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A B S T R A C T

Aiming to address the critical need for renewable energy, this study explores the potential of astaxanthin-rich 
extracts from shrimp waste as natural sensitizers for dye-sensitized solar cells (DSSCs) using an eco-friendly 
and economically viable process. Photoconversion efficiencies (PCE) of astaxanthin-based DSSCs were evalu
ated through I-V measurements while charge transfer resistances (RCT) were assessed by electrochemical 
impedance spectroscopy. The sensitizer preparation involved extraction of astaxanthin from waste shrimp 
(Aristaeomorpha foliacea) cephalothoraxes, which were desiccated, finely milled and treated with ethyl acetate, to 
obtain a crude extract very rich in astaxanthin mainly present in esterified forms. The extraction process was fast 
and avoided extreme experimental conditions in terms of energy consumption, ultra-vacuum, high temperatures 
and use of toxic solvents. Direct application of the crude extract as sensitizer for DSSCs resulted in low PCE 
(0.09 %) and high RCT, due to the limited ability of esterified astaxanthin to interact with the TiO₂ layer. This 
limitation was overcome through saponification of the extract with methanolic NaOH, leading to free astaxanthin 
with high recovery yield and limited degradation. The saponified extract showed lower RCT and higher PCE 
(0.30 %). These results highlight the promising potential of suitably processed shrimp waste as a source of 
sensitizers for DSSCs.

1. Introduction

Global dependence on fossil fuels such as coal, natural gas, and pe
troleum has led to significant environmental, economic, and geopolitical 
challenges. These non-renewable resources are undergoing rapid 
depletion and their extraction, transportation, and consumption signif
icantly contribute to air, water, and soil pollution, as well as to global 
warming through the emission of greenhouse gases [1,2]. The transition 
to renewable energy is essential to mitigate climate change, enhance 
energy security and promote sustainable development. Sources such as 
solar, wind, hydro, and biomass represent viable alternatives to fossil 
fuels, as they are abundant, environmentally sustainable, and, if effec
tively deployed, capable of meeting global energy demands. Further
more, recent technological advancements have improved their 
cost-effectiveness, making them more accessible and economically 

competitive.
Among the various technologies being explored, Dye-Sensitized 

Solar Cells (DSSCs) have emerged as a promising, low-cost alternative 
to conventional silicon-based photovoltaic devices. DSSCs offer several 
advantages, including ease of fabrication, flexibility, and tunable optical 
properties, such as color and transparency [3].

Typically, synthetic inorganic compounds such as ruthenium(II) 
complexes with different ligands are used as molecular sensitizers in 
DSSCs [4,5]. Recent advancements in DSSC technology have focused on 
improving the efficiency and stability of these cells. For instance, the 
development of novel dye structures, such as the 
donor-π-bridge-acceptor (D-π-A) motif, has significantly enhanced 
light-harvesting capabilities and electron injection efficiency leading to 
overall photovoltaic efficiencies η greater than 10 %[6].

To replace the rare and expensive ruthenium compounds, numerous 

* Corresponding author.
E-mail address: ilaria.citro@cnr.it (I. Citro). 

Contents lists available at ScienceDirect

Process Biochemistry

journal homepage: www.elsevier.com/locate/procbio

https://doi.org/10.1016/j.procbio.2025.06.006
Received 26 February 2025; Received in revised form 9 June 2025; Accepted 11 June 2025  

Process Biochemistry 156 (2025) 308–316 

Available online 16 June 2025 
1359-5113/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-5240-0677
https://orcid.org/0000-0002-5240-0677
mailto:ilaria.citro@cnr.it
www.sciencedirect.com/science/journal/13595113
https://www.elsevier.com/locate/procbio
https://doi.org/10.1016/j.procbio.2025.06.006
https://doi.org/10.1016/j.procbio.2025.06.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.procbio.2025.06.006&domain=pdf
http://creativecommons.org/licenses/by/4.0/


synthetic organic dyes have been extensively researched and tested as 
cost-effective alternatives with high efficiency values [7]. Other 
research groups have achieved good solar energy conversion effi
ciencies, not dramatically lower than those achieved with synthetic 
dyes, by testing natural dyes as alternative sensitizers, a possibility 
representing one of the principal advantages of DSSCs [8–10]. Indeed, 
many natural dyes possess the right characteristics to properly act as 
sensitizers, such as good absorption in the visible range, suitable HOMO 
and LUMO energy levels and ability to bind to the TiO2 semiconducting 
layer. Such dyes are present in nature as pigments in various fruits, 
flowers, leaves, and bacteria conferring them their characteristic colors 
and are widely available, easy to prepare, low-cost, non-toxic, envi
ronmentally friendly, and fully biodegradable [11]. The resulting nat
ural pigment-sensitized DSSCs can be used for educational purposes or 
indoor applications [12]. Additionally, the use of co-sensitization, where 
multiple natural dyes with complementary absorption spectra are 
employed, has been shown to increase the overall power conversion 
efficiency by broadening the range of absorbed wavelengths [13–15].

Recently, several studies have been conducted on the use of pigments 
extracted from microorganisms in the development of DSSCs [16–18]. 
These microorganisms exhibit rapid growth and can be cultivated 
year-round in bioreactors, unaffected by seasonal changes. The pig
ments produced are typically non-toxic, non-carcinogenic, and biode
gradable and are often blends of related compounds, that vary according 
to the microorganism strain, allowing them to absorb a broad spectrum 
of light energy, thus influencing the performance of the final devices. 
Furthermore, the composition of these pigment mixtures can be adjusted 
by altering cultivation conditions, offering control over the primary 
pigments produced [19–21]. Examples of natural molecules used as 
DSSC sensitizers and their corresponding typical efficiencies (η) include 
chlorophylls (2.6 % [22]), anthocyanins (0.56 %, [23] and 2.61 % using 
Cu-doped TiO2, [24]), betalains (2.7 % [25]) and carotenoids (1.0 % 
[26]). Several other examples have been recently reviewed by Prajapat 
et al. [27]. The versatility and abundance of these natural dyes make 
them viable options for large-scale applications, particularly in regions 
with high solar radiation and significant agricultural waste production. 
Indeed, the possibility of obtaining natural pigments from agri-food 
materials and waste, represents a compelling opportunity in the 
context of the circular economy [28,29].

Among natural pigments, astaxanthin (3,3′-Dihydroxy-β,β-carotene- 
4,4-dione, AST), a xanthophyll-type carotenoid, is a lipid-soluble red- 
orange pigment, bearing a keto and a hydroxyl group at the cyclic ends 
of the isoprenoid chain. It is derived from marine algae such as Hae
matococcus pluvialis, and is widely studied due to its numerous beneficial 
properties in the fields of food, cosmetics [30] and medicine, including 
anti-inflammatory and insulin-sensitizing effects [31].

Interesingly, AST represents also a promising candidate as a sensi
tizer for DSSCs since it absorbs light in the visible spectrum, has the 
proper HOMO and LUMO levels and is able to efficiently bind to the TiO2 
layer. In a recent study, astaxanthin extracted from the microalga Hae
matococcus pluvialis, the yeast Phaffia rhodozyma, and the bacterium 
Paracoccus carotinifaciens was used to sensitize DSSCs to evaluate how 
structural differences influence the dyes’ photoelectrochemical 
behavior [32].

In the context of the circular economy, among the various possible 
sources of astaxanthin, shrimp waste is one of the most potentially 
profitable since it is extensively produced in many coastal areas result
ing in disposal problems. The shrimp shell waste are particularly rich in 
astaxanthin [33] and are an important source of further valuable bio
materials like chitin [34], PUFA (including omega-3 fatty acids) [35]
and proteins [36]. The multiple products achievable from waste treat
ment thus increase the efficiency and cost-effectiveness of the bio
refining process [37].

In this paper, we therefore explore, for the first time to the best of the 
author’s knowledge, the potential of astaxanthin extracted from shrimp 
waste to generate renewable energy using DSSCs through an 

environmentally friendly and economically viable approach. With this 
purpose, as an additional novel aspect, purification and pigment ma
nipulations were reduced to a very simple and cost-effective process: the 
shrimp waste, composed of the cephalothoraxes obtained from a local 
fishing industry, was desiccated, milled to a fine powder and treated at 
room temperature for a limited time interval with ethyl acetate to obtain 
a crude AST-rich extract. It is worthwhile to mention that the use of toxic 
solvents like acetone, hexane or petroleum ether is frequently reported 
in literature; other methods involve the use of supercritical CO2, ultra
sounds, enzymatic pretreatments, high temperatures or longer incuba
tion times, increasing the costs of production (for a list of extraction 
methods and relevant yields see Mancarella et al. [38]). When this crude 
extract was directly used as DSSC sensitizer, a low photoconversion ef
ficiency, compared to AST standard used as reference, was observed. 
This result was somewhat expected since it is known that AST is mainly 
present in mono- and diester forms, attached to mono and (poly)-
unsaturated fatty acids of various lengths, impairing proper attachment 
onto the TiO2 semiconducting layer. Therefore, we applied, as the final 
novel step, an optimized de-esterification procedure that led to AST with 
free hydroxyl groups with high yield and negligible degradation as 
demonstrated by HPLC measurements. The resulting improved photo
conversion efficiency from 0.09 % to 0.30 %, comparable to that of the 
AST standard, was therefore attributed to the presence of free hydroxyl 
groups that, being in ortho position relative to the keto groups, enable 
the formation of strong bidentate complexes with the TiO2 layer. The 
results obtained using this protocol are therefore very promising and 
provide a foundation for further studies aimed at investigating the 
photodegradation of the pigment and the long-term stability of the 
devices.

2. Materials and methods

2.1. Chemicals

Synthetic All-E astaxanthin (AST) (≥ 97 %) was from Thermo Sci
entific. Ethyl acetate (EtOAc, ≥99.7 %), absolute ethanol (EtOH, 
≥99.8 %), methanol (MeOH≥99.8 %), sodium hydroxide (NaOH) pel
lets were purchased from Sigma-Aldrich and used as received. Ultra- 
pure Milli-Q water, purified by a Millipore Milli-Q system (resistivity: 
18.2 MΩ cm), was used to prepare aqueous solutions. LiI, I2, TiCl4, 
acetonitrile (ACN), valeronitrile (VN), all solvents used to prepare 
electrolyte solution, were from sigma Aldrich, Surlyn® gasket (Meltonix 
1170–25) from Solaronix SA, platinum catalyst paste(PT1) from Great
cell Solar, fluorine-doped tin oxide (FTO) glass substrates, TiO2 com
mercial paste (18NR-T), from Greatcell Solar.

2.2. Extraction of astaxanthin from the shrimp waste

The shrimp waste raw material, namely the cephalothorax from the 
red shrimp species Aristaeomorpha foliacea was obtained from a local 
fishing company. The material was stored frozen at − 20 ◦C until use. 
The frozen cephalothoraxes are first homogenized using the Retsch 
Grindomix GM 200 at 10,000 rpm for 10 s and then dried to constant 
weight for 4 h in a fan oven at 50 ◦C. The dried material is further ground 
using the same instrument and settings, obtaining a fine powder. EtOAc 
and the shrimp cephalothorax powder are then mixed at a 5:1 v/w ratio 
and incubated for 20 min at room temperature under gentle shaking. 
After centrifugation at 5000g for 5 min, the supernatant is collected as 
“crude extract”.

2.3. De-esterification of astaxanthin

De-esterification of astaxanthin in the shrimp crude extracts was 
carried out by means of a saponification procedure as follows: 100 µL of 
extract was mixed with 400 µL of MeOH containing 0.06 M NaOH, 
verifying that the pH reached a value around 10 as assessed by litmus 

F. Milano et al.                                                                                                                                                                                                                                  Process Biochemistry 156 (2025) 308–316 

309 



paper. After incubation on ice for 3 h in the dark, the mixture was 
neutralized by adding 100 µL of MeOH containing 0.24 M HCl. Finally, 
the solution is dried under a gentle nitrogen stream and, if necessary, 
redissolved in the desired solvent for subsequent manipulations.

2.4. HPLC analysis of standard AST and shrimp cephalothoraxes extract

Chromatograms of AST were recorded using an Agilent 1100 series 
high-performance liquid chromatography (HPLC) system (Agilent 
Technologies, Palo Alto, CA) equipped with a binary pump (model 
G1312A), a solvent degasser (model G1379A) and a 1,024-element 
diode array detector (model G1315B), and controlled with the Agilent 
ChemStation software. The column was an Agilent Poroshell 120 SB-C18 

(2.7 µm, 150 × 4.6 mm). MeOH-ACN-water (21:16.5:62.5, vol/vol/vol) 
containing 10 mM ammonium acetate was used as mobile phase A, 
while MeOH-ACN-EtOAc (50:20:30, vol/vol/vol) was used as mobile 
phase B. Elution was performed at a flow rate of 1 mL/min according to 
the following gradient program: 0 min, 20 % B; 0 − 6 min 70 % B; 
6 − 24 min, 100 % B; 24 − 36 min 100 % B [39].

2.5. Optical properties investigation

UV–visible (UV/Vis) spectra of the pigment solutions were recorded 
using a V-730 spectrophotometer (Jasco) with wavelength range 
190–1100 nm. EtOH, the solvent used for the pigment resuspension, was 
used as blank. The optical properties of both the dye solution, to assess 

Fig. 1. Procedure used to obtain the astaxanthin-rich crude extracts from shrimp cephalothoraxes. A: frozen shrimp cephalothoraxes; B: coarse powder from the first 
milling; C: coarse powder desiccation curve; D: fine powder from the second milling; E: extract in EtOAc from the fine powder.

Fig. 2. Chromatographic profiles of AST standard (Green trace), EtOAc extract obtained from the shrimp cephalothoraxes powder after 20 min RT incubation at 
5:1 v/w ratio and centrifugation (crude extract, black trace), and crude extract saponified with methanolic NaOH at ph 10 and neutralized with methanolic HCl 
(saponified extract, red trace).
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its absorption, and the photoanode, to evaluate the effective absorption 
of the dye on the semiconductor surface, were investigated.

2.6. DSSCs assembly and photoelectrochemical equipment

The DSSCs were developed following well-established procedures 
described in the literature and standardized methodologies [40–42]. 
The photoanode was prepared pre-treating a fluorine-doped tin oxide 
(FTO) glass substrate with aqueous TiCl4 and, then, by applying a TiO2 
paste (commercial paste 18NR-T, Greatcell Solar) using the screen 
printing technique. The electrode was slowly heated in an airflow at 325 
◦C for 5 min, then at 375 ◦C for another 5 min, followed by 450 ◦C for 
15 min, and finally at 550 ◦C for 30 min. Subsequently, the TiO2 film was 
submerged in a TiCl4 solution to form a top blocking layer. This process 

resulted in a mesoporous TiO2 film with variable thickness, not 
exceeding 10 µm (a typical profile for natural dyes) and a particle size 
limited to 15 nm [43], as measured by profilometry, with an active area 
of 0.181 cm². Photoanodes were realized by soaking a TiO2 film for 24 h 
in sensitizer solutions to allow dye adsorption.

To prepare the counter-electrodes, holes with a diameter of 1.5 mm 
were drilled into FTO-glass plates. These plates were then thoroughly 
washed with water and EtOH to eliminate any remaining glass powder 
or organic impurities. A transparent film of platinum catalyst (PT1, 
Greatcell Solar) was applied to the conductive side of the FTO-glass by 
using the doctor blade technique and heating the assembly at 550 ◦C for 
30 min.

The photoanode and the platinum-based counter electrode were 
assembled in a sandwich configuration and sealed together using a 
thermopress (120 ◦C for 2 min) along with a hot melt Surlyn® gasket 
(Meltonix 1170–25, Solaronix SA). The electrolyte, AS8* (LiI 0.8 M, I2 
0.05 M in ACN:VN 85:15) was introduced into the cell via backfilling 
under vacuum, using a specialized syringe to eliminate any air inside, 
through a 1.5 mm diameter hole in the back of the cathode. Finally, the 
hole was sealed with an additional Surlyn® film and an epoxy resin was 
also applied as an additive sealant to prevent solvent leakage and to 
ensure greater temporal stability of the device [44].

A digital Keithley 236 multimeter connected to a PC and controlled 
by a homemade program was used to obtain the current–voltage (I-V) 
curves of the constructed devices. Simulated sunlight irradiation was 
provided by a LOT-Oriel solar simulator (Model LS0100–1000, 300 W 
Xe-arc lamp, powered by LSN251 power supply equipped with AM 1.5 
filter, 100 mW/cm2).

The DSSCs were connected to an Autolab Potentiostat/Galvanostat 
(Metrohm) equipped with a frequency response analyzer (FRA). EIS 
experiments were conducted over a frequency range of 100 kHz to 100 
mHz at 0.45 V (0.01 Vrms) to compare the different performances. Data 
fitting for the extraction of equivalent circuit elements was carried out 
using NOVA software (Metrohm).

3. Results and discussion

3.1. Sample treatment and quanti-qualitative analysis

AST extraction was performed using a cost-effective and green 
methodology. The frozen shrimp cephalothoraxes, as obtained by the 
local fishing company, are wiped with paper to remove excess water and 
ground with a blade mill (Fig. 1A) to obtain a first course powder 
(Fig. 1B), then desiccated to constant weight in a fan oven at 50 ◦C. As 
can be seen from Fig. 1C, an acceptable degree of desiccation was ob
tained already within the first 5 h, hence this time was chosen to reduce 
the energy input of this step. After a second grinding step with the blade 
mill, the fine powder shown in Fig. 1D is obtained. Treatment with 
EtOAc in mild conditions (room temperature, 20 min, orbital shaking) 
enabled the extraction of the product shown in Fig. 1E. It is worthwhile 
to underline that EtOAc is a GRAS (Generally Recognized as Safe) sol
vent, approved by the U.S. Food and Drug Administration (FDA) and 
European Food Safety Authority (EFSA) as a pharmaceutical and food 
additive thanks to its low toxicity [45].

As is common for astaxanthin from natural sources, this carotenoid is 
mainly found in the mono- and diester forms, bound to fatty acid moi
eties of various lengths and degrees of saturation. Accordingly, Fig. 2
(black trace) shows that in our extracts free AST accounts only for a 
small fraction (~ 7 %, peak eluting after 12 min corresponding to that of 
authentic standard shown in Fig. 2 (green trace) while the mono-( ~ 
55 %, eluting in the interval 22–27 min) and diesters (~ 38 %, eluting in 
the interval 28–33 min) are the predominant forms.

From a quantitative standpoint, the AST yield obtained with these 
simple steps is among the highest reported in the literature [46], 
reaching the value of 670 µg/g, referred to the molecular weight of the 
free AST form. It is noteworthy that a similar yield can be obtained using 

Fig. 3. Visible spectra of EtOAc solutions of AST standard (Green trace), crude 
extract (black trace) and saponified extract (red trace). all spectra have been 
normalized to 0.5 absorbance at the peak wavelength of 478 nm for AST 
standard and 474 nm for the crude and saponified extracts.

Table 1 
Values of short-circuit photocurrent density (JSC), open-circuit voltage (VOC), fill 
factor (FF) and power conversion efficiency (PCE) related to different astax
anthin based sensitizing materials tested in this work in comparison to values 
obtained with other natural pigments. Average and standard deviation values 
are calculated over a set of 3 cells repeated three times.

Sample JSC (mA/ 
cm2)

VOC (V) FF PCE (%) Ref

crude shrimp extract 0.29 
± 0.03

0.46 
± 0.01

0.66 
± 0.03

0.09 
± 0.02

This 
work

saponified shrimp 
extract

2.12 
± 0.03

0.32 
± 0.03

0.45 
± 0.02

0.30 
± 0.02

This 
work

AST standard 2.36 
± 0.02

0.36 
± 0.03

0.54 
± 0.02

0.45 
± 0.01

This 
work

Astaxanthin source ​ ​ ​ ​ ​
Bacterium 

P. carotinifaciens
2.86 
± 0.03

0.41 
± 0.05

0.3 
± 0.02

0.36 
± 0.04

[32]

Yeast P. rhodozyma 0.25 
± 0.02

0.36 
± 0.03

0.48 
± 0.01

0.04 
± 0.02

[32]

Microalga H. pluvialis 0.30 
± 0.01

0.29 
± 0.02

0.60 
± 0.01

0.05 
± 0.02

[32]

Other carotenoids ​ ​ ​ ​ ​
tomato 0.51 0.14 0.37 0.03 [51]
Orange fruit 0.37 0.06 0.58 0.02 [51]
carrot 0.36 0.04 0.64 0.009 [51]
Crocin from gardenia 

fruit
0.45 0.58 0.60 0.16 [52]

crocetin from 
gardenia fruit

2.84 0.43 0.46 0.56 [52]
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the more energy-intensive lyophilization process to desiccate the shrimp 
cephalothoraxes.

De-esterification was also accomplished with minimal chemical 
manipulation, by diluting the extract with MeOH containing the cali
brated amount of NaOH to maximize the de-esterification degree while 

minimizing degradation of astaxanthin. After neutralization and solvent 
evaporation, the sample is redissolved in EtOH and used to sensitize the 
DSSC. The chromatographic profile shown in Fig. 2 (red trace) confirms 
the presence of free all-E AST with minor amounts of monoester as well 
as isomerized forms (mainly 9-Z and 13-Z) whose peaks elute 1–2 mins 
after the main peak of the all-E form [47]. The astaxanthin standard is 
used as a reference to subsequently evaluate photovoltaic performance, 
and is hereafter referred to as the AST standard.

Visible spectra of the crude and saponified extracts along with that of 
the AST standard dissolved in EtOAc are shown in Fig. 3. The spectrum 
of standard astaxanthin presents a single peak at 475 nm according to 
literature data [48]. The spectra of the crude and saponified extracts are 
almost identical also featuring a single peak at 475 nm, further con
firming that astaxanthin is the sole carotenoid found in the shrimps 
samples. The higher absorbance of both crude and saponified extracts 
compared to standard astaxanthin in the blue region is likely due to 
other lipophilic molecules co-extracted with the pigment.

Fig. 4. A: IV and B: PV curves of devices sensitized by AST standard (Green line), crude extract from shrimp shells (black line) and saponified extract from shrimp 
shells (red line) acquired under simulated sunlight irradiation at 100 mW/cm2.

Fig. 5. A: AST standard structure; B: possible coordination configuration be
tween esterified astaxanthin and TiO2; C: possible coordination configuration 
between free astaxanthin and TiO2.

Fig. 6. Visible spectra of photoanodes made with AST standard (Green trace), 
crude extract from shrimp shells (black line) and saponified extract from shrimp 
shells (red line). inset: pictures of the three photoanodes.

Fig. 7. EIS characterization of the DSSC sensitized with different materials.

Fig. 8. Equivalent circuit model.

F. Milano et al.                                                                                                                                                                                                                                  Process Biochemistry 156 (2025) 308–316 

312 



3.2. Photo electrochemical characterization

Unlike traditional silicon-based solar cells, DSSCs utilize a photo
sensitizing dye to absorb sunlight and generate electrical energy. At the 
core of a DSSC is a wide-bandgap semiconductor, typically titanium 
dioxide (TiO2), which serves as the photoanode. The sensitizing dye, 
anchored to the surface of the TiO2, absorbs photons from sunlight, 
leading to the excitation of electrons within the dye molecules [49]. 
These photoexcited electrons are rapidly injected into the conduction 
band of the TiO2, from where they travel through the semiconductor to 
reach the anode electrode. The oxidized dye molecules are subsequently 
regenerated by a redox couple present in the electrolyte, commonly 
iodide/triiodide (I⁻/I₃⁻). This redox couple transfers electrons from the 
counter electrode back to the oxidized dye, completing the circuit and 
allowing continuous electron flow [50]. The counter electrode, often 
composed of platinum as catalyst, facilitates the reduction of the redox 
couple, thereby restoring the dye molecules to their ground state and 
enabling them to absorb additional photons.

The key performance metrics related to the functioning of DSSCs are: 

• Power Conversion Efficiency (PCE): This is the most important 
figure of merit, representing the ratio of the electrical power output 
to the solar power input. It indicates the overall effectiveness of the 
DSSC in converting sunlight into electrical energy. 

PCE (%) =Voc×Jsc×FF                                                                       
Where Voc is the open-circuit voltage, Jsc is the short-circuit current 

density, FF is the fill factor.

• Short-Circuit Current Density (Jsc): This refers to the current 
generated per unit area of the DSSC when the cell is exposed to light, 
and the output terminals are shorted. It is a critical factor in deter
mining the cell’s ability to generate current. 

Jsc=Isc/A                                                                                            
Where Isc is the short-circuit current and A is the active area of the 

DSSC.

• Open-Circuit Voltage (Voc): This is the maximum voltage the DSSC 
can produce when there is no current flow (open circuit). A higher 
Voc indicates better performance in terms of energy conversion.

• Fill Factor (FF): The fill factor is the ratio of the maximum power 
output of the solar cell to the product of Voc and Jsc. It reflects the 
quality of the DSSC and its ability to operate efficiently at maximum 
power.

These figures of merit, together with the corresponding formulas are 
used to calculate and evaluate the performance of DSSCs, focusing on 
their efficiency, current generation, and power output.

Three photoanodes were prepared by depositing the TiO2 semi
conductor onto FTO glass slides according to standard procedures and 
submerging them for 24 h in the dark into the following solutions: 1) 
dried crude extract redissolved in absolute EtOH; 2) dried saponified 
extract redissolved in absolute EtOH; 3) AST standard.

The DSSC devices were finally assembled, and relevant photo
electrochemical parameters were measured, under illumination at 
100 mW/cm2 and listed in Table 1, while the best I-V curves are re
ported in Fig. 4. Moreover, to better highlight the obtained result, the 

trends of the power density values as a function of voltage are shown in 
Fig. 4 B. To provide a clear and incisive understanding of the obtained 
values, the table also reports the photovoltaic parameters of devices in 
which AST-based pigments extracted from different microorganisms 
were used as sensitizers and compared with carotenoids of vegetable 
origin. The comparison shows that the only device exhibiting a higher 
efficiency value is the one in which crocetin was used, as it possesses R 
groups with a high number of hydroxyl groups in its molecular structure, 
allowing for better adhesion of the dye to the surface of the anode.

The device prepared with the dye extracted from the dried material 
without any chemical modification (crude extract) exhibited a very low 
efficiency value of 0.09 % (Table 1), consistent with the very low per
centage of free astaxanthin present, as observed in the HPLC analysis. 
The device designed with the saponified extract showed a more photo
active behavior with a PCE of 0.30 %, while the best efficiency of 0.45 % 
was obtained with AST standard. The increase in efficiency from the 
crude to saponified extract is likely due to the higher availability of free 
-OH groups enhance the dye’s binding affinity to the semiconductor 
surface. As a common feature of xanthophyll-type carotenoids, astax
anthin contains oxygen atoms, in this case under the form of two 
carbonyl and two hydroxylic groups, located in ortho position in the 
cyclic end groups at the extremities of the isoprenoid central core 
(Fig. 5A). A weak yet effective interaction between the esterified form of 
the AST and the TiO2 surface is still expected, primarily via chemical 
adsorption through the only carbonyl functional group (Fig. 5B). How
ever, upon de-esterification, the hydroxyl group becomes available, fa
voring a bidentate coordination mode, which becomes predominant, 
allowing a stronger and more stable interaction with the TiO2 surface 
(Fig. 5C). This configuration is analogous to that proposed for antho
cyanins, where chemical adsorption is widely accepted to occur due to 
the displacement of an OH− counterion from the Ti (IV) site. The 
resulting coordination involves a proton donated by the anthocyanin 
moiety, forming a strong bidentate complex, in which the dye is prev
alently in the quinonodial form [53,54].

In turn, the higher efficiency of the device made with AST standard is 
likely attributable to the greater amount of pigment that can be adsor
bed onto the TiO2 layer, which remains partially limited in the saponi
fied extract due to the presence of co-extracted lipids and sterols. Indeed, 
the increasing amount of astaxanthin attached to the TiO2 surface in the 
order AST standard> saponified extract > crude extract is clearly shown 
in the absorbance spectra of relevant photoanodes presented in Fig. 6. 
Nonetheless, the result obtained with the saponified extract represents 
an excellent outcome, considering the simple, rapid, and cost-effective 
method used to improve the performance of the material employed as 
the dye.

Also from an energetic standpoint, astaxanthin is expected to effi
ciently inject electrons into the TiO2 layer as its LUMO level has been 
calculated to be − 2.50 eV, above the energy of TiO2 conduction band of 
− 4.0 eV [55]. Conversely, the HOMO level, calculated to be − 5.35 eV 
[55] or − 5.03 eV [56] is below that of the I-/I3- redox couple of 
− 4.80 eV, thus thermodynamically favoring dye regeneration.

For comparison, other carotene-type carotenoids such as β-carotene 
or lycopene, in addition to lacking suitable anchoring groups for TiO2 
grafting, have LUMO levels comparable to that of astaxanthin, but 
HOMO levels around − 4.6 eV [57], which do not fulfill the thermody
namic requirement for dye regeneration. These considerations explain 

Table 2 
Parameters of equivalent circuit model.

Sample RS 

(Ω cm2)
RCE 

(Ω cm2)
CPECE RCT 

(Ω cm2)
CPE

​ ​ ​ Y1 (μS cm− 2 sn) n1 ​ Y1 (μS cm− 2 sn) n22

AST standard 1.5 ± 0.1 0.5 ± 0.1 4210.3 ± 0.1 0.61 ± 0.01 3.3 ± 0.1 976.3 ± 0.1 0.85 ± 0.01
crude extract 1.5 ± 0.1 2.5 ± 0.1 1985.3 ± 0.1 0.65 ± 0.01 16.4 ± 0.1 214 ± 0.1 0.88 ± 0.01
saponified extract 1.5 ± 0.1 2.5 ± 0.1 2204.5 ± 0.1 0.68 ± 0.01 9.2 ± 0.1 497.2 ± 0.1 0.81 ± 0.01
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why DSSC based on xanthophyll-type overperform those based on 
carotene-type, like lycopene [58].

In a relatively recent study [59], it was found that using astaxanthin 
as the sole sensitizer it was possible to fabricate a DSSC with 0.036 % 
efficiency, while using a crude extract from Haematococcus pluvialis 
resulted in an increased efficiency of 0.1 %, mainly attributed to a 
co-sensitizing effect from residual chlorophylls present in the 
un-purified extract.

3.3. EIS measurements

Fig. 7 displays the electrochemical impedance spectroscopy (EIS) 
data for dye-sensitized solar cells (DSSCs) using different materials: AST 
standard (green rhombuses, full for measurements in the dark and 
empty for measurements in the light), a crude shrimp extract (black 
circles full for measurements in the dark and empty for measurements in 
the light) and saponified shrimp extract (red squares, full for measure
ments in the dark and empty for measurements in the light). The graph 
plots the imaginary impedance (-Z") against the real impedance (Z′) to 
analyze charge transfer processes within the DSSC [60].

All EIS spectra feature the typical shape observed for DSSCs, con
sisting of two semicircles, one smaller at high frequencies, associated 
with kinetic processes at the Pt counter electrode of the solar cell, and 
one larger at high frequencies, associated with the photoelectrode and in 
particular with the charge transfer across the TiO2/redox electrolyte 
interfaces [61]. The amplitude of this larger semicircle strictly depends 
on the sensitizer and in our case decreases in the order crude extract 
< saponified extract < AST standard, indicating a progressively more 
efficient charge transfer, which correlates well with the PCE values re
ported in Table 1. Moreover, all larger semicircles are in turn wider in 
the dark and narrower under illumination, due to light-enhanced charge 
transfer between the redox electrolyte and the TiO2. The amplitude of 
the smaller semicircle is instead much less dependent on the nature of 
the sensitizer and/or illumination conditions and is mainly affected by 
the catalytic properties of the counter electrode.

Fig. 8 displays the equivalent circuit of the cell, which includes the 
following three elements connected in series [32,40,62]: 

1) a resistance RS given by the sum of the sheet resistance of FTO and 
the Pt counter electrode, and the resistance of the electrolyte

2) an element associated with the counter electrode/redox electrolyte 
interface represented by resistance RCE in parallel with constant 
phase elements CPECE

3) an element associated with the TiO2/redox electrolyte interface, 
represented by the resistance RCT in parallel with a constant phase 
element CPE, in turn given by the sum of the surface-state capaci
tance of TiO2 (Css), and the capacitance of the Helmholtz double 
layer (CH).

Fitting the EIS data obtained under light condition for the three 
sensitizing materials to the above-described equivalent circuit model 
allowed to extract the values relevant to the different resistances and 
constant phase elements shown in Table 2, helping to quantitatively 
analyze the charge transfer processes within DSSC.

As expected, RS has a small value, in line with its ohmic-contact 
nature, and is the same for all investigated systems. Also RCE is small 
for all systems although slightly higher in the DSSCs sensitized with the 
shrimp extracts. The CPECE is moderately influenced by the sensitizing 
material, with larger values observed for the more efficient systems. 
Finally, RCT and CPE are the parameters more directly related to the 
DSSC efficiency. RCT is particularly low for the DSSC sensitized with 
standard astaxanthin and CPE exhibits the highest value. The compari
son of RCT for the crude and saponified extracts clearly shows how the 
saponification treatment substantially improves the DSSC performance, 
bringing it closer to that of the standard astaxanthin. The improvement 
shown by the saponified extract is consistent with the observed increase 

in the power conversion efficiency.

4. Conclusions

This study confirms the significant potential of astaxanthin extracted 
from shrimp waste as a natural photosensitizer for dye-sensitized solar 
cells (DSSCs), employing an environmentally friendly and economically 
viable approach. A cost-effective and rapid method was optimized to 
extract astaxanthin and subsequently convert it through de- 
esterification into a structure more suitable for interaction with the 
TiO₂ semiconductor surface.

The device sensitized with the de-esterified dye demonstrated 
enhanced photoactivity, as confirmed by electrochemical impedance 
spectroscopy (EIS), achieving a photoconversion efficiency (PCE) of 
0.30 %. This represents a substantial improvement compared to the 
device fabricated with the crude, non-modified extract, which exhibited 
a very low efficiency of 0.09 %. Although still lower than 0.45 % ob
tained with the pure AST standard, these findings validate the effec
tiveness of the de-esterification process in improving the performance of 
shrimp-waste-derived astaxanthin as a sensitizer.

Beyond the promising photovoltaic results, this work demonstrates 
that it is possible to obtain high-quality, functional natural dyes through 
a methodology that avoids complex purification procedures, lyophili
zation, or extreme experimental conditions such as high energy input 
and ultra-high vacuum systems. The proposed route therefore offers a 
practical, accessible, and scalable alternative for sustainable photovol
taics, especially suited for decentralized applications or low-resource 
environments.

Moreover, the combination of efficient extraction, targeted de- 
esterification, and comprehensive characterization—through HPLC- 
DAD, UV–vis spectroscopy, current–voltage analysis, and 
EIS—confirms the scientific robustness of the approach and provides a 
repeatable framework for the future development of bio-derived DSSC 
sensitizers.

Looking forward, further studies will aim to reduce the impact of co- 
extracted lipophilic impurities, explore synergistic effects via co- 
sensitization with other natural pigments (e.g., chlorophylls or antho
cyanins), evaluate alternative counter-electrode materials, and investi
gate the long-term stability of these bio-based devices under real-world 
solar irradiation.
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