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Abstract: To address the disadvantages of both lithium-ion batteries (low power density) and
supercapacitors (low energy density), lithium-ion capacitors (LICs) were created as a hybrid energy
storage system. In this study, the biomass-derived activated carbon from corncob (CACN) was
prepared by adopting physical and chemical activation processes under different nitrogen gas flow
rates (N2). The material was activated with KOH and then pyrolyzed at 700 °C under varying N2 flow
rates from 200 to 400 standard cubic centimeters per minute (sccm). Scanning electron microscopy (SEM)
images revealed that the surface morphology appears to have a highly porous structure. The highest
specific surface area (SSA) (1936 m? g'!) was achieved following activation at 300 sccm, confirmed
by the Brunauer—-Emmett-Teller (BET) results. X-ray diffraction (XRD) and Raman spectroscopy
indicated that the crystal structure was amorphous. Through electrochemical tests, the quasi-rectangular
cyclic-voltammogram (CV) graph of the LIC coin-cell constructed by CACN (LICN) has similar
characteristics to capacitors and batteries. The best coulombic stability was found for LIC with CACN
activated at 300 sccm, presenting the highest energy and power density (10.79 Whkg ' and 526.39 Wkg ™)
by charge-discharge (CD) tests. This optimization of carbon activation enables us to achieve the
optimum physical characteristics and electrochemical performance of activated carbon and LIC, respectively.
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1. Introduction

The demand for energy storage systems with high energy and power density is increasing due to
the growing need for electric vehicles (EVs), renewable energy integration, household electricity
supply, and battery backup systems for safety loads in nuclear energy applications [1,2]. Lithium-ion
batteries (LIBs) and supercapacitors (SCs) are among the most important energy storage devices used
in several applications; however, they cannot fully meet these demands. LIBs are considered promising
energy storage systems due to their high energy density, reaching up to 300 Whkg ! through faradaic
reactions [3—5]. However, LIBs suffer from several drawbacks, such as voltage degradation during
long-term use and high cycles, lower power densities not exceeding 1 kW kg!, and relatively slow
charging and discharging processes caused by redox reactions. These processes accelerate material
degradation and limit the cycle life to 1000 cycles [2,5,6].

In contrast, electric double-layer capacitors (EDLCs), which function as symmetrical supercapacitors,
exhibit high power density, reaching 1-2 kW kg with carbon-based electrodes and exceeding 3 kWkg™!
with advanced materials. This performance stems from rapid ion adsorption-desorption reactions and up
to a million charge/discharge cycles [7,8]. Yet, the EDLC performance is limited in energy density, being
restricted to less than 10 Whkg™!, due to their surface-dependent charge storage mechanism and the
limited number of ions available in the electrolyte [8—10]. The increasing demand for simultaneous
high energy and power supply, for instance, for HEVs and UPS systems, has driven extensive research
into hybrid energy storage technologies.

Lithium-ion capacitors (LICs) are a promising technology that combines faradaic and non-faradaic
charge storage mechanisms. LICs integrate the structural and electrochemical advantages of LIBs and
EDLCs, where the anode uses a high-energy electrode made of lithium graphite material (as in LIBs),
the cathode uses a high-power electrode made of highly porous activated carbon (AC) (as in EDLCs),
and the organic electrolyte contains Li salt [11-13]. Porous carbon plays a key role in supercapacitor
performance, as its high surface area and interconnected pore structure dictate the efficiency of ion
adsorption [14,15]. In standard EDLCs, these pores provide the necessary sites for the formation of
the electric double layer; in LICs, they facilitate rapid anion transport to balance lithium-ion
intercalation at the anode. By optimizing the pore size distribution, these materials minimize internal
resistance and facilitate high-rate capabilities [16,17]. With this combined structure, LICs provide
redox and adsorption-desorption ion mechanisms during charging and discharging, thereby increasing
the specific capacity and maximum voltage. Devices can achieve significantly increased energy
densities without sacrificing the rapid discharge characteristic of carbon-based electrodes [3].

Similar to other energy storage systems, material selection is critical for achieving the best
performance of LICs. The LIC concept was first introduced by Amatucci GG et al. in 2001 using
LiaTisO12 (LTO) as the anode and AC as the cathode, producing a device with an energy density
exceeding 20 Wh kg™!, which is 4-5 times higher than that of EDLCs [18]. In 2017, Ruan D et al.
developed LICs using microspherical LTO with different Li insertions as the anode and AC as the
cathode (LIC 700-F), achieving an energy density of 2466 W kg ' and a capacitance retention of 92%
after 10,000 cycles [19]. The fundamental advantages of LTO, particularly its safety and structural
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integrity, were comprehensively reviewed by Zhao B et al., who identified it as a premier anode
candidate [20]. Furthermore, Zhao S et al. emphasized that the absence of solid electrolyte interface (SEI)
formation and its fast-charging capability are the critical factors for its success in hybrid energy storage
systems [21]. Additionally, Chen C et al. leveraged LTO’s stable matrix to effectively houses silicon,
achieving a high capacity of 1,152 mAh g™' by mitigating the mechanical stress typically associated
with silicon anode [22]. Gangaja B et al. demonstrated that LTO’s performance can be further
optimized into a TiO2 composite, achieving 150 mAh g ! at high currents with an endurance of 5,000
cycles [23]. As such, LTO remains one of the most promising anode materials due to its thermal
stability, zero-strain insertion that minimizes volume changes, and the absence of SEI formation.

The cathode also plays a significant role in LIC performance by providing more active sites for charge
accumulation, thereby improving energy density, power density, and thermal stability [24,25]. Using LTO,
Agrawal R et al. fabricated LICs with graphene and carbon nanotube (G-CNT) as the cathode,
achieving an energy density of 7 Whkg™' and power density of 325 W kg ' [12]. Gao X et al. used Sri
Lankan vein graphite as natural graphite and obtained an energy density of 48 Whkg ' at 7.4 kW kg™ [26].
Commercial activated carbon has also demonstrated excellent performance; Liu C et al. reported a
specific capacitance of 140 F g™! [27]. The consistent combination of LTO anodes and carbon-based
cathodes has stimulated extensive research on carbon materials to further improve LIC performance.

For large-scale production, electrode materials must be easily produced while maintaining high
electrode performance. Biomass-derived carbon electrodes have gained interest due to their low cost,
abundant availability, non-toxicity, and ease of fabrication with high porosity and specific surface
area (SSA) through activation processes. Sun F et al. produced activated carbon from pomelo peel with
a simple KOH activation process, achieving an energy density of 84.6 Whkg™' at 24375 W kg ! [11].
Sennu P et al. used activated carbon from Prosopis juliflora using a KOH with an activation ratio
of 1:2 wt%, achieving an energy density of 216 Whkg ! [28]. Zhang Y et al. developed supercapacitors
using AC derived from longan shells employing dual activation using eggshell powder and KOH,
achieving a specific energy of 11.6 Whkg ! and a power output of 87 kW kg™ [29]. SSA, porosity, and
other physical properties of AC biomass affect the cathode performance in LIC. The wider the surface
area and the range of pore size distribution, the smaller the crystallite (grain), thereby increasing the
number of active sites for charge accumulation. These properties can be adjusted in several activation
steps, including the mass ratio of the chemical agent, the pyrolysis time, and the temperature [30].

One parameter that is rarely varied during carbon activation is the N2 flow rate. The N2 flow
helps reduce oxygen-containing groups on the carbon surface. Azargohar R et al. used N2 flow rates
up to 200 standard cubic centimeters per minute (sccm), Magar SD et al. used 110 sccm, and other
researchers do not report the flow rate [31-33]. Carbon activation using KOH involves several changes
in chemical bonds [34,35]. While parameters like temperature, KOH ratio, and time are commonly
studied, the effect of inert gas flow rate, especially above 200 sccm, remains poorly understood. Higher
N2 flow rates are hypothesized to influence KOH intercalation and pore development, thereby
increasing surface area and porosity [36].

According to the Indonesian Statistics Agency, corn production reached 19.61 million tons in 2015
and continues to increase by 3.45—4.6 million tons annually. This growth generates large quantities of
corncob waste, creating environmental challenges due to its limited economic value [37]. This study
aims to convert corncob waste into useful products, such as activated carbon by investigating the effect
of varying N2 flow rate. Corncobs were first carbonized under argon (Ar) flow and subsequently mixed
with KOH as the chemical activator. The sample was then activated at 700 °C under N2 at 200, 300,
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and 400 sccm. The resulting activated carbon was used as the cathode material in LIC devices along
with commercial LTO as the anode. The results demonstrate that activated carbon prepared under
optimized N2 flow rates significantly improves LIC performance.

2. Materials and methods
2.1. Preparation of corncob activated carbon

In this study, all parts of dried corncob (chaff/beeswing, woody ring, and pitch) were pounded
and ground into fine grains, which were then carbonized in a tube furnace at 200 sccm argon flow
at 600 °C with a heating rate of 10 °C/min, held for 0.5 h. The corncob carbon was then sifted with
a 200 mesh sieve to obtain homogeneous grains, washed to remove impurities, and dried to ensure no
water remained. Chemical activation was carried out by mixing the dried corncob carbon with KOH
at a weight ratio of 1:2, acting as the chemical activator. This was followed by a pyrolysis step (physical
activation) in a tube furnace under the influence of N2 at 700 °C with a heating rate of 11 °C/min, held
for 1 h at different flow rates: 200, 300, and 400 sccm, which were denoted as CACN200, CACN300,
and CACN400, respectively. The samples were then washed with diluted HCI and distilled water to
neutralize the carbon pH. Finally, CACNs were dried in an oven for 24 h at 120 °C. The finer CACNs
were used as the active material for the LIC cathode. This procedure is illustrated in Figure 1.
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Figure 1. Synthesis process of corncob activated carbon.

2.2. Material characterizations

A scanning electron microscope (SEM) with a ZEISS EVO MA10 500-5000x magnification was
used to determine the morphology and microstructure of all samples. Using the same device, one of
the samples was then tested to obtain the elemental surface with energy-dispersive X-ray (EDX). The
surface area and pore distribution were characterized by the Breneur—Emmet—Teller (BET) method
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based on adsorption data under N2 at 77.35 K with a Quantachrome NovaWin. Raman spectra were
quantified using a Renishaw Company Micro Raman spectrometer with a laser source with a
wavelength of 532 nm. The crystallite composition of the samples was analyzed by X-ray diffraction (XRD)
using a Rigaku X-pert Pro with Cu Ka radiation A = 1.5418740 A. To estimate the crystallite size from
the XRD test, we used the Bragg formula (Eq (1)), where n is an integer representing the order of
diffraction, A is the wavelength of the incident X-ray, d is the distance between crystal planes, and
6 1is the angle of incidence.

nA = 2dsinf (1)

The classical Debye—Scherer formula was then used to calculate the atom lattice height (L) for
the structural parameters as follows [38]:

L, = 0.94/Bgo2 cos by (2)
L, = 1-94/1/ﬁ100/101 €0s 6100/101 3)
n = L¢/dgo 4)

where L. and L, are the average apparent crystallite height and diameter dimensions, obtained from
the widths of (002) and (100/101) profiles, and dgq, represents the pseudographitic interlayer spacing.

2.3. Electrochemical measurements

The cathode was prepared by depositing a slurry of 85 wt% prepared CACN as the main active
material, 5 wt% Super-P carbon black as conductive additive, and 10 wt% polyvinylidene fluoride (PVDF)
as a binder dissolved in dimethyl acetamide (DMAc) solution. To form a homogeneous slurry, the
mixture was stirred using a hot plate stirrer at 1000 rpm for 6 h at 60 °C. The slurry was then coated
on aluminum foil with a doctor blade, and a preheating treatment was applied overnight at 80 °C. The
electrode was pressed using a roller press machine and then cut into a 1 cm? circle shape using an
electrode cutter; the drying process then continued in a vacuum chamber at 120 °C for 4 h. LTO-based
electrodes were also prepared using the same procedure with different compositions, namely 80 wt%
LTO (brought from Samsung.co), 10 wt% Super-P, and 10 wt% PVDF, and were then coated with
copper foil. 2032-coin cells, labeled LICN200, LICN300, and LICN400, were assembled by placing
the anode, separator, and cathode in series with 1 M LiPFs electrolyte in ethylene carbonate and ethyl
methyl carbonate (EC:EMC = 3:7) inside a glove box.

All electrochemical tests were performed at room temperature. Cycling voltammetry (CV) was
performed with an electrochemical voltage window of 1-3 V at various scan rates of 5, 10, 15, 25,
and 50 mV/s. Galvanostatic charge-discharge (CD) tests were conducted by applying a rate of 2 °C
for 100 cycles, with current densities of 4.3, 5.7, and 5.8 mA cm 2, with the theoretical capacitance of
activated carbon and the mass of each active material as the calculation reference. The specific
capacitance C; (F/g) of LIC was calculated using the following formula:

_ [1av
5 2xmxv(V-vy)

)

where [Idv (A) is the total current under the integrated area on the CV graph, m (g) is the total
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mass of the cathode active material, v (mV/s) is the applied scan rate, and (Vf - Vl-) (V) is the CV

test voltage window. The specific power density P (W kg') and energy density E (Whkg™) of LIC
were calculated using the following formulas [11,24]:

P=(Ux-) (6)
E=(Pxt) (7

where U (V) is the average of the initial and final voltage discharge curve, m (kg) is the total active
mass of both electrodes, and t (h) is the discharge time.

3. Results and discussion

The surface morphology of the samples was investigated using SEM, as shown in Figure 2a—c.
The three-dimensional carbon framework of CACN200, 300, and 400 appears as thick sheets,
honeycombs, and sponge structures. The surface carbon has a good pore distribution related to its
uniformity. Generally, while micropores (<2 nm) provide the high specific surface area (SSA)
necessary for charge storage, mesopores function as high-speed channels for rapid ion transport [16].
Meanwhile, macropores act as ion reservoirs that ensure a steady supply of electrolyte, effectively
shortening diffusion distance and enhancing rate performance. Based on our observation of SEM
images, it can be estimated that the pore size of the specimens is mostly distributed, with diameters
ranging from 2 to 50 nm, known as mesoporous.

EDS Spectrum

6] € (d)

keV

Figure 2. Morphology characterizations by SEM of (a) CACN200, (b) CACN300, (c)
CACN400, and (d) EDX test of CACN400 in (e) square spot surface.
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Surface elements were also characterized by EDX (only for CACN400) to check the presence of
impurities, as can be seen in Figure 2d—e. According to the EDX results, at the selected spot, the carbon (C)
component is 94.4%, which represents medium-high purity. On the EDX graph, we can still detect
oxygen (O; 3.5%) and potassium (K; 1.1%), which are estimated to originate from salt and silicon (Si0.6%)
impurities, naturally occurring in plants.

The crystallite structure and microstructural parameters of the samples were tested by XRD, as
shown in Figure 3. The X-ray diffraction pattern shows no prominent peaks, representing a perfect
crystal structure for all samples. The obtained activated carbon showed typical amorphous carbon that
maintains poor crystallinity [39]. However, some tiny peaks dominated the XRD graph at 20 =~26.3°, ~42.4°,
and ~44.4°, corresponding to the (002), (100), and (101) planes of graphite. These are in good
agreement with the graphite 2¢c phase as given by the Crystallography Open Database (COD) card
No. 96-101-1061, which has a hexagonal structure of a = 2.74 Aandc=6.79 A.
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Figure 3. (a) XRD pattern, (b) Raman spectra, (c) N2 adsorption isotherm, and (d) pore
size distribution of CACN based on the BJH method.

The average crystallite size of the samples is approximately 0.33 nm, calculated using the Bragg
formula (Eq (1)), supporting the formation of microporosity [38]. The Debye—Scherer formula (Eqs (2)+4))
was used to calculate the atom lattice height (L.), as we can observe the alteration of the carbon
structure when the N2 flow rate is varied. Overall, the change in N2 flow rate directly affects the atom
lattice (as shown in detail in Table 1); the smallest L. occurred for CACN300 (34 nm).
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Table 1. XRD calculations using Bragg and Debye—Scherrer formulas, Raman shift, and
specific surface area (SSA) from BET results.

Sample XRD calculation Raman shift ~ BET result
L, (hnm) L, (nm) d002 (A) Id/Ig SSAger (m?g ") Pore volume (cm®g ™)
Total Micro Meso
CACN200 509 114.75 3.395 0.915 1427 0.227 0.042 0.185
CACN300 34 76.48 3.374 0.976 1936 0.661 0.103 0.558
CACN400 40.8 91.83 3.372 0.821 1596 0.374 0.079 0.296

The peaks at ~1570 and ~1350 cm™! from the Raman spectrum of CACN (Figure 3b) represent
the G and D bands of the carbon framework, respectively, which are still in the first-order range of all
sp2-hybridized carbon. This indicates that the carbon of the sample is amorphous, where the reference
G-peak and D-peak of graphite are ~1583 cm™!' and ~ 1355 cm™!. These values were further confirmed
by C. Sisu C et.al. [40]. Increasing the nitrogen flow rate causes a slight peak shift in the Raman plot.
CACN400 has the closest Raman shift for the typical G-band of graphite, followed by CACN300 and
CACN200. On the other hand, the D-peak originates from the hybridization vibration mode associated
with the edge of graphene, which indicates some interference in the internal structure of graphene [41].
The Id/Ig ratio shows the degree of the carbon atom disorder [42]. The intensity of the defect bands in
CACN300 looks more striking than that of the other samples, which implies that its carbon structure
is quite random. Referring to our calculations in Table 1, CACN300 has a ratio close to 1; its diffraction
homogeneity is the highest, indicating that this sample has the most orderly arrangement of carbon
atoms in its crystallite.

All corncob-derived activated carbon appears to have mesoporous and microporous structures, as
shown in all graphs exhibiting a typical I adsorption-desorption isotherm (Figure 3c). Increasing the N2
flow rate during the carbon activation process of carbon did not proportionally increase physical properties,
followed by the surface area and pore distribution, as shown in the nitrogen adsorption/desorption graph
at 77 K (Figure 3d). The KOH activation mechanism of carbon follows several pathways; the primary
general reaction at T> 700 °C is 6KOH + 2C — 2K + 3H, + 2K,COj; [34]. This process is the critical
step for porosity—the intercalation of potassium (K) into the carbon lattice, which expands the layers,
followed by the etching of the carbon framework by the evolved gases and carbonates. At a flow rate
of 200 sccm, the kinetic energy of the carrier gas is insufficient to complete activation, and K,CO; and
K,0O can form on the surface of the carbon particles, blocking KOH from reaching the interior. Stagnant
byproducts, such as H20 vapor, also likely inhibit deep activation, causing the lowest total pore
volume (0.227 cm’/g). Once the N2 flow rate was increased from 200 to 300 sccm, excess H2O and CO,
were removed, and more metallic K was driven into the carbonized precursor and intercalated into the
carbon, wedging apart graphitic layers. Therefore, the surface area and pore volume increased drastically
from 1427 m? g ' and 0.227 cc g ' to 1936 m*> g and 0.661 cc g at 300 scem. In fact, data shows that the
average pore radius of CACN200 of 1.28 nm and CACN300 of 1.51 nm is classified as micropores,
while mesopores occupy approximately 81%, increasing to 84%. This occurs because the bound K metal
is intercalated at almost the same spot. Conversely, when the N2 flow rate is modified to 400 sccm
as the highest value in this study, the surface area, average pore radius, and pore volume decrease
to 1596 m*>g !, 1.3 nm, and 0.374 cm® g!. This is explained by an over-etching event. The aggressive gas
flow caused the delicate pore walls to collapse and disordered carbon sites to ablate, thereby decreasing
pores and area, reinforced by the resulting pore volume data being smaller than the activation at 300 sccm.
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Figure 4. CV graph of (a) LICN200, (b) LICN300, and (c¢) LICN400; (d) CV graph
comparison at 50 mV/s; and (e) the specific capacity of LICNs.

All characterization results indicate that CACN200, 300, and 400 present key advantages as LIC
cathode active materials, with small crystallite size, good size uniformity in micropore scale, high pore
volume, and high SSA. To evaluate the capability of CACN:s, a full LIC cell was constructed with LTO
as the anode active material of a 2032 coin cell, denoted as LICN. Cyclic voltammetry (CV) graphs
show LICN200, LICN300, and LICN400 (Figure 4a—) in a voltage window of 1-3 V, where the
current increases with increasing voltage sweep rate, at either forward or reverse scan. However, a
slight difference was observed in the case of LICN300 using a scan rate of 50 mV/s, where the peak
current during reverse scan is higher than that at a 25 mV/s scan rate. This is a potential distortion that
may occur at high scan rates due to electrode polarization and faradaic limits during galvanostatic
cycling using high power as a parameter [24]. Additionally, this demonstrates capability as a direct
consequence of its predominance of mesopores in CACN300 (84.42%), higher than for CANC200 and
CACN400, which mitigates the ion diffusion typically observed in purely microporous carbon [43].
The mesopores serve as a low-resistance ion highway and ensure that the Faradaic and capacitive
charge-storage sites remain accessible even under high-power demands, allowing for rapid
charge/discharge kinetics and higher current densities [43—45]. The different characteristics of CACN
as a cathode material make the CV results also very distinctive, as shown in Figure 4d; at a scan rate
of 50 mV/s, LICN400 has the most curved form, due to the redox process, and the highest peak current.
Figure 4e shows the comparison of the specific capacitance of LICN obtained using Eq (5). The highest
specific capacity of all LICN cells is achieved at the lowest scan rate because the formed diffusion
layer is wider and the working ions have enough time to penetrate deeper into the electrode material
lattice [46]. The remaining challenge of LIC as an energy storage relates to the transfer of working
ions using high-speed scan rates. LICN400 has the highest specific capacity at the highest scan rate,
which means LICN400 has the best ion transfer rate capability compared to others (data presented in
Table 2). We suspect this is due to the CACN400 having a higher percentage of micropores in volume
than the other samples (21.12%) and a high graphitic order, since it has the lowest 1d/Ig, as shown in
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the BET and Raman test results in Table 1. While a high micropore volume typically risks slow kinetics,
the low Id/Ig ratio provides better conductivity to facilitate rapid charge transport [47]. This result
mitigates the polarization and diffusion limitations observed in the other sample at 50 mV/s and
enables better specific capacity retention under high-power conditions.

Table 2. Results of the specific capacity and energy density of LICN.

LIC Specific capacity at 50 Power density (Wkg™)  Energy density Coulombic efficiency at
mVs™! (mAhg?) (Whkgh) 100™ cycle (%)

LICN200 3.214 376.92 10.2 98.3

LICN300 3.021 526.39 10.79 96.9

LICN400 4.325 427.48 8.11 94.1

The curves shown in Figure 4a—d do not exhibit typical capacitor or battery behaviors but display
a quasi-rectangular profile characteristic of LICs, which integrate the hybridization mechanism of
capacitors and batteries. During the charging process, electrons from an external power source at a
certain voltage accumulate at the anode. Oxidation occurs where Li* ions are intercalated into the LTO
lattice (faradaic reaction), while PF6™ ions are adsorbed to the cathode-electrolyte interface (non-faradaic
reaction) [28]. The accumulation of ions and anions on both sides of the electrode generates
polarization, and different potentials are formed. During the discharging process, the load is attached
to the LIC, and the different potentials between the electrodes will cause electron/current flow to the
load. The reduction process occurs at the anode, with de-intercalation of Li" ions back into the
electrolyte, while the desorption of PF6™ anions occurs from the cathode-electrolyte interface. Cyclic
voltammograms, as given in Figure 4, provide further information regarding these processes, which
can be observed from the anode and/or cathode peaks at 1.5 V. These peaks indicate Li-insertion and
de-intercalation occurring at the electrode surface and correspond to the formation of an electrical
double layer at the electrolyte-electrode interface [48].

The cyclic performance of LICNs over 100 cycles is presented in Figure 5. The LICN200 cell
appears to have the highest capacitance, reaching 20.129 mAh g '. This high initial capacity is due to
the high surface accessibility and pseudocapacitive contribution associated with a moderate value of Id/Ig,
which promotes rapid ion adsorption despite the lowest surface area and power volume [49]. Although
the coulombic efficiency (CE) at the 100th cycle reaches 98%, while degradation reaches 20.67%, the
cell is experiencing unstable performance after the 65th cycle (Figure 5a), and its capacitance also
declines [50]. This poor stability stems from a limited pore volume (lower than the other samples),
which fails to buffer mechanical stress during cycling, leading to structural fatigue, depletion, or pore
clogging that causes rapid capacity decay [51].

The performance trend of LICN400 cells is not significantly distinct from the other cells in terms
of specific capacitance alteration, with a slight increase at the end of the cycle, reaching 11.6 mAh g .
CACNA400 exhibits the lowest 1d/Ig ratio, indicating a more ordered (pseudo-graphitic) structure than
the other samples. Gradual wetting occurs as layers that may be tightly packed or slightly
hydrophobic (water-repelling) require more time for the electrolyte to penetrate. As cycling progresses,
the electrical field facilitates ion transport into deeper micropores, gradually increasing the active
surface area [52,53]. Nonetheless, the cyclic stability performance of the cell is unstable after the 50th
cycle, as seen in Figure 5c. Incomplete ion extraction during previous cycles contributes to additional
ion extraction in subsequent cycles (>100%). Additionally, the accumulation of electrolyte
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decomposition products and SEI creates high internal resistance and clogs these pathways, leading to
the observed instability.

LICN300 has an initial specific capacitance of 11.382 mA hg'. As shown in Figure 5b,
capacitance increases in the first five cycles before gradually decreasing, which is common for energy
storage systems. Among all samples, LICN300 demonstrates the best performance, with a specific
capacity degradation of only 9.24%. Regarding CE, LICN300 maintains stable performance and
provides capacitance for ion movement and storage. The CACN300 has the highest SSA, providing
the highest area for charge storage; it also presents high Id/Ig, indicating a defect-rich structure that
facilitates rapid ion entry. Furthermore, the dominant mesoporous structure in CACN300 serves as a
faster ion reservoir, ensures immediate electrolyte wetting, and provides a good mechanical buffer.
This optimized pore network enables ions to access active sites effectively, even at high power density,
resulting in a stable CE of 97%. The Ragone plot of LICNs over five sampling cycles is presented in
Figure 5d. The combination of good crystallinity, high SSA, and high porosity enables LICN300 to
optimize ion movement and displacement within the structure, delivering superior power and energy
density [54]. LICN300 achieves the highest average energy density of 10.79 Whkg ! at 526.39 Wkg™.
In comparison, LICN200 and LICN400 deliver energy densities of 10.2 Whkg ' at 376.92 W kg !
and 8.11 Whkg ! at 427.48 Wkg!, respectively, as shown in Table 2.
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Figure 5. Cycling performance from the CD test of (a) LICN200, (b) LICN300, and (c)
LICN400, and (d) comparison of LICN energy and power density on the Ragone plot.
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4. Conclusions

Corncob-derived activated carbon was successfully synthesized and applied as an active LIC
material. Variating the nitrogen gas flow rate had a positive effect on the physical properties of CACN,
where 300 sccm led to the best physical properties, with high pore structure, the highest SSA (1936 m*>g™!),
and the smallest crystallite size. LICN300 constructed with CACN300 provided the best
electrochemical performance with great Coulomb stability, while energy density was 10.79 Whkg™!
at 526.39 Wkg'. CACN at a higher flow rate could provide better LIC capacity, but it was unstable in
a high charge-discharge cycle. Therefore, this study offers a new approach to optimizing the physical
properties of AC from agricultural waste. Using this simple method presents advantages for high
electrochemical performance by the active material of lithium-ion capacitors (LICs).
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