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Transforming invasive weeds into energy solutions:
water hyacinth-based hybrid electrodes for green
supercapacitorst

*

The excessive proliferation of Eichhornia crassipes (water hyacinth) poses significant environmental

challenges; however, its abundant biomass offers a sustainable solution for energy storage applications.

This study presents an eco-friendly approach to fabricating high-performance supercapacitor electrodes

using water hyacinth-derived activated carbon (WH), polypyrrole (PPy), and titanium dioxide (TiO,). The

WH-TiO,/PPy hybrid electrode was

synthesized via hydrothermal treatment and interfacial

polymerization, ensuring a resource-efficient and environmentally responsible process. The composite
exhibited a high gravimetric capacitance of 610 F g7t at 0.5 A g~ in 3 M KOH, with excellent cycling
stability (94% retention after 5000 cycles). An asymmetric supercapacitor with WH-TiO,/PPy as the
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positive electrode and activated carbon as the negative electrode delivered an energy density of

98 W h kg™ and a power density of 5606 W kg™™. This work highlights the potential of transforming
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1 Introduction

Supercapacitors have attracted much interest in recent years
because they exhibit high power density, short charge-
discharge times, and long cycle life.” These characteristics
make them suitable for several different applications for
example portable electronics,* electric vehicles,® and renewable
energy storage systems.® Nonetheless, the advancement of new
materials used in electrodes is one of the major issues to be
solved since energy density poses a significant problem for
supercapacitors when compared to conventional batteries.””

The exploration of biomass-derived materials for super-
capacitor electrodes has gained importance as a strategy to
address environmental issues caused by biomass waste.'
Converting waste into valuable products aligns with the prin-
ciple of “turning trash into treasure”.'* Carbon material derived
from waste biomass is a valuable product.'> However, achieving
high-performance carbon-based materials from natural
resources or industrial waste with high efficiency remains
a significant challenge."**

Two-dimensional (2D) carbon materials are promising for
next-generation supercapacitors and as precursors for three-
dimensional (3D) porous carbon aerogels due to their high
surface area, lightweight nature, and excellent electrolyte
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invasive biomass into cost-effective, high-performance energy storage materials, advancing the
principles of green chemistry through waste valorization and sustainable material design.

accessibility, which enhances rate performance and specific
capacitance.'**® However, commercial production of 2D carbon
materials, typically through the exfoliation of graphite oxide, is
often complex, costly, and inefficient.® Using waste biomass to
prepare 2D porous carbon is an attractive alternative.'® For
example, carbon nanosheets from hemp demonstrated ultrafast
electrochemical storage and good capacitance retention, while
N-doped porous carbon sheets from eggplants showed high-rate
performance.” Despite these advancements, the specific
capacitance of such materials (100-150 F g~ ') remains lower
than that of activated carbon. In contrast, large porous carbon
nanosheets derived from gelatin exhibited a specific capaci-
tance of 246 F g~ and excellent retention.* Selecting appro-
priate biomass precursors is an effective strategy for creating
high-performance 2D porous carbon materials for
supercapacitors.

Water hyacinth, a rapidly growing and abundant aquatic
plant found in tropical and subtropical regions, is gaining
attention for its cost-effectiveness and availability.”® Porous
carbon derived from water hyacinth exhibits favorable electro-
chemical performances, including high specific capacitance
and favorable cycling stability. These characteristics are mainly
attributed to the specific microstructure involving cellulose
fiber network and air pockets for the to and fro movement of
ions and large surface area for more storages that summarize
the capacitance and energy density of the supercapacitors.?*>>*
Furthermore, one can also find that water hyacinth fibers
possess high electrical conductivity that would help in the
charge transfer between the electrode and the electrolyte.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Polypyrrole is a conductive polymer that has been identified
as a candidate material for an electrode because of its high
theoretical specific capacitance and a good electrical conduc-
tivity especially when mixed with activated carbon from water
hyacinths.>*?* However, the material face some difficulties
related to cycling stability of PPy when used in the long term;
this may limit its application. Some of the recent studies
include the use of transition metal oxides and carbon as addi-
tives for the assessment of changes in the impedance profile
and cycling stability of high surface area electrode materials.
However, the material face some difficulties related to cycling
stability of PPy when used in the long term; this may limit its
application. Some of the recent studies include the use of
transition metal oxides and carbon as additives for the assess-
ment of changes in the impedance profile and cycling stability
of high surface area electrode materials.'***>*

To overcome such limitations and enhance the integration
of PPy with other components, interfacial polymerization is
employed as a synthetic strategy. In this process, pyrrole
monomers are oxidatively polymerized at the interface of the
aqueous dispersion of metal oxides and carbon precursors,
typically in the presence of an oxidizing agent (FeCl;).>**° This
method facilitates the uniform coating of PPy over the substrate
surface, forming a conductive and electrochemically active
layer.>® The controlled growth at the interface ensures better
contact and adhesion between the components, thereby
improving electron transport and mechanical stability during
cycling.

Among these metal oxides, titanium dioxide (TiO, or titania)
is recognized to possess highest positive charge (Ti*") thus can
have superior electron donor sites for the interaction.*® The
anatase form of titania is preferred for its longer charge-carrier
recombination time and higher surface area.>*>* The addition
of conducting polymers like PPy together with metal oxides and
carbon-based materials also enhance electrode characteristics
by delivering high energy density as well as favourable capaci-
tance values.

This study outlines a systematic approach for creating
a novel water hyacinth-titanium dioxide/polypyrrole composite
by integrating PPy onto TiO, composited with WH for use as an
electrode material in supercapacitors. The composite was
synthesized by initially combining TiO, with water hyacinth-
derived carbon, followed by grafting PPy through interfacial
polymerization. The electrochemical analysis of the WH-TiO,/
PPy composite demonstrated enhanced performance due to the
synergistic interaction of its components. An asymmetric
supercapacitor was constructed using the WH-TiO,/PPy. The
results showed a significant improvement in cycling stability,
which is attributed to the WH-derived carbon matrix acting as
a buffer between TiO, and PPy, preventing nanosheet agglom-
eration, increasing surface area, and improving electrolyte ion
penetration. This research supports the development of
sustainable and high-performance supercapacitor electrodes,
contributing to advancements in energy storage technology.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental techniques
2.1 Materials

The pyrrole monomer, titanium dioxide, 85.0% potassium
hydroxide (KOH), hydrochloric acid (HCI), ethanol, ammonium
persulfate (APS), N-methyl-2-pyrrolidone (NMP), polyvinylidene
fluoride (PVDF), activated carbon and carbon black were all
procured from Sigma-Aldrich and utilized as received without
any additional purification steps. Moreover, water hyacinth was
gathered from a canal located near the residential area of the
southern part of India.

2.2 Raw material preparation

WH was collected from local stagnant water bodies in Nilesh-
war, Kerala. The collected WH was cut into small pieces, thor-
oughly cleaned with deionized water (DI), and then dried in an
oven at 80 °C for an extended period. Once dried, the WH was
ground into a fine powder using a grinder. To remove lignin, the
powdered WH was treated with a 15% KOH solution and left to
soak for 24 h. After delignification, the treated WH powder was
separated from the solution by centrifugation and filtration and
then washed multiple times with distilled water (until the pH
was ~7).

The washed powder was then subjected to pyrolysis in
a muffle furnace under an oxygen-free environment. The
temperature was first raised to 400 °C and maintained for 1 h,
then increased to 600 °C for an additional h and finally brought
to 800 °C for 1.5 h. After pyrolysis, the resulting black powder
was washed several times with a 1 M HCI solution in DI water to
remove any remaining inorganic impurities and was subse-
quently dried in air.*

2.3 Synthesis of WH-TiO,/PPy

The WH-TiO,/PPy composite is synthesized through a two-step
process involving an initial hydrothermal treatment®” followed
by interfacial polymerization.”® The prepared WH powder was
mixed with TiO, and ultrasonicated in 1 M HCI solution for 1 h
to ensure uniform dispersion and facilitate surface activation of
the components prior to further processing. The WH-TiO,
mixture was subjected to heat treatment at 180 °C for 10 hours
to strengthen the connection between the components and
optimize the properties of the final composite. In a separate
step, pyrrole monomer was dissolved in a 1.0 mol per L HCI
solution. Both the WH-TiO, mixture and the pyrrole solution
were transferred to a 1-litre beaker placed in an ice bath on
a magnetic stirrer. A 0.125 mol per L APS solution was slowly
added to the mixture using a burette while maintaining
constant mechanical stirring at a temperature of 0-5 °C for 1
hour. This step initiates the interfacial oxidative polymerization
of pyrrole, where APS acts as the oxidizing agent to polymerize
pyrrole monomers adsorbed onto the surface of WH-TiO,. This
controlled interfacial polymerization facilitates the uniform
formation of the PPy layer on the TiO, surface, enhancing
interfacial contact, improving electron transport, and contrib-
uting to mechanical stability during charge/discharge cycles.
The mixture was then stirred continuously for an additional 24
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hours at the same temperature (0-5 °C). Upon completion, the
resulting suspension was filtered and washed multiple times
with distilled water and ethanol to remove any unreacted
materials. The filtered product was then dried at 60 °C and
labelled as WH-TiO,/PPy. The synthesis process is illustrated in
Fig. 1.

2.4 Characterization

The surface morphology and distribution of WH-TiO,/PPy were
analysed using Scanning Electron Microscopy equipped with
energy-dispersive X-ray spectroscopy (SEM-EDX, Nova 450). To
examine the structure of the materials, Transmission Electron
Microscopy (TEM, JEM-2100 HRTEM) was employed, specifi-
cally focusing on the WH-TiO,/PPy within the sample. An X-ray
diffractometer (XRD, Rigaku D/max 2500PC) was employed to
confirm the presence of WH-TiO,/PPy in the materials. The
functional groups within the composite were identified using
Fourier transform infrared (FTIR) spectrometry with a single-
reflectance ATR accessory (Shimadzu IR spirit). Additionally,
X-ray photoelectron spectroscopy (XPS, K-Alpha spectrometer
KAN9954133) was used to analyze the surface functional groups
and elemental composition of the materials.

2.5 Electrochemical characterisation and preparation

The preparation of the working electrode involved two key steps.
First, nickel foam was cut into pieces measuring 1.5 cm X
1.0 cm. Samples were rinsed in acetone under ultrasonic
treatment and then in a 0.1 M HCI solution in order to remove
the surface nickel oxide.*® The treated nickel foam was then
vacuum-dried for further use. Next, a mixture of WH-TiO,/PPy
composite, carbon black, and PVDF in an 8:1:1 ratio was
ground uniformly and thoroughly mixed with NMP solvent to
form a slurry. This slurry was applied evenly onto a 1.0 cm x

180°C for 10 hours
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1.0 cm section of the nickel foam. The coated electrode was
packed in a tablet press at a pressure of 15 MPa and was vacuum
dried for 12 hours before testing. The WH and WH/PPy
composite was also synthesized in the same way so that there
is uniformity in electrode synthesis.

The electrode loading was measured using an electronic
balance with a precision of 0.01 mg. First, the weight of the
Torrey paper was recorded, followed by the weight of the coated
electrode after drying the ink on a 1 x 1 cm? section of Torrey
carbon paper. The difference in weights was used to determine
the precise electrode material loading, which typically totalled
3-5 mg of active material, carbon, and PVDF binder.*

The electrochemical performance of the prepared electrode
was evaluated using a traditional three-electrode system. In this
setup, a saturated Ag/AgCl (saturated KCl) electrode was used as
the reference electrode, the working electrode consisted of
nickel foam coated with the WH-TiO,/PPy composite, and
a platinum wire served as the counter electrode. Electro-
chemical measurements were conducted using an electro-
chemical workstation (CHI608E). The electrode materials were
analyzed using cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy
(EIS) in a 3 M KOH aqueous solution at room temperature. The
potential windows for CV and GCD tests were set between —0.4
to 0.6 V. At different scan rates ranging from 5 to 100 mV s~ .
GCD analysis was conducted at current densities ranging from 1
to 5 Ag~". Eqn (1)* were utilized to determine the gravimetric
capacitance (C).

IxA
o Ixar 0

m x Av

In eqn (1), C (Fg~ ') represents the gravimetric capacitance, with
I (A) denoting the discharge current in a unit of A g7, At (s)
representing the discharge duration, and AV (V) indicating the

WH-TiO,/PPy

Fig. 1 Schematic illustration of the preparation process of WH-TiO,/PPy.
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potential shift during that duration At (s). The weight of active
material is given by m (g).

2.6 Asymmetric supercapacitor and testing

An asymmetric supercapacitor was assembled using WH-TiO,/
PPy as the positive electrode, activated carbon (AC) as the
negative electrode, and 3 M KOH (in filter paper) as the sepa-
rator. To optimize the electrochemical performance, the posi-
tive and negative electrodes need to maintain charge balance,
where ¢ = ¢ (g = C x m x AV). Thus, the optimal mass ratio of
the two electrodes must meet the following equation:**

c_ X Av_

- e @)

c_ X Av,

my

m_

The electrochemical performance of the asymmetric super-
capacitors was evaluated using a two-electrode system in a 3 M
KOH electrolyte. The voltage window for both the cyclic vol-
tammetry and galvanostatic charge-discharge tests was set
from 0 to 1.6 V. The gravimetric capacitance of the asymmetric
supercapacitor was determined using eqn (1). Subsequently, the
gravimetric energy density (ED) and power density (PD) of the
device were computed using the following eqn (3) & (4).*?

CAY?
T 2x3.6 (3)
ED
PD = = x 3600 (4)

Here, ED denotes the energy density, measured in watt-hours
per kilogram (W h ke '), while PD represents the power
density, measured in watts per kilogram (W kg™ ).

3 Results and discussion

3.1 Physical characterization

Fig. 2(a) displays the IR spectra of the WH, WH/PPy, and WH-
TiO,/PPy composites. The spectrum for WH shows a broad peak
around 3145 cm ', which corresponds to O-H stretching
vibrations,* typical of hydroxyl groups present in cellulose,

hemicellulose, and lignin. A shoulder peak at 2967 cm™" is
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attributed to C-H stretching in aliphatic chains, indicating the
presence of carbohydrates.**® The peak at 1607 cm ™" is asso-
ciated with C=C stretching in aromatic rings,” suggesting
lignin content and the peak at 1050 cm ™" corresponds to C-O
stretching vibrations,*® which is indicative of polysaccharides in
the biomass. In the IR spectrum of the WH/PPy composite, new
peaks are observed at 1520 and 1200 cm ™', which are attributed
to C=C stretching in the polypyrrole ring and C-N stretching
vibrations, respectively.*” These findings confirm the presence
of polypyrrole in the composite. Furthermore, shifts and
changes in the intensity of the O-H and C-O peaks suggest
interactions between the water hyacinth and polypyrrole
components.

For the WH-TiO,/PPy composite, spectral
changes are evident, a peak at 1767 cm = suggests C=0O
stretching vibrations, indicating oxidation due to the incorpo-
ration of TiO,. Another new peak at 455 cm ™ is associated with
Ti-O stretching vibrations, confirming the presence of TiO, in
the composite, and additionally, O-Ti-O bending vibrations are
observed within a similar spectral range.”® These spectral
changes highlight the successful integration of polypyrrole and
TiO, into the WH matrix, which is consistent with the SEM
results.

XRD patterns of WH, WH/PPy, and WH-TiO,/PPy compos-
ites are shown in Fig. 2(b). For pristine WH, two broad peaks are
observed at approximately 26° and 40°, corresponding to the
(002) and (100) planes of turbostratic carbon,™ respectively.
These peaks indicate the presence of a disordered, graphene-
like structure. The presence of the (100) peak suggests slight
graphitization, which may enhance electrical conductivity. In
the WH/PPy composite, the XRD pattern shows a broad peak
around the range typically associated with polypyrrole. A
distinct peak corresponding to the (110) phase of polypyrrole is
observed, indicating the successful incorporation of polypyrrole
into the WH matrix.** This incorporation results into a reduc-
tion of crystallinity which could improve the conductivity of the
composite since polypyrrole possesses conjugated structure.

The XRD pattern of the WH-TiO,/PPy composite shows
several distinct peaks, including those corresponding to the
(110) phase of polypyrrole and the (004), (200), (105), (211),

additional
—1

(110) —— WH-TiO,/PPy

(b)

Intensity (a.u)

28 (degree)

(a) FTIR spectra of WH-TiO,/PPy, WH/PPy, and WH, and (b) XRD patterns of WH-TiO,/PPy, WH/PPy, and WH.
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(204), (301), (112), and (002) planes of anatase TiO,.*> These
peaks confirm the successful incorporation of both polypyrrole
and TiO, into the composite. The sharp and well-defined peaks
of TiO, indicate a crystalline structure, which may contribute to
enhanced mechanical strength and electrochemical activity. In
the ternary WH-TiO,/PPy composite, the original broad peaks
associated with turbostratic carbon planes become less prom-
inent or are completely obscured. This reduction in intensity or
disappearance is due to the strong diffraction peaks of TiO, and
the overlap with polypyrrole peaks, suggesting that the struc-
tural characteristics of water hyacinth are masked or signifi-
cantly altered upon the incorporation of polypyrrole and TiO,,
forming a new composite material with modified properties.
SEM imaging was employed to investigate the microstruc-
ture and surface morphology of the samples, as shown in
Fig. 3(a-f) at 500 nm and 1 um. This indicates that all samples
are composed of microspheres formed by numerous inter-
connected nanoparticles, though the specific structural details

View Article Online
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differ. Fig. 3(a and b) depicts the WH material, highlighting its
layered, fibrous structure, which suggests a high surface area
that can improve ion transport efficiency. The WH fibers display
a sheet-like porous structure with irregular shapes and diame-
ters, mainly composed of carbon and oxygen, along with
smaller amounts of nitrogen, chlorine, sulfur, and potassium
(Fig. S2t). Optimizing the pore size distribution is essential,
particularly for supercapacitor electrodes, due to the material's
high carbon content. The pyrolysis process in the muffle
furnace created a combination of mesopores and micropores,
resulting in a range of pore sizes and shapes (Fig. S37).

Fig. 3(c and d) display SEM images of the WH/PPy composite
material. These images show the formation of uniform micro-
spheres consisting of PPy particles that are evenly distributed
throughout the WH structure. The spherical shape of the
particles indicates that PPy is well integrated into the WH
matrix, forming a porous structure with interconnected
This even distribution and integration of PPy

networks.

Fig. 3 SEM images of (a and b) WH, (c and d) WH/PPy and (e and f) WH-TiO,/PPy composites.
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enhance the overall conductivity of the composite and increase
its surface area. The microstructure observed in these images
suggests that WH acts as an effective base for the polymeriza-
tion of PPy, leading to the creation of a strong and conductive
composite material.

The SEM image of the WH-TiO,/PPy composite showed
irregular spherical morphology as evident from Fig. 3(e and f)
due to successful PPy polymerization on the presented WH-
TiO, nanosheets. This combination is indicative of strong
interfacial bonding among the components, which is expected
to improve the overall electrochemical performance of the
composite. The TiO, nanoparticles are uniformly distributed
across the surface, while PPy particles are seen adhering to both
the WH fibers and TiO,, forming a cohesive structure. The
interconnected network of WH provides a porous scaffold,
facilitating better ion transport and contributing to a larger
surface area, while the uniform dispersion of TiO, and PPy
enhances conductivity and structural stability. The formation of
PPy between individual layers of WH-TiO, was highlighted in
the image with a dotted circle.

TEM images provided the morphology, crystallinity, and
phase composition of a composite material. In Fig. 4(a and b)
images, taken at 50 nm and 100 nm magnifications, spherical
particles can be observed with varying sizes, indicating a poly-
disperse nature. These particles are likely aggregates of smaller
nanoparticles, which can be seen more clearly in the higher
magnification image in Fig. 4(b). The uniform and dense
appearance of these aggregates suggests good connectivity
between the particles, which is beneficial for the mechanical
stability and functional properties of the composite.

Fig. 4(c) HRTEM, showing lattice fringes within the nano-
particles. The presence of these fringes indicates crystalline
regions within the nanoparticles. The measured lattice spacings
are approximately 0.22 and 0.35 nm, with the 0.22 nm spacing
corresponding to the (110) plane of PPy** and the 0.35 nm
spacing matching the (200) plane of anatase TiO,.** These
measurements confirm the presence of anatase TiO, in the
composite, aligning with the XRD results in the WH-TiO,/PPy
composite.

Fig. 4(d) presents the SAED pattern of the synthesized
composite, displaying distinct diffraction rings that demon-
strate the crystalline nature of the material. The diffraction
rings are indexed to the (110), (004), (200), (105), and (204)
planes (JCPDS no. 21-1272),® which are characteristic of the
anatase phase of TiO,, a crystalline form widely recognized for
its strong electrochemical properties. The presence of the (110)
plane is also notable, as it indicates the successful incorpora-
tion of PPy within the composite. This confirms that the TiO,
nanoparticles are effectively integrated into the PPy, forming
a hybrid material. In addition, the WH component contributes
as a carbon-based matrix that interacts with both PPy and TiO,,
forming a hybrid structure.

The anatase TiO, phase, particularly along the (004) and
(200) planes, is known to improve electrochemical performance
by offering active sites for charge storage and efficient ion
transport.*® The conductive PPy enhances charge transfer and
mechanical flexibility, while the WH component, acting as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a carbon-based matrix, interacts with both PPy and TiO,,
forming a hybrid structure. This combination improves cycling
stability and charge-discharge performance. The diffraction
rings in Fig. 4(d) confirm the presence of a well-crystallized
composite, consistent with XRD and HRTEM observations,
supporting its potential for high-performance supercapacitors.

XPS analysis was conducted to investigate the surface
chemical composition and electronic states of the WH-TiO2/
PPy composite. The survey spectrum (Fig. 5(a)) provides an
overview, while high-resolution XPS spectra for Ti 2p, C 1s, N 1s,
and O 1s regions (Fig. 5b-e) offer detailed insights into the
binding behavior of the elements in the ternary polymer
composite.

The high-resolution C 1s spectrum in Fig. 5(b) reveals: a peak
at 284.23 eV, corresponding to graphitic carbon (sp?), indicating
the presence of a graphitic structure; a peak at 285.13 eV,
attributed to C-C (sp*) bonds, which signifies aliphatic carbon;
and additional peaks at 286.18 eV and 288.09 eV, assigned to C-
N/C-O and C=O functional groups, respectively.”” These
oxygen- and nitrogen-containing functional groups indicate
successful material functionalization, which could enhance
electrochemical performance.

The N 1s spectrum in Fig. 5(c) was deconvoluted into four
peaks: 398.33 eV, corresponding to pyridinic-N, which contrib-
utes to pseudocapacitance; 399.63 eV and 400.48 eV, assigned to
pyrrolic-N and graphitic-N, respectively,® which improve elec-
tronic conductivity; and 401.02 eV, representing oxidized
nitrogen species, potentially contributing to redox reactions in
supercapacitor electrodes. In the O 1s spectrum in Fig. 5(d),
three distinct peaks were observed: 531.28 eV, associated with
Ti-O bonds, indicating the successful incorporation of titanium
into the composite; 532.53 eV, attributed to C-O groups; and
533.18 eV, corresponding to C=0 groups.”® These oxygenated
groups can improve hydrophilicity and enhance pseudocapa-
citance through redox reactions.

In Fig. 5(e) Ti 2p spectrum was deconvoluted into Ti 2ps,
and Ti 2py,, peaks at 459.18 eV and 464.68 eV, respectively,™
confirming the presence of titanium in the Ti(iv) oxidation state,
indicating titanium exists as TiO, in the composite, which
contributes to capacitance through pseudocapacitive proper-
ties. These deconvoluted results align well with previously re-
ported studies, further confirming the successful incorporation
of PPy, WH, and TiO, in the ternary WH-TiO,/PPy composite.

3.2 Electrochemical characterization

The CV curves presented in Fig. 6(a) illustrate the electro-
chemical performance of WH-TiO,/PPy, WH/PPy, and WH-
based electrodes at a scan rate of 100 mV s~ ' with a potential
range of —0.4 to 0.6 V. Among the three, the WH-TiO,/PPy
electrode demonstrates the highest current density, indicating
superior electrochemical performance. This result suggests that
the combination of WH, TiO,, and polypyrrole significantly
enhances charge storage, likely due to improved electrical
conductivity, increased surface area, and the added pseudoca-
pacitance from TiO, and PPy.® Fig. 6(b) shows the CV profiles of
the WH electrode at various scan rates (5-100 mV s~ '), with
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Fig. 4 TEM images showing the morphology of WH-TiO,/PPy at (a) 50, (b) 100 nm, (c) HRTEM, (d) SAED pattern.

nearly no redox peaks suggesting stable capacitive behavior
across different scan rates. WH alone exhibits basic capacitive
behavior, however, the current densities for WH are consider-
ably lower than those of the other electrodes, indicating a lack
of pseudocapacitive contribution compared to the TiO, and PPy
composites.

Fig. 6(c) and (d) display the CV profiles for WH/PPy and WH-
TiO,/PPy composites, respectively, at different scan rates. Both
electrodes exhibit clear redox peaks, indicating pseudocapaci-
tance due to polypyrrole. The WH-TiO,/PPy composite shows
significantly higher current densities across all scan rates,
demonstrating superior charge storage compared to WH/PPy.
These curves exhibited non-linearity, consistent with the pres-
ence of redox peaks observed in CV curves, indicating a pseu-
docapacitive behavior with changes in slope over time,
indicative of cation insertion/extraction from the KOH electro-
lyte.** The inclusion of TiO, enhances the performance of the
WH/PPy matrix by increasing the surface area and facilitating

17308 | RSC Adv, 2025, 15, 17302-17316
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faster charge transfer. As scan rates increase, the redox peaks
shift slightly, which is typical for pseudocapacitive materials.
This makes the WH-TiO,/PPy composite a more promising
candidate for supercapacitor applications, owing to its
enhanced charge storage and energy performance compared to
the WH and WH/PPy counterparts.

This reveals a clearer relationship between discharge time
and current density for the WH-TiO,/PPy composite, as
demonstrated in the GCD curves shown in Fig. 7(a). At current
densities below 0.5 A g™, longer discharge times correspond to
lower current densities, and vice versa. This suggests that the
WH-TiO,/PPy electrode exhibits enhanced energy storage
capacity, as its slower discharge process indicates higher charge
retention. The reduction in discharge time at higher current
densities, such as 0.75 and 1 A g™, is due to the decreased time
available for ion diffusion and charge transfer, a common
characteristic of materials designed for supercapacitors. This
improved performance is primarily attributed to the integration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS analysis of WH-TiO,/PPy composite: (a) survey spectrum, (b) C 1s, (c) N 1s, (d) O 1s, (e) Ti 2p.

of TiO, and polypyrrole within the WH matrix. TiO, contributes
high specific surface area and promotes electron transport,
while PPy provides pseudocapacitance via reversible redox
reactions. This synergistic effect renders WH-TiO,/PPy superior
to WH, as reflected by the significantly higher discharge times
and current densities in the GCD curves. Table 1 compares
various composite electrodes based on water hyacinth and
polypyrrole.

Fig. 7(b) shows the gravimetric capacitance at different
current densities for both WH-TiO,/PPy and WH electrodes.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The WH-TiO,/PPy composite achieves a remarkable capaci-
tance of 610 Fg 'at0.5A¢g ", 428 Fg ' at0.75A¢ ', and 285 F
g 'at1Ag ", significantly outperforming the WH electrode at
all current densities. This substantial improvement in capaci-
tance can be attributed to the pseudocapacitive contribution
and enhanced conductivity provided by PPy, along with the
increased surface area offered by TiO,. Similar trends have been
observed in recent studies where the integration of metal oxides
and conductive polymers into carbon-based matrices greatly
enhanced the charge storage capacity and overall
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performance.®” Although the capacitance decreases as the
current density increases, which is typical of pseudocapacitive
materials due to limited ion diffusion at higher rates, the
performance of the WH-TiO,/PPy composite remains signifi-
cantly higher than that of WH alone.

EIS is a valuable technique for studying the electrical prop-
erties of electrodes in electrolytes over a frequency range of
0.01-100 kHz. Nyquist plots typically feature a semicircle in the
high-frequency region and a straight line in the low-frequency
region.®® In the Nyquist plots of Fig. 7(c), the superior perfor-
mance of the WH-TiO,/PPy composite is evident. The charge
transfer resistance (R.) of the ternary composite (0.63 Q) is
significantly lower than that of WH (1.31 Q) alone. The smaller
R, values indicate low faradaic resistance and fast electro-
chemical reactions at the electrode-electrolyte interface.®® The
low R, is attributed to the porous structure and good electrical
conductivity of WH-TiO,/PPy, facilitating better ion exchange in
the 3 M KOH electrolyte. The size of cations in the electrolyte
also plays a key role in determining charge-transfer resistance,
with larger cations leading to higher R... The Nyquist plot for
WH-TIiO,/PPy shows a straight line in the low-frequency region,
indicating the ideal capacitive behavior of the electrode.

Fig. 7(d) illustrates the cycling stability of the WH-TiO,/PPy
and WH electrodes over 5000 charge/discharge cycles at
a current density of 5 A g~'. The WH-TiO,/PPy composite

17310 | RSC Adv,, 2025, 15, 17302-17316

retains over 94% of its initial capacitance, demonstrating
excellent cycling stability. In contrast, the WH electrode exhibits
more significant degradation, retaining only around 69% of its
capacitance after 5000 cycles. The outstanding cycling stability
of the WH-TiO,/PPy composite can be attributed to the strong
integration of TiO, and PPy, which provides mechanical
stability and prevents significant structural degradation during
repeated cycling. Overall, the superior capacitance, lower charge
transfer resistance, and excellent cycling stability of the WH-
TiO,/PPy composite make it a promising candidate for
advanced supercapacitor applications.

3.3 Fabrication of WH-TiO,/PPy//AC asymmetric
supercapacitor

An asymmetric supercapacitor was fabricated using WH-TiO,/
PPy as the positive electrode and activated carbon as the nega-
tive electrode. Asymmetric supercapacitors with aqueous elec-
trolytes are an effective method for enhancing both ED ana
PD.” In this study, the asymmetric supercapacitor was assem-
bled in a two-electrode configuration, with Whatman filter
paper-2 soaked in 3 M KOH acting as the separator. Fig. 8
provides a schematic representation of the assembly process for
the asymmetric supercapacitor device incorporating WH-TiO,/
PPy//AC electrodes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To elucidate the charge storage mechanisms of WH-TiO,/
PPy in comparison to AC, two-electrode asymmetric super-
capacitor measurements were performed in a 3 M KOH elec-
trolyte. Fig. 9(a) shows CV curves at different scan rates, ranging
from 5 to 100 mV s~ ', within a potential window of 0-1.6 V. The
curves display a combination of pseudocapacitive EDLC
behavior. Broad redox peaks at lower scan rates indicate fara-
daic reactions from the WH-TiO,/PPy electrode, while the

rectangular shape at higher scan rates suggests the EDLC
contribution from the activated carbon electrode. As the scan
rate increases, the current response grows with minimal
distortion, demonstrating good charge storage properties and
fast ion transport in the supercapacitor.

Fig. 9(b) presents charge-discharge curves used to measure
the electrode capacitance, calculated using eqn (1). The WH-
TiO,/PPy//AC asymmetric supercapacitor shows capacitance

Table 1 The literature reports on the electrochemical performance of several WH-based composite electrodes

Capacitance
Material Specific capacitance Method retention Cycles  Reference
Polypyrrole/water hyacinth 104Fg " Polymerisation 67% 1500 44
Water hyacinth 98Fg! Pyrolytic carbonization 84% 500 61
Carbon sheets derived from water 273 Fg ! Acid treatment, pyrolytic carbonization 99% 10000 62
hyacinth
Water hyacinth-derived carbon 344F g ! Pre-carbonization and KOH activation 95% 10000 63
WH/Ni2" biomass from the 541Fg! Phytoremediation 100% 10000 64
phytoremediation of Ni,O
Water hyacinth-derived activated carbon/ 249 F g~ ' Electrochemical deposition 78.5% 1000 65
NiO
PEDOT/water hyacinth 490F g ! Polymerisation 92% 2000 66
Water hyacinth-derived activated carbon, 610 F g™* Hydrothermal & interfacial 94% 5000 This work
polypyrrole, and titanium dioxide polymerisation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The schematic assembly process for the asymmetric super-
capacitor of WH-TiO,/PPy//AC.

values of 262 F g~ ' at current densities of 1 A g~ '. The nearly
linear discharge profiles indicate excellent capacitive behavior
and low internal resistance. Longer discharge times at lower
current densities suggest a higher energy storage capacity under
these conditions.

Fig. 9(c) depicts the EIS plot (Nyquist) within the frequency
range of 10 Hz to 10 kHz, confirming the superior charge
transfer and capacitance of the WH-TiO,/PPy//AC super-
capacitor. The small semicircle in the high-frequency region of
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the Nyquist plot indicates a low charge transfer resistance of
0.84 Q, highlighting efficient electron transfer at the electrode-
electrolyte interface. The nearly vertical line in the low-
frequency region signifies strong capacitive behavior and
effective ion diffusion, confirming the high conductivity and
excellent electrochemical performance of the WH-TiO,/PPy//AC
system. Fig. 9(d) illustrates the cycling stability of the super-
capacitor over 5000 cycles, with the device retaining more than
80% of its initial capacitance, demonstrating its excellent
durability and long-term stability. This performance is attrib-
uted to the robust integration of the WH-TiO,/PPy composite,
which maintains structural integrity and consistent electro-
chemical performance through repeated charge-discharge
cycles.

Fig. 10(a) presents the gravimetric capacitance values of the
WH-TiO,/PPy//AC asymmetric supercapacitor as a function of
current density. The WH-TiO,/PPy//AC asymmetric super-
capacitor shows capacitance values of 262, 243, 215, and 113 F
g " at current densities of 1, 1.5, 2, and 2.5 A g, respectively.
This decrease in capacitance with increasing current density is
attributed to insufficient ion diffusion at higher current densi-
ties, limiting access to active electrode sites. The relatively high
capacitance at lower current densities suggests efficient charge
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Fig. 9 Electrochemical performance of the WH-TiO,/PPy//AC asymmetric supercapacitor in 3 M KOH electrolyte. (a) Cyclic voltammetry
profiles at various scan rates, (b) galvanostatic charge—discharge curves recorded at different current densities, (c) Nyquist plot showcasing the
impedance characteristics of the fabricated cell, and (d) cycling stability illustrating the capacitance retention over repeated charge—discharge

cycles.
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storage and ion accessibility in the electrode material, further
confirming the favorable electrochemical characteristics of the
WH-TiO,/PPy//AC composite.

Fig. 10(b) shows the Ragone plot, illustrating the relation-
ship between specific energy and specific power at different
constant current densities. The highest specific energy observed
is 98 W h kg~ ' at a power density of 3207 W kg™ '. Reviewing the
results at the higher current density the specific energy is
decreased and can be stated at 39 W h kg™' as the maximum
specific power of 5606 W kg~ '. This trend appears to be the
usual trade-off in most of the supercapacitors where high power
densities come associated with low energy densities. Taken
together, these results clearly show that the proposed WH-TiO,/
PPy//AC asymmetric supercapacitor has high gravimetric
capacitance, energy and power density as well as efficient ion
transport capabilities. As a result, the developed WH-TiO,/PPy
composite exhibits both pseudocapacitive and EDLC perfor-
mance with stable cycling and excellent rate capability deliv-
ering an excellent application performance for the energy
storage devices.

4 Conclusion

The WH-TiO,/PPy composite was successfully synthesized via
hydrothermal treatment and interfacial polymerization,
demonstrating a specific capacitance of 610 F g~ ' at 0.5 A g~ "
The enhanced electrochemical performance is attributed to the
synergistic effects of TiO, for improved ion transport, PPy for
pseudocapacitive contribution with enhances conductivity, and
the porous WH matrix for efficient charge storage. The asym-
metric supercapacitor achieved an energy density of
98 W h kg~ ' and a power density of 5606 W kg™, with over 80%
capacitance retention after 5000 cycles, indicating long-term
stability. Beyond supercapacitor applications, the utilization
of Eichhornia crassipes presents a sustainable approach to
biomass valorization. Future research should explore opti-
mizing conductivity and structural stability, integrating bio-
based dopants, and expanding its potential for environmental
applications such as phytoremediation and wastewater treat-
ment, further advancing green chemistry principles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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