-frequency region corresponds to
the series or solution resistance, which includes the ionic
resistance of the electrolyte, the inherent resistance of the
prepared electrode materials, and the contact resistance
between the electrode/electrolyte interface and the current
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Figure 7. Electrochemical capacitive behavior in a solid-state exible system: (a) CV curves at various scan rates for N-HGNS-900, (b) GCD
curves at various current densities in a NaCl agarose solid-state gel electrolyte for N-HGNS-900, (c) CV curves for N-HPC-900, (d) GCD curves
in the NaCl agarose solid-state gel electrolyte, () N-HGN-900 and (f) N-HPC-900 CD curves of a fully biocompatible exible supercapacitor at
di erent bending angles of 0, 45, 90, 135, and 180° and after 2000 cycles of bending, and (f) CD curves at a current density of 3 A g * (inset shows

the fabrication of a exible device and biodegradable hydrogel electrolyte).

collector. The equivalent series resistances (ESRs) of the as-
prepared electrode materials are 0.68  (N-HGNS-900), 0.74

(N-HPC-900), and 0.7  (N-CMF-900), which indicate
that N-HGNS-900 has a lower series resistance with a well-
behaved ion reaction at high frequency among all of the three
electrode materials. In the case of an ideal supercapacitor
electrode, both charge transfer resistance and series resistance
should be low. After activation at 900 °C, all of the three
prepared electrode materials show semicircles. The values of
charge transfer resistance (R) for N-HGNS-900, N-HPC-900,
and N-CMF-900 are 0.04, 0.12, and 1.8 , respectively. These
resistance values support the charge discharge data, which
indicates that the N-HGNS and N-HPC electrodes exhibit the
best electrochemical performance and the N-HGNSs have
improved electrical conductivity and electrochemical perform-
ance than the N-HPC. It is noticed that the R, of the N-
HGNS is much lower than that of the N-HPC and N-CMF.
This might be due to the well-developed microstructure of N-
HGNS with a small number of micro- and macropores and a
signi cant number of mesopores with the pore size of around 3
nm. In addition, the wrinkled thinner walls of the N-HGNSs
improve the di usion of the electrolyte ions into the well-
interconnected hierarchical pores. The slope of the 45°
declined line in the mid-frequency range denotes the Warburg
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impedance, attributed to the frequency dependence of
electrolyte ion di usion/transfer in the electrolyte to the
electrode surface. The vertical line in the low-frequency region
is a characteristic of ideal capacitor behavior. Among all of the
prepared electrode materials, N-HGNS-900 has the low ESR,
smallest Ry, very small Warburg portion, and a vertical line in
the low-frequency region, implying the optimum charge
storage performance with the electric double layer capacitor
behavior. This might result in a high conductivity, a greater
speci ¢ surface area, and a well-interconnected hierarchical
pore structure.

The detailed electrochemical behavior of N-HGNS and N-
HPC in the neutral electrolyte, as shown in Figure S6, is
presented in the Supporting Information.

Although solid-state polymer-based gel electrolytes show
signi cant advances in the fabrication of exible supercapacitor
designs, they are nding practical limitations due to their
expensive preparation methods and the e ect of these on the
environment because of the use of toxic chemicals. Herein, we
present a simple, fully biocompatible solid-state gel-based
supercapacitor device assembly using a NaCl agarose hydro-
gel electrolyte. Agarose hydrogel is a low-cost material, which
is biocompatible and contains a chemically interconnected
agarose backbone with micrometer pores. Due to the

DOI: 10.1021/acsomega.9b00263
ACS Omega 2019, 4, 6399 6410



ACS Omega

Figure 8. (a) Speci c capacitances as a function of current densities in di erent electrolytes for N-HGNS-900 and N-HPC-900. (b) Ragone plot
(plot of energy density vs power density) of various electrolytes for N-HGNS-900, N-HPC-900, and N-CMF.

interconnected pore structure and more water content, the
agarose hydrogel is a bendable and environmentally friendly
solid-state gel electrolyte with high ion mobility. The NaCl
agarose gel is prepared by inclusion of both Na* and Cl ions
into the hydrogen-bonded interconnected self-assembly of
molecules of agarose gel. This agarose gel promotes the rapid
ion transfer channels, resulting in high storage capacity. It is
recommended that the agarose hydrogel present an appro-
priate and environmentally friendly process for the stable,

exible supercapacitor market with improved capacitive
performance. Figure 7a,c shows the CV curves for the N-
HGNS and N-HPC in the NaCl agarose hydrogel. It shows a
rectangular shape at a scan rate ranging from 5 to 100 mV s ?
inthe 0 0.9 V voltage window. Furthermore, the GCD curves
(Figure 7b,d) of the assembled solid-state symmetric system
with the NaCl agarose hydrogel are studied at various current
densities in the range of 3 30 A g . The speci ¢ capacitances
obtained from the charge discharge curves for N-HGNS and
N-HPC in the NaCl agarose hydrogel are 345 and 317.3F g *
at 3 A g ! and speci ¢ capacitances of 273 and 280 F g * are
still maintained at a high current density of 30 A g . The
assembled stable solid-state gel-based fully biocompatible
supercapacitor device also exhibits high rate capability of
88% at a current density of 30 A g ! exhibiting an energy
density of 19.4 Wh kg ! at a power density of 1.3 kW kg *.
There are no considerable changes observed in the CD curves
when bending the exible capacitor at angles from 0 to 180° at
a current density of 3 A g %, as shown in Figure 7e,f for N-
HGNS and N-HPC. The three exible supercapacitors
connected in series can power a red light-emitting diode for
20 and 15 min after charging for 60 s for N-HGNS and N-
HPC, respectively.

It is well recognized that excellent cycle stability and high
energy and power densities are needed for practical super-
capacitor applications. Figure 8a,b shows the rate capability
and the Ragone plots of the as-prepared electrode materials.
All of the prepared electrode materials show more than 80%
rate capabilities even at very high current densities. Compared
with the other two N-HPC and N-CMF materials, N-HGNS
shows high energy and power densities in all acidic and neutral
aqueous electrolytes and also in solid-state gel electrolyte
medium. The fabricated symmetric systems of the N-HGNS-
900 and N-HPC-900 samples show higher energy densities of
24.8 and 23 Wh kg ! at power densities of 1 kW kg * and 998
W kg 1, respectively, in 1 M H,SO,; excellent energy densities
of 76.94 and 53.05 Wh kg * at power densities of 2 and 1.8 kW
kg ?, respectively, in 0.5 M Na,SO,; and high energy densities
of 19.46 and 17.84 Wh kg 1, respectively, at power densities of
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1.4 and 1.3 kW kg *in NaCl agarose electrolytes. The energy
densities of the N-HGNS and N-HPC samples are larger than
those of earlier reported biowaste-based symmetric electro-
chemical devices, such as waste co ee beans (10 59 Wh
kg 1), petroleum coke waste (10 8 Wh kg 1), and sun ower
seed shell (6 3 Wh kg 1). It can be seen that the N-HGNS,
N-HPC, and N-CMF show excellent cycle stability (Figure S7)
with capacitance retention of 96, 94.8, and 92.4% even after 10
000 cycles at 5 A g * current density, respectively. Here, N-
HGNS shows more cycle stability compared to that of the
other two electrode materials, which is because the N-HGNS
electrode material has a well-developed pore structure and is
stable throughout the cycle process. Also, the relatively high
level of nitrogen functionalities also o ers signi cant stability
to the speci ¢ capacitance. The prepared electrode materials
show excellent supercapacitive performance compared to the
recent reports, and the comparative results with the recent
reports are listed in Table S2.

It is well reported that incorporation of even a small amount
of nitrogen atoms can greatly enhance the physicochemical
properties of the carbon matrix, such as electrochemical
activity, conductivity, and oxidation stability. In both alkaline
and acidic electrolyte media, it is believed that both pyrrolic N
and pyridinic N are electrochemically active, which contributes
to the additional pseudocapacitance, whereas the incorporated
quaternary N into the graphitic plane bonded to the three
carbon atoms can be responsible for electron transfer and
substantially improve the electrical conductivity of the carbon
matrix. From these studies, we can assume that the
incorporation of nitrogen atoms can greatly enhance electro-
chemical performance and rate capability.

Finally, in the case of N-HGNS, the improved electro-
chemical performance could be due to the nitrogen lone pair
electrons, which o er more negative charges to the graphene -
system and therefore responsible for an improved conducting
nature in addition to strong interaction with electrolyte ions.
However, the incorporation of a higher amount of nitrogen
alone is not always responsible for enhanced electrochemical
performance, which also signi cantly depends on unique
structural, morphological, and textural properties of the
prepared electrode material. By considering the above results,
the following characteristics may support such high electro-
chemical performance of the as-synthesized materials. Initially,
the high speci c¢ surface areas with unique pore structures are
bene cial for electrolyte interaction and build-up of electrolyte
ions and therefore improve the charge storage capacity. Also,
during the charging and discharging processes, the developed
2D and 3D microstructures of N-HGNS, N-CMFs, and N-
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HPC may minimize the transfer length of electrolyte ions
inside the micropores with the help of interconnected
mesopores and result in excellent rate capability and long
cycle life. Furthermore, electrolyte ions can easily di use
through the 2D layered and honeycomb-structured carbon
walls and be accessible to the micropores and hence
substantially reducing the electrolyte ion transfer resistance.
Finally, nitrogen doping can improve the wettability of carbon
walls and electrical conductivity.®® From these, we can
conclude that the existing excellent synergy among high
speci ¢ surface area, hierarchical porous structure, high
conductivity, and improved electrochemical properties of
carbon by N-doping contributes to pseudocapacitance and
that a unique graphene sheet structure, which reduces the ion
di usion path length and charge transportation channel
distance of N-HGNS, contributes to the excellent electro-
chemical performance. The synthesis process used here had
the bene ts of being novel, inexpensive, and feasible to develop
on a large scale.

CONCLUSIONS

In conclusion, we used three di erent parts of a single biowaste
with a unique inherent microstructure and composition to
develop high-surface-area, conductive, and hierarchical porous-
structured N-HGNS, N-HPC, and N-CMF nanomaterials
through simple carbonization and self-activation processes
from biowaste B. malabaricum. A comparative study of these
three microstructures and of the impact of material properties
on the electrochemical performance is performed. The stability
of the electrode performance in various electrolytes is
investigated in detail. N-HGNS-900 exhibits high electro-
chemical performance compared to the other two micro-
structures. The typical reason for these three unique
microstructures is that the inherent organic elemental content
(C, N) and the inorganic ion content (K, Na, P, or Cl ) are
di erent in the three parts. The high content of C and the
internal inorganic elemental composition (such as K, CI , and
Na) in uence self-activation. In addition, the carbonization
process in the presence of Na,CO; produces unique porous
wrinkled graphene-like microstructures of the shell-derived
carbon, which along with N-doping result in high conductivity
and fast electrochemical kinetics. Moreover, all of the prepared
electrode materials exhibit higher electrochemical performance
compared to the earlier reports. The main features of the
prepared electrode materials that in uence the electrochemical
performance are the high speci ¢ surface area, the unique
hierarchical porous structure that provides excellent electro-
chemical interaction at the electrode and electrolyte interface
and high-level graphitization, and high conductivity along with
nitrogen doping. The obtained results demonstrate the
probability of using nature for the development of electrode
materials with high performance through simple methods.

EXPERIMENTAL PROCEDURE

N-Doped Wrinkled Few-Layered Graphene Nano-
sheets (N-HGNSs). The synthesis for graphene nanosheets
follows multiple preparation steps, but herein, a simple and
environmentally friendly synthesis method is presented to
develop N-HGNS using naturally available B. malabaricum
shells as the carbon source without using any templates or
toxic and corrosive chemical activating agents. B. malabaricum
shells have a unique inherent microstructure, with organic and
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inorganic composition that substantially di ers from that of
other biosources. The collected shells are dried at 70 °C in a
microwave oven for 15 min and ground to a ne powder. The
obtained ne powder (1 g) is mixed with NaHCO; (1 g) and
melamine (150 mg), followed by carbonization at 700 900 °C
under an inert argon (Ar) gas atmosphere. The resultant
carbonized materials are washed thoroughly with ethanol and
deionized (DI) water to remove any unwanted impurities and
then dried. The resultant samples are named N-HGNS-700, N-
HGNS-800, and N-HGNS-900 on the basis of di erent
carbonization temperatures used.

Synthesis of N-Doped Carbon Micro akes (N-CMFs).
The separated 1 g of B. malabaricum cotton stalk and 50 mL of
1 M H,SO, are placed in a 150 mL Te on-lined stainless steel
autoclave. The sealed autoclave is heated at 180 °C for 12 h
and then cooled down to room temperature. The resultant
dark brown hydrochar is collected by washing with DI water
and dried overnight at 70 °C. The dried hydrochar, NaHCOs,,
and 15 wt % melamine are carbonized at 900 °C for 2 h under
an Ar atmosphere, and the resultant sample is named N-CMF-
900. For comparison, carbon bers have been prepared by
simply carbonization at 900 °C and named CMF.

Honeycomb-Structured Hierarchical Porous Carbon
(N-HPC). In a typical synthesis method, the collected B.
malabaricum seeds are dried in air and ground to a powder
form. The dried powder is precarbonized at 300 °C for 2 h
under Ar gas ow in a tubular furnace. The precarbonized
material is ultrasonically mixed with NaHCO;, and melamine
in a 1:1:0.15 weight ratio. The above solution is kept
undisturbed overnight. The solution is dried later, and the
dried sample is placed in a tubular furnace and heated from
700 to 900 °C (heating rate, 5 °C min 1) for 2 h, under the
inert atmosphere. The sample is washed simultaneously with
ethanol and DI water to remove the impurities such as
Na,CO,. Finally, the sample is obtained by drying at 80 °C
overnight in the oven and named N-HPC.

Characterization Techniques. The prepared material
structural properties are examined using X-ray di raction
(XRD) analyses performed with a PANalytical X'Pert Pro X-
ray di ractometer with Cu K (= 0.15406 nm) in the 2
range from 5 and 90°. Raman characteristic peaks have been
recorded using a confocal WiTech Raman spectrometer with a
Nd:YAG laser (532 nm). For morphological studies, an FEI
Inspect F scanning electron microscope and transmission
electron microscopy (HR-TEM) with Tecnai G2 20 operated
at 200 keV are used. The surface chemical compositions are
examined by energy dispersive spectroscopy and X-ray
photoelectron spectroscopy carried out using a Specs X-ray
photoelectron spectrometer, X-ray source Mg K , and analyzer
PHOIBOS 100MCD. Surface area and pore size distribution
measurements are performed in a micrometrics ASAP 2020
instrument.

Electrochemical Measurements. The as-synthesized
materials N-HGNS-900, N-CMF-900, and N-HPC-900 are
ground with conductive carbon black and poly-
(tetra uoroethylene) (85:10:5) by adding N-methyl pyrrolidi-
none to form a thick slurry. For the three-electrode system, the
slurry is coated on a carbon paper with an area of 1 cm? x 1
cm? and a mass loading of 2 mg and used as a working
electrode, a Hg/HgO wire as a reference, and Pt as a counter
electrode. For the two-electrode system, the slurry is coated on
carbon sheets. Then, two symmetric working electrodes are
assembled with a polypropylene sheet as a separator dipped in
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the electrolyte. These two electrodes are sandwiched between
two Perspex sheets along with the stainless steel current
collectors. The NaCl agarose solid-state gel is prepared by
mixing of 1 g of agarose powder with 0.5 M NaCl under
continuous stirring and heating at 90 °C. The prepared
semisolid gel is dropped onto a glass substrate and left to dry;
after 1 h, a thick hydrogel Im is separated from the glass
substrate and sandwiched between the two N-HGNS and N-
HPC electrodes while fabricating the supercapacitor full cell
system. Electrochemical studies have been performed on a
Biologic electrochemical workstation. The speci ¢ capacitance
(Cp), power density (P), and energy density (E) values are
calculated using the following equations.

C= for three electrode configuratio

E
m=— (6)
C= = for two electrode configuratio
M x —
t (M
e 1xGx (B
2x 3.6 (8)
E x 3600
P= — —
t ©)

where C and C stand for the speci ¢ capacitance in three- and
two-electrode systems, respectively. | is the discharge current,

E is the working potential or voltage of the electrode
material, t is the discharge time, m is the mass of the active
material on electrodes, M is the total active mass of the two
electrodes, E is the energy density, and P is the power density
by considering the mass of two electrodes.
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