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power. Biomass-derived porous carbon (BC) is an ideal candidate as cathode
material and stands out for its tuneable porosity, sustainability, and low cost.
However, the inherent limitations of BC in delivering optimal electrochemical
performance necessitate using additives with superior electronic conductivity. In
this study, we introduce functionalized carbon quantum dots (f-CDs), synthesized
from biomass, as an effective additive to enhance the performance of BC. The
physicochemical and electrochemical figures of merit of BC integrated with 7 wt.%
f-CDs (BC@f-CD) were systematically compared with BC modified with 0.4 wt.%
single walled carbon nanotube (BC@s-CNT). Electrochemical evaluations revealed
that BC@f-CD exhibited a superior specific capacitance of approximately 191 F-g ™!
within a 2-4.3 V voltage window. The nano-sized dimensions and functional
groups of f-CDs significantly improved performance, enabling a remarkable 111%
increase in specific energy. Additionally, BC@f-CD demonstrated excellent
cycling stability, retaining ~86% of its initial capacity after 5000 cycles,
outperforming traditional lithium-metal batteries. This study underscores the
potential of f-CDs as a cost-effective and efficient alternative additive to s-CNTs
that can enhance the performance of LMCs, providing a sustainable solution for
advanced energy storage applications.

Keywords: carbon dots; biomass activated carbon; lithium-ion storage; lithium-
metal anode

1. Introduction

Lithium-ion batteries (LIBs) have been in the market as a forefront energy storage device for powering
portable electronics and electric vehicles due to their high specific energy, low self-discharge, and high open circuit
voltage [1,2]. Despite these advantages, the demand for higher energy densities, lower power densities, and shorter
cycle lives of LIBs is seeking further research for improvement. The conventional graphite anode in LIBs has
nearly attained its theoretical specific energy of ~350 Wh-kg ! [3]. In this context, lithium-metal batteries (LMBs)
with lithium metal as an anode are considered the holy grail with several merits, such as the highest theoretical
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gravimetric capacity, lowest redox potential, and low density [4,5]. Engineering the Li-metal interface through
surface modification methods, regulating the initial coulombic efficiency, and adopting solid-state electrolytes
have proven effective in preventing Li dendrite formation and reducing volume changes [6]. Further, these
properties allow for substantial improvements in rate capabilities by permitting Lithium to be directly deposited
on the anode, which, combined with the suitable electrolyte, enables the design of anode-less architectures that
save on materials and manufacturing costs while improving energy density. These advancements have made
lithium metal a viable option as an anode, advancing beyond the traditional concept of "half-cells" that use a
Lithium-metal counter electrode, paving the way for advanced high-energy LMBs. However, the intercalation
mechanism in the cathode prevents batteries from achieving high power densities.

The relatively new concept of lithium-metal capacitors (LMCs) has emerged to address these limitations,
combining a lithium-metal anode with a capacitive cathode to achieve high specific energy and power
simultaneously [7—13]. LMCs offer several advantages, including a superior voltage window, which is attributed
to the lowest redox potential and highest specific capacity of Lithium [9]. They address the mismatch in anode-
cathode kinetics commonly seen in conventional lithium-ion capacitors by enabling reversible and rapid lithium
plating and stripping [11,13]. Moreover, LMCs eliminate the need for pre-lithiation, simplifying their operation and
improving practicality. Research on LMCs is emerging, and only a few studies have been published. These studies
include propositions of highly capacitive activated carbon (AC) cathode, Lithium-metal anode deposited on gold-
coated carbon cloth, fluorinated electrolyte, the introduction of a controlled amount of polysulfides into ether-based
electrolytes and novel gel polymer electrolyte [7—13]. The study using a 3D AC scaffold yielded a superior specific
energy of over 633 Wh-kg ! and a high specific power of 15.3 kW-kg ! [11]. However, this study involves energy-
intensive and material-intensive processes, as the cathodes are carbon-derived from synthetic polymers. An
alternative is employing biomass-derived carbon, which can be synthesized by upcycling the biomass that otherwise
ends in landfills. A study showed rice husk as a precursor for biomass-derived activated carbon (BC) could deliver a
specific capacitance of 140 F-g ! and a specific energy of 35 Wh-kg ! in a voltage window of 2.8-4.2V [7]. However,
this performance is far inferior to that of synthetic AC. Incorporating metal oxides like Mn,CoOj3 nanoflowers [14]
and TiO, flowers [15] or coating cobalt thin film [16] on porous BC were studied to improve the performance.
Though the electrochemical performance is higher than the bare carbon, the capacitance retention is studied only
for 500 cycles. Moreover, using such metal oxides is undesirable as they are mined through unsustainable techniques
and retain high cost. A recent study with coconut rachis as BC shows that compositing single-walled carbon nanotube
(s-CNT) improves electrochemical performance [13]. Adding 0.4 wt.%, s-CNT improved the specific capacitance up
to 22% to reach ~188 F-g”! at 0.1 A-g™! and a specific energy of 208 Wh-kg! in a potential window of 24 V.
However, additives such as s-CNTs are undesirable due to their toxicity, high cost, purity issues, and anisotropic
behaviour, which lowers the electrochemical performance [17-20].

Among the several carbon additives studied, carbon dots (CDs) have gained significant attention due to their
nano dimensions, surface functional groups, high conductivity, ease of synthesis, nontoxicity, and lower costs [21].
CDs are studied as electrode and electrolyte additives in LIBs, supercapacitors, and LICs [22-27]. For the first
time, the effect of CDs on the electrochemical properties of LMCs is studied. In this study, we chose surface-
modified BC (Figure 1a) as cathode material for LMC, whose inferior surface and electronic properties delivered
a specific capacitance of ~90 F-g'! at 0.1 A-g™'. Functionalized carbon dots (f-CDs) derived from palm kernel
shells were introduced to BC to improve the performance using a sustainable and low-cost additive. The nano
dimension and functional groups of f-CDs played a crucial role in improving the specific surface area, reducing
resistance, and increasing the ionic conductivity of BC. The figures of merit of f-CD incorporated BC were
compared against commercially procured s-CNT (Figure 1b,c) by following the procedure in the prior literature [13].
The f-CDs were found to have a superior influence on the electrochemical performance metrics of BC than the s-
CNTs, resulting in a maximum specific energy of 281 Wh-kg ™.

(@) (b)

@ BC f\ s-CNT ¢ f-CD

Figure 1. Schematic representation of the three cathode compositions studied. (a) BC (b) BC wrapped in s-CNT
and (¢) BC decorated with f-CDs.
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2. Materials and Methods

2.1. Synthesis of Nitrogen-Doped CDs

The synthesis of BC and f-CD follows the protocol published in our previous studies [27,28]. Briefly, BC
was prepared by functionalizing AC from palm kernel shells (PKS) through nitric acid (R&M chemicals, Cardiff,
UK) refluxing at 90 °C for 36 h. The AC functionalized with oxygen moieties was thoroughly washed several
times until the pH was neutral. Thus, the sample was dried overnight in an 80 °C oven to get BC.

To prepare f-CD, 8 g of thoroughly washed, dried and crushed PKS was mixed with 50 mL DI water. The
mixture was transferred to a Teflon autoclave and set for hydrothermal treatment at 160 °C for 14 h. The
supernatant solution was separated and centrifuged from the as-obtained sample at 9000 rpm. Lastly, the solution
was once again filtered using 0.22 pm filter paper. This solution was then vacuum-dried to obtain f~-CD.

2.2. Slurry Preparation

The slurry for the working electrodes was prepared in the ratio of 8:1:1, with active material, carbon black
(~99%, Alfa Aesar, Haverhill, MA, USA) and a binder solution of 7 wt.% Polyvinylidene fluoride (PVDF, Mw
~530,000 pellets by GPC) dissolved in 1-methyl-2-pyrrolidinone (NMP-99%, Sigma-Aldrich, Hamburg,
Germany). Initially, a dry mix of 0.4 g of active material with 0.05 g of carbon black was prepared by hand mixing
in a mortar and drying in an oven at 120 °C for 1 h. Following, a wet mix of 0.714 g of PVDF was dissolved in
NMP, and an additional NMP of 0.5 g was mixed thoroughly in a Thinky mixer (Thinky Corporation, ARE-310,
Tokyo, Japan) for 30 min. The cooled dry mix was gradually added to the wet mix in four equal parts for 30 min.
This protocol was followed for BC's slurry preparation. Various concentrations of f-CDs viz. 3, 5, 7 and 9 wt.%
were tested by adding in BC, and the charge storage behaviour was studied using the galvanostatic charge-
discharge (GCD) profile shown in Figure S1 in the Supporting Information to identify the optimum concentration
of f-CDs. It was found that 7 wt.% f-CDs delivered the best performance. To prepare BC@f-CD, 7 wt.% of {-CD
was added to the dry mix, reducing the corresponding amount of carbon black. To prepare BC@s-CNT, 0.4 wt.%
of s-CNT (TUBALL™ BATT NMP 0.4% of SWCNT in 2% PVDF from OCSiAl Trading Shenzhen Co LTD.,
Shenzhen, China) was allowed to mix with 0.5 g of NMP before adding PVDF solution. The remaining procedure
for slurry preparation is the same as stated before.

3. Results and Discussion

3.1. Physicochemical Properties of f-CD

The shape and size of f-CDs were primarily investigated using TEM images depicted in Figure 2a. The f-
CDs show a quasi-spherical shape with 2-3 nm diameters. The higher resolution image of f~CDs in Figure 2b
shows the lattice fringes with a spacing of 0.36 nm, revealing their partial graphitic nature. This feature is
corroborated by the XRD pattern shown in Figure 2¢, which shows a broad peak position around 20 = 24°,
corresponding to the (002) plane of graphitic carbon [29,30]. This peak substantiates the presence of turbostratic
graphitic domains within the f-CDs. The Raman spectrum in Figure 2d presented additional insights into the
structure. The spectrum shows two bands at 1352 and 1573 ¢m™!, corresponding to the D-band and the G-band,
respectively. The D-band arises from structural defects and disorder, while the G-band is associated with the sp*-
hybridized carbon domains [31,32]. The presence of the D-band suggests a higher density of active sites on the f-
CDs, creating localized regions that can act as lithium adsorption sites, which could increase the reversible lithium
storage capacity. The intensity ratio of the D-band to the G-band (In/Ig) is calculated to be 0.71, which aligns with
the TEM and XRD analyses, further confirming the partial graphitic nature of the f-CDs.

The surface composition and chemical functionalities of the f~-CDs were examined through XPS using the
survey spectrum provided in Figure 2e. In addition to a prominent peak from carbon (C1s), the spectrum also indicates
the presence of oxygen (O1s) and nitrogen (N1s) on the f-CD surface. The surface chemistry of f-CDs was further
investigated using the high-resolution spectra of Cls, Ols, and N1s (included in the Supporting Information Sla—c).
The deconvoluted Cls spectrum shown in Figure S2a reveals three distinct peaks at binding energies of 284.18 eV,
285.58 eV, and 287.69 eV, which are attributed to carbon species in -C-C/C=C, -C-O, and -C=0, respectively [33-35].
As seen in Figure S2b, the Ols spectrum demonstrates two significant peaks at 530.88 eV and 532.28 ¢V associated
with -C=0 (quinone) and C—OH (phenolic) groups, respectively [36-38]. These oxygen-containing functional
groups enhance the surface polarity, enabling better lithium-ion adsorption and diffusion. The redox activity of -
C=0 groups contributes to faradaic reactions, thereby boosting the pseudocapacitance of the composite [39]. In
contrast, the phenolic group can participate in hydrogen bonding and improve wettability, thus promoting better
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electrolyte penetration during battery operation. Similarly, the N1s spectrum, shown in Figure S2c, is resolved into
two components, with peaks at 399.38 eV and 401.28 eV, attributed to pyrrolic nitrogen (N5) and quaternary
nitrogen (N-Q) species, respectively [40]. The presence of pyrrolic nitrogen suggests the potential for modulating
the charge carrier density, thereby enhancing interfacial capacitance. These surface functionalities play a crucial
role in defining the electrochemical properties of the f-CDs.
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Figure 2. (a) The TEM image of f-CD, (b) The higher resolution TEM image with lattice fringes marked (¢) XRD
of {-CD, (d) Raman spectra of f-CD with two bands, (e) XPS survey scan of f-CD with peaks of carbon, nitrogen
and oxygen.

3.2. Physicochemical Properties of BC, BC@s-CNT, and BC@f-CD

XRD analysis was carried out to evaluate the structure variation by adding s-CNT and f-CDs into BC, and
the results are shown in Figure 3a. All samples exhibit two characteristic broad peaks centred at 26 = ~24° and
~44° corresponding to the (002) and (100) planes of amorphous carbon, respectively [41,42]. The similarity in
the XRD patterns across all samples suggests that adding s-CNT or f-CDs does not significantly influence the
crystal structure of BC. The consistent presence of the (002) and (100) planes for BC, BC@s-CNT, and BC@f-
CD highlights that the core structural properties of the activated carbon remain intact despite the incorporation of
s-CNT or f-CDs [43,44]. This indicates that the functionalization with f-CDs and the addition of s-CNT primarily
enhance the surface characteristics of the composites without compromising the core structure of the BC.

Raman spectra were employed to analyze the structural and chemical changes of BC, BC@s-CNT and BC@f-
CD, as provided in Figure 3b. For BC, the Raman spectrum exhibits the characteristic peaks of activated carbon
appearing at ~1340 cm™! (D-band) and ~1606 cm™! (G-band) of disordered and graphitic carbon domains,
respectively [45,46]. With the incorporation of f-CDs into BC, a minor shift of the D and G bands to lower
wavenumbers, 1323 cm™' and 1596 cm!, respectively, is observed. This shift suggests the presence of new
interactions between the f~-CDs and the BC matrix, potentially caused by charge transfer or interaction between
the functional groups on the f~CDs and the carbon framework [47]. Such interactions may modify the electronic
environment and lattice vibrations, influencing the Raman modes. Similarly, when s-CNT is added to the BC to
form BC@s-CNT, the D and G bands are observed at ~1330 cm ! and ~1595 cm™!, respectively. The shift in these
bands relative to pristine BC is attributed to localized strain and changes in the electronic structure introduced by
the s-CNTs. The tubular structure of s-CNTs may exert mechanical strain on the BC matrix and promote enhanced
©-1 interactions, leading to slight alterations in the vibrational modes of the carbon lattice [48]. The degree of
graphitization was determined by evaluating the ratio of the intensities of the D band to the G band, and the values
are given in Figure 3b. The addition of f-CDs increases the degree of graphitization.

The variation in the surface area and pore distribution of BC, BC@s-CNT, and BC@f-CD was
systematically analyzed using the gas adsorption-desorption technique and is shown in Figure 3c,d. The
isotherms exhibit Type I and Type IV characteristics, with H4 hysteresis appearing in the relative pressure range
of ~0.45-0.9 P/Po. Such a profile indicates the presence of both micropores of diameter <2 nm and mesopores
of diameter between 2—50 nm [49-51]. Typically, the hysteresis observed in Type IV isotherms is attributed to
capillary condensation within mesopores, and the prominent increase in adsorption at low relative pressures
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indicates the significant contribution of micropores. A standard Type I isotherm has a broad pore size distribution
comprised of substantial micropores and a narrow range of mesopores, as seen in the pore distribution curve in
Figure 3d. As summarised in Table 1, the BET surface area and pore parameters reveal significant changes across
the samples. The addition of f-CD increased the surface area of BC from 318 m?-g ™! to 624 m?-g ! due to increased
surface roughness and higher surface-volume-ratio of f-CDs. This improvement in surface area is aligned with
prior literature on CDs enhancing the BET surface area of the host material, as provided in Table S1 in the
Supporting Information. A minor increase in the micropore surface area from 0.58 m?-g ! to 0.61 m?-g ! indicates
micropore utilization of f-CDs; however, a reduction in micropore volume from 0.77 cm3-g™! to 0.53 cm3-g! is
also observed. This suggests that although the total micropore volume decreases, the surface area of the remaining
micropores becomes more efficient for ion interaction due to the nanostructured f-CDs. Moreover, the average
pore diameter decreases slightly from 2.25 nm to 2.0 nm. The mesopores act as efficient channels for ion diffusion,
providing accessible pathways for ions to move through the electrode [28,52,53].
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Figure 3. (a) Comparative XRD plot of BC, BC@s-CNT, and BC@f-CD (b) Comparative Raman spectra of BC,
BC@s-CNT, and BC@f-CD (¢) N2 adsorption-desorption plot for BC, BC@s-CNT, and BC@f-CD (d) Pore
distribution plot for BC, BC@s-CNT, and BC@f-CD.

Table 1. Consolidation of N> adsorption-desorption analysis.

Samples SBET Smicro Smicro/ SBET Vtotal Vmicro Vmicrortotal D
(m*g") (m>g"h (m*g") (m’gh) (em*g™) (em’-g™ (nm)
BC ~318 ~184 0.58 0.22 0.17 0.77 2.25
BC@s-CNT ~447 ~272 0.61 0.25 0.13 0.52 2.24
BC@f-CD ~624 ~386 0.62 0.34 0.18 0.53 2.20

Seer—BET specific surface area; Smicro—micropore area; Vioar—total pore volume; Vmicro—micropore volume; D—average

pore diameter.

The morphological and compositional features of the samples were systematically examined using FESEM
and EDX, as depicted in Figure 4. Figure 4a highlights the porous architecture of BC with irregularly shaped and
unevenly distributed pores. These pores form a disordered yet interconnected network, characteristic of BC,
enabling ionic diffusion and storage [28]. The structure of BC@s-CNT is presented in Figures 4b and S3c, where
s-CNTs are uniformly coated across the BC matrix and act as bridges connecting fragmented BC particles. At
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higher magnification (Figure 4c), the s-CNTs are seen to interweave between BC fragments, forming a well-
integrated conductive framework. This conductive network is critical as it minimizes resistance and facilitates
effective charge transport across the composite.

The compositional insights EDX provided are shown in Figure 4d,e. The BC sample primarily consists of
carbon (71.92%) and oxygen (28.08%), with no nitrogen detected, consistent with the absence of nitrogen-based
functionalities. Upon the incorporation of f~CDs, BC@f-CD exhibits a notable nitrogen content of 7.63%, in
addition to carbon (67.24%) and oxygen (25.13%). The nitrogen is attributed to functional groups introduced by
f-CDs, such as pyrrolic and quaternary nitrogen, which enhance surface reactivity, modulate charge density, and
improve electrochemical performance. The uniform elemental distribution across BC (Figure S2) and BC@f-CD
composite, as shown in the mapping images Figure 4f~h, shows the homogeneous integration of f-CDs into the
BC structure. This uniformity ensures consistent electrochemical activity throughout the composite and indicates
synergistic interactions between BC and f-CDs.

More conclusive information on the surface modification of BC with the conductive additives, the FTIR
spectra of BC, BC@s-CNT, and BC@f-CD are presented in Figure S3e. BC is composed of three peaks: a broad
peak at 3612 cm!, which corresponds to O-H stretching; a peak at 1727.9 cm™!, which corresponds to C=0
stretching; and a peak at 1565.6 cm™!, which corresponds to C=C stretching. In addition to these peaks, BC@s-CNT
presents a peak around 3222.4 cm’!, attributed to C-H stretching. With the incorporation of f-CDs, peaks
corresponding to nitrogen groups are observed in BC@f-CD. A distinct N-H stretching peak appears at 3421.1 cm !,
along with a CN stretching band at 1216.8 cm™!. The differences in peak intensities and shifts in BC@s-CNT and
BC@f-CD compared to pristine BC suggest that the incorporation of s-CNTs and f-CDs introduces surface
modifications.

b T

P 1 2 3 10D 1 2 3
ull Scale 4286 cts Cursor: 0.000 keVFull Scale 4286 cts Cursor: 0.000

(f) (6]

Figure 4. (a) The SEM image of BC (b,¢) SEM image of BC@s-CNT showing s-CNT interconnecting fragmented
BC particles (d,e) EDX spectra of BC and BC@f-CD (f~h) EDX mapping of BC@f-CD for carbon, oxygen and

nitrogen.

3.3. Electrochemical Studies

Functional moieties in BC@f-CD significantly contribute to enhanced electrochemical performance by
improving electrical conductivity and introducing active sites for redox reactions. To investigate this enhancement,
DC polarisation measurements of all the samples were conducted to measure the conductivity (o). The
corresponding I-V curves, measured over a potential range of —2 to 2 V, are presented in Figure 5a. The results
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demonstrate a clear trend in conductivity, increasing progressively as BC < BC@s-CNT < BC@f-CD, with
respective values of 5.3, 7.9, and 9.4 mS-cm!. The conductivity observed in BC@s-CNT can be attributed to the
intrinsic conductivity of s-CNT. The delocalized m-electron system of s-CNTs facilitates efficient electron
transport and effectively bridges fragmented carbon particles by establishing an interconnected conductive
framework within the composite. In contrast, BC@f-CD exhibits the highest conductivity among the samples
primarily due to the functional groups on the f-CDs. These groups introduce localized electron-rich sites,
increasing the overall electron density and improving surface interactions. Additionally, the nanoscale dimensions
of f-CDs allow them to effectively integrate within the carbon matrix, possibly passivating the defects in the carbon
matrix, ensuring a more uniform and conductive network.

From the nitrogen adsorption-desorption studies, it was evident that BC@f-CD possesses a higher specific
surface area compared to BC and BC@s-CNT. However, it is essential to note that not all the available surface
area contributes directly to charge storage, as only the electrochemically active surface area (ECSA) participates
in redox reactions and double-layer capacitance. The ECSA was estimated using the equation detailed in the
Supporting Information (Supplementary Note S2) to assess this. The comparative results, shown in Figure 5b,
reveal that incorporating s-CNT into BC increases the ECSA by ~17%, whereas adding f~-CD enhances the ECSA
significantly by ~47%. This pronounced improvement in the ECSA for BC@f-CD can be ascribed to the nano-
dimensions of the f-CDs, which create additional active sites due to their high surface area-to-volume ratio.
Furthermore, the functional groups present on the surface of the f~-CDs, such as oxygen- and nitrogen-containing
moieties, contribute to the enhancement of electrochemical activity by promoting faradaic reactions and improving
the wettability of the electrode surface. These features collectively enable better utilization of the accessible surface
area, facilitating efficient ion transport and charge storage. The increased ECSA directly translates into improved
charge storability for BC@f-CD.

The cyclic voltammetric (CV) curves measured in the 2—4.3 V voltage range against a lithium anode revealed
significant differences in charge storage behaviour among the cathodes, as shown in Figure 5c. The area enclosed
by the CV profiles indicates that BC@f-CD exhibits the highest specific capacitance, suggesting its superior
electrochemical performance. All samples show a redox peak between 3 and 3.4 V, consistent with previous reports
where such peaks were attributed to oxygen functional groups present on the surface of BC [28]. In the case of
BC@f-CD, the increased intensity of the redox peak suggests enhanced charge transfer, likely facilitated by
additional oxygen and nitrogen functional groups introduced by the f~-CDs. This enhancement indicates that the
functionalized carbon dots contribute significantly to the redox activity, improving both the capacitive and faradaic
charge storage mechanisms. CV plots at multiple scan rates, provided in Supporting Information Figure S4, reveal
shifting redox peaks in all samples, indicative of diffusion-limited processes.

The GCD plots presented in Figure 5b were analyzed to evaluate the practical capacitance of the electrodes
and showed a firm agreement with the CV results. The GCD curves, recorded at various current densities (provided
in Supporting Information Figure S5), exhibit a quasi-triangular shape across all samples. This behaviour suggests
a predominantly capacitive charge storage mechanism, with contributions from functional groups facilitating
charge transfer. Specific capacitance values measured at 0.1 A-g™! for BC, BC@s-CNT, and BC@f-CD were 90.4,
158.2, and 191.1 F-g!, respectively, indicating a significant improvement with the addition of s-CNT and f-CD.
The enhanced capacitance of BC@s-CNT can be attributed to the conductive network formed by s-CNTs, which
bridges fragmented BC particles and facilitates efficient charge transfer pathways. This resulted in a specific
capacitance nearly 75% higher than that of pristine BC. In the case of BC@f-CD, introducing f-CDs increased the
specific capacitance by ~97%, further improving charge storage performance. The improvement is primarily due
to the additional surface functionalities and higher ECSA provided by f-CDs, which create more active sites for
ion adsorption and enhance charge transfer kinetics. The specific capacitance at varying current densities, ranging
from 0.2 A-g”' to 5 A-g™" and then back to 0.2 A-g', is shown in Figure 5e. At the highest current density of 5 A-g™!,
BC retained only ~8% of its initial capacitance, indicating limited charge transfer and diffusion kinetics. In
contrast, BC@s-CNT and BC@f-CD retained ~43% and ~54% of their capacitance, respectively. This higher
retention at high current densities reflects the improved electronic conductivity of s-CNT and f-CD, facilitating
faster ion and electron transport even under rapid charge/discharge conditions. Interestingly, upon returning to the
lower current density of 0.2 A-g™!, the capacitance retention was ~93%, ~99%, and ~97% for BC, BC@s-CNT,
and BC@f-CD, respectively. The near-complete recovery demonstrates the structural stability of all electrodes.

The electrochemical impedance spectrum (EIS) of the cells after 24 h of incubation at room temperature after
cell assembly, but prior to activation, is shown in Figure 5f. All the samples exhibit nearly similar impedance
profiles, indicating comparable baseline behaviours across the systems. The experimental data were fitted using
an equivalent circuit model to identify and analyze the various resistance components. Table 2 provides the fitting
profiles and corresponding values; the fitted curves are provided in the Supporting Information in Figure S6.
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The bulk resistance (Ry), which primarily arises from the ionic resistance of the electrolyte and the electronic
resistance of the current collectors, was found to vary slightly among the samples. The Ry, values for BC, BC@s-
CNT, and BC@f-CD are 2.45 Q, 2.79 Q, and 2.40 Q, respectively. The slightly higher R, observed for BC@s-
CNT may be due to the localized anisotropic diffusion pathways provided by s-CNT that hinder uniform ionic
conduction through the electrolyte in the initial state. Conversely, the lowest R, for BC@f-CD highlights the role of
the f~-CD in improving ionic conductivity by enhancing the interaction between the electrode and electrolyte [54].
The charge transfer resistance (Rcr), representing the resistance to electron transfer during redox reactions at the
electrode/electrolyte interface, is lowest for BC@f-CD. This significant reduction in Rer is attributed to the
functional groups on f-CDs, which enhance the surface wettability of the electrode and facilitate better ionic
interaction with the electrolyte [54]. Improved wettability leads to a more effective electrode/electrolyte interface,
reducing the resistance to charge transfer. The higher Rer values for BC and BC@s-CNT suggest less efficient
interaction with the electrolyte in their pre-activated states.

The diffusional resistance (Zwr) and diffusional time constant (Zwr) are notably lower for BC@f-CD than the
other samples. A lower diffusional time constant indicates faster ion transport within the electrode or electrolyte [50],
highlighting the superior diffusion kinetics of BC@f-CD. This improvement can be attributed to the oxygen and
nitrogen functional groups on the f~-CDs, which enhance surface activity and create localized sites that reduce the
energy barrier for ion diffusion. These functional groups also help maintain a well-connected pore network,
facilitating smoother ion transport. In contrast, BC and BC@s-CNT exhibit higher Zwr and longer Zwr, suggesting
less efficient ion transport pathways, likely due to their lower pore structures or fewer active sites in the initial state.
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Figure 5. Comparative plots of BC, BC@s-CNT and BC@f-CD for (a) DC polarisation plot measured between —2
to 2 V, (b) Calculated ECSA, (¢) CV plot measured at 0.05 mV-s™!, (d) GCD plots measured at 0.1 A-g”' (e)
Specific discharge capacitance of at current densities from 0.2 to 5 A-g™! (f) EIS plots of fresh cells.

Table 2. Consolidation of EIS fitting parameters before activation.

Zw
Sample Ry (©2) Rcer () R T
BC 245 200 60.59 8.93
BC@s-CNT 2.79 204 52.29 9.68
BC@f-CD 2.40 190 29.32 4.93

3.3.1. Analysis of Charge Storable Behaviour

The charge storability mechanisms of the fabricated electrodes were initially examined using Lindstrdm's power
law equation, which differentiates between diffusion-dominated and adsorption-dominated processes [55,56]. As per
the Lindstrom’s equation at different scan rates (v):

i=avb (1)
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logi = loga + b logv 2)

where i represents the maximum current response at a particular v, a and b are variables determined from the plot
between logi and logv. The b value provides insight into the dominant mechanism, with a value near 0.5 indicating
diffusion control and a value near 1 indicating surface control [57,58]. Figure 6a,d,g reveal b-values of 0.86, 0.84,
and 0.79, respectively. The results suggest a progressive shift from adsorption-dominated behaviour in BC and
BC@s-CNT to a more diffusion-dominated process in BC@f-CD. This trend indicates the influence of functional
groups on f-CDs, which enhance electrolyte interactions, increase ion accessibility and improve diffusion
dynamics within BC@f-CD.
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Figure 6. (a,d,g) shows the log v vs. log i, (b,e,h) percentage contribution of diffusion-limited and capacitive-
limited charge storage at different scan rates (c,f, i) CV plots based on the percentage contributions for BC, BC@s-
CNT and BC@f-CD.

To quantify the relative contributions of adsorption and diffusion, Dunn's method was applied using the
equation:

i=kv + kz\/v 3)

The values obtained for &; and &, from the slope and intercept of the plot between # and Vv estimate the

capacitive and diffusive behaviour, respectively [56]. Figure 6b,e,h revealed that diffusion dominates at lower scan
rates due to improved ion interaction and bulk transport facilitated by the hierarchical structure and functional
moieties. At the lowest scan rate of 0.5 mV-s™!, the diffusion contribution increased from ~49% in BC to ~73%
with s-CNT addition (Figure 6c,f). However, the anisotropic diffusion behaviour and the tendency of s-CNT to
aggregate into dense bundles slightly limited ion accessibility [19]. In contrast, BC@f-CD achieved the highest
diffusion contribution both at low and high scan rates (~78%), as shown in Figure 61, due to the combined effects
of surface functionalities and the partially graphitic nature of f-CDs, which provided localized lattice sites for ion
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transport. This higher capacitive limited performance of BC@s-CNT could be the reason for the higher capacitance
retention at 0.2 A-g .

In fact, the observed increase in the diffusion contribution in BC@f-CD can be attributed to many factors.
The oxygen- and nitrogen-based functional groups on f~-CDs introduce numerous polar sites that interact strongly
with electrolyte ions, facilitating adsorption at the electrode surface and diffusion into the bulk material.
Additionally, the nano-dimensionality of f-CDs ensures a high surface-to-volume ratio, exposing more active sites
for redox reactions and reducing ion diffusion distances. The graphitic domains in f~-CDs contribute to enhanced
ionic transport kinetics by providing low-energy pathways for ion diffusion. In contrast, the porous structure
formed by integrating f-CDs into the BC matrix facilitates interconnected channels that improve ion mobility.
These structural and functional features work synergistically to optimize electronic and ionic conductivity,
boosting the diffusion-dominated charge storage observed in BC@f-CD.

3.3.2. Cyclic Stability Studies

Long-term cycling stability was evaluated for the fabricated devices over 5000 charge-discharge cycles at a
fixed current density of 0.6 A-g !, summarising the results in Figure 7. The performance of each sample
demonstrated significant differences in capacitance retention and Coulombic efficiency. For BC, shown in Figure 7a,
severe capacitance fading was observed after 5000 cycles, retaining only ~50% of the initial value. A similar
observation has been observed in systems with activated carbon electrodes tested in organic electrolytes [59-61].
Additionally, the Coulombic efficiency fluctuated significantly throughout the cycling, suggesting instability in
the electrochemical processes and possible material degradation. In contrast, BC@s-CNT, presented in Figure 7b,
exhibited improved cycling stability, retaining ~83% of its initial capacitance after 5000 cycles. The Coulombic
efficiency remained much more stable, attributed to the improved electronic conductivity and conductive pathways
provided by s-CNTs, which mitigate electrode degradation and enhance charge transfer kinetics. Slightly better
performance was observed for BC@f-CD, shown in Figure 7c, with a capacitance retention of ~86%. The
enhanced performance of BC@f-CD is attributed to the functional groups of f-CDs, which improve electrode
wettability, promote better ion interaction, and stabilize the electrode-electrolyte interface.
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Figure 7. (a—c) Plots showcasing capacitance fading, capacitance retention and coulombic efficiency of BC,
BC@s-CNT and BC@f-CD (d) Post cycling EIS of all the samples (e) Ragone plot drawn for different current
densities of each sample.

Post-cycling EIS analysis, shown in Figure 7d, and the corresponding parameters from circuit fitting in Table
3 provide insights into the resistance changes after cycling. A new semicircle appeared in the mid-frequency range
of the Nyquist plot, representing the formation of a solid electrolyte interface (SEI) [62]. The SEI resistance (Rsgr)
was highest for BC, reflecting significant electrolyte decomposition and instability at the electrode-electrolyte
interface, adversely impacting device durability. In contrast, BC@s-CNT exhibited the lowest Rsgi, owing to the
robust structural network formed by s-CNTs, which reduces SEI formation by limiting direct contact between the
electrolyte and the active material. Meanwhile, BC@f-CD showed a moderate Rgg; of 62 Q. Additional resistive
components such as Rer, Zwr and Zwt were found to be lowest for BC@f-CD. This suggests that incorporating f-
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CDs enhances ion transport and charge transfer processes due to their high surface area, functional groups, and
partial graphitic nature, optimizing electron pathways and ionic interactions.

Table 3. Consolidation of EIS fitting parameters after 5000 cycles.

Sample R» () Rser () Rer (Q) R Zy T
BC 245 91.93 61.62 1222 317
BC@s-CNT 2.79 34.52 86.57 94.41 217
BC@f-CD 2.40 62.00 52.74 37.03 745

The specific energy and specific power of the fabricated devices were evaluated and compared using a Ragone
plot, as shown in Figure 7e. The BC@f-CD device demonstrated a maximum specific energy of ~281 Wh-kg! and
a maximum specific power of 11.5 kW-kg ™!, showcasing its significantly superior performance. Compared to BC,
this represents a 111% increase in specific energy and a slight increment of 2.49% increase in specific power,
emphasizing the transformative role of f~-CDs in enhancing device performance. Similarly, BC@s-CNT showed
an improvement of 75% in specific energy. However, BC@s-CNT demonstrated the same specific power as that
of BC@f-CD. These improvements establish BC@f-CD as a promising and cost-effective additive that can replace
s-CNTs and deliver high specific power without compromising specific power. Table 4 compares the previous
literature with the electrochemical performance of BC@f-CD.

Table 4. Table comparing previous literature with the current work.

. Voltage Specific Specific Energy Specific Power  Capacitance
Device Window (V) Capacitance (F-g”')  (Wh'kg™) (W-kg™) Retention Reference
. . 70% over 500 cycles
Functionalized AC  2.0-4.5 165 - - @0.1 Argl [14]
AC coated with 100% over 500
cobalt film 2.0-4.5 145 125 3200 cycles @0.1 A-g ! [16]
0,
AC from rice husk ~ 2.8-4.2 140 35 75% over 10000 [7]
cycles
95% over 500 cycles
AC from PKS 2.0-4.0 120 66.7 3450 @01 A-g [15]
AC from coconut 84% over 5000
rachis 2.0-4.0 104 76 7600 cycles @1 A-g’! [13]
95% over 8000
AC 2.2-3.8 191 8.2 - eycles @30C [8]
0,
BC@f-CD 2.0-4.0 191 280 11,500 86% over 5000 ppid work

cycles @0.6 A-g™!

To summarise, the charge storage mechanism in BC, BC@s-CNT, and BC@f-CD cathodes involves the
coordinated movement and interaction of Li* and PFs ions within the 1 M LiPF¢s EC: DEC electrolyte. During
charging, PF¢™ ions are adsorbed onto the cathode, forming an electrical double layer (EDL). In BC, the charge
storage primarily relies on the physical adsorption of PFs~ ions within the micropores and mesopores, limited by
the lack of functional groups and a relatively low surface area, resulting in moderate specific energy and power.
In BC@s-CNT, the conductive network formed by s-CNTs enhances electron transport. It facilitates faster
adsorption of PFs ions, improving specific power but still lacking the chemical enhancement necessary for
significant faradaic contributions. In contrast, BC@f-CD benefits from the presence of oxygen and nitrogen
functional groups introduced by the f-CDs. These promote strong electrostatic and chemical interactions with PFs"
ions, enabling partial faradaic reactions in addition to EDL formation. The optimized pore structure and increased
surface area of BC@f-CD further enhance ion storage and diffusion efficiency. Li* ions are stripped from the
anode during discharging, while PF¢~ ions desorb from the cathode. In BC, the desorption is governed by weak
physical interactions, leading to slower ion release and limited power density. In BC@s-CNT, the conductive
pathways provided by s-CNTs reduce ion diffusion resistance, enabling faster ion release. However, in BC@f-
CD, the desorption is facilitated by the functional groups, ensuring uniform and efficient ion release while
maintaining strong ion interactions, leading to superior charge storage, higher energy density, and stable cycling
performance. Thus, the synergy between capacitive and faradaic mechanisms in BC@f-CD, combined with its
optimized ion transport pathways, distinguishes it as this system’s most efficient cathode material. The charge
storage mechanism in each of the cathode materials is depicted in Figure 8a—c.
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(a) (b)

. BC _ fCD @ Lition =~ . s-CNT

Figure 8. Schematic representation of charge storage mechanism in (a) BC, (b) BC@s-CNT and (¢) BC@f-CD.
Compared to BC and BC@s-CNT, BC@f-CD shows improved diffusion and enhanced charge storability.

5. Conclusions

In conclusion, this study analyses the effectiveness of f-CDs as a cheap alternative for s-CNTs to enhance
the performance of BC in LMCs. The f-CDs, synthesized from palm kernel shells, introduce oxygen and nitrogen
functional groups, optimize pore structure, and increase surface area, significantly improving ion adsorption and
charge storage. Gas adsorption-desorption studies reveal a refined microporous and mesoporous structure with a
surface area increase from 318 m?-g ™! for BC to 624 m* g ! for BC@f-CD, facilitating efficient ion diffusion and
adsorption. Long-term cycling tests show retention of ~86% after 5000 cycles for BC@f-CD, with reduced resistance
(Ret, Rser) and enhanced ionic transport compared to BC and BC@s-CNT. Electrochemical studies demonstrate that
BC@f-CD exhibits a specific energy of 280.8 Wh-kgeamode ! and a specific power of 11.5 W-Kgeamodo |, reflecting
improvements of 111% and 2.5%, respectively, compared to BC. Thus, these results show that f-CDs are an
alternative for s-CNTs with higher electrochemical figures of merit economically and sustainably.
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electrochemical characterizations; Supplementary Note S2: Equations used for calculating an electrochemical
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Deconvoluted XPS spectra of (a) Cls (b) N1s and (c) Ols.; Figure S3: SEM images of (a) BC@s-CNT and (b)
BC@f-CD. The f-CD particles appear to be aggregated due to the SEM resolution limitation. EDX mapping of
BC for (c) carbon and (d) oxygen, (e) comparative FTIR of BC, BC@s-CNT and BC@f-CD; Figure S4: CV plots
at different scan rates for (a) BC, (b) BC@s-CNT, and (c) BC@f-CD; Figure S5: GCD plots at different current
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