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‘I
Carbon electrodes sourced through biomass for application in supercapacitors are currently a significant focus in the development of |
energy storage devices that prioritize efficiency, environmental sustainability and cost-effectiveness. This investigation highlights a potential |
avenue for tea residues, concentrating on the conversion of waste to useful resources. Tea residues served as a raw material to produce
activated carbon via a simple single-step process, aimed at creating highly efficient electrode material for supercapacitors. The samples |
were subjected to chemical activation using ZnCl, at two different temperatures (800 and 900 °C). Surface area of the two TRAC samples |
were analyzed using BET technique and noted as 940.14 m*/g and 1158.06 m*g. The electrochemical investigation was specifically |
carried out in both aqueous (6 M KOH) and non-aqueous (TEABF.) environments. The TRAC 900 electrode exhibited an impressive
specific capacitance of 395.42 F g at 1 A g™' and displayed exceptional cycling stability, maintaining 96.66% of its capacitance after |
16,000 cycles in a non-aqueous environment. Furthermore, the peak power density attained was around 63,000 W kg™ at an energy |
density of 35 Wh g™' when subjected to a higher current density of 10 A g™'. The impressive electrochemical performance suggests that the |
highly ordered porous carbon electrodes derived from used-tea solid waste represent a promising option for high-performance supercapacitors |
and exemplify the idea of converting waste into valuable resources. |
|
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INTRODUCTION

The commercial expectation for hybrid electrical devices
and corresponding power storage devices are witnessing
significant expansion, leading to an immediate demand for
the sophisticated electrochemical energy storage systems [1,2].
The reduction of fossil fuels results in considerable environ-
mental effects that negatively influence the well-being of living
organisms [3]. This demand drives the progress of complemen-
tary green energy solutions utilizing solar, wind, biomass and
a range of other renewable resources [4]. Effective energy
storage systems are crucial for capturing and delivering energy
generated from these sources. Electrochemical energy storage
devices such as batteries, fuel cells and supercapacitors are
competing against each other while they offer unique benefits

and drawbacks [5]. The storage mechanisms of batteries present
certain limitations leading to shortcomings in both energy and
power density.

Supercapacitors are considered strong candidates for energy
storage due to their impressive stability, long life-cycle perfor-
mance, high power density, sufficient energy density and eco-
friendly attributes [6]. The interaction which happens between
the electrode and electrolyte plays a crucial role in the energy
storage process. From a mechanistic viewpoint, swift redox
processes that involve charge transfer at the interfaces of elect-
rodes and electrolytes dictate the energy storage capacity in
pseudo-capacitors. In electrical double-layer capacitors (EDLC),
the charges accumulate due to the interaction between opposi-
tely charged ions at the interface layers of the electrode and
electrolyte [7]. The materials employed for pseudo capacitor
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electrodes often present several significant drawbacks, such
as insufficient cycling stability, poor electrical conductivity and
high costs, which considerably impede their practical appli-
cation [8]. In contrast, EDLCs demonstrate elevated power
density, impressive stability and notable rate performance [9].
Carbon-based materials are frequently employed as electrode
materials in EDLCs due to their chemical stability, conductivity
and ecological friendliness [10]. In recent years, various carbon
materials [11-15] such as graphene, carbon nanotubes, graphene
oxides, carbon aerogels, carbon fibers, efc. have been synthe-
sized in the laboratory through innovative methods and applied
in supercapacitors.

Nevertheless, the procedure of laboratory synthesis beco-
mes a more complex and expensive undertaking. Consequently,
itis crucial to determine an effective strategy for reducing costs.
Activated carbons derived from biomass materials often display
distinctive structures that are difficult to reproduce through
synthetic methods [16]. Recent reports indicate that carbon
derived from biomass is becoming the leading supercapacitor
electrode material due to its unique structures that are difficult
to synthesize artificially [17]. So far, a range of biomass carbon
sources, such as corn husk [18], banana peel [19], rice husk
[20] and pinecone [21], have been examined for their accessi-
bility and economic viability. Tea waste, a prevalent byproduct
produced daily following extraction globally, is often discarded
immediately. The composition of the residue includes cellu-
lose, structural proteins, lignin, hemicellulose, minerals and
secondary metabolites [22]. The previously mentioned
character-istics highlight the considerable potential of tea waste
as a carbon precursor in the development of high-performance
electrode materials.

This study introduces an activated carbon that demon-
strates outstanding supercapacitor performance, created from
tea residues to act as precursor for carbon. The synthesized
carbon demonstrates remarkable electrical conductivity and
excellent wettability, greatly improving the rate performance
and durability of cycling. This method facilitates the acquisi-
tion of high-quality activated carbons appropriate for super-
capacitors and offers an opportunity for the effective use of
waste residues produced from daily activities.

EXPERIMENTAL

The tearesidues (TRs) were collected from a local tea shop
and several residential neighborhoods in Chennai, India. Zinc
chloride, Teflon solution (60%), conducting carbon (super P),
potassium hydroxide (99 %, KOH), tetraethylammonium tetra-
fluoroborate (99% TEABF,) and acetonitrile were sourced from
Sigma-Aldrich, USA. In this work, all the experiments employed
analytical grade chemicals in their original form, without under-
going any further purification processes.

Preparation of nanostructured activated carbon (AC)
from tea residues (TRs): The collected tea residues were subj-
ected to an extensive washing procedure using deionized water
to remove any remaining traces of milk. The sample underwent
drying in an oven set to 60 °C for 24 h, followed by grinding
with a mortar and pestle. Subsequently, the cleaned TRs were

amalgamated with ZnCl, the activating agent in 1:4 mass ratio
and ground till it forms a uniform mixture. This mixture was
then subjected to dehydrate in an oven maintained at 60 °C for
24 h to remove moisture. Subsequently, carbonization was
performed at 800 and 900 °C for 6 h, utilizing a constant 5 °C/
min heating rate within a nitrogen tube furnace [23]. After the
cooling process, the carbonization products were subjected to
removal of impurities and washing procedure with deionized
water and 5 wt.% HCI till a neutral pH was reached. Finally,
they were dried and referred to as TRAC 800 and TRAC 900.

Preparation of TRAC 900 electrode and cell fabrica-
tion: Symmetric supercapacitor test cells were fabricated in a
CR2032 coin cell format, employing TRAC 900 as the selected
electrode materials. The experimental slurry is developed by
mixing tea residue carbon with Teflon binder and carbon black
in a weight ratio of 85:5:10, utilizing isopropyl alcohol as solvent.
An aluminium foil with a thickness of 20 um, functioning as a
current collector was employed and the slurry was evenly app-
lied onto the foil with a brush. The foil was then dried overnight
in vacuum at 80 °C. In the next stage, a pressure of 10 kg/cm’
was applied with a hydraulic press to guarantee complete adhe-
sion of the coated slurry on the surface of aluminum current
collector. Following this, two discs with a diameter of 1.6 cm
were punched out and weighed separately to ascertain the total
mass of the materials on each current collector. The coated
current collector is held in a vacuum oven maintained under
80 °C for 6 h, a step performed before the fabrication of coin
cells.

To eliminate air throughout the procedure, the cell was
constructed in an argon-filled glove box. The “can” and “cap,”
the two parts of the CR2032 coin cell, are both composed of
stainless steel. Two components were kept apart by polypro-
pylene “O” rings that were fastened to the top. The cell meas-
ures 2.5 mm in thickness and 20 mm in diameter. The two
electrodes of the same weight were separated using a poly-
propylene carbonate cloth separator. This can now be fixed in
a CR2032-type coin cell with either an aqueous electrolyte of
6M KOH or an organic electrolyte, IM TEABF, in acetonitrile.
To increase the wettability of the electrode surface, the cell
was evacuated prior to the electrolyte being injected to remove
any excess air or oxygen. Supercapacitor coin cells were then
created by crimp-sealing the entire device in a fly press. The
specific capacitance (C), power density (P) and energy density
(E) were determined using the eqns. 1-3 [24], respectively:
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where C = specific capacitance (F g™'), t = discharge time, I =
applied current density, AV = voltage drop of discharging
curve, m = total mass of both electrodes, E = specific energy
(Whkg™), P=specific power (W kg™') and V = potential (Volts).



Vol. 37, No. 6 (2025)

High-Performance Porous Carbon Electrodes from Tea Residues 1387

Electrochemical analysis: A Neware battery tester and
an electrochemical workstation (SP-300 Biologic EC lab) and
were employed to conduct cyclic voltammetry (CV), galvano-
static charge-discharge (GCD) and long-term stability evalua-
tions of the supercapacitors. All experiments were carried out
utilizing a 2-electrode cell system. CV tests were conducted
at scan rates of 5, 10,20 and 50 mV s™', while GCD experiments
were performed at current densities ranging from 1 to 20 A g
The experiments utilized 6 M KOH as an aqueous electrolyte
and 1 M TEABF, in acetonitrile as a non-aqueous electrolyte.
Methods for GCD were employed in performing long-term
stability assessments at current densities of 1 Aand 5A g™

RESULTS AND DISCUSSION

Structural studies: The X-ray diffraction (XRD) patterns
of TRAC 800 and TRAC 900, as shown in Fig. 1, reveal distinct
diffraction peaks at 23.2° and 44.3°. These peaks correspond
to the (002) and (100) planes of disordered carbon, as identified
by the Joint Committee on Powder Diffraction Standards
(JCPDS) file No. 41-1487. The absence of any additional peaks
suggests that the acid-washing process effectively eliminates
residual impurities or unwanted phases, ensuring high-purity
carbon materials. The difference in peak intensity between
TRAC 800 and TRAC 900 indicates a variation in the degree
of graphitization. At higher carbonization temperatures, such
as in TRAC 900, the increased thermal energy facilitates the
reorganization of carbon atoms into a more ordered, graphitic
structure. This transition reduces the proportion of amorphous
carbon and enhances the material’s electrical conductivity [25].
The higher graphitic nature of TRAC 900, compared to TRAC
800, suggests that elevated temperatures promote the growth
of larger and more ordered graphitic domains, improving
electron mobility and overall conductivity [26].
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Fig. 1. XRD pattern of TRAC 800 and TRAC 900

Moreover, the porous nature of the carbon materials plays
a critical role in their electrochemical performance. Higher
carbonization temperatures often lead to the development of a
well-defined porous network by volatilizing non-carbon elem-

ents and increasing the structural stability of carbon framework.
This porous architecture enhances the surface area, which is
crucial for charge storage applications, as it facilitates ion diffu-
sion and improves electrolyte accessibility. Therefore, the
combined effects of increased graphitization and optimized
porosity at higher temperatures contribute to superior charge
storage capacity and better electrochemical performance of
TRAC 900 compared to TRAC 800.

Raman studies: The Raman spectra of TRAC 800 and
TRAC900 (Fig. 2) highlighted the structural variations in these
carbon-based materials. Two prominent peaks at 1329 cm™
(D-band) and 1592 cm™ (G-band) correspond to disorder and
graphitic order, respectively. The G-band arises from sp” carbon
stretching in a hexagonal arrangement, whereas the D-band
signifies structural defects and amorphous carbon. The Ip/Ig
ratio serves as a measure of disorder, with a lower ratio indica-
ting greater graphitization. TRAC 800 exhibits a higher Ip/Ig
ratio (~1.10), suggesting increased disorder, while TRAC 900
has alower ratio (~0.85), reflecting enhanced structural organi-
zation [27]. The sharper peaks observed in TRAC 900 further
support its improved carbon ordering. Furthermore, a well-
defined 2D peak at ~2700 cm™ appears in TRAC 900, signi-
fying a more graphitic structure with fewer layers. In contrast,
TRAC 800 lacks this peak, indicating a less ordered graphene
structure. This variation underscores the impact of temperature
on the structural evolution. The reduction in the I/ ratio from
TRAC 800 to TRAC 900 underscores the influence of incre-
ased temperatures on atomic mobility and the acceleration of
graphitization. This structural refinement is essential for appli-
cations requiring high carbon order, demonstrating the signifi-
cant role of thermal treatment in modifying carbon properties.

D 800 °C

Raman intensity
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Fig. 2. Raman of TRAC 800 and TRAC 900

BET studies: The BJH (Barrett-Joyner-Halenda) pore size
distribution analysis (Fig. 3a) of TRAC 800 and TRAC 900 con-
firms the presence of both micropores and mesopores, essential
for effective charge storage. TRAC 900 exhibits a more uniform
pore size distribution compared to TRAC 800, indicating an
improved porous structure due to higher activation temperature.
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Fig. 3. (a) BJH pore size distribution of TRAC 800 and TRAC 900 and (b) N, adsorption/desorption isotherms of TRAC 800 and TRAC 900

The average pore size of TRAC 800 is 0.81 nm, while TRAC
900 has an average pore size of 0.93 nm. The total pore volume
for TRAC 800 and TRAC 900 is 0.016 and 0.038 cm® g', resp-
ectively. The increased pore volume and optimized pore struc-
ture in TRAC 900 enhance electrolyte penetration and ion trans-
port, leading to superior electrochemical performance for
supercapacitor applications [28]. Fig 3b showed H3-type hyst-
eresis revealing the slit-shaped pores and type IV isotherm
with the surface area about 940.14 m* ¢! with the average pore
volume of 0.016 cm® g™, with a pore size distribution primarily
in the 0.81 nm range, suggesting the presence of micropores
and small mesopores. At increased activation temperature 900
°C, the hysteresis and isotherm of TRAC 900 are slightly modi-
fied and its surface area is enhanced to1158.06 m* g'. Also, the
pore volume increases to 0.038 cm’® ¢!, while the pore size
distribution shifts towards a broader range of 0.93 nm, indica-
ting a greater presence of mesopores. This shift suggests that
the higher activation temperature facilitates the formation of
both micropores and mesopores due to enhanced gasification,
improving ion transport pathways.

Surface morphological studies: The surface morphology
of the obtained TRAC 800 and TRAC 900 samples was analy-
zed using SEM. Fig. 4a-b display the SEM images of TRAC
activated at 800 °C, revealing a highly agglomerated surface
with irregularly connected pores. Under N, atmosphere activat-
ion, the surface exhibited significant roughness, but the pores
were not distinctly visible, suggesting incomplete pore develop-
ment at this temperature. In contrast, at 900 °C activation (Fig.
4c-d), a more uneven surface with wider and better-defined
pores was observed, indicating a noticeable increase in porosity
and surface area.

The pore volume and pore size distribution play a crucial
role in determining the electrochemical performance of the
material. The BET analysis reveals that TRAC 800 exhibits a
pore volume of 0.016 cm?/g, with a pore size distribution prim-
arily in the 0.81 nm range, suggesting the presence of micro-
pores and small mesopores. At 900 °C, the pore volume increases
to 0.038 cm’/g, while the pore size distribution shifts towards

Fig. 4. FE-SEM images of TRAC 800 (a&b) and TRAC 900 (c&d)

a broader range of 0.93 nm, indicating a greater presence of
mesopores. This shift suggests that the higher activation temp-
erature facilitates the formation of both micropores and meso-
pores due to enhanced gasification, improving ion transport
pathways [29]. The increased pore volume and optimized pore
size distribution at 900 °C significantly enhance the accessi-
bility of electrolyte ions, thereby improving charge storage
capacity and electrochemical performance. The interconnected
porous network enables efficient ion diffusion, reduces internal
resistance and enhances the rate capability of material, making
it highly suitable for supercapacitor applications [30]. Based
on the optimum results of XRD, Raman, BET and FE-SEM,
TRAC 900 was opted for further electrochemical analysis.
Electrochemical characterization: Using cyclic voltam-
metry (CV) and galvanostatic charge-discharge (GCD) method-
ologies, the capacitive performance of the samples was evaluated
in both aqueous (KOH) and non-aqueous (TEABF,) electro-
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lytes, with working potential windows of 0-0.9 V and 0-2.7 V,
respectively. Fig. 5 presents the CV profiles of symmetrical
supercapacitors at various scan rates (5, 10,20 and 50 mV s™)
across a broad voltage range for each sample. At lower scan
rates (5 and 10 mV s™), the CV curves exhibit a nearly ideal
rectangular shape, indicating excellent double-layer capacitive
behaviour with minimal resistive losses. As the scan rate
increases to 20 and 50 mV s™, the rectangular shape remains
well-preserved, suggesting good charge propagation and effici-
ent ion diffusion within the hierarchical pore structure. The
absence of distinct redox peaks further confirms the dominance
of electric double-layer capacitance (EDLC) behaviour over
faradaic reactions in these samples.

As the scan rate increases, the CV curves maintain their
rectangular nature but exhibit a slight distortion due to incre-
ased internal resistance. This behaviour is characteristic of high
performance supercapacitors, where a well-maintained rectan-
gular shape at higher scan rates indicates fast ion transport
and excellent capacitive response, even at higher current densi-
ties. The ability of the electrode material to sustain its capacitive
performance under increasing scan rates highlights its potential
for high-power applications, where rapid charge/discharge
cycles are essential. This behaviour is attributed to the well-
developed porous structure, which facilitates rapid electrolyte
ion movement and reduces diffusion resistance. The intercon-
nected network of micropores and mesopores ensures efficient
charge storage, enabling the material to deliver high capaci-
tance with excellent rate capability [31].

Rate capability is another important consideration when
evaluating the performance of the capacitive electrode in power
applications. An appropriate electrode is required to give a high
specific capacitance at a high charge discharge rate. Further-
more, galvanostatic charge-discharge (GCD) research was
conducted using the same potential window as the CV experi-
ment [32]. The GCD profiles of TRAC 900 with aqueous and
non-aqueous electrolytes at different current densities (1 to
10 Ag™) are displayed in Fig. 6a-b. The GCD curves maintain
regular triangular shapes throughout all current rates, indicating
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that they have low internal resistances due to their huge specific
surface area and extensively ordered porous nature.

The electrochemical performance of TRAC 900 was eval-
uated in both aqueous (6 M KOH) and non-aqueous (TEABF)
electrolytes to assess their suitability for high-performance
supercapacitors. The mass-specific capacitances of TRAC 900
were measured as 66.27 F g™ at 3 A g™ in non-aqueous mode,
increasing to 156.02 F g™' at the same current density in aqueous
mode. This enhancement in aqueous conditions can be attributed
to the superior ionic conductivity nature of KOH and broader
electrochemical stability window of TEABF., which contri-
buted to an ~42-56% increase in capacitance [33]. TRAC 900
exhibited superior electrochemical performance primarily due
to its higher micropore content. Since capacitance is largely
derived from micropores, lower micropore density will restrict
ion-accessibility and storage capacity. This limitation arises
because electrolyte ions require adequate time to penetrate
the carbon matrix, which is less efficient in materials with fewer
micropores. In contrast, the well-optimized pore structure of
TRAC 900 enhances electrolyte penetration and ion diffusion,
leading to improved charge storage performance.

Further the extent of the practical application, the cyclic
stability of TRAC 900 electrode was analyzed, which keeps
above 99% for entire 13,000 cycles (Fig 7a), further revealing
the high reversibility in both aqueous and non-aqueous mode.
To further assess the energy storage performance of the
supercapacitor device, the energy density is determined by
using eqn. 2 and the power density can be analyzed by eqn. 3.
In consequence, the Ragone plot of E vs. P is supplied in Fig. 7b.
The resultant values reach about 12.99 at 10 A g™ and 105263.15
W kg'. These findings confirm the superior capacitive behav-
iour of TRAC 900, particularly in non-aqueous electrolytes. The
capacitive performance in aqueous mode is primarily governed
by rapid ion diffusion and efficient electrolyte accessibility.

The specific capacitance of TRAC 900 was further analyzed
across varying current densities. In aqueous mode, it achieved
capacitance values 241.13Fg'at 1A g', 21749 Fg'at2 A
g',156.02at3A g, 106.38at5A g, 118.20F g at 10 A
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Fig. 5. Cyclic voltammograms of TRAC 900 in (a) In 6 M KOH (b) TEABF, electrolyte
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¢”'. The corresponding energy densities reached 97.65 Wh kg™,
88.08 Wh kg™, 63.19 Wh kg™, 43.08 Wh kg™ and 47.87 Wh
kg™, respectively. Their respective power densities were
3446.80 W kg™, 6893.61 W kg™', 10340.42 W kg™, 17234.04
W kg™ and 34468. 08 W kg™'. In non-aqueous TEABF, elect-
rolyte, TRAC 900 exhibited even higher capacitance values
of 11241 at 1A g”,106.56 at2 A g™, 66.27 at 3 A g 19.49
at 5 A g and 12.99 at 10 A g™'. The corresponding energy
densities reached 505.84 Wh kg™', 479.53 Wh kg™', 298.24
Whkg™, 87.71 Whkg™" and 58.47 Wh kg™, respectively. Their
respective power densities were 10526.31 W kg™, 21052.63
W kg™, 31578.94 W kg™, 52631.57 W kg™ and 105263.15 W
kg™ These findings confirm the superior capacitive behaviour
of TRAC 900, particularly in non-aqueous electrolytes. The
capacitive performance in aqueous mode is primarily governed
by rapid ion diffusion and efficient electrolyte accessibility.
However, a decrease of ~42-56 % in specific capacitance
was observed at higher current densities due to the limited
voltage window and lower ionic conductivity of KOH. This

trend emphasizes the influence of electrolyte composition on
charge storage efficiency, with TEABF, providing superior
stability under high current loads. Despite some capacitance
reduction at higher current densities, TRAC 900 exhibited exce-
llent capacitance retention, highlighting its ability to sustain
rapid charge-discharge cycles with minimal performance degra-
dation. The combination of a well-optimized pore structure,
high surface area and enhanced ion transport further supports
its potential as an efficient electrode material for high-energy-
density supercapacitor applications.

Conclusion

This study successfully demonstrates the transformation
of waste tea residues into high-performance supercapacitor
electrode materials through a single-step activation process in
an N, atmosphere using ZnCl, at two different temperatures.
The activation at 900 °C significantly enhances the specific
surface area (1158.06 m*/g), facilitating efficient electrolyte
diffusion and improving the double-layer capacitive perfor-
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mance. The optimized porous structure of the synthesized
materials enables superior charge storage and ion transport,
resulting in excellent electrochemical performance. TRAC 900
exhibited remarkable capacitive behaviour in aqueous (KOH)
and non-aqueous (TEABF,) electrolytes. Notably, TRAC 900
demonstrated high power density in non-aqueous conditions,
achieving a specific capacitance of 112.41 at 1 A g™', 106.56
at2A g’ 66.27at3A g",19.49at5A ¢g'and 12.99 at 10 A
g”'. The corresponding energy densities reached 505.84 Wh
kg™, 479.53 Wh kg', 298.24 Wh kg™', 87.71 Wh kg™ and
58.47 Wh kg™, respectively. Their respective power densities
were 10526.31 W kg™, 21052.63 W kg, 31578.94 W kg™,
52631.57 W kg™ and 105263.15W kg™'. At non-aqueous condi-
tions, TRAC 900 exhibited high energy density achieving an
exceptional specific capacitance of 112.41 Fg'at 1 A g and
excellent cycling stability retaining 96.66% of its capacitance
after 16,000 cycles. A maximum energy density of 505.84
Wh kg™' was achieved at 1 A g”' with a corresponding power
density of 10,526.31 W kg™ highlighting its superior energy
storage capability in non-aqueous electrolytes. These results
validate the feasibility of utilizing porous carbon derived from
tea residue as a sustainable and cost-effective electrode material
for next-generation supercapacitors. The study also provides
a scalable approach for biomass-derived carbon materials,
paving the way for large-scale production of high energy-
density supercapacitors.
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