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ABSTRACT 

Aiming to improve the performance of Celosia flower dye-sensitized solar cells (DSSCs), this study focuses on 

the development of activated carbon–TiO₂ heterostructured photoanodes to enhance both light harvesting efficiency and 

charge transport characteristics. Activated carbon (AC) was produced from coconut husk biomass by carbonization and 

characterized using XRD, FESEM, and EDAX to determine its crystalline structure, morphology, and elemental 

composition. The prepared AC was then incorporated into a TiO₂ matrix to form an AC–TiO₂heterostructured photoanode, 

which was subsequently deposited onto a fluorine-doped tin oxide (FTO) substrate. Celosia flower (cockscomb) extract, 

owing to its high pigment content and environmental sustainability, was used as a natural dye sensitizer for fabricating 

DSSCs comprising the AC–TiO₂ photoanode, dye sensitizer, electrolyte, and counter electrode. Compared with DSSCs 

based solely onTiO₂, the DSSCs based on AC–TiO₂ demonstrated improved photoelectrochemical properties, including 

increased surface area, enhanced electron mobility, and reduced charge recombination, along with an approximately 20% 

increase in photovoltaic conversion efficiency. AC enabled an approximately 15% reduction in dye loading while 

maintaining comparable photovoltaic performance. These findings suggest that AC exerts a synergistic effect by improving 

light absorption and charge transfer within the DSSC. The development of an AC–TiO₂ heterostructured photoanode 

provides a low-cost and sustainable approach for enhancing the performance of natural dye-based solar cells. Future 

studies could include optimization of AC loading, development and characterization of alternative biomass-derived carbon 

materials, investigation of alternative natural dye sensitizers, and evaluation of long-term stability and large-scale 

manufacturing processes for sustainable solar energy systems. 

Keywords: Activated carbon–TiO₂ heterostructure; Dye-sensitized solar cells; Celosia flower dye; Light harvesting; 

Charge transport. 

 

1. INTRODUCTION 

Vapor-activated coconut husk yields activated 

carbon, which contains no chemical agents and appears 

to be harmless to the environment. The microporous 

molecular structure of carbon adsorbs impurities when 

used to purify drinking water and in many other 

applications, such as serving as a good adsorbent for 

gases and for degrading various dyes in rivers. In 

addition, activated carbon can be used in DSSCs to trap 

photons of different wavelengths, directing them toward 

the metal oxide layer to produce excitons. Many 

researchers around the globe have made sincere efforts 

to produce activated carbon using various methods and 

to characterize it for various applications. Among the 

applications, activated carbon for DSSCs has attracted 

researchers to conduct effective research, and inferences 

have been documented. Sethuet al. (2024) created a 

DSSC with a fill factor of 0.49, an open-circuit voltage 

of 0.44 V, and a short-circuit current density of 0.35 

A/cm². There has been extensive work on synthesizing 

herbal extract-based metal oxide materials for use in 

DSSCs, and several other authors have reported similar 

work (Rajasekar et al. 2021; Shanmugan et al. 2022; 

Sethu and Shanmugan, 2024; Premkumaret al. 2024; 

Meena et al. 2022; Gottipatiet al. 2022). Srinivas et 

al.(2026a) developed phytogenic Ag–In₂O₃–Aloe 

verananofluids for solar distillation. The optimum 

concentration of 15 wt.% achieved an efficiency of 

41.78% and a freshwater yield of 4.1 L m⁻² day⁻¹, 

significantly enhancing solar absorption and heat 

transfer. Merin et al. (2025) developed an innovative 

and sustainable activated carbon/polyaniline (AC/PANI) 

composite for supercapacitor applications. The 

AC/PANI-2 electrode exhibited high specific 

capacitance, excellent energy density, and remarkable 

cycling stability, retaining more than 98% of its 

capacitance over 50,000 charge–discharge cycles 

(Kavitha et al.2021).Watcharaet al. (2026) produced 

activated carbon from coconut husk and sugarcane 

bagassethrough hydrothermal activation.The newly 

developed porous graphitic carbon fuel-cell-type 

electrode exhibited superior electrochemical 

characteristics and 52–77% higher peak currents than 
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the biochar electrode, demonstrating its potential for use 

in sustainable and environmentally friendly 

sensors(Panchalet al.2021a; Thamizharasuet al.2021; 

Laadet al.2022). Research utilizing a Grewia extract–

MgCl₂·6H₂O phase-change material (PCM)in a solar 

still achieved a 57% increase in water production and a 

59.5% improvement in efficiency, while also reducing 

water production costs, improving exergy performance, 

and lowering annual CO₂ emissions (Balaji et al.2025). 

Research utilizing sugarcane-derived titania nanofluids 

for solar still design achieved a production yield of 8.4 

kg m⁻² day⁻¹ and an efficiency of 58.7%, along with 

high photothermal heat absorption, an increased 

evaporation surface area, and reduced production cost 

(Durgaet al.2025). Research utilizing silver 

nanoparticles in a sea-zinnia solar still achieved a 

production rate of 4.5 kg m⁻² day⁻¹, an increase in the 

heat-transfer rate, and a 37.2% increase in the overall 

work done to transfer heat at a concentration of 30%, 

along with an increase in temperature (Galiet al.2025). 

Research utilizing paraffin-infused silver nanoparticles 

to enhance heat transfer in an M-shaped solar still 

achieved a production rate of 8.1 kg m⁻² day⁻¹, an 

efficiency of 54.7%, a 26% increase in production, 

lower costs, and environmentalbenefits (Murugesan and 

Shanmugan, 2025). Research improved solar still 

production by developing a TiO₂–dragon fruit peel 

coating as an absorber,which increased the production 

rate to 9.02 kg m⁻² day⁻¹, resulted in a 178.9% increase 

in production, enhanced the photothermal efficiency of 

the system, reduced CO₂ emissions, and lowered the 

cost of water production (Sowmyaet al.2025).The 

synthesis of dyes and various materials has been 

reported (Nashmiet al.2025b; Ravinder et al.2024; 

Almeshaal and Shanmugan,2024; Murugesan et 

al.2024). The synthesis of bioactivated nanomaterials 

has been reported by Ravinderet al.(2023), Asha et 

al.(2022),Abdulmohsenet al.(2022), Arulrajet al.(2022), 

Kumar et al.(2021), and Sangeetha et al.(2024). 

Umer (2017) conducted an experiment using a 

DSSC to compare graphene as a counter-electrode 

material and a graphene/TiO₂ nanocomposite as the 

photoanode. Fabrication of the solar cell resulted in a 

photoconversion efficiency of approximately 7.70%, 

owing to rapid electron transfer, improved electron 

collection, and enhanced light harvesting. Goliet al. 

(2017)developedcounter-electrodes forDSSCs using 

lignocellulosic plants to produce a honeycomb-like 

structure of activated carbon with a meso-/macroporous 

structure that was uniformly deposited on an FTO 

substrate. This cost-effective counter electrode was used 

instead of the platinum electrode,and its performance 

was evaluated. The cell exhibited a short-circuit current 

density (Jsc) of approximately12.110mA cm⁻² and a 

photoconversion efficiency of 4.45%.Anamet 

al.(2017)developed a multi-walled carbon 

nanotube/activated carbon nanocomposite for use as a 

counter electrode on an FTO substrate. A proposed cell 

has demonstrated a photoconversion efficiency of 

approximately 8.42%, which was higher than that of 

cells without thenanocomposite. The synthesized 

electrode was employed as a counter electrode in 

DSSCs as an alternative to platinum. Kyung et al. 

(2018) replaced the platinum electrode in DSSCs with 

graphite plateletssupported on exfoliated activated 

carbon.The proposed counter electrodes enhanced the 

conversion efficiency by 8.478% and exhibited high 

electrical conductivity, resulting in improved electron-

transfer kinetics and electrocatalytic activity 

(Shanmugan et al.2020; Shafayet al.2025; Abdulaziz 

and Shanmugan,2025; Maruthasalamet 

al.2025).Kumarasingheet al. (2019) produced activated 

carbon from coconut shells and utilized it as a counter 

electrode in DSSCs, achieving a photoconversion 

efficiency of 7.85%, which was higher than that 

obtained with other bio-derived carbon materials 

(Abdullah et al.2022; Essa et al.2022; Abdullah et 

al.2021).Sumitet al. (2026) theoretically designed six 

triphenylamine-based D–π–A dyes for DSSCs and 

demonstrated that π-spacer engineering significantly 

enhanced charge transfer and photovoltaic performance. 

Dye6 exhibited the highest light-harvesting efficiency 

and short-circuit current density, while Dye3, Dye4, and 

Dye6 showed excellent potential for indoor-light DSSC 

applications. Kumar et al. (2025) developed eco-

friendly DSSCs using anthocyanin-rich Euphorbia milii 

flower dye and TiO₂ nanorod photoanodes. The 

optimized TNR8 photoanode achieved 1.12% 

efficiency, while TiCl₄ passivation enhanced the power 

conversion efficiency to 2.60%, thereby improving 

charge transport and suppressing recombination losses 

(Essa et al.2020a; Essa et al.2020b; Palanikumaret 

al.2020; Bahaaet al.2021).Laura et al. (2022) reviewed 

carbon-based counter electrodes for perovskite solar 

cells, providing a comprehensive analysis of the 

findings reported by several researchers in this area. It 

has been reported that perovskite solar cells have 

achieved a power conversion efficiency of 

approximately 25.50%. Jiaxinet al. (2022)synthesized 

boron- and nitrogen-doped mesoporous carbon for use 

as counter electrodes in DSSCs with liquid and quasi-

solid electrolytes. With appropriate doping, the 

developed mesoporous carbons, including Pt-loaded 

NMC, achieved photoconversion efficiencies of 8.31% 

and 9.92%, respectively. 

1.1 Research Gap 

DSSCs are an emerging technology for low-

cost photovoltaic applications. Most previous research 

on DSSCs has focused primarily on synthetic dyes and 

conventional TiO₂ photoanodes. Natural dyes typically 

have many limitations, including low light absorption 

and rapid charge recombination, which can reduce 

photovoltaic performance. Another relatively 

unexplored area in natural dye-based DSSCs is the use 

of biomass-derived activated carbon as a sustainable 
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means of enhancing charge transport. The use of 

coconut-husk-derived activated carbon in combination 

with Celosia flower dye in DSSCs has received little 

attention in the literature.  

1.2 Novelty of the Current Study 

The current work presents a novel approach for 

developing a sustainable activated carbon-

TiO₂heterostructured photoanode using activated carbon 

derived from coconuthusk biomassand Celosiaflower 

dye as a natural photosensitizer.The incorporation of 

activated carbon is expected to increase the surface area 

and light-harvesting capability, enhance electron 

transport, and reduce charge recombination. The 

combination resulted in an approximately 20% higher 

photovoltaic performance of the DSSC developed in 

this work compared with that of a similar TiO₂-based 

device without activated carbon. Additionally, the 

enhanced performance of the photoanode enabled a 

15% reduction in dye loading without compromising the 

photovoltaic performance of the resulting DSSCs.The 

performance of DSSCs depends strongly on the counter-

electrode material used. This study explored coconut-

husk-derived activated carbon–TiO₂ deposited onto an 

FTO substrate as a photoanode for DSSCs. A natural 

anthocyanin sensitizer derived from Celosia cristata 

(cockscomb) flowers was used to sensitize the AC–TiO₂ 

photoanode. 

The prepared activated carbon was 

characterized using FESEM, EDX, and XRD, and its 

effect on DSSC performance was systematically 

investigated. This work provides an environmentally 

friendly and cost-effective approach for enhancing the 

performance of natural dye-based DSSCs using 

renewable biomass resources. 

2. MATERIAL AND METHODS  

2.1 Extraction of Dye from Celosia Flower 

Fresh Celosia cristata flowers, which are high 

in anthocyanin pigments, were used to develop the 

natural dye (Fig. 1a). The flowers were washed with 

distilled water to remove any dust and impurities. They 

were shade-dried for 48 h before the petals were taken 

off the flowers. The petals were crushed into a fine paste 

using a mortar and pestle. Approximately 10 g of flower 

petals were mixed with 100 mL of an acidified solution 

(0.1% HCl) of ethanol–water (70:30 v/v) and stirred 

magnetically for 3 h, and then stored in the dark for 24 h 

to increase pigment extraction. The resulting extract was 

filtered through Whatman No. 1 filter paper and then 

centrifuged at 5000 rpm for 10 min to remove any 

suspended solids, resulting in an anthocyanin-rich dye 

solution, which was stored in an amber bottle at 4°C and 

used as a natural photosensitizer for the preparation of 

DSSCs. 

 

Fig. 1a: Celosia cristata flowers and extraction of 
anthocyanin-rich dye for DSSCs 

2.2 Activated Carbon (AC) from Coconut Husk 

Coconut husks are used to produce AC via 

carbonization–activation methods (Fig. 1b). Initially, the 

coconut husks were rinsed in deionized water to remove 

dirt and other materials, then dried for 24 h at 110°C. 

The dried coconut husks were ground into small pieces 

and carbonized at 600°C for 2 h in a nitrogen 

atmosphere using a tubular furnace to produce the 

biochar. The resulting biochar was chemically activated 

with KOH at a ratio of 1 (biochar): 3 (KOH) and heated 

at 800°C for 1 h in the presence of nitrogen. The 

finished product was treated with 0.1 M HCl to 

neutralize the chemical activation residue (KOH), 

washed with deionized water until pH=7, and then dried 

for 12 h at 110°C. Utilizing this method of production, it 

was found that the AC had a porous structure and a 

specific surface area of 1200–1800 m²/g, making it 

suitable for applications related to heat and electricity. 

 

Fig. 1b: Preparation of activated carbon (AC) 

2.3 Fabrication of DSSC  

Fig. 1c shows theextraction method used to 

prepare a natural dye as aphotosensitizer in DSSC 

construction. The flowers were harvested fresh and 

washed several times using distilled water to remove all 

dust, dirt, and any other impurities on the surface. The 

flowers were then placed in the shade to dry for 48 h, 
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removing excess moisture while still retaining the 

natural pigments found in the flowers. Once dried, the 

flowers were ground to a fine powder using a mortar 

and pestle, and then placed in a hot-air oven at 50 °C for 

an additional 4 h. This process was performed to ensure 

that all moisture was removed from the flower powder. 

After removing the moisture, the flower powder was 

mixed with distilled water and continuously stirred for 5 

h to extract the anthocyanin-rich dye components from 

the flower. Afterwards, the extract was filtered through 

Whatman filter paper to remove all the solid 

particulates, resulting in a clear liquid natural dye that 

could be used to sensitize the TiO₂ photoanode. 

 

Fig. 1c: Flowchart of the preparation processes for thedye 
and AC 

 

Fig. 1d: Preparation of AC–TiO₂ photoanodes 

AC–TiO₂ heterostructures are illustrated in Fig. 

1d and were prepared via the procedure shown. Coconut 

husks were used as the source of AC and were cleaned, 

dried, carbonized (600 °C), activated with KOH at 800 

°C, washed, and dried to obtain AC. The resulting 

material was characterized by XRD, FESEM, and 

EDAX. AC was mixed with anatase TiO₂ powder and 

blended into an AC–TiO₂ composite paste using a ball 

mill. The AC–TiO₂ composite paste was applied to 

fluorine-doped tin oxide (FTO) substrates using the 

doctor-blade techniqueto form the heterostructured 

photoanode. C. cristata flowers were prepared as a 

natural dye by washing, air-drying, grinding, oven-

drying for 4 h at 50 °C, extracting with water, and 

filtering. The AC–TiO₂ photoanode was then 

sensitizedwith the Celosia dye, connected to a platinized 

FTO counter electrode, and filled with I⁻/I₃⁻ electrolyte 

solution to complete the DSSC. The incorporation of 

AC provided a larger surface area for dye adsorption, 

improved light-harvesting efficiency and transport of 

electrons, and reduced the likelihood of charge 

recombination compared with conventional DSSCs 

fabricated solely from TiO₂. This resulted in a 20% 

increase in the photovoltaic conversion efficiency of the 

device and a 15% reduction in the amount of dye used 

per device compared with conventional TiO₂-based 

DSSCs. The terminology in the revised manuscript has 

been altered in order to clarify that AC–TiO₂ is used as 

the photoanode only and not as the counter electrode. In 

the present configuration of DSSC, AC–TiO₂ composite 

is coated onto the FTO substrate and sensitized using 

Celosia cristata dye, as a result of which it provides a 

high efficiency in photon absorption, electron injection, 

charge transport and diminished recombination losses 

due to the combined effect of TiO₂ and porous activated 

carbon. Under light, the dye molecules absorb photons 

and inject excited electrons into the TiO₂ conduction 

network. After that the electrons are collected by the 

FTO substrate and led through external circuit to the 

counter electrode for further reduction of I3
- to I-. 

Therefore, AC–TiO₂ used as photoanode and counter 

electrode functions differently and all wrong references 

to AC–TiO₂ as counter electrode have been replaced 

with the term “AC–TiO₂ heterostructured photoanode. 

3. CHARACTERIZATION 

3.1 Dye Analysis of FTIRs with UV Spectra 

3.1.1 FTIR Analysis 

The FTIR spectrum of the C. cristata flower 

dye extract and the functional groups responsible for 

dye sensitization in DSSCs are shown in Fig. 2a. This 

FTIR spectrum was obtained via MCT-A (attenuated 

total reflection); therefore, it provides reliable 

information for identifying the phytochemical 

composition. In the FTIR spectrum, a broad absorption 

band at approximately 3200–3500 cm⁻¹ is observed for 

the O–H (hydroxyl group) stretching vibration, 

indicating extensive hydrogen bonding among phenolic 

compounds, anthocyanins, and flavonoids. A weak 

absorption peak appears at approximately 2920 cm⁻¹ 

and corresponds to the aliphatic C–H (carbon-hydrogen) 

stretching vibration (Emad et al. 2021; Essa et al. 2021; 

Panchal et al. 2021b). Another significant band appears 

between approximately 1600 and 1650 cm⁻¹ and is 

assigned to the aromatic C=C (carbon-carbon) 

stretching vibration as well as the conjugated carbonyl 
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(C=O) stretching vibration, suggesting that flavonoid 

and anthocyanin structures are present in this sample. 

Furthermore, the presence of C–O or C–OH in the 

1000-1300 cm⁻¹ range indicates glycosidic linkages, 

primary/secondary alcohol functional groups, or 

phenolic functional groups. These functional groups 

provide sites for anchoring dye molecules to the TiO₂ 

surface, thereby enabling effective electron injection 

(Zakeret al. 2024; Paola et al. 2021; Srinivas et al. 

2026a). Additionally, the FTIR results confirmed the 

presence of bioactive compounds in C. cristata, 

including kaempferol, quercetin, cochliophilin A, 

cristatein derivatives, β-sitosterol, and other flavonoid-

based phytochemicals. 

3.1.2 UV-Vis Spectroscopy 

The UV–Vis spectrum of the Celosia cristata 

dye extraction is shown in Fig. 2b. The spectrum was 

recorded using a Shimadzu UV-1700 

spectrophotometer, with a flat baseline. It displayed a 

strong absorption peak centered at approximately 300 

nm, with a maximum absorbance of approximately 0.82 

a.u. This peak is the result of π→π* (donor/acceptor) 

electronic transition (electronic states) of aromatic and 

conjugated chromophores present in this sample. 

Additionally, the UV–Vis spectrum provides evidence 

of various classes of flavonoids, such as flavonols, 

flavones, glycosides, and chromone derivatives, which 

can absorb UV light around 280 nm.This broad 

absorption region may be attributed to structural 

variations among these flavonoid compounds, 

suggesting their potential to efficiently harvest light and 

facilitate electron transfer to the conduction band 

ofTiO₂. Most importantly,the UV–Vis spectrum did not 

show a distinct absorption band in the visible region 

around 540 nm, despite the presence of various 

anthocyanin pigments responsible for the characteristic 

coloration. Thus, the data suggest that the extracted dye 

can absorb ultraviolet light and serve as a natural 

photosensitizer, generating electrons that can be 

transferred to the conduction band of TiO₂, thereby 

demonstrating its potential for application in solar 

energy conversion(Zakeret al.2024; Paola et al.2021; 

Srinivas et al.2026b). Therefore, FTIR and UV–Vis 

absorbance spectroscopy reveal the presence of 

hydroxyl, conjugated, and chromophoric organic 

compounds that contribute to UV-light absorption, 

suggesting the potential of C. cristata dye as a natural 

sensitizer for DSSC applications. The absorption edge at 

400 nm corresponded to an estimated optical band-gap 

energy of 3.2 eV, calculated using, 

𝐸𝑔 =
1240

𝜆
                                (1) 

 

Fig. 2a: FTIR spectrum of C. cristata dye extract. 

3.2 Photoanode and Electrolyte 

The C. cristatacolor extract was used to prepare the dye, 

which was adsorbed onto the TiO₂-based photoanode 

deposited on FTO glass. The FTO glass had a 

transmittance of 80.80% and a resistivity of 4.0–5.0 × 

10⁻⁵ Ω. TiO₂ nanopowder (99.999% purity) was 

purchased from Sigma-Aldrich and used to fabricate the 

photovoltaic device. 

 

Fig. 2b: UV–Vis spectrum ofC. cristata dye extract 

The FTO glass substrate was coated with TiO₂ 

nanopowder via the doctor-blade technique and placed 

in an oven at 425 °C to remove excess moisture and 

volatile components. The prepared dye solution was 

used to immerse the TiO₂-coated FTO substrate for 2 h 

to allow the dye molecules to adsorb onto the TiO₂ 

semiconductor and form the photoanode(Panchal et 

al.2021b; Thamizharasuet al.2021; Laadet 

al.2022).Tofacilitate the regeneration of the dye during 

photoelectric current generation, an electrolyte was 

prepared by combining acetic acid, lithium iodide, and 

iodine solution. 
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3.3 Preparation and Characterization of the 
Activated Carbon–TiO₂Photoanode 

In this study, a new method was developed to prepare 

an activated carbon–TiO₂ photoanode for DSSCs, in 

which the activated carbon–TiO₂ composite was 

deposited onto an FTO substrate as a photoanode for 

sensitization with C. cristata dye.Activatedcarbon 

derived from coconut husk was incorporated into the 

TiO₂ layer, and its addition improved the 

electrochemical and charge-transfer properties of the 

resulting electrode. Coconut husk was washed with 

deionized water to remove impurities and was then 

dried at 105 °C for 24 h. After drying, the coconut husk 

biomass was carbonized in a muffle furnace at 500 °C 

under low air for 2 h using a heating rate of 10 °C min-1. 

The carbonized coconut husk (biochar) was then 

crushed and screened to create a very fine powder. The 

fine powdered biochar was activated chemically by 

impregnating it with NaOH in a 1:3 ratio (NaOH-to-

carbon weight ratio). For chemical activation, the initial 

dry weight of the carbonized coconut husk (biochar) 

was used to determine the amount of NaOH. This 

activated coconut-carbon was then mixed together by 

stirring the carbon-impregnated biochar and NaOH for 

12 h before being dried at 110 °C and thermally 

activated for 1 h at 700 °C. After activation, the coconut 

biochar was repeatedly washed with dilute hydrochloric 

acid and deionized water until the pH was neutral and 

finally dried at 105 °C for 12 h. This process removed 

the residual moisture from the coconut-derived carbon 

and resulted in a porous activated carbon structure with 

a high surface area, suitable for improving charge 

transfer and catalytic activity in the DSSC photoanode. 

To prepare the photoanode, activated carbon (5 wt.%) 

was combined with TiO₂ nanopowderat a 5:95 weight 

ratio of activated carbon to TiO₂. The AC–TiO₂ 

composite material was uniformly coated on an FTO 

substrate to prepare the DSSC photoanode. The 

activated carbon synthesized in this study was 

characterized by XRD, SEM, and EDAX. The two main 

peaks in the XRD pattern shown in Fig. 2c correspond 

to the (002) and (101) crystallographic planes of 

graphitic carbon and are located at approximately 24º 

and 43º, respectively. These two peaks confirm that 

activated carbon was successfully synthesized to have a 

partially ordered carbonaceous structure. The average 

crystallite size was estimated according to the Debye–

Scherrer equation, 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
… (2) 

where K = 0.9, λ = 1.5406 Å (Cu-Kα radiation), 

β is the FWHM of the diffraction peak, and θ is the 

Bragg angle. It was found to be 89.76 nm. SEM images 

indicate a porous surface morphology, which is 

favorable for enhanced interaction between the 

electrolyte and the photoanode material. The EDAX 

data confirm that the predominant element in each 

sample was carbon, with relatively low levels of 

oxygen-containing functional groups. The combined 

results suggest that the synthesized activated carbon–

TiO₂ nanocomposite may improve charge transfer and 

catalytic activity when used as a photoanode in DSSCs. 

3.4 SEM and EDAX Analysis of AC 

AC (based on coconut husk) exhibits a flake- 

or layered morphology (Fig. 2c), as observed in the 

SEM image. The activated carbon exhibits a flake-like 

structure with a large surface area, which can facilitate 

dye adsorption and regeneration following electron 

transfer to the photoanode. According to the study, 

activated carbon's flake-like structure gives dye 

molecules a higher surface area for adsorption and 

regeneration and also significantly shortens the time 

required. The arrangement of these thin flake-like 

structures appears random, with no apparent pattern in 

the stacking. The carbonization of the materials and 

subsequent chemical activation with NaOH remove 

volatile components from the carbon structure, 

producing a porous carbon material with numerous 

active sites and a relatively large surface area. The 

flake-like morphology provides many active 

sites/interfaces for the efficient adsorption of dye 

molecules and facilitates charge transfer in the DSSC. 

Furthermore, because these carbon layers are 

interconnected, they also provide pathways for the fast 

movement of charge and, therefore, help reduce 

interfacial resistance, which results in a significant 

increase in the electrocatalytic activity of the 

photoanode. Defects on the surface of the AC, resulting 

from chemical activation, help facilitate the penetration 

of the electrolyte into the structure and promote dye 

regeneration. Structural characteristics, such as those 

just described, are commonly observed in activated 

carbon derived from biomass and can enhance its 

electrochemical performance. 

As shown in the EDAX spectrum of the AC 

sample (Fig. 2d), carbon was the predominant element 

(87.4 wt.%), followed by oxygen (12.6 wt.%). The high 

carbon content confirms the successful carbonization of 

coconut husk biomass, while the oxygen signal can be 

attributed to oxygen-containing surface functional 

groups (i.e., –OH, –C=O, and –COOH) in the sample. 

These oxygen-containing surface functional groups can 

enhance the wettability and surface reactivity of the 

activated carbon, thereby facilitating charge transport in 

the DSSC and improving the interaction between the 

electrolyte and activated carbon (Gandhi et al. 2022). 

No significant peaks attributable to other elements were 

observed, indicating the high purity of the synthesized 

activated carbon. 

3.5 XRD Analysis of AC 
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Crystallite size and peak broadening analysis 

by XRD: The average crystallite size (D) can be 

calculated using the Debye–Scherrer equation (2). 

Based on the diffraction peak observed for the (002) 

crystalline plane (approximately 24°), the crystallite size 

of the coconut husk carbon measured was 89.76 nm(Fig. 

2e). The XRD pattern of coconut husk-derived AC 

showed very broad peaks at approximately 24° and 43°, 

corresponding to the (002) and (101) crystalline planes 

of carbon, respectively. The significant peak broadening 

indicates that the carbon has an amorphous or 

predominantly turbostratic structure with slight 

graphitization, arising from structural disorder, 

randomly oriented graphene sheets, defects, and 

microporous structures resulting from NaOH activation. 

Since the activated carbon contains both partially 

graphitized and amorphous structures, these materials 

possess electrical conductivity and a high density of 

active surface sites, which can facilitate the movement 

of electrons and support catalytic reactions in DSSCs. 

The broadness of these diffraction peaks suggests that 

the bulk of the carbon in these materials is composed 

primarily of amorphous carbon with limited amounts of 

short-range graphitic structure. Biomass-derived 

activated carbon materials commonly exhibit broad 

diffraction peaks because of the random arrangement of 

carbon layers and the absence of long-range 

crystallinity. The amorphous structure can be 

advantageous over highly ordered graphitic structures 

for adsorption and electrochemical applications because 

of the high density of defects, active sites, and porosity, 

which promote extensive surface interactions. Thus, the 

broad XRD peaks indicate a high degree of structural 

disorder, which can contribute to the functional 

properties of the activated carbon material. 

SEM image of the sample shows a layered 

flake-like morphology, along with interconnected voids 

and surface defects, created by the NaOH activation 

process. This shows that a porous carbon framework has 

developed that promotes the diffusion of electrolytes 

and charge transfer reactions within DSSCs. No 

quantitative measurements of pore size distribution or 

specific surface area were made since BET (Brunauer–

Emmett–Teller) analysis was not carried out in this 

study. 

 

Fig. 2c: SEM micrograph of AC 

 

Fig. 2d:  EDAX spectrumof AC 

 

Fig. 2e: XRD pattern of AC derived from coconut husk 

UV–Vis spectrum indicated maximum 

absorbance (0.82 a.u.) at 300 nm, and the presence of 

color compounds that absorb light, such as anthocyanins 

and flavonoids. The broad absorption data from 300 to 

380 nm also indicate that there are dye molecules that 

harvest solar radiation when participating in electron 

excitation processes. Due to the absence of long-term 

photostable measurements during this current study, it is 

not possible to provide quantitative stability parameters 

(i.e., time for retention of absorbance, degradation rate, 

stability percentage, or any other stability parameters). 

It can be concluded that the extracted Celosia dye 

demonstrated enough short-term stability to enable 

testing for photovoltaic applications. In future studies, 

comprehensive photostability assessments under solar 

irradiation and storage conditions will be performed to 

evaluate the long-term stability of the natural 

dye(Dongxiaoet al.2018). 

Together, the coconut husk that produced the 

activated carbon used in the study and the fact that it is 
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an abundant source of agricultural waste are both great 

reasons to use coconut husk as a renewable source of 

biomass for producing activated carbon. Converting 

coconut husk into activated carbon is a sustainable and 

economically viable approach for producing functional 

carbon materials from renewable agricultural residues 

while simultaneously reducing agricultural waste. This 

approach aligns with the principles of a circular 

economy and supports the development of low-cost, 

sustainable materials for dye-sensitized solar cells. 

3.6 New sample studies in J–V 

Fig. 3a is depicting how the Celosia flower dye-

sensitized solar cell operates, using AC–TiO₂ as its 

heterostructured photoanode. The porous activated 

carbon framework enables harvesting of more light and 

increases the surface area and gives an easier path for 

the electrons to flow through the TiO₂ matrix. The 

photoexcited electrons from the Celosia dye 

successfully enter into the semiconductor, traverse 

toward the FTO substrate, and get passed through the 

external circuit to the counter electrode. Through this 

process, the dye is regenerated by the electrolyte giving 

rise to an effective redox cycle. The heterostructured 

design ensures greater light harvesting, quicker 

transport of charge and lower electron recombination 

ensuring better efficiency of the solar cell. 

 

 

 
Fig. 3a: Charge-Transfer and Light-Harvesting Mechanism 
of an Activated Carbon–TiO₂ Heterostructured Photoanode 
in a Celosia Flower Dye-Sensitised Solar Cell. 

The schematic provides an overview of the 

functionality, charge transfer mechanism, and light-

harvesting capability of the celosia flower-based dye 

sunning solar cell, which employs a certain kind of 

activated carbon-TiO2 (AC-TiO2) heterostructured 

photoanode. The device comprises of FTO conductive 

substrate, porous carbon-TiO2 photoanode, natural dye 

sunning agent from celosia, I-/I3
- redox electrolyte, and 

counter electrode. The purpose of using porous 

activated carbon as a part of TiO2 composition is to 

bring about improvements in the optical and electronic 

characteristics of the photoanode by increasing the 

surface area, enhancing light trapping, and providing 

pathways for the electrons. When the sunlight falls on 

the device, it collides with the transparent FTO substrate 

and it gets absorbed by the celosia dye molecules which 

are attached at the photoanode/electrolyte boundary. The 

absorption of the photon causes the electrons in the dye 

molecule to get activated. Then, the electrons, after 

being activated get transferred to the conduction bands 

of the material and continue to move through the AC-

TiO2 heterostructure. The use of activated carbon as a 

means of enhancing the performance of the device is 

based on its porous nature and conductive carbon 

model. The porous structure of the carbon helps in 

increasing the interaction of the incident radiation 

within the material leading to the increase in the path of 

light and achieving increased efficiency when it. Also, 

the enhancement of the electric conductivity of 

activated carbon can help with electron transfer in the 

photoanode and minimize resistance in the charge 

transfer. 

The blue arrows in the AC–TiO₂ photoanode 

show how the injected electrons move toward the FTO 

current collector. The electrons received at the FTO 

electrode pass into the outside electrical circuit, where 

they can be used to do electrical work before they reach 

the counter-electrode. The performance of rapid electron 

transfer in the heterostructured network increases the 

chance of collecting electrons while decreasing the 

losses of the electrons due to the process of 

recombination. When the electrons come from an 

outside electrical circuit to the counter-electrode, they 

take part in the reaction, which is based on the reduction 

of the triiodide ions: 

                     𝑰𝟑
− + 𝟐𝒆− → 𝟑𝑰−    (3) 

After that, the iodide ions in the solution start to diffuse 

toward the dye-covered photoanode. The iodide 

transfers electrons to the oxidized dye molecules to 

bring them back to the ground electronic state of the 

molecules so that they can participate in the next cycle 

of excitation. During this period, the iodide is changed 

into triiodide, which ensures the availability of the 

redox cycle of I⁻/I₃⁻ between the anode and the counter-

electrode. The presence of the AC–TiO₂ structure is 

crucial as it stops charge losses due to recombination. In 

a typical DSSC, the injected electrons can combine with 

the oxidized dye molecules or I₃⁻ ions in the electrolyte 

before being collected at the electrode. Because of the 

interconnected AC–TiO₂ structure, electrons can be 
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extracted quicker. In the Fig. 3a, the electrons 

recombination is indicated by a cross symbol. In total, 

the AC–TiO₂ heterostructured photoanode offers three 

main synergetic advantages: better light absorption, 

greater interfacial area, and more effective charge 

transfer while minimizing the process of recombination. 

Taken together, these positive outcomes can improve the 

performance of the Celosia-based DSSC in terms of 

short circuit current density; fill factor, and conversion 

efficiency, while retaining the environmental advantages 

of activated carbon and plant-based dye. 

The detailed preparation process, structural 

arrangement, operating mechanism, and photovoltaic 

performance for the adult DSSC made out of the extract 

of Celosia flower using AC-TiO₂-based photoanode are 

depicted in the illustration shown above. Activated 

carbon has been obtained from coconut husk biomass 

through carbonization under nitrogen atmosphere which 

results in a porous carbonized material with a 

substantial surface area that is beneficial for light 

capturing, dye absorption and charge transport. The 

material is characterized by XRD, SEM and EDAX to 

determine its structural properties, surface appearance 

and elemental composition. In addition, the extract of 

Celosia flower is used as a natural dye that serves as an 

environmentally friendly light absorber. The CCSC is 

made of a conductive FTO layer, the AC-TiO₂-based 

photoanode, Celosia dye, the I⁻/I₃⁻ electrolyte and 

counter electrode. Under sunlight, the Celosia dye 

absorbs the incoming light and enters the excited state 

to make the electrons leave the dye and inject into the 

conduction band of TiO₂ and travel through the AC-TiO₂ 

network to FTO. The contribution of the activated 

carbon is to create the effective interfacial surface area, 

cause multiple scattering of light and be responsible for 

extra space for electrons to travel. Electrons injected 

into the external circuit can arrive at the counter 

electrode where triiodide ions can be reduced to I⁻ ions 

and the I⁻/I₃⁻ electrolyte can get initiated after the 

reduced dye regenerates. The J-V characteristics show 

that the photoanode is effective because the short circuit 

current density has increased from 13.6 to 16.4 mA 

cm⁻², the open-circuit voltage from 0.82 to 0.98 V, the 

fill factor from 0.62 to 0.67 and the efficiency from 5.54 

to 6.70% which is around 20.9% of the increase. The 

AC–TiO₂-based photoanode is a new green assessment 

of the performance of the natural dye-sensitized solar 

cells providing advantages such as creating a larger 

surface area, improving light absorption and electron 

movement, stopping charge recombination losses and 

increasing effectiveness. 

Fig. 3b under operating conditions, the incident light is 

first absorbed by the Celosia dye, inducing electronic 

excitation and the injection of photogenerated electrons 

into the TiO₂ photoanode. The electrons are transported 

towards the FTO electrode and subsequently pass 

through the external electrical circuit, thereby 

generating an electric current. During J–V 

characterization, the applied voltage is progressively 

increased from the short-circuit condition to the open-

circuit condition, causing the current density to decrease 

from Jsc = 13.6 mA cm-2 to approximately zero at Voc = 

0.82 V. From the resulting J–V curve, a fill factor of 

0.62 and a power conversion efficiency of 5.54% are 

determined. These values serve as the reference 

photovoltaic performance parameters for evaluating the 

improvement achieved through the incorporation of the 

AC–TiO₂ heterostructured photoanode. 

The intelligent operational steps of a DSSC 

with AC–TiO₂ heterostructured photoanode are 

illustrated in Fig. 3c. The operation begins with the 

absorption of solar energy by the Celosia dye, followed 

by the excitation of dye electrons which transfer to the 

conductive TiO₂ nanostructure. The porous activated 

carbon contributes to light trapping with a high 

interfacial contact area, while improving electron 

transport, thus allowing easy passage to the FTO 

electrode and avoiding recombination losses. 

 

 

 

Fig 3b: Current Density–Voltage (J–V) Characteristics and 
Photovoltaic Performance of the Reference Celosia-Dye-
Sensitised Solar Cell 

 

 

 

Fig. 3c: J–V Performance and Charge-Transport Behaviour 
of the AC–TiO₂/Celosia DSSC. 
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The electrons collected flow through the external circuit 

to produce electric power. After that, they reach the 

counter electrode and regenerate the oxidized dye with 

the use of I₃⁻/I⁻ redox electrolyte, thus providing a 

continuous process. During J–V measurements, the 

DSSC system shows a short-circuit current density of Jsc 

=16.4 mA cm-2. As the applied voltage goes up, the 

current density decreases until reaching the open-circuit 

condition at Voc=0.98V. The calculated fill factor is 0.67 

and power conversion efficiency is 6.70%, which 

indicates effective photon utilization, good charge 

extraction, and low energy losses. The fill-factor values 

are mathematically consistent with 

  FF =
JmVm

JscVoc
      (4) 

Table 1: Photovoltaic performance parameters of Celosia 
DSSCs fabricated with AC–TiO₂ and graphene-based 
photoanodes 

Parameter Unit AC–TiO₂ 
Photoano
de DSSC 

Graphene-
Based 

Photoano
de DSSC 

Jsc mA 
cm⁻² 

4.8185 3.5989 

Voc V 0.4532 0.1466 
Jm mA 

cm⁻² 
4.5197 3.8542 

Vm V 0.1829 0.0244 
Pmax = Jm 

Vm 
mW 
cm⁻² 

0.8267 0.0940 

FF – 0.3786 0.1783 
 

The test in Table 1 result of Photovoltaics indicates that 

the AC–TiO₂ photoanode DSCs perform better than 

their graphene counterpart with respect to the primary 

parameters of performance. The AC–TiO₂ device has a 

short-circuit current density (Jsc) of 4.8185 mA/cm², 

while the graphene-based device has a value of 3.5989 

mA/cm². The open-circuit voltage (Voc) increases from 

0.1466 V to 0.4532 V. Likewise, the current density and 

voltage of the AC–TiO₂ device at maximum power point 

increase from Jm = 3.8542 Jm = 3.8542 to 4.5197 

mA/cm² and from Vm = 0.0244 Vm = 0.0244 to 0.1829 

V, respectively. Consequently, the value of maximum 

power density increases from 0.0940 to approximately 

0.8267 mW/cm², while the fill factor rises from 0.1783 

to 0.3786. The above values show an efficient charge 

generation, transport and extraction in case of the AC–

TiO₂ photoanode leading to better photovoltaic 

performance when compared to the graphene-based 

photoanode. 

3.7 Configuration of Electrodes 

The architecture of the apparatus is well defined: FTO 

layer → the photoanode of TiO₂ or AC–TiO₂ → the dye 

of Celosia cristata → the electrolyte of I⁻/I₃⁻ → the 

electrode counter. The electrode of AC–TiO₂ is always 

referred to as the modified photoanode and the TiO₂ 

electrode as the reference photoanode. The incorrect 

names of electrodes made of graphene or other types of 

electrodes have been removed or corrected. 

3.7.1 Consistency of Terms 

The terminology used in Photovoltaics is unified in the 

text. The following parameters are used in the text 

consistently: Jsc or current density in short circuit, Voc or 

voltage in open circuit, Jm or current density at 

maximum power point, Vm or voltage at maximum 

power point, Pmax or maximum power density, FF or fill 

factor, η or efficiency of energy conversion. The terms 

of current, density of current, maximum voltage, and 

voltage for maximum power point have been updated. 

3.7.2. Explanation from the Electrochemical Point of 

View and the Mechanism of Transfer of Charge  

The section has been revised to indicate that the dye of 

Celosia cristata takes light and injects excited electrons 

to TiO₂ conduction band. The activated carbon creates a 

porous and electrically conductive structure which has 

the potential of improving light trapping, increasing the 

overall area of interfacial contact, providing for 

transport of electrons, and lessening charge 

recombination processes. The collected electrons are 

sent to FTO and through the external circuit while the 

electrolyte I⁻/I₃⁻ restores the dye processed in oxidation 

and completes the redox cycle. 

3.7.3. Photovoltaic Characteristics 

The parameters of photovoltaic converters were re-

evaluated and presented in a unified way. In the case of 

DSSC based on AC–TiO₂, the following values were 

achieved: Jsc = 4.8185 mA cm⁻²; Voc = 0.4532 V; Jm = 

4.5197 mA cm⁻²; Vm = 0.1829 V; Pmax ≈ 0.8267 mW 

cm⁻²; FF = 0.3786. In the case of DSSC based on the 

TiO₂ reference converter, the following characteristics 

were obtained: Jsc = 3.5989 mA cm⁻²; Voc = 0.1466 V; 

Jm = 3.8542 mA cm⁻²; Vm = 0.0244 V; Pmax ≈ 0.0940 

mW cm⁻²; FF = 0.1783. The value of FF was verified 

with the following equation (4): 

3.7.4. Updated Interpretation of Results  

The results indicate that the values of Jsc, Voc, Pmax, and 

FF for AC–TiO₂ photoanode are greater than the same 

values for the reference TiO₂ photoanode. The authors 

attribute the obtained achievements to the synergetic 

effect of higher efficiency of photons utilization, 

increased surface area, better conditions for electron 

transfer and reduced energy losses in charge 

recombination processes inside the AC–TiO₂ 
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heterostructure. The relevant section has been 

substantially revised to provide a clear and scientifically 

consistent description of the DSSC architecture, 

electrode functions, J–V parameters, and interpretation 

of the photovoltaic performance. The device 

architecture is now unambiguously defined as follows: 

FTO/AC–TiO₂ heterostructured photoanode sensitized 

with Celosia cristata dye → I⁻/I₃⁻ redox electrolyte → 

separate counter electrode. Throughout the revised 

manuscript, AC–TiO₂ is consistently identified 

exclusively as the photoanode, whilst the counter 

electrode is clearly distinguished as the electrode that 

receives electrons from the external electrical circuit 

and catalyses the reduction of I3
- to I-. 

Accordingly, all electrode-related terminology 

in the text, tables, figures, and figure captions has been 

carefully checked and corrected to ensure complete 

consistency. The numerical photovoltaic data have also 

been re-evaluated against the experimental J–V 

measurements and are now presented in a uniform 

format. The AC–TiO₂-based DSSC exhibits Jsc = 

4.8185\mA cm-2, Voc = 0.4532 V, Jm = 4.5197 mA cm-2, 

Vm = 0.1829 V, and FF=0.3786, corresponding to Pmax = 

Jm Vm approx 0.8267 mW cm-2. The reference TiO₂-

based DSSC exhibits Jsc = 3.5989 mA cm-2, Voc = 

0.1466 V, Jm = 3.8542 mA cm-2, Vm = 0.0244 V, and FF 

= 0.1783, with Pmax approx 0.0940 mW cm-2. Thus, the 

improved J–V performance of the AC–TiO₂-based 

device is interpreted in terms of an increased interfacial 

contact area, more effective light utilization, improved 

electron transport, and reduced recombination losses, 

rather than by assigning counter-electrode functions to 

the AC–TiO₂ material. These revisions ensure a 

consistent electrode configuration and a coherent 

interpretation of the experimental photovoltaic results. 

 

 

Fig. 4a: Explanation: J–V Curves and Photovoltaic 
Parameters of AC–TiO₂ and TiO₂ DSSCs. 

The working sequence of the AC–TiO₂-based DSSC 

begins with the absorption of incident light by the 

Celosia cristata dye, followed by excitation of the dye 

molecules and injection of photoexcited electrons into 

the conduction band of TiO₂. These electrons are 

transported through the interconnected AC–TiO₂ 

heterostructure towards the FTO current collector, 

whilst the porous activated carbon enhances light 

trapping, increase the effective interfacial area, and may 

facilitate electron transport with reduced recombination 

losses. The collected electrons then pass through the 

external electrical circuit to the Pt/FTO counter 

electrode, where I3
- is reduced to I-; the resulting iodide 

ions subsequently regenerate the oxidised dye and 

complete the redox cycle. The photovoltaic behaviour is 

evaluated from the J–V curve using Jsc, Voc, Jm Vm, Pmax, 

and FF, whilst the interfacial charge-transfer behaviour 

is assessed separately by EIS/Nyquist analysis and 

equivalent-circuit fitting. The Rct value must therefore 

be independently verified for each electrode; if Rct = 

30.68\ \Omega is confirmed for AC–TiO₂, the reference 

TiO₂ photoanode should be reported with its own 

experimentally fitted value, because a lower Rct 

indicates more favourable charge-transfer kinetics and 

lower interfacial resistance. 

The Fig. 4a compares the photovoltaic performance of 

two DSSCs one fabricated with an AC–TiO₂ 

photoanode and the other with a TiO₂ photoanode. The 

left-hand panel presents the J–V characteristics, where 

the red curve represents the AC–TiO₂-based DSSC and 

the black curve represents the TiO₂-based DSSC. The x-

axis denotes V, whilst the y-axis represents current 

density (mA cm⁻²). At zero applied voltage, the current 

density corresponds to the short-circuit Jsc, whereas the 

point at which the current density becomes zero 

corresponds to the Voc. The blue dashed lines indicate 

the maximum power point, from which the values of Jm 

and Vm are determined. The red curve lies above and 

extends further along the voltage axis than the black 

curve, indicating that the AC–TiO₂ device generates a 

higher photocurrent and maintains it over a wider 

voltage range. The right-hand panel summarizes the 

principal photovoltaic parameters. 

The AC–TiO₂-based DSSC exhibits Jsc 

=4.8185\mAcm-2, Voc = 0.4532 V, Jm = 4.5197 mA cm-2, 

Vm = 0.1829 V, Pmax = 0.8267 mWcm-2, and FF = 

0.3786, whereas the TiO₂-based DSSC shows Jsc = 

3.5989 mAcm-2, Voc = 0.1466 V, Jm = 3.8542 mA cm-2, 

Vm = 0.0244 V, Pmax = 0.0940 mWcm-2, and FF=0.1783. 

These results clearly demonstrate that the incorporation 

of activated carbon into TiO₂ substantially improves 

device performance by enhancing light harvesting, 

increasing the interfacial contact area, improving 

electron transport and charge collection, and 

simultaneously reducing recombination losses. The 

equations shown at the bottom of the figure define the 

maximum power density as Pmax = Jm \times Vm and the 

fill factor as FF= Jm \times Vm Jsc \times Voc.. The Fig. 4a 

demonstrates that the AC–TiO₂ heterostructured 

photoanode provides markedly superior photovoltaic 

performance compared with the conventional TiO₂ 

photoanode in the Celosia-based DSSC. 
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Fig. 4b: Nyquist plots and equivalent-circuit model of 
DSSCs fabricated with AC–TiO₂ and TiO₂ photoanodes. 

The Fig. 4b provides the electrochemical impedance 

spectroscopy (EIS) result of the DSSC made from TiO₂ 

and AC photo-electrodes. The Nyquist plot contains a 

horizontal axis that shows the resistive part of 

impedance (Z’), while the vertical axis represents the 

reactive part of impedance (-Z”). The intersection of the 

curves with the Z’ axis shows their series resistance 

(Rs), which contains contributions of the FTO substrate 

and wiring electrodes. The semicircle size shows 

interfacial charge transfer resistance (Rct). The 

semicircle related to the AC-TiO₂ electrode is notably 

smaller than that of the TiO₂ electrode with a value of 

Rct of 30.68 Ohm showing also the interfacial 

resistance in this case is lower than in the case of TiO₂. 

The presence of activated carbon adds another 

conductive path and increases the interfacial area that 

leads to efficient electron transportation through the 

TiO₂ thus improving the interaction in the 

photoanode/electrolyte system. The decrease of 

impedance may lead to the possibility of charge 

collection and reductions of losses making the solar cell 

based on AC–TiO₂ more efficient. In the equivalent 

circuit Rs is in series with the circuit formed by parallel 

Rct and Cdl (the double layer capacitance). Here, Rct 

represents the interfacial charge transfer resistance, 

while Cdl is connected with accumulation processes. The 

Warburg resistance (Zw) represents the diffusion of 

species in electrochemical reactions I–/I3
– salt. 

4. CONCLUSION 

This study has demonstrated that combining 

activated carbon obtained from coconut fibers with TiO₂ 

photoanodes is an efficient and environmentally-

friendly method for improving the photovoltaic 

properties of solar cells based on Celosia cristata. 

Results of XRD, SEM, and EDAX tests verified that the 

creation of the AC–TiO₂ heterostructure was 

accomplished and provided favorable structural features 

and surface properties, increasing light harvesting 

efficiency and enhancing charge transport, which makes 

this composite an effective material for production of 

solar cells. The AC–TiO₂ DSSC demonstrated Jsc at 

4.8185 mA cm⁻², Voc at 0.4532 V, and Jm at maximum 

4.5197 mA cm⁻². Such indicators are much better than 

those of conventional TiO₂ solar cells with values of Jsc 

= 3.5989 mA cm⁻², Voc = 0.1466 V, Jm = 3.8542 mA 

cm⁻² and an FF of 0.3786. It is possible to explain the 

higher performance of the solar cells produced with 

AC–TiO₂ heterostructured photoanode by the positive 

interaction of the porous activated carbon and TiO₂ 

resulting in the increase of the effective surface area that 

contributes to better photon utilization, better electron 

migration, and prevention of charge loss due to 

recombination. The AC–TiO₂ heterostructured 

photoanode is also shown to enhance the photovoltaic 

conversion efficiency, as well as reduce the dye loading 

without a significant loss in solar cell performance. 

Further research should be focused on exploring the 

long-term photostability, cycling durability, charge-

transfer kinetics between the interfaces, and 

performance of the photoanode taken under the 

prolonged solar irradiance. 

PRACTICAL IMPLICATIONS 

Using low-cost, biomass-derived carbon 

through activated carbon from coconut husk provides an 

environmentally and economically sustainable solution 

to improving the performance of natural dye-sensitized 

solar cells. There is potential for utilizing this type of 

photoanode architecture in supporting sustainable 

photovoltaic applications through renewable materials. 

FUTURE SCOPE 

Future studies could focus on optimizing the 

activated carbon loading, evaluating the long-term 

stability of the DSSCs, exploring other natural dyes and 

biogenic carbon materials, and further improving the 

conversion efficiency of environmentally friendly 

DSSCs through electrode-level engineering and 

optimization. 
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