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ABSTRACT

Li-ion batteries (LIBs) have gained popularity as a potential device for
sustainable energy transition. Because of its simple and environmentally benign
production, biomass-derived amorphous carbon is a viable anode for LIBs as a
possible replacement for graphite. However, its performance is limited by
structural deterioration and low conductivity. Therefore, developing low-cost
biomass-derived carbon anodes with improved electrical conductivity and
cycling stability is important for sustainable LIB applications. Here, slow
pyrolysis has been used to produce amorphous carbon from jute stick charcoal.
The jute sticks were pyrolyzed at 400 °C, and the structural characterization
confirmed the successful formation of amorphous carbon with flake-like porous
morphology. The resulting carbon was evaluated as an anode material in a full
cell. After 500 cycles, this anode demonstrated a discharge capacity of 125.46
mAh/g and a Coulombic efficiency (CE) of 68.4% at 1C. In addition, Ni metal
powder additives were added to improve cell performance. Ni considerably
reduced the cell impedance and enhanced electrode conductivity. As a result,
after 500 cycles, the Ni-added anode demonstrated improved performance with
a discharge capacity of 148.02 mAh/g and a CE of 73% at 1C. Electrochemical
investigations further indicated reduced cell resistance after Ni incorporation,
demonstrating enhanced electronic conduction and interfacial charge-transfer
kinetics.

1. Introduction

interested in less expensive, non-toxic manufacturing of

Eco-friendly energy storage devices are necessary for the
sustainable energy transition due to the scarcity of fossil fuels,
rising CO2, and the intermittency of renewable energy [1].
LIBs are widely used in portable electronic gadgets, hybrid
electric vehicles, and developing smart grids because they are
among the most effective and ecologically friendly energy
storage technologies [2]. The most popular anode in
commercial Li-ion batteries is graphite, an allotrope of carbon
[3]. Although graphite forms naturally at a somewhat lower
temperature of 450-600 °C, this process requires a
synergistic natural process that includes temperature,
pressure, shear strain, and metamorphic time [4]. In practice,
producing graphite from both organic and inorganic
precursors requires either high-temperature treatment at
1000-3000 °C or a complex chemical process [5]. In addition,
graphite has a low theoretical capacity of 372 mAhg! and a
strict rated capacity [6], which is the reason researchers are
trying to improve the structural mechanism of graphite in
order to improve the electrochemical performance of anodes,
as well as finding a suitable candidate to replace graphite
commercially, which will rely more on green manufacturing
and reduce the production cost. Researchers are therefore

carbon anodes. Huong et al. [7], for example, created a
nanocarbon from coal that demonstrated a discharge capacity
of 336 mAh/g at 0.1C. Pyrolysis of biomass carbon produces
amorphous carbon with three-dimensional crosslinks, which
is important for the shift to sustainable energy due to its
simple synthesis and environmental friendliness. One of the
main structural elements of jute sticks is lignin, a naturally
occurring polymer with a high carbon content (>60%) that
serves as a precursor to amorphous carbon networks [8]. In
most cases, amorphous carbon has a larger specific capacity
than graphite, but it degrades rapidly over cycling in a full cell,
and the material loses conductivity and structural integrity.
Pham et al. [9] synthesized SiO2/C anode from rice husk and
incorporated it in a full cell, which delivered a low discharge
capacity of 114.2 mAhg-!, which degraded very quickly in the
following cycles. Jiang group [10] synthesized 3D rod-like
carbon nanostructure from ramie fiber (RFC) and 2D carbon
nanosheets from corncob (CC). The RFC anode delivered a
high initial specific capacity of 757 mAh/g, but it suddenly
dropped to 432 mAh/g in the next cycle and decreased
further in consecutive cycles. The CC anode also exhibited a
similar trend in their investigation. Both anodes lasted less
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than 200 cycles. Therefore, amorphous hard carbons derived
from biomass wastes should be further investigated in order
to improve their electrochemical performance, stability, and
electrical conductivity as negative electrodes of LIBs. To
develop a sustainable biomass-based anode for LIBs,
materials of high specific capacity and good rate capability are
still needed. In this context, the conductivity of several anode
materials has been reported to be improved by metals or
metal oxides such as Ni, Cu, W03, Fe304, etc [11-14]. However,
reports on the effectiveness of these metals in improving the
performance of different biomass-based hard amorphous
carbons remain insufficient to this day. To better understand
the effectiveness of additive metals on the conductivity of
biomass-based amorphous carbons, more biomass materials
should be investigated with these additives. Moreover, almost
all studies have reported high-temperature pyrolysis or
hydrothermal carbonization as the main synthesis route for
valorizing hard carbons from biomass [15-17], which raises
concerns about energy consumption, toxicity, and cost-
effectiveness. In this study, we conducted slow pyrolysis of
jute sticks to create amorphous carbon for Li-ion battery
anodes. To examine the impact of Ni on electrochemical
performance, we added Ni metal powder to the carbon anode
materials and thoroughly analyzed the resulting materials
using galvanostatic testing, cyclic voltammetry, and
electrochemical impedance spectroscopy. The objective is to
investigate the effect of metallic Ni addition on the
electrochemical performance and cycling stability of jute stick
charcoal-derived amorphous carbon as an anode material for
lithium-ion batteries.

2. Experimental details
2.1 Anode fabrication

First, locally available dry jute sticks were collected. They
were cleaned with tap water and then rinsed several times
with distilled water. After that, the washed sticks were kept in
a closed, dark room for two days to dry. The sticks were then
broken into small pieces and stored in a steel pot. The pot was
sealed tightly and heated at 400 °C for five hours. A mortar
and pestle were used to grind the resultant charcoal. The
charcoal particles were filtered using a sieve. These
amorphous carbon particles were used to fabricate the anode.
After that, powdered Ni metal was added as an additive. In
this paper, charcoal-mediated amorphous carbon is denoted
as a-C, and Ni-added amorphous carbon is denoted as a-C-Ni.
A 90 wt% a-C and 10 wt% poly(vinylidene fluoride) (PVDF)
binder mixture was made for the a-C anode. A mixture of 70
wt% a-C, 20 wt% metallic Ni powder, and 10 wt% PVDF
binder was made for the a-C-Ni anode. To prepare a
homogeneous mixture, we ball-milled both combinations for
15 minutes at 200 rpm. After adding a small amount of N-
methyl-2-pyrrolidone, we prepared homogeneous slurries.
The slurries were then cast onto Cu foil and heated overnight
at 105 °C. We obtained ~95 um of active material coating on
Cu foil.

2.2 Cell assembly

From the fabricated slurry-coated Cu foil, round discs 15
cm in diameter were cut. Cells were fabricated in a CR2032
casing using one disc as the anode, a polyvinyl chloride
separator (18 cm), and a LiCoOz cathode (15 cm diameter).
The electrolyte was 1 M LiPF6 in an ethylene carbonate:
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diethylene carbonate (3:7) solution. Following assembly, the
cells were crimped at 80 psi.

2.3 Characterization

Scanning electron microscopy (SEM) images were taken
using a JEOL JSM-7600F. The same instrument was used for
Energy Dispersive X-ray Spectrometry (EDS) at 5 kV.
Attenuated total reflectance Fourier Transform Infrared
(FTIR) spectroscopy was conducted for mixtures of active
materials and PVDF binder in the 400- 4500 cm-1 range using
the PerkinElmer FTIR Spectrometer with a force gauge of
~85.

2.4 Electrochemical tests

Galvanostatic charge-discharge (GCD) was performed in
the range of 0- 2.5 V (vs. Li/Li+). A CS100 potentiostat was
used to perform electrochemical impedance spectroscopy
and cyclic voltammetry. All CVs had a potential window of 0.1-
3.0 V (vs. Li/Li+) at a scan rate of 5 mV/s, and all EIS analyses
were conducted between 100 kHz and 0.01 Hz.

3. Results & discussion
3.1 Characterization

Figure 1 shows the SEM images of a-C particles. The
images indicate irregular plate-like morphologies with
uneven thickness. We noticed a high aspect ratio and edge
defects in the plate-like particles. Edge defects were observed.
These defects may result from ball milling. In addition, defect-
rich amorphous carbon flakes are developed due to partial
preservation of the lignocellulosic framework of the jute stick.
As Li storage sites, the increased exposed surface and inter-
plate porosity are advantageous.

Figure 1c shows EDX spectra of a-C-Ni. A distinct C Ka
peak at about 0.27 keV was observed, indicating the presence
of carbon. Likewise, the presence of Ni is confirmed by the Ni
L (~0.85-0.90 keV), Ni Ko (~7.47 keV), and Ni KB (~8.26 keV)
peaks. For each sample, the FTIR spectra (Figure 2) show a
wide transmittance band in the 3600-3000 cm™ range. This
shows the O-H stretching resulting from the samples’
moisture level. Skeletal C=C vibrations of sp?-bonded
amorphous carbon are shown by the strong, sharp peak at
around 1600 cm™ [18]. The band at 1400-1200 cm™* could
be explained by carbon particle surface flaws brought on by
the C-O functional group. The aliphatic C-H and CF;
stretching vibrations of PVDF are shown by the weak band at
3000-2850 cm™ and the sharp, strong band at 1200-1100
cm™ [19]. Nevertheless, since metallic particles are not
infrared active, no band corresponds to them.

3.2 Galvanostatic charge-discharge

To better represent the cycling performance of the two
anodes, Figure 3 shows the voltage-current profiles of only
the first and last 5 cycles. Careful observation of the voltage
profile reveals voltage hysteresis. The charging profile was
higher than the discharging profile, suggesting that the anode
cannot supply the same amount of charge that was stored
during charging. Thus, more energy is required during
charging, and less energy is obtained during discharge.
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Figure 1. Characterization of jute stick charcoal-mediated carbon.
a,b) SEM images of a-C particles, and c) EDX spectra of a-C-Ni

We noticed no abrupt, fast changes in the voltage profile
during the charge-discharge transition. This incident typically
indicates a delayed electrochemical response of the a-C
anode. The increase in polarization throughout cycling is
observed in the smaller voltage-current profile at the end of
the cycles. Nevertheless, Ni addition improved -cycling
performance. Over 500 cycles, the voltage profile of a-C-Ni
showed minimal hysteresis and consistent cut-off voltages
(Figure 3b). Furthermore, the current profile was superior to
that of the a-C anode.
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Figure 2. FTIR spectra of a-C and a-C-Ni
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Figure 3. Voltage and current profile of the first and last 5 cycles of
500 GCD cycles: a) a-C and b) a-C-Ni

The strong peaks in the voltage profile during the charge-
discharge transition indicate a better electrochemical
response of the C-Ni anode, even though Fig. 3b shows poorer
discharge ability compared with the stored charge as before.
Although polarization still occurs at the end of the cycles, the
voltage-current profile shows good reversibility. Although the
voltage hysteresis and delayed electrochemical response
were eliminated, the Ni additive could not prevent the
increase in polarization. The electrochemical cycling
performance of each anode after cycling is displayed in Figure
4. Figure 4 depicts the discharge capacity and CE for each
corresponding cycle. The a-C anode demonstrated a first-
cycle discharge capacity of 137.75 mAh/g (Figure 4a). The
anode showed consistent cycling for the first 150 cycles, with
discharge capacities ranging from 137.75-172.19 mAh/g,
respectively. After 150 and 300 cycles, respectively, we
observed modest and moderate capacity fading. For the last
50 cycles, the average discharge capacity was 125.46 mAh/g.
Since Li entrapment is frequent in amorphous carbon, the
capacity fading may be caused by the permanent loss of Li
[20].
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CE is referred to as the ratio of discharge capacity to
charge capacity in a particular cycle [21]. This CE signifies the
extent of parasitic side reactions (PSRs) in each cycle and
ultimately in the overall cycling [22]. The CE of the first cycle
was 66.67%, and the CE for the last 50 cycles was 68.4%. The
CE clearly indicates a loss of Li inventory stored during
charging. The low CE indicates PSR and Li entrapment during
initial cycles. However, the CE improves a little over 500
cycles, indicating a slight reduction in Li entrapment and
PSRs. However, the cell impedance may rise over cycling. In
Figure 4b, we noticed improved electrochemical performance
of the a-C-Ni anode. The initial discharge capacity was 172.27
mAh/g. No significant capacity fading was noticed over the
first 50 cycles.
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Figure 4. Electrochemical cycling performance: discharge capacity
and Coulombic efficiency of a) a-C and b) a-C-Ni

Over the first 200 cycles, the discharge capacity
remained almost constant, with minimal variation. For the
last 50 cycles, the average discharge capacity was 148.02
mAh/g. As a result, C-Ni performs better than C and C-Cu
anodes. The initial CE was 43.38%, and for the last 50 cycles,
it was 73%, indicating a significant rise in CE. Although
fluctuations were observed in the final 50 cycles, there was no
discernible decline in CE. Thus, the PSRs and Li entrapment
reduced upon cycling, signifying enhanced electrochemical
performance of a-C-Ni. Ni increased the anode's conductivity
and reduced polarization rather than blocking Li storage sites
[23].
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3.3 Electrochemical impedance spectra

The EIS spectra for each anode under different cell
conditions are shown as Nyquist plots (Figure 5). Figure 5c
shows the corresponding fitted equivalent circuit for the EIS
spectra. For the bulk anodes, we are considering bulk
resistance (Rb). The interface resistance is regarded as RSEI.
Ret is the charge transfer resistance. Rb, RSEI, and Rc are
associated with the high-, mid-, and low-frequency ranges,
respectively. The combined resistance of RSEI and R is
considered the polarization resistance. The depressed
semicircle indicates non-ideal capacitive behavior originating
from surface heterogeneity and is represented as a constant
phase element, Q [24].

a
) 2000
—~1500 4
£
=
I
N
1000
500 + —e— frech cell: a-C
~—O— after 500 cycles: a-C
—&— frech cell: a-C-Ni
04 —O— after 500 cycles: a-C-Ni
0 1000 Z (ohm) 2000 3000
ohm|
b)
300
200
3
£
-
N
100 -
—&— frech cell: a-C
—O— after 500 cycles: a-C
—&— frech cell: a-C-Ni
04 —O— after 500 cycles: a-C-Ni
0 100 200 300 400 500
Z' (ohm)
c)
cdl
AY |
71

Ry

S

R1

Rees R2

Figure 5. Electrochemical impedance spectra of a,b) a-C and a-C-Ni,
and c) corresponding equivalent circuit
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Figure 6 shows the corresponding numerical values for
the anodes at different cell conditions. Figure 6 reveals that
the a-C anode exhibits a high polarization resistance,
indicating sluggish charge-transfer Kkinetics at the
anode/electrolyte interface. After 500 cycles, the bulk
resistance of a-C increased, whereas that of a-C-Ni decreased.
The rise in bulk resistance suggests progressive breakdown
of the electrode/electrolyte interface and SEI thickening of a-
C during cycling. Conversely, the decrease in bulk resistance
of the a-C-Ni anode implies improved electronic conduction
and better electrode activation during repeated (de)lithiation
processes. Both the a-C and a-C-Ni showed a lower
polarization resistance upon cycling, indicating enhanced
interfacial charge-transfer kinetics. After cycling, the a-C
anode's polarization resistance decreased. Conversely, the a-
C-Ni anode showed low polarization resistance, consistent
with a prior investigation [25]. Therefore, Ni increased the
conductivity of the bulk anodes. The incorporation of Ni
additive forms a conductive framework within the
amorphous carbon matrix, facilitating electron transport and
reducing interfacial impedance.
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Figure 6. Bulk and polarization resistance of a-C and a-C-Ni at
different cell conditions

4. Conclusion

In this study, we successfully synthesized amorphous

carbon via slow pyrolysis at 400 °C using jute stick as the
carbon source. We observed a defect-rich, flake-like carbon
morphology with exposed porous areas and confirmed a
strong sp?-bonded amorphous carbon peak in the FTIR
spectra. We performed an electrochemical test by
incorporating jute-stick charcoal-mediated carbon as an
anode active material in a full cell. The outcomes are
summarized as follows:

o The a-C electrode delivered an initial discharge capacity of
137.75 mAh/g and an average discharge capacity of 125.46
mAh/g after 500 cycles at 1C.

e Incorporating 20 wt% Ni increased the initial discharge
capacity to 172.27 mAh/g, while the average discharge
capacity during the final 50 cycles reached 148.02 mAh/g.

e The a-C-Ni electrode showed an increase in CE from
43.38% in the first cycle to 73% after 500 cycles, indicating
improved reversibility during prolonged cycling.

e The cell exhibited reduced bulk and polarization resistance
compared with the pristine carbon, indicating that the Ni
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additive improved electronic conduction and interfacial

charge-transfer kinetics.
In conclusion, we prepared a low-cost, facile-fabricated jute-
stick charcoal-mediated amorphous carbon anode, and after
adding metallic Nj, this electrode delivered improved capacity
and cyclic stability. With energy consumption and cost
economy as the primary focus, this study introduced a low-
cost, facile approach to developing biomass-derived
amorphous carbon anodes with improved electrochemical
performance through Ni addition. In the future, the possible
application of this biomass-derived carbon material and the
incorporation of other metallic additives as a sulfur host
matrix in Li-S batteries could also be investigated.
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