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Carbon nanomaterials derived from Acacia auriculiformis pods as electrodes for the
electrochemical double-layer capacitors were explored. Four pyrolysis temperatures
were set (400, 600, 800, and 1,000°C) to understand the role of temperature in
biomass pyrolysis via a possible “self-activation” mechanism for the synthesis of
carbon materials. The carbon materials synthesized at 800°C (AAC800) were found to
exhibit a well-organized hierarchical porous structure, quantified further from N,
adsorption/desorption isotherms with a maximum specific surface area of 736.6 m*/g.
Micropores were found to be contributing toward enhancing the specific surface area.
AACB800 exhibited a maximum specific capacitance of 176.7 F/g at 0.5 A/g in 6.0 M KOH
electrolyte in a three-electrode setup. A symmetric supercapacitor was fabricated using
AAC800 as an active material in an organic electrolyte composed of 1.0M
tetraethylammonium tetrafluoroborate (TEABF,) as a conducting salt in the acetonitrile
(ACN) solvent. The self-discharge of the cell/device was analyzed from fitting two different
mathematical models; the cell also exhibited a remarkable coulombic efficiency of 100%
over 10,000 charge/discharge cycles, retaining ~93% capacitance at 2.3 V.

Keywords: self-activation, pyrolysis, porous carbon, supercapacitors, organic electrolyte

INTRODUCTION

The increased demand of electrical energy for portable devices and other similar appliances has
influenced researchers around the globe to synthesize, tailor, and design materials and systems which
can provide an alternative energy solution. With dwindling fossil fuel sources, wind and solar energy
with abundant availability appear to be attractive energy sources for the future. However, the
practical difficulties limit energy generation and usage. Electrochemical technologies like fuel cells,
batteries, and various forms of electrochemical capacitors are able to store and generate energy and
could provide a reliable alternative to fossil fuels (Fu et al., 2019). Fuel cells, although an attractive
option, are clouded by commercial viability and safety issues. Only Li-ion-based batteries are able to
provide some alternatives to fossil fuels at the moment. Reliability and ease of fabrication have
contributed to popularity and widespread use of Li batteries (Liu J. et al., 2018; Giir, 2018). The
technology however is not perfect as usage of Li ions increases the cost of batteries and also comes
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with inherent problems such as dendrite formation, sluggish
electrode kinetics, a moderate power density, cyclability, and
disposal Electrochemical ~double-layer capacitors
(EDLCs, also called supercapacitors) do not suffer from the
issues with which batteries face and provide a high power
density, characterized by the absence of secondary reactions,
ultrafast charging (from seconds to a few minutes), longer
charge/discharge cycles, and wider options on usage of
electrolytes (Simon et al, 2014). The electrostatic mechanism
of charge storage which is responsible for the positive effects is
also responsible for the negative effect, causing a low energy
density. However, the EDLCs can complement batteries in a
hybrid energy system, reducing load on batteries. Combining the
high energy density of batteries and the high-power
supercapacitor density to achieve a perfect energy mix is the
goal. With this context, developing novel electrode materials and
electrolytes has gained tremendous research traction globally (Liu
C. et al,, 2018; Jing et al.,, 2018; Miller, 2018).

Porous activated carbons (PACs) are a popular choice for
electrodes in supercapacitors owing to their cost-effectiveness
and abundance. There are several techniques by which PACs are
synthesized. The generally involved procedure includes two steps;
one involves carbonization of the precursor and the other
involves activation of the carbon residue by physical (steam,
CO, treatment) and/or chemical treatments (KOH, H;PO,,
ZnCly, etc.) (Bhat et al, 2019; K P et al, 2020). Producing
hierarchical porous structures (micropores-mesopores) with a
high surface area is beneficial for electrochemical applications
(Borchardt et al., 2014; Bhat et al., 2020c¢). In the present work, we
have used Acacia auriculiformis pods as the biomass precursor for
the synthesis of PACs. This serves two purposes: cost-effective
synthesis of PACs and value addition to the waste biomass which
is available in plenty. Herein, we have demonstrated the synthesis
of PACs by pyrolysis in a single step without the aid of any
external activating agents. The effect of temperature was utilized
to prepare self-activated PACs. Self-activated PACs synthesized
at 800°C exhibited an organized bimodal/hierarchical porous
structure with a maximum surface area of ~736.6 m?/g. The
obtained nanocarbons were tested for their electrochemical

issues.

behavior. A symmetric supercapacitor of the CR2032 type was
fabricated  using tetraethylammonium tetrafluoroborate
(TEABF,) as a conducting salt in the acetonitrile (ACN)
solvent as the electrolyte. Usage of an organic solvent helps in
widening the potential window which is unlikely in aqueous
systems (2.7 V). This increased operating voltage significantly
improves both the energy density and power density. The results
demonstrate the possibility of commercial viability of the
current work.

MATERIALS AND METHODS

Self-Activated Porous Carbon Preparation
The Acacia auriculiformis pods were collected from Hat Yai,
Songkhla, Thailand. The pods were crushed and grinded to fine
powder. A vibratory sieve shaker (Aimil, India) consisting of a
60 um mesh was used to sieve the powder. ~8 g of the sieved
powder was carbonized in the inert atmosphere (N,) inside a
quartz tube furnace (Nopo Nanotechnologies, India) at 400, 600,
800, and 1,000°C for 1 hour. A more detailed synthesis procedure
for the bimodal porous nanocarbons can be found in our earlier
works (Kumar et al., 2014; Hegde et al., 2015; Supriya et al., 2019;
Bhat et al., 2020b; Bhat et al., 2021). The final carbon residues
were labeled as AAC400, AAC600, AAC800, and AAC1000, with
each representing the temperature at which they were
synthesized.

Characterization of AACs

The obtained AACs were characterized by different techniques.
The elemental composition of AACs was analyzed by energy-
dispersive X-ray spectroscopy (EDS, X Max 80, Oxford
Instrument, United Kingdom). The morphology and particle
size were determined using field emission scanning electron
spectroscopy (FESEM, SEM microscope, Apreo, FEI, Czech
Republic) and transmission electron microscopy (TEM; JEOL
JEM-2010, Japan); X-ray diffraction (XRD) patterns were
recorded using an Empyrean XRD diffractometer (Empyrean,
Netherland) in a 26 range from 10 to 80°; Raman spectroscopy
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plots were obtained using a Raman microscope spectrometer
(RAMANTforce, Nanophoton, Japan); Fourier transform infrared
spectroscopy (FTIR) was used to find the functional groups
present (Perkin Elmer spectrum BX) using the KBr method;
further, the thermogravimetric analysis (TGA) of the raw
material and the carbonized product was conducted by heating
them from 50 to 1,000°C at 10°C/min under a N, atmosphere
using a Perkin Elmer, USA TGA 7. The surface properties of
AACs were investigated by N, gas adsorption-desorption
isotherms (ASAP2460, Micromimetics, United States). Specific
surface area (SSA) was calculated by the
Brunauer—-Emmett—Teller (BET) method. The micropore SSA
and pore volume was determined from the t-plot method. Pore
size was calculated using the Barrett-Joyner—Halenda (BJH)
model. The chemical composition of the sample surface was
investigated using an X-ray photoelectron spectrometer (XPS;
AXIS  ULTRADLD, Kratos analytical, = Manchester,
United Kingdom). The base pressure in the XPS analysis
chamber was about 5 x 107 torr. The samples were excited
with the X-ray hybrid mode and a 700 x 300 pum spot area with a
monochromatic Al K, , radiation at 1.4 keV. The X-ray anode
was run at 15kV, 10 mA, and 150 W. The photoelectrons were
detected with a hemispherical analyzer positioned at an angle of
90° with respect to the normal to the sample surface.

Electrode Fabrication

The working electrodes were prepared by pasting a homogenized
slurry of AACs, carbon black, and polyvinylidene difluoride
(PVDF) (90, 5, and 5% ratios, respectively) in the N-methyl-2-
pyrrolidone (NMP) solvent onto both sides of a precleaned 1 x
1 cm” nickel foam substrate. These were later dried overnight at
80°C and pressed under a pressure of 100 kg/cm* with a mass
loading of ~4 mg. The electrochemical studies were performed in
6.0M KOH electrolyte using a three-electrode system. A
platinum rod was employed as the counter electrode, and a
saturated calomel electrode was used as the reference
electrode. A symmetric supercapacitor of the CR2032-type
coin cell was made using AAC800 as the active material by an
identical mass loading (~6 mg) on both the cathode and anode.
They were separated by Whatman® glass microfiber filters (GF/
D) using 1.0 M tetraethylammonium tetrafluoroborate (TEABF,)
in the acetonitrile (ACN) solvent as the electrolyte.

Electrochemical Tests

Electrochemical analysis was done in an electrochemical
workstation (AUTOLAB  M204, Netherlands). Cyclic
voltammetry (CV) experiments for the three-electrode system
were conducted in the potential window of 0 to -1 V at different
scan rates ranging from 10 to 100 mV/s. Constant current
galvanostatic charge discharge (GCD) tests were done at
varying current densities from 0.1 to 10.0 A/g. CV analysis
was done for the CR2032 cell in the potential window of
0-2.7 V. Scan rates in the range of 5-100 mV/s were used to
assess the CV response. GCD tests were performed under
different current densities (0.1-5 A/g) under different potential
windows (0-2.3V). For this two-electrode system, the
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gravimetric specific capacitance (C) of a single electrode was
calculated by the equation (Zhang et al., 2018):

2Ix At
€= mxAV (0
where I is the discharge current (A), At is the discharge time (s),
AV is the voltage difference (V) within At, and m is the mass
loading of the active material AAC800 in each of the working
electrodes (g). For the three-electrode system, gravimetric specific
capacitance (C) can be calculated using the equation
Ix At

= 2
¢ mxAV @

where I is the discharge current (A), At is the discharge time
(s), AV is the voltage difference (V), and m is the mass loading
of the active material (AACs). Electrochemical impedance of
the system was analyzed from 100 kHz to 0.01 Hz at an AC
current amplitude of 10 mV at the open-circuit potential
(OCP). The real (C') and imaginary (C") capacitances of
the frequency response analysis were calculated using the
equations reported in earlier work (Zhang et al., 2018). The
energy density (E) and power density (P) are calculated by
using the equations

CAV?
E = (3)
7.2
E x 3600
p=== (4)
At

RESULTS AND DISCUSSION

Role of Temperature and “Self-Activation”
Carbonization temperature was found to have a significant
influence on the synthesis of bimodal/hierarchical porous
carbon structures. The size of nanocarbon aggregates reduced
with an increase in pyrolysis temperature. The “self-activation”
technique involves no usage of additional steps or external
activating agents such as CO,, steam, KOH, ZnCl,, etc. It is
postulated in earlier research that when the lignocellulosic
material decomposes, volatile gases escape from the
bioframework; while doing so, they create channels and pores
in the matrix (Bommier et al., 2015; Bhat et al., 2021; Sun et al.,
2017). Below 600°C, a variety of volatile gases are released from
the pyrolysis of lignocellulosic biomass, that is, when a significant
quantity of weight loss happens in the sample (which can be seen
from TGA plot of the biomass precursor in Figure 3E). Above
600°C, carbonization of biomass yields smaller non-condensable
gases such as H,O, H,, CO,, and CO (Chbhiti et al,, 2012). At
higher temperatures, the following ‘self-activation’ reactions
might be possible (Bommier et al., 2015):

C (Pyrolysed residual SOild) +H,O (gas evolved from pyrolysis) = CO (g)
+ H, (y) (@)

C (Pyrolysed residual soild) + COZ (gas evolved during pyrolysis) =2CO (g) (11)
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FIGURE 1 | Schematic illustration of the possible mechanism for the formation of a porous carbon structure via self-activation.

FIGURE 2 | FESEM images of AAC400 (A), AAC600 (B), AAC800 (C), and AAC1000 (D). Average particle size of AACs obtained from TEM analysis (E).

Average particle size (nm)

AAC400

AACG600  AACS00 AACTO00

Material

Removal of residual H, and O, molecules might result in
evolution of H,O (g), which might act as an activating agent
mimicking the mechanism of physical activation using steam.
This consumes carbon formed from pyrolysis, resulting in
generation of the non-condensable gases CO and H, as
depicted in reaction (i). This interaction involving
consumption of C by H,O could induce porous structures
within the carbon matrix. Also, the Gibbs free energy for
reaction (i) turns negative, making the process a spontaneous
reaction above 700°C. Similarly, reaction (ii) is another possible
way of carbon activation which mimics the external activation

process involving CO,. H, evolved during (i) might also initiate
another possible activation process

C (Pyrolysed residual soild) + 2I_IZ (Gaseous by product from reaction (i)) = CH4 (g)
(1ii)

Although there are possibilities of all reactions (i-iii)
participating in self-activation, reaction (i) might appear to be
a dominant reaction responsible for activation owing to Gibbs

spontaneous reaction. However, this can be possible when very
low flow rates are used so that activation molecules, like H,O,
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FIGURE 3| EDS spectrum (A), XRD plot (B), and Raman spectrum (C) of AAC800, FTIR spectrum of the precursor and AAC800 (D), and TGA plot of the precursor
and AAC1000 (E).

remain in the tube furnace for a longer time, increasing possibility
of the reaction (i). However, we employed a moderately higher N,
flow rate eliminating domination of reaction (i), and hence,
buildup of H, was avoided. Biomass contains potassium,
which forms vapors above 760°C and which also helps in
forming channels and pores when biomass is carbonized. The
schematic illustration of the self-activation process is also shown
in Figure 1. Thus, the applied temperature and pressure
generated at this stage are sufficient to “activate” and form
bimodal/hierarchical porous carbons without the aid of any
other external agents. When the temperature is increased to
1,000°C, the high temperature may result in collapse of porous
networks and structures.

Morphology and Structure

Microscopic techniques such as FESEM and TEM were utilized
to establish the morphology of AACs. Figure 2 depicts the
morphology of the AACs. AAC400 does not show any
particular morphology and appears to be an aggregated
carbon mass (Figure 2A). AAC600 shows the formation of
cubes and spherical aggregates along with the formation of
pores (Figure 2B). At 800°C, we observed a more
homogeneous distribution of spherical and cubic carbon
aggregates along with interconnected well-developed
porosity and channels (Figure 2C). As expected, AAC1000
did not exhibit any developed structures (Figure 2D), which
could be attributed to collapse of the porous structure at
elevated temperatures. As expected from the pyrolysis

method, the products obtained were not hollow but solid
masses. Further, the materials were analyzed using TEM
(Supplementary Figure S1), which again confirms the
formation of spherical and cubic carbon aggregates of
carbon residues. This formation of aggregates can be
ascribed to the high reaction time and longer cooling
temperatures while there was carbonization. The average
particle size was determined from TEM images and is
depicted in Figure 2E. Temperature appears to play a major
role in obtaining particles with a smaller size. As the
carbonization temperature was increased, the average
particle size decreased from 81 nm for AAC400 to 14 nm
for AAC1000.

The elemental composition of the AACs was obtained
from SEM coupled with EDS. A representative plot is
shown in Figure 3A using the elemental composition of
AAC800. The table inset in Figure 3A quantifies the
elements. The material is carbonaceous with 87% carbon
and ~9.5% of oxygen, with the rest being K and Ca. EDS
spectra for all the AACs were recorded and are depicted in
Supplementary Figure S2.

Further, the structural elucidation of AACs was done by
XRD and Raman spectroscopy. The XRD plot (Figure 3B) is
typical of turbostratic carbon, which is intermediatory between
those of amorphous and crystalline carbon. A stacking order
(ABAB. . ..) which is present in hexagonal graphite is absent in
turbostratic carbon. Graphene layers are randomly present in
the matrix (Li et al., 2007). A hump centered within the range
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of ~23-25° corresponds to the well-established 002 plane in
amorphous carbons, while a sharp peak at ~29° indicates the
graphitic diffraction peak corresponding to the 002 interlayer
spacing (Drewniak et al., 2016). This indicates that the
material has some short-range order. However, the
temperature is not sufficient enough to transform into
crystalline graphite, where a long-range order is established
and one can see a periodic repetitive pattern. Further, a hump
centered at ~43° corresponds to the 100 plane of carbon and
confirms the amorphous nature of AAC800. Gradual
transformation of the material from amorphous to
crystalline happens with elevation in synthesis temperature.
Hence, we can observe both amorphous and crystalline peaks
coexisting. The minor peaks observed after ~30° correspond to
CaCOj;. XRD patterns of all the prepared AACs can be seen
from Supplementary Figure S3, which establishes gradual
changes in crystalline nature. Raman spectra furthermore
provide insight into the structural and electronic properties
about the carbon material. Figure 3C gives the representative
Raman spectrum of AAC800 obtained after Gaussian peak
fitting (R* = 0.96), while the spectra for all the synthesized
AACs are provided in Supplementary Figure S4. Raman
spectra of all the carbon samples exhibit two major peaks
identified as bands. The G-band (~1,598 cm™) could be
ascribed to C—C in-plane vibrations. This band is
prominently exhibited by graphene and sp® carbon
allotropes as well. The D-band (~1,334 cm™Y) is due to
disordered carbons, which could be assigned to the
breathing vibrations in the hexagonal carbon lattice. This
particular mode is Raman-active only in the presence of
defects or disorder, and hence, the ratio of D-band and
G-band intensities (Ip/Ig) is used to represent the level of
defects in carbon materials (Ferrari and Robertson, 2000;
Ferrari and Basko, 2013). Ip/lg values are also listed
inTable 2. From Supplementary Figure S4, it is evident
that both D- and G-bands shift toward left and right with
an increase in pyrolysis temperature. Contrary to the general
assumption of getting more ordered carbons with increased
pyrolysis temperature, we observed an increase in Ip/Ig ratio
from AAC400 to AAC1000. This could be due to disordered
graphitic carbon particles. As the temperature was increased,
the semicrystalline structures were exposed to strain, which
could be relieved by fracturing crystallites causing disorder.
Similar observations were also reported earlier (Snowdon
et al., 2014; Supriya et al., 2019).

FTIR was performed to identify the presence of functional
groups in AACs. Figure 3D compares FTIR spectra of the
precursor and AAC800. The precursor being biomass contains
many IR-active functional groups such as —OH, —C=0, C=C,
etc., when the precursor is carbonized at 800°C; most of the
volatile molecules are removed and only the carbon residue is
left, and hence, we do not see any major vibration and
stretching patterns of functional moieties. Nevertheless,
AAC800 does show O—H bending at 1,425cm™' and a
weak broad peak at 3,303 cm™', which correspond to O—H
stretching vibrations (Bhat et al., 2020a). FTIR spectra of all
the synthesized materials are depicted in Supplementary

Acacia auriculiformis—-Derived High-Performance Supercapacitors

Figure S5. AAC400 and AAC600 due to retainment of
some biocomponents do show enhanced response, while
AAC800 and AAC1000 do not exhibit any major functional
groups in the IR-active form.

The TGA plot shows the thermal decomposition pattern of
materials. Figure 3E compares the precursor and AAC1000 as
a representative material for TGA analysis. It is well known
that biomass contains mainly hemicellulose, cellulose, and
lignin along with traces of vitamins and extractives.
Generally, decomposition of the biomass precursor happens
via a series of complex reactions. We maintained a low heating
rate (<100°C/min) so that decomposition of biomaterials can
be described via stages. In the first stage, up to ~250°C, weight
loss is due to moisture evolution and hemicellulose
decomposition. Stage 2 marks the majority weight loss in
biomass up to ~400°C, which is due to decomposition of
cellulose and partial pyrolysis of lignin. Most of the volatile
components are removed as gaseous molecules at this stage.
Above ~400°C (stage 3), the weight loss becomes only gradual
and becomes minimal and can be ascribed to lignin pyrolysis
(Yang et al., 2006). An ~24% yield can be expected when the
precursor is subjected to carbonization at 1,000°C. AAC1000
was used as a representative material to check the thermal
stability of AACs. As can be seen from the plot, AAC1000
remains stable with no significant weight loss except up to
150°C, which could be due to moisture evolution and removal
of residual volatiles.

XPS analysis provides information regarding ionization
energies of elements in the sample, and hence, it is a useful
tool to determine elemental composition, doping, defects, etc.
Figure 4A shows the XPS survey scan of AAC800 with major
peaks centered around ~531, 347, 293, and 284eV,
corresponding to O 1s, Ca 2p, K 2p, and C 1s, respectively.
Table 1 provides quantified data about the concentration of
individual elements present in AAC800. Both EDS and XPS
results corroborate well regarding the elemental composition.
The C 1s peak was deconvoluted into five subpeaks
(Figure 4B) with the major peak centered at ~285eV
corresponding to the sp> C—C group. Two minor subpeaks
are centered at ~283.3 and ~284, corresponding to the sp2 C=C
moeity. Another two subpeaks are centered at ~285.9 and
~286.8 eV, which could be assigned to the presence of
O—C=0 and C—O—C functional groups, respectively.
Similar to C 1s, the O 1s peak was deconvoluted into four
subpeaks (Figure 4C) with a dominating —C—O moeity
centered at ~531.9 eV. Other three subpeaks are centered at
~534.6, 533.1, and 530.5eV, corresponding to C—O—C,
—OH, and —C=0 groups, respectively (Kwan et al., 2015).
The presence of such functional groups enhances the specific
capacitance by providing access to more electrochemical
surface area in electrodes.

Porosity

N, adsorption/desorption isotherms are displayed in the
graphical form with the amount of gas adsorbed (mol/g)
plotted against equilibrium relative pressure (p/p,).
Figure 5A depicts the isotherm of AAC800, while those of
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FIGURE 4 | XPS survey spectra of AAC800 (A), deconvoluted C 1s (B), and O 1s spectrum (C).

TABLE 1 | Quantified elemental composition from XPS for AAC800.

Peak Position BE (eV) Atomic concentration (%)
O 1s 531.3 17.2
Ca 2p 347.3 1.76
K 2p 293.3 2.03
C1s 284.3 78.99

all AACs are shown in Supplementary Figure S6. From the
isotherms, it can be seen that AACs exhibit the type IV
physisorption isotherm according to IUPAC
recommendations (Thommes et al, 2015). Type IVa is
characterized by condensation, followed by a hysteresis
loop. All the AACs exhibit the H4 hysteresis loop,
associated with filling of micropores. H4 loops are
characterized by  the  presence of  hierarchical
microporous-mesoporous carbons. The BET method was
used to evaluate the surface area of porous carbons. SSA
was found to increase from AAC400 to AAC800, reaching a
maximum of 736.6 m*/g, and decreased to 22.1 m*/g for
AACI1000. Similarly, the pore volume was also found to
follow the same trend as SSA, reaching a maximum of
0.389 cm®/g for AAC800. SSA and pore volume variation
with AAC pyrolysis temperature is plotted in Figure 5B
The t-plot method was employed to find the micropore and
mesopore SSA and pore volume of AACs. The micropore and
mesopore SSA contribution toward total surface area among
AAGCs is depicted in Figure 5C. All the porosity values for
AACs are also tabulated in Table 2. The micropore surface
area contribution toward total surface area was found to be
41.3% for AAC400 and increased to 84.1% in AACS00.
Further, for the AAC1000 micropore, SSA decreases to 20%.
This can be attributed to development of hierarchical porous
structures as the temperature was increased up to 800°C. It has
been shown that materials with a high surface area possess a
higher concentration of micropores. AAC800 with a large
number of micropores contributes toward a higher SSA. At
1,000°C however, due to high pressure and temperature, the

porous structures may collapse, leading to a decrease in
micropore surface area and hence a lower total SSA. The
self-activation mechanism may be the reason for the
formation of micropores and hence the enhanced SSA for
AAC800 (Bhat et al., 2021). On a similar note, micropore and
mesopore volume contribution toward total pore volume
among AACs is depicted in Figure 5D. Mesopores
contribute almost entirely with 96.4% toward total pore
volume in AAC400, while it decreases to 38% in AACS00.
Collapse of micropores in AAC1000 causes an increase in
mesopore contribution (96%). The BJH model was employed
to find the pore width, where AAC800 was found to have an
average pore width of 1.9 nm. Charge storage mainly occurs in
such micropores which are beneficial for fabrication of
electrodes in electrochemical energy storage devices.

Electrochemical Analysis

Three-Electrode System

Electrochemical analysis of the AAC electrodes was conducted
in 6.0 M KOH electrolyte in a three-electrode setup. Generally,
the carbon synthesized at lower temperatures is not suitable for
electrochemical applications; hence, AAC400 was not tested
for its supercapacitive behavior. CV curves provide vital
information regarding the type of the charge storage
mechanism operating in an electrode-electrolyte interface.
The CV plots of AAC600 and AACI1000 at various scan
rates (mV/s) are shown in Supplementary Figures S7A,B,
while that of AAC800 is provided in Figure 6A. For the
comparison purpose, the current response of all AACs at
50 mV/s is compiled in Figure 6B. As can be seen from all
the plots, AAC800 exhibits near rectangular curves at lower
current densities, and we do not observe any significant
deformation of shape at 100 mV/s, indicating a superior
EDLC behavior. An enhanced current response of AAC800
toward applied potential can be attributed to well-formed
bimodal/hierarchical porous structures with a higher SSA,
providing access to more ions on the electrode surface.
Charge storage quantification was done from GCD tests.
The triangular-shaped GCD curves are typical of
electrochemical supercapacitors (Figure 6C). The linear and
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TABLE 2 | Porosity and structural data of AACs.

Material BET Total Micropore Mesopore Micropore Mesopore Avg. Ip/lg
SSA pore SSA (m%/g) SSA (m?/g) volume volume pore
(m?/g) volume (cm®/g) (cm®/g) width
(cm®/g) (nm)
AAC400 8.7 0.0167 3.6 5.1 54 x 107 0.0161 4.4 0.71
AAC600 188.6 0.117 144.5 44.0 0.0561 0.0609 2.0 0.9
AAC800 736.6 0.389 619.8 116.8 0.241 0.148 1.9 1.06
AAC1000 221 0.05 4.436 17.6 0.002 0.048 3.5 1.2

symmetric nature of charge-discharge curves at various
current densities suggested good coulombic efficiency of the
AACB00 electrode. The CV and GCD curves of AACS800
indicate a linear voltage versus time response, suggesting
that the amount of charge stored varies linearly as a
function of potential, and a single value of capacitance can
be easily calculated for capacitive-type energy storage systems
(Mathis et al., 2019). At the same time, the GCD profile of
AAC600 (Supplementary Figure S7C) shows tweaked
triangular curves with a non-linear discharge curve,
suggesting pseudocapacitive behavior, while AAC1000

exhibited relatively better linear and symmetric curves
than AAC600 (Supplementary Figure S7D). A
comparative graph of AACs at 0.5 A/g is provided in
Figure 6D. AAC800 exhibits a longer discharge duration
for the same current density, indicating more charge
storage. This is obviously attributed to organized bimodal
porous structures contributing in storing a large number of
ions/charges. Specific capacitances were calculated from the
slope of discharge curves using Equation 2. As expected,
AACS800 exhibited a maximum capacitance of 176.7 F/g at
0.5 A/g, which is 3 times higher than that of AAC600 and
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2 times higher than that of AAC1000 (Figure 6E). AAC800
was operated at various current densities from 0.5 A/g to
10.0 A/g, and capacitances were calculated at each current
density. With an increase in current density, the specific
capacitance decreased from 176.7 F/g at 0.5 A/g to 93.5F/g
at 10.0 A/g (Figure 6F). However, more than 50% retention
of capacitance at a higher current density indicates potential
applicability of the electrode material in real devices.
Electrochemical impedance spectroscopy provides
further insights into the electrochemical nature of AACs.
The Nyquist impedance plot plots imaginary and real
impedances at various frequencies (Figure 7A). Distinct
behaviors can be analyzed for different frequency regimes.
The Nyquist plot shows a semicircle at the high-frequency
region, followed by a vertical tail for AAC600 and AAC1000.
The point of intersection at the x-axis at the highest applied
frequency gives the Rg () or equivalent series resistance
(ESR), which is the total internal resistance of the cell and
was found to be 0.4 and 0.35 Q, respectively, for AAC600 and
AAC1000. Both exhibit charge-transfer resistance, with Rcr
of 1.1 and 1.2 Q, respectively. AAC800 on the other hand
does not exhibit any distinct semicircle at high frequency.
This further confirms the EDLC nature of AAC800 because
the porous carbon electrode stores the charges physically
(electrostatic mechanism) and hence charge-transfer
resistance, Rcr, is eliminated. At the high frequency

region [inset (ii)], we can observe an immediate ~45° line
from Rg, followed by a vertical tail which is nearly parallel to
the imaginary axis in the low-frequency region. The ~45°line
is short, suggesting easy accessibility of active sites on the
electrode in a short time and indicating a capacitive-like
behavior. The impedance data are also represented by the
Bode phase angle plot (Figure 7B) as a function of frequency.
AAC800 shows a phase angle of —81°, which is close to an
ideal capacitor (-90°), while AAC600 and AAC1000 show
phase angles of —62° and -79°, respectively. Real and
imaginary capacitances were also calculated and plotted
against frequency. A transition between purely resistive
behavior from C' 0 to where C' 1 is plotted
(Figure 7C). In ideal cases, the capacitance remains
invariant as a function of frequency once this transition
happens (Largeot et al., 2008). AAC800 comes close to
exhibiting this behavior by reaching toward saturation,
whereas for AAC600 and AAC1000, the capacitance (C')
continues to increase with decreasing frequency. Figure 7D
depicts evolution of imaginary capacitance (C") with
frequency. The peak of the curve indicates the transition
from purely resistive to purely capacitive. The frequency (f,)
where this shift happens can be observed to be shifting
toward higher frequencies for AAC800. The reciprocal of
this characteristic frequency (1/2nf,) yields time constant, ¢
(s), which is a quantitative measure of how quickly the cell
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can be charged and discharged reversibly (Largeot et al,
2008). The time constant was calculated to be 16, 1.6, and
0.2 s for AAC600, AAC1000, and AAC800, respectively.

CR2032-Type Symmetric Supercapacitor

A CR2032-type symmetric supercapacitor consisting of the same
AACS00 as an active material in the cathode and anode with
tetraethylammonium  tetrafluoroborate (TEABF;) as a
conducting organic salt in acetonitrile as the electrolyte was
fabricated and henceforth will be referred to as OSSc. The
cyclic voltammograms at different scan rates under 1, 2, 2.3,
and 2.7V are shown in Supplementary Figure S8. Current
response to applied potential follows a rectangular shape at
lower scan rates (5-25mV/s) at all operating voltages and
exhibits a slight deformity at higher scan rates, suggesting a
strong EDLC behavior. To mathematically quantify the type of
the mechanism for charge storage, Equation 6 was used

where current response (i) is related to sweep rate (v) by the sum of
capacitive and diffusion processes, while “a” and “b” are adjustable
parameters. Plotting log i against log v gives a linear response
(Figure 8B) which fits well (R*> = 0.999) with the linear equation
(y = a + bx) whose slope gives the value of “b” (0.92). This value
being closer to unity suggests that the charge storage mechanism
could be attributed to dominance of the capacitive mechanism along
the linear combination of both diffusion and capacitive effects
(Fleischmann et al, 2020). However, this method does not
quantify the individual mechanism. Hence, CV response was
further analyzed to find the individual contributions by using
Equation 7

i (V) =k + k,v'"? (7)
’V(I‘Q =k + K, 8)

where k; v is a measure of capacitive response and k,'/2 is a measure
of the diffusion-controlled process (Liu J. et al., 2018). k; and k, were

| — ; s ] . . = h . . . . .
1= leapacitive + Ldif fusion = @Y ®) obtained from the slope and intercept, respectively, in the linear plot
logi =loga + blogv (6)  of 27 v/s 2 (Figure 8C). An R® of 0.997 for the linear fit indicated
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reliability. The obtained k; and k; values were further quantified to
find the contribution ratio (Figure 8D). As seen from the plot, at the
lowest scan rate (5 mV/s), the contribution of diffusion-type current
response is ~30% of the total current response. As the scan rate is
increased, it decreases to ~9%. A slow scan rate is particularly useful
for extracting faradaic diffusion-type current from the capacitive
ones, and hence, we could observe an increased contribution of
faradaic diffusion-controlled current at lower scan rates (5, 10,
25mV/s). At slow scan rates, the ionic diffusion is slower from
the electrolyte to the electrode. However, irrespective of the scan rate,
the current response is predominantly due to capacitive-type charge
storage in OSSc. Further, the cell was operated at different voltages
(1-2.7 V; Supplementary Figure S8). CV response at different
operating voltages was compiled at 25 mV/s (Figure 8E). As can
be seen, CV exhibits a predominantly slanted rectangular shape as
the voltage window is increased, and we can observe overvoltage
when operated at 2.7 V with slight deformation of the rectangular
shape toward the right of the potential window. Hence, the GCD
tests were limited to 2.3 V.

GCD tests were conducted at the maximum operating voltage of
the cell (2.3 V; Figure 9A). The symmetric and linearly triangular-
shaped curves further compliment the results obtained from CV
analysis. The tests were conducted at various current densities from
0.1 A/g to 5.0 A/g, retaining the symmetric nature and signifying
good efficiency of OSSc. Figure 9B exhibits versatility of OSSc, where
the device could be operated at differing potential windows. GCD
tests were primarily used to find the gravimetric specific capacitance

of the cell. The capacitance was found to decrease over increased
current density from 52.3 F/g at 0.1 A/g to 37.6F/g at 50 A/g
(Figure 9C). However, ~70% of the initial capacitance was still
retained even at a higher current density, indicating potential for
commercial applicability of the OSSc. The energy density and power
density of the OSSc were calculated from Egs. 3, 4 and are plotted in
the Ragone plot (Figure 9D). The device exhibited a maximum
energy density of 16.7 Wh/kg at 98 W/kg and retained ~72% of the
energy density (12 Wh/kg) at a high power density of 2882 W/kg,
further signifying the potential application of the electrodes. The
electrode material was found to be superior when compared to earlier
published reports in the past 1year (Table 3). All the energy
parameters of OSSc are listed in Suppementary Table S1.
Stability of the OSSc cell was tested over 10,000 charge/discharge
cycles carried out at a constant current density of 2.0 A/g operated at
2.3 V. The device was found to exhibit a phenomenal coulombic
efficiency of 100% throughout 10,000 cycles (Figure 10A), which is
expected from an ideal supercapacitor. The cell also exhibited an
excellent capacitance retention of 93.2% over 10,000 cycles,
suggesting commercial viability of the electrode-electrolyte
assembly. The inset in Figure 10A shows the charge/discharge
curves of OSSc at different cycle numbers during the cycling
process. The uniformity of the curves at different cycle numbers
proves the viability of the cell. The cell was further analyzed for its
loss of current response after charge/discharge cycles from CV.
Figure 10B depicts CV curves recorded before and after 10,000
charge-discharge cycles. Although we can observe loss in current
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TABLE 3 | Comparison of the present work with some of earlier published research studies in the past 1 year.

Biomass precursor Potential Electrolyte Energy Efficiency Capacitance Reference
window density retainment retention
(\J] (Wh/kg) (%) (%)
Quinoa 1.0 6.0 M KOH 9.5 100 at 10,000 cycles  ~93 Sun et al. (2020)
IHPC 1.3 Mixed alkaline 19.7 89 - Yang et al. (2021)
electrolyte
Platanus bark 3.0 TEABF,/ACN 34.6 - 70.8 at 5,000 cycles Yu et al. (2020)
Coconut 1.8 LiBF, in EC/DMC 91.1 89 at 1,000 cycles 99 at 1,000 cycles Karamanova et al.
(2021)

Corn silks 2.7 1.0 M MeEtsNBF4/PC 16.4 — 81.6 at 10,000 cycles  Zhou et al. (2020)
Acacia auriculiformis 23 1.0 M TEABF4/ACN 16.7 100 at 10,000 cycles ~93.2 at 10,000 Present work

pods

cycles

response, the cell was found to be good enough with retaining ~77%
of the initial current response. The impedance data were measured
before and after 10,000 charge/discharge cycles to make the Nyquist
plot (Figure 10C). Unlike AAC800, we observed a semicircle in the
high-frequency region for OSSc with an Rg of 0.96 () and a charge-
transfer resistance, Rcr, of 11.4 Q. The impedance was found to

increase after 10,000 cycles with Rg increased to 4.8 ) and Rer to
15.0 Q. The semicircle observed for OSSc at the high-frequency
region could be attributed to interfacial impedance (Yan et al., 2019).
The phase angle was found from the Bode plot before and after
10,000 cycles (Figure 10D). The phase angle was found to be ~72°
and ~62° before and after 10,000 cycles, respectively. Relative real
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and imaginary capacitances as functions of frequencies were also  increased impedance, and a distinct change in Bode plot with cycling
plotted (Figure 10E). The time constant (t) was found to be 3.1, could be attributed to increased resistance and electrolyte loss
calculated from the maximum of the peak. The change in impedance ~ (Hasyim et al, 2017)The self-discharge curves of OSSc were
with cycling is one of the methods to determine the cycling stability. ~ plotted after charging to 2.3V at 1.0 A/g. The OCP was recorded
The pore clogging results in the increase of resistance, which canbe  at regular intervals for 100 min with the cell showing 43% retention
accurately identified from impedance spectra. Fading in capacitance, ~ after charging up to 2.3V. Two self-discharge models were
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employed to identify the major mechanism responsible for the self-
discharge (Barzegar et al, 2017). The first model relates self-
discharge current leakage with resistance R using Eq. 9,

V = Ve k¢ 9)
where V, is the initial voltage and C is the equivalent capacity of
the EDLC. Subsequently, the plot of InV versus time should give a
linear relation. However, data obtained for OSSc deviated from
this linear regime (R* = 0.62; Figure 11A). This indicated that the
self-discharge observed in OSSc cannot be caused by current
leakage through a resistance model. The second model was based
on the diffusion-control mechanism where it is postulated that
the loss of stored charges is due to the out-diffusion of the ions in
the EDL. The drop in voltage by this type of diffusion process is
governed by the following equation:

V =V, - mt"? (10)

where “m” is the diffusion, related to the initial voltage, V,,. Data
measured for self-discharge of OSSc fit well with this model (R* =
0.96; Figure 11B), establishing that the major process driving the
self-discharge is diffusion control of ions in the electrolyte from the
double layer.

CONCLUSION

The effect of temperature was utilized to synthesize Acacia
auriculiformis pod-derived porous nanocarbons without any
activating agents by the “self-activation” mechanism at 800°C.
Well-organized  bimodal/hierarchically ~ porous nanocarbons
synthesized exhibited a maximum BET SSA of 736.6 m%/g.
Surface analysis further shed light on the role of micropores in
enhancing SSA and pore volume significantly. This further was
shown to have an impact on electrochemical behavior with AAC800
exhibiting a maximum specific capacitance of 176.7 F/g. The
CR2032-type symmetric supercapacitor cell was fabricated using
AACB00 as the electrode material. The kinetics of the storage
mechanism was established, which was found to be dominated
by the capacitive effect. TEABF, in ACN was used as the electrolyte,
which permitted increasing the potential window to 2.7 V; however,
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