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By one-step carbonization, sponge-like porous carbon was derived from Ficus Religiosa leaf. The prepared carbon
contains large voids, which will be beneficial for the K™-ion intercalation /de-intercalation process. A maximum
reversible capacity of 205 mAh.g~! was obtained at 20 mA.g™L. Further, the porous carbon electrode showed a
reversible capacity of 76 mAh.g~! with 76% capacity retention over 50 cycles at a current density of 50 mA.g~ .
Overall, the Ficus Religiosa leaf derived biomass carbon can be a good candidate for K'-ion intercalating elec-

trodes for energy storage devices.

1. Introduction

The demand for new energy storage technologies has been rapidly
increasing, especially to meet large-scale energy requirements. A sta-
tionary grid-based storage technology needs abundant reserves that
must be economically viable and efficient. Though the present metal-ion
battery technology is being dominated by lithium-ion batteries, limited
lithium resource and uneven distribution makes it highly uneconomi-
cally for stationary grid storage applications [1]. Hence, an alternate,
affordable and sustainable energy storage technology is mandatory,
where sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) are
gaining interest over the past few years. Among these, the PIBs are
considered as the most viable systems since the K* ion exhibits weaker
Lewis acidity and has a smaller solvation ion size than Li* and Na* ions
[2]. After the identification of K intercalation into graphite [3], re-
searchers explored different forms of carbon for PIBs [4], where
biomass-derived carbon has received significant interest. Since the
inherent 3D porous construction provides advantages such as large
interlayer spacing with good mechanical stability, large surface area and
good thermal stability. Therefore, various biomass carbon derived from
bamboo, sugar cane, chitin, bacterial cellulose, loofah, maple leaves,
and potato, etc., have been reported so far [4,5]. In this line, the present
work reports the use of biomass waste (Ficus Religiosa leaf) derived
carbon as anodes for PIBs for the first time due to their wider availability
under the “waste to wealth” concept. Previously, our group reported the
Ficus Religiosa leaf derived porous carbon as an electrode for flexible
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supercapacitor [6]. Herein we report the K*-ion storage properties of
biowaste carbon derived from Ficus Religiosa leaves as anodes for
batteries.

2. Experimental methods and materials

The dead leaves of Ficus religiosa were collected from Bharathiar
University Campus, Coimbatore, India. The collected dead Ficus religiosa
leaves were washed with double distilled water, treated with 1 M HCI,
dried at room temperature, and made into a fine powder. The leaf
powder was carbonized at 900 °C for 3 h in N; atm. at the rate of 5 °C/
min. The prepared sample is named FR-900 hereafter. The structural
properties were investigated by X-ray diffraction (XRD, Bruker D8
Advance) with Cu-Ka radiation in the 20 range of 10-90°, FT-IR spec-
trum was collected with JASCO —4000 series, and Raman spectrum was
recorded with (HORIBA LabRAM HR) in the range of 800-2000 em !
with a Laser excitation of 532 nm. The morphology was observed with a
high-resolution transmission electron microscopy (JEOL JEM 2100).

The electrode was prepared by mixing FR-900 (80 wt%), acetylene
black (10 wt%) and polyvinylidene fluoride (PVdF) (10 wt%) in the N-
methyl-2-pyrrolidone (NMP) and was coated on Cu-foil and dried under
vacuum at 100 °C for 12 h. The half cells (2032 coin cell) were assem-
bled in the glovebox with Hy0, and O3 kept below 0.5 ppm (MBRAUN
LABstar) using the punched electrode (16 mm dia. and 1.0 mg) vs K
metal. Whatman GF/D glass microfiber filter was used as a separator and
0.8 M KPFg dissolved in EC: DEC (1:1 wt%) was used as electrolyte. The
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Fig. 1. (a) XRD pattern, (b) Raman spectrum and (c) FT-IR spectrum of FR-900.

(dis)charge cycling tests were performed in the potential range of
0.01-3.00 V vs K/K" with a WonATech battery cycler (WBCS 3000L).
The cyclic voltammograms (CV) was collected with a Biologic (VSP
Model) electrochemical workstation.

3. Results and discussion

The XRD pattern of FR-900 (Fig. 1(a)) shows two prominent broad
diffraction peaks between 20 — 30° and 40 — 50° corresponding to (200)
and (100) planes of graphitic carbon. XRD pattern matches with the
graphite (JCPDS No. 41-1487) [7]. The broad peak around 23.7° in-
dicates that the ordering exists only for few nanometers. The peak at 44°
corresponds to inter and intralayer scattering in the graphene stacks,
which indicate the presence of graphitic structure [8,9]. The Raman
spectrum (Fig. 1(b)) depicts two peaks around 1346 and 1590 em in
the measured range (1000-1800 cm_l), The peak at 1346 em™! corre-
sponds to defective (D) band, which is due to the vibrations of disor-
dered carbon atoms (A;; symmetry) from a defective graphitic structure,
or the edges of the graphite sheets, and the peak at 1590 cm™! corre-
sponds to the graphitic (G) band of C-C in-plane stretching vibrations of
sp? hybridized graphitic carbon atoms (E2¢ symmetry) [8]. The esti-
mated intensity ratio (Ip/Ig) is 0.98, which is lesser than 1, reveals the
presence of lesser defects in the carbon. The FT-IR spectrum (Fig. 1(c))

displays the bands around 1082, 1489 and around 3458 cm ™!, corre-
sponding to the C-O stretching, C-H bending, and O-H stretching vi-
brations, respectively. The available functional groups act as binding
sites for KT ions during intercalation [10].

The morphological features of the FR-900 are studied at different
magnifications using HRTEM, and the images are shown in Fig. 2 (a-c). It
reveals that the particles are highly porous, with sponge-like
morphology having large voids. It is believed that the observed large
porous structures with thin carbon layers will be highly beneficial for
K*t-ion (de)intercalation. The observed concentric rings (Fig. 2 (d)) in
the SAED pattern confirms the polycrystalline nature of the prepared
carbon.

To study the electrochemical performances of the FR-900 electrode
(Fig. 3), CV tests were performed in the potential range of 0.01 and 3 V
vs K/K* at 0.05 mV.s~* (Fig. 3a). In the first cycle, a small bump in the
voltage range of 0.4 V to 1 V vs K/K" is observed during the negative
scan due to the formation of SEI layer on the surface of the electrode
[11], and this is the reason for the observed high initial capacity with
low coulombic efficiency in the GCD curve (Fig. 3b). The observed
reduction peak at ~ 0.3 V ys K/K" elucidates the adsorption of K'-ions
on the surface of the carbon particles. The region below 0.3 V vs K/K*
infers the intercalation of K'-ions, and the oxidation peak at ~ 0.5 V vs
K/K* corresponds to the removal of adsorbed K*-ions from the carbon
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Fig. 2. HRTEM images at different magnifications (a-c) and the (d) SAED pattern Fig. 2 of FR-900.

particles [8].

To validate the K'-intercalation properties, a galvanostatic-charge
discharge (GCD) study is performed in the voltage range of 0.01 V to
3V vs K/K". Fig. 3(b) shows the first five GCD curves of FR-900 cycled
between 0.01 V and 3 V (vs. K/K™) at a current density of 20 mAg~!
(Fig. 3(b) inset shows the GCD curves excluding the first cycle). The first
potassiation capacity is 625 mAh.g~}, but the observed de-potassiation
capacity is ~ 200 mAh.g”!, a large difference in capacity and low
coulombic efficiency during the first cycle is attributed to the formation
of the SEI layer [11]. During the subsequent cycles, the reversible
characteristics of the materials are observed. To assess the dynamics
performance, the rate capability was studied at different current den-
sities from 20 to 280 mAg’1 (inset: Fig. 3c). At low current densities, the
capacity is decreasing with an increase in cycle number. Above 50 mA.
g~ ! the capacities are found to be stable. At 20 mA.g~" for the second
cycle, the capacity was 190 mAh.g~'. The average capacity at 50, 100,
160, 200, 260 and 280 mA.g’1 are 100, 68, 50, 40, 30 and 25 mAh.g’l,
respectively. Average capacity at 20 mAg~! done after 280 mAg ™
reached 125 mAh.g 1. At low current densities, there is a loss in capacity
with less couloumbic efficiency. In contrast, at higher current densities,
the discharge capacity is found to be stable with good couloumbic effi-
ciency. While increasing the current density from lower to higher, there
is a minimal decrease in capacity. Fig. 3c depicts the cyclic stability of
the cells measured at 50 mAg ™~ for 50 cycles. It can be seen that there is
76% of capacity retention after 50 cycles to the second cycle. The cou-
loumbic efficiency was almost 100% except for the first cycle. The
discharge capacity can be further improved by optimizing the

carbonisation temperature and incorporating heteroatoms like O, N and
S in future [4].

4. Conclusions

In the present work, the biomass-based sponge-like porous carbon
derived from Ficus religiosa dead leaf is reported as the anodes for PIBs.
The porous carbon was prepared by the direct carbonization method at
900 °C in N3 atm. The prepared carbon is found to possess large voids
with porous structure, as revealed from HRTEM. The initial irreversible
capacity of 625 mAh.g~! was obtained in the first cycle at 20 mAg ™', A
reversible capacity of 205 mAh.g~! was obtained in the second cycle.
The porous carbon electrode showed a reversible capacity of 76
mAh-g~! with 76% of capacity retention over 50 cycles at a current
density of 50 mAg~!. The prepared biomass-based porous carbon
derived from Ficus religiosa is very interesting as it exhibits a large void
and it is highly porous with a polycrystalline structure. This is very
beneficial for the large K™ ions to intercalate/de-intercalate easily.
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Fig. 3. (a) Cyclic voltammogram at 0.05 mV.s~! , (b) GCD curves of 1% five cycles at 20mAg ™! (inset: except 1% cycle) , (c) cycling stability measured at 50 mAg ™!

(inset: rate capability) of FR-900 cells.
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