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TiO2 for evaluating performance
in dye sensitized solar cells with natural dyes†

Mohd Jahir Khan,a Ankesh Ahirwar,a Vandana Sirotiya,a Anshuman Rai,bc

Sunita Varjanide and Vandana Vinayak *a

The current study employs nanoengineering diatom and TiO2 NPs to form diatom-Si–TiO2 nanoengineered

structures to fabricate a dye sensitized solar cell (DSSC) (DsTnas-DSSC). This was characterized and spin

coated on a Fluorine-doped Tin Oxide (FTO) anode plate. The counter cathode was prepared by spin

coating graphene oxide on a FTO glass plate and using Lugol's iodine as an electrolyte. The power

density of DsTnas-DSSC was estimated with different natural dyes in comparison to conventional

photosensitive ruthenium dye. It was found that the natural dyes extracted from plants and microalgae

show significant power efficiencies in DSSC. The percentage efficiency of maximum power densities

(PDmax) of DsTnas-DSSC obtained with photosensitive dyes were 9.4% with synthetic ruthenium dye

(control) and 7.19% > 4.08% > 0.72% > 0.58% > 0.061% from natural dyes found in Haematococcus

pluvialis (astaxanthin) > Syzygium cumini (anthocyanin) > Rosa indica (anthocyanin) > Hibiscus rosa-

sinensis (anthocyanin) > Beta vulgaris (betalains), respectively. Among all the natural dyes used, the PDmax

for the control ruthenium dye was 6.164 mW m−2 followed by the highest in astaxanthin natural dye

from Haematococcus pluvialis (5.872 mW m−2). Overall, the use of natural dye DsTnas-DSSC makes the

fuel cell low cost and an alternative to conventional expensive, metal and synthetic dyes.
1. Introduction

The global energy crisis is an immense problem that needs an
economical and facile solution for energy generation as well as
storage. A huge increase in fossil fuel consumption results in
global warming and environmental instability. To reduce our
dependence on fossil fuels, much attention has been paid to
renewable energy sources.1 Development of photovoltaic tech-
nology is an important way to transform the Sun's energy into
electrical energy which is the alternative source of energy on
Earth.2,3 Photovoltaic cells (PVCs) play a signicant role in
energy harvesting as they efficiently harvest clean and renew-
able solar energy to produce electricity without exploiting
harmful substrates and rigorous production approaches.4–7

Based on performance and cost effectiveness, the rst-
Laboratory (DNM), School of Applied

rsity, Sagar, MP 470003, India. E-mail:

otechnology, Maharishi Markendeshwar

, Madhuban, 132037, India

iversity of Hong Kong, Tat Chee Avenue,

ing, University of Petroleum and Energy

ndia

tion (ESI) available. See DOI:

22638
generation solar cells, specically PVC silicon solar cells,
currently dominate the market. Though they are effective since
the energy conversion is high, on the other hand, they are very
expensive. One such type is dye sensitized solar cell (DSSCs)
which is a third generation photovoltaic device invented in 1991
by Grätzel et al.8 It is a promising technology with increasing
interest as it has several advantages over conventional silicon
solar cells. Fabrication process of DSSC is simple, inexpensive
and can produce power even under low lighting conditions.9,10

Generally, a DSSC consists of photo-anode which is made up of
uorine doped tin-oxide (FTO) or indium doped tin-oxide, (ITO)
and a porous monocrystalline semiconductor TiO2, a photo-
sensitive dye (commonly ruthenium dye), an electrolyte and
counter electrode which also have FTO/ITO covered glass coated
usually with a thin lm of platinum or carbon.11,12 Although
DSSC has evolved in the past two decades but cost has remained
a major barrier in commercialization. Due to this, scientist have
been constantly working to lower down the cost of DSSC by
incorporating nanomaterials and dyes which are cheap and
photosensitive.

In nature diatoms are cheapest available biomaterials which
have been demonstrated for their use in fuel cells viz.; DSSC,
perovskite solar cells, microbial fuel cells.13–18 They are photo-
synthetic microalgae with 3-dimensional porous cell wall called
frustules which is made of hydrogenated amorphous silica.19,20

It has nanoporous architecture which shows a vast diversity in
shape and size and displays strong light scattering and trapping
© 2023 The Author(s). Published by the Royal Society of Chemistry
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capacity.21–23 So the efficiency of DSSC can be enhanced by the
integration of diatoms frustules onto anodes.24

In the present study, DsTnas-DSSC were synthesized by
hydrothermal and co-precipitation method using diatom frus-
tule rich in Si and TiO2 to prepare photoanode in a DSSC which
was characterised via various state of art instruments. Transi-
tion metals like ruthenium have been reported as sensitizers
with high stability and absorption spectra. They give good effi-
ciency in a DSSC, but due to their high cost and upscaling, it is
a cause for concern. On the offset, natural pigments are pho-
tosensitisers which are cheap and nontoxic but face un-stability
and short shelf life.25 Among various natural dye tested in the
present study astaxanthin (3,3′-dihydroxy-b,b′-carotene-4,4′-
dione) biosynthesized from Haematococcus pluvialis has unique
antioxidant properties.26,27 On the other hand, anthocyanin (2-
phenyl-1-benzopyrlium) and betalanins (betaxanthins and
betacyanins) pigment from various owers, fruits and roots are
tested as source of natural photosenitizer dye in DSSC.

These natural pigment have hydroxyl groups which allow
them to assemble on the TiO2 lm in a DSSC. Although these
pigments are light and heat stable; a comparison of their use in
DSSC will help to know the power efficiencies produced for the
cheaper and efficient way of producing DSSC's.28

2. Materials and methods

Titanium(IV) oxide (TiO2), titania paste, ruthenium cis-bis(iso-
thiocynato) bis(2,2′-bipyridyl-4,4′-dicarboxylato), ruthenium(II),
iodine solution was purchased from Sigma-Aldrich (St. Louis,
MO, USA). FTO glass slides (25 × 25 × 2.2 mm) with sheet
resistance 15 U sq−1 were obtained from Techinstro, Mahara-
shtra, India.

2.1. Synthesis of diatom (Si) doped TiO2 nanostructures

Diatom frustules of Nitzschia palea were harvested from pure
culture which was grown in f/2 media under standard labora-
tory conditions.29,30 The live diatoms were acid washed and the
obtained empty frustules were cleaned and dried.18 The diatom
rich in Si were then doped with TiO2 nanoparticles (NPs) via
hydrothermal and co-precipitation method31 with some modi-
cations. Clean diatom frustules were washed, sieved and
thermally annealed. Thereaer, diatom (Si) and TiO2 NPs at
ratio of 20 : 80 g% respectively were assorted individually in
water. The, pH of TiO2 NPs solution was calibrated to pH 11
while adding diatom rich Si dropwise. During preparation of
DsTnas, solution was continuously stirred and agitated for 30–
40 min. Once the reaction was completed a uniform suspension
solution was formed which was cleaned and dried at tempera-
ture of near 24 h to form DsTnas.

2.2. Characterization of diatom (Si)–TiO2 nanoarray
structures (DsTnas)

The nanocomposite mixture DsTnas was characterized by
spectroscopy and microscopic studies. FT-IR spectra of
commercial TiO2 NPs and DsTnas was done to determine the
type of functional groups present in the samples. FT-IR spectra
© 2023 The Author(s). Published by the Royal Society of Chemistry
(Model: Bruker ATR Alfa II FT-IR spectrometer (USA)) of the
DsTnas was recorded as per protocol mentioned elsewhere32 at
the range of 400 cm−1 to 4000 cm−1.

2.3. Extraction of natural dyes

Natural dyes rich in pigments anthocyanin, astaxanthin and
betalanins were extracted from different plant materials namely
Beet root (Beta vulgaris), Rose (Rosa indica), Hibiscus (Hibiscus
rosa-sinensis), Indian blackberry (Syzygium cumini) and micro-
algae Haematococcus pluvialis (red stage). Each plant material (1
g) was washed properly with distilled water, dried and chopped
into small pieces and kept in 10 mL of acetone. Aer extraction
in acetone, solution was centrifuged at 3000 × g for 5 min,
ltered and stored in dark at 4 °C. The pH of the different
natural dyes was analysed. All dye solutions were further ana-
lysed for their respective UV-vis absorption spectra using UV-vis
spectrophotometer (Lab India 3000 double beam).

Furthermore, thin layer chromatography was done for all the
natural dyes. The pigment was extracted from all plant-based
cells using 100% acetone and incubated at room temperature
for overnight using hexane : acetone (7 : 3). The sample extracts
were analysed by thin-layer chromatography (TLC) on silica gel
plates (Himedia). Samples were spotted and air dried whereas
the methanol : acetic acid : water (4 : 1 : 3) was taken as the
mobile phase.

The natural dye which showed best performance in DsTnas
was processed for LCMS as per protocol described in our earlier
study.33

2.4. Fabrication of DSSCs anode and cathode

The six number of FTO glass slides with conductive side were
selected as cathode/anode in a DSSCs. The FTO plates were
rinsed with a mixture of ethanol and isopropanol for about
40 min in an ultrasonic bath. The rutile anatase was spin coated
on anode of FTO plates so as to make a uniform homogenous
layer (1000 rpm; 15 seconds). Further, a thin lm of DsTnas was
spin coated on the anatase layer. The thickness of the DsTnas
lm was measured using Ambios XP-2 Prolometer. The spin
coated FTO plates were thereaer annealed for 2 hours at 400 °C
so as to remove the organic particles and enhance lm
compactness and crystallinity. Aer cooling at room tempera-
ture, FTO control plate was immersed into standard ruthenium
dye (3 × 10−4 M) whereas the FTO test plates were dipped into
ve different natural pigment dyes and le for 2 h so that dyes
gets properly adsorbed into lms.8 Finally, it was dried in air
and ready to assemble with counter cathode for DsTnas-DSSC
device preparation. The counter cathode was fabricated by spin
coating of graphene oxide (GO) over conductive side of FTO
glass plate and annealed (400 °C for 2 hour).

2.5. Assembling of diatom (Si)–TiO2 dye sensitized solar cell
(DsTnas-DSSC)

DsTnas coated anode was put over GO coated cathode in closed
sandwich cell assembly so that conductive side of both the
electrodes faced each other forming DsTnas-DSSC. The elec-
trolyte, Lugol's iodine (50 mM) was introduced in between both
RSC Adv., 2023, 13, 22630–22638 | 22631
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the electrodes and kept in a vacuum chamber to bubble out any
air if present in between the electrodes. The edges of plates were
then sealed. The closed sandwich assembly was thus circuited
with wires and their connections were connected thereaer
with the digital multimeter and characterised by SEM and its
current voltage (I–V) curve plotted (ESI Fig. 1†).

2.5.1. Measurement of voltage, current and power density
of a DsTnas-DSSC. The prepared DsTnas-DSSC assembly was
irradiated with the white LED at the intensity of 20.2 Klux.
Thereaer the open circuit voltage, operating voltage, current
and maximum power density (PDmax) of the fabricated DSSCs
with ruthenium dye and different natural extracted pigment
dyes were determined by digital multimeter (Model: MECO,
171B, India) individually using external resistance (1 U to 100
kU).34
Fig. 1 Morphological transformation shown via SEM images (A) TiO2 NP
NPs; (D) titania single crystal and (E) nanocomposite of diatom Si–TiO2

22632 | RSC Adv., 2023, 13, 22630–22638
3. Results and discussion
3.1. Characterization of diatom (Si)–TiO2 nanostructures by
SEM and EDX

To fabricate anode of DSSC, TiO2 NPs (Fig. 1A) are doped on
diatom frustules (Fig. 1B). The TiO2 NPs are doped inside the
nanopores of diatom to form DsTnas nanocomposites (Fig. 1C).
The anatase (Fig. 1D) is spin coated on FTO followed up by
layering of DsTnas nanocomposite on it (Fig. 1E). It was found
that SEM image of anatase appeared as cubes like single crystal
structures and TiO2 NPs as nanoclusters. When the TiO2 NPs
were functionalised within diatoms they formed diatom (Si)–
TiO2 nanoarray structures with TiO2 NPs well-arranged inside
nanopores of diatom frustules well in coherence to earlier re-
ported studies.20
s; (B) diatom; (C) diatom frustules showing pores embedded with TiO2

NPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scanning electron microscopy-energy dispersive X-ray analysis (SEM-EDX) of elemental composition of (A) diatom Si and (B) diatom Si–
TiO2 NPs.
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The elemental composition of diatom and diatom (Si)–TiO2

nanoarray structures DsTnas were determined by energy-
dispersive X-ray spectrometer (EDX) (Fig. 2A and B). The
results showed that the diatoms had chemical compositions
rich in C, O, Na, Si and Cl while diatom (Si)–TiO2 nanoarray
structures displayed additional Ti, thus revealing that the dia-
toms were successfully doped with TiO2 NPs. Further, EDX of
the assembled DsTnas-DSSC using standard ruthenium before
its operation and without electrolyte (KI) and during operation
in the presence of elelctrolyte potassium iodide (KI) showed
altered chemical composition as well as incorporation of iodine
ions due to the KI as electrolyte (ESI Fig. 2A and B†).
3.2. TEM analysis

It has been reported that diatoms frustules are rich in silica.18,35

Doping of diatoms (Si) with TiO2 NPs resulted in diatom (Si)–
TiO2 nanoarray structures (DsTnas) which was also studied via
TEM for high resolution study of nanoparticles nanoarray
structures (Fig. 3 and ESI Fig. 3†). The TEM study showed an
accurate deposition of TiO2 in diatom forming DsTnas. Further,
the formation of these complex nanostructures was very well
concordance with the XRD results. The TEM images of the TiO2

NPs showed that these NPs were not only spherical but also
irregular in size and its distribution (Fig. 3A). Some NPs are
large and spherical while others are small in size with different
shapes.36 Further Fig. 3B shows selected area electron diffrac-
tion (SAED) pattern which is in accordance to the crystal plane
structure of the nanostructures (Si–TiO2 NPs) (Fig. 3B). The HR-
© 2023 The Author(s). Published by the Royal Society of Chemistry
TEM further showed the well-arranged lattice fringes of the
nanostructures (Si–TiO2 NPs) (Fig. 3C). The ‘d’ spacing of the
lattice fringe was in the range of 0.45 nm (Fig. 3C). However, the
average size of TiO2 NPs was ∼19.01 nm (Fig. 3D).37
3.3. Characterisation of functional groups and
crystallographic study

3.3.1. FT-IR characterization. The FT-IR spectra of TiO2 and
DsTnas was done at wavenumbers range of 500–4000 cm−1

(Fig. 4A and B). IR spectrum classify the chemical bonds as well
as functional group present in the samples. The broadest band
was seen at 3500 cm−1 which is due to O–H stretching of Ti–OH
bonds. Strong absorption peak at 500–1100 cm−1 were seen
which represented the Ti–O and Ti–O–Ti bonds. This was
probably due to the vibrations arising due to bending and
stretching between Ti–OH and Ti–O–Ti (Fig. 4A). There are
sharp characteristic absorption bands around 600 cm−1 which
corresponds to the rutile phase of TiO2 (Fig. 4A).38,39 The FT-IR
spectrum of DsTnas showed that position 810 cm−1 corre-
sponded to the Si bands which was due to the Si–O–Si vibra-
tions.40 It was observed that siloxane vibrations at 1112 cm−1

were formed due to (SiO)n groups41,42 revealing that the silica
content in diatom formed DsTnas (Fig. 4B).

3.3.2. XRD characterization. The TiO2 NPs and DsTnas were
further evaluated by XRD technique (Fig. 4C and D). The XRD
pattern of commercial TiO2 NPs is depicted in Fig. 4C. The broad
diffraction line of the sample is related to the nanocrystalline
anatase phase. The results of formation of strong peaks at about
RSC Adv., 2023, 13, 22630–22638 | 22633
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Fig. 3 (A) TEM image of diatom-Si–TiO2 NP; (B) HR-TEM image of diatom-Si–TiO2 NP (C) selected area electron diffraction (SAED) pattern of
diatom-Si–TiO2 NP for HR-TEM showing d spacing of 0.45 nm and (D) average size of TiO2 NPs.

Fig. 4 FTIR spectra of (A) TiO2 NPs and (B) diatom-Si doped TiO2 NPs and X-ray diffraction patterns of (C) TiO2 NPs and (D) diatom-Si doped TiO2

NPs.

22634 | RSC Adv., 2023, 13, 22630–22638 © 2023 The Author(s). Published by the Royal Society of Chemistry
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2q = 25.2°, 37.8°, 47.7°, 54.7°, 63.0° and 68.9° were well in
accordance with indices at (101), (004), (200), (211), (204) and
(116) which were part of anatase phase of titania (Fig. 4C).43 The
XRD patterns in both TiO2 NPs and Si doped TiO2 NPs showed
sharp and strong peak at 2q = 25° of anatase phase. XRD phase
identication patterns showed some minor peaks due to rutile
phase. The XRD patterns of Si–TiO2 NPs are essentially crystalline
structure which can be accomplished from the broad character-
istic diffraction peak between 2q value of 20–80° (Fig. 4D).44 The
results are well in concordance with earlier reported from the
literature which show that the absence of Si, does not change the
crystalline structure of TiO2, therefore the XRD spectra of TiO2

and diatom-Si doped TiO2 NPs was almost similar. The optical,
material and mechanical properties of diatom thus makes them
as naturally available nanomaterial besides being rich in value
added compounds mainly crude oil and fucoxanthin.45,46
3.4. UV-vis spectroscopy

Once the DsTnas was synthesized and characterised to serve as
anode of the DSSC, it was necessary to test different natural dyes
which would be acting as photosensitive dyes in the DSSC. The
natural dyes extracted from Beet root (Beta vulgaris), Rose (Rosa
indica), hibiscus (Hibiscus rosa-sinensis), Indian blackberry
(Syzygium cumini) and microalgae H. pluvialis (red stage) were
analysed for their pH which was 4, 3.5, 6.4, 4.1, 4.2 respectively
and 2.9 for synthetic ruthenium dye (standard) (ESI Fig. 4†).
Further, the absorbance peaks of each natural dye and standard
ruthenium dye were analysed via UV-vis spectrophotometer.
Fig. 5 Characterisation of natural dyes Hibiscus rosa-sinensis; Syzygium
indica by (A) UV-vis spectroscopy, (B) thin layer chromatography (C) col
structures-dye sensitized solar cells using different plant dyes and their c
from H. pluvialis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The absorption maxima of Rosa indica, Syzygium cumini,
Hibiscus rosa-sinensis, H. pluvialis, Beta vulgaris and ruthenium
was 534 nm, 522 nm, 480 nm, 490 nm, 474 nm and 505 nm,
respectively (Fig. 5A) which is in coherence with the existing
studies.47–51 The appearance of absorption spectra in the range
between 454 and 540 nm indicated high concentration of
anthocyanin isomers present in these extracted natural dyes.52,53

It was found that the Hibiscus rosa-sinensis displayed two wide
absorption peaks at 430 nm and 540 nm.54 Similarly astaxanthin
from H. pluvialis shows one peak at 490 nm which is in
concordance with the reported studies.55,56 The shis in the
absorption peaks of the different pigment dyes were probably
due to varied chemical structure of these natural pigment dyes.
Further, the TLC studies have shown diverse separation of
anthocyanins, astaxanthin and betalains in different TLC plates
(Fig. 5B). TLC fraction of Hibiscus rosa-sinensis showed a single
spot with Rf vale 0.40 identied as anthocyanin as per earlier
reported work where Rf value of 0.32 was obtained using solvent
mixture HCl : acetic acid : water.57 Similarly, TLC of Syzygium
cumini fruit showed a single spot with Rf value of 0.31 as
anthocyanin in consistency with reported literature wherein Rf

value of 0.30 was obtained using methanol : formic acid : water
was used as mobile phase.58 On the offset, TLC of H. pluvialis
separated pigments such as primary xanthophylls astaxanthin
monoester, astaxanthin diester, adonirubin ester, echinenone,
adonixanthin diester, b-carotene with Rf value of 0.46, 0.51,
0.70, 0.72, 0.80, 0.84, 0.85 respectively. In a similar study con-
ducted on microalga Bracteacoccus aggregatus BM5/15 using
mobile phase hexane : chloroform : benzene, the separated
cumini; Haematococcus pluvialis; Beta vulgaris; ruthenium and Rosa
lective maximum current and PDmax of diatom rich Si–TiO2 nanoarray
omparison with control (ruthenium) and (D) LCMS of dye (astaxanthin)

RSC Adv., 2023, 13, 22630–22638 | 22635
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pigments such as primary xanthophylls, astaxanthin mono-
ester, astaxanthin diester, adonirubin ester, echinenone, ado-
nixanthin diester, b-carotene displayed Rf value of 0.04, 0.24,
0.56, 0.44, 0.59, 0.80, 0.98, respectively.59

TLC fraction of Beta vulgaris L. showed a single spot with Rf
value of 0.5, identied as betacyanin. In a similar study on Beta
vulgaris using a mixture of isopropanol : ethanol : water : acetic
acid as mobile phase, betacyanin displayed Rf value of 0.48.60

The TLC fraction of ruthenium standard (Sigma Aldrich)
showed single spot with Rf value of 0.50 in support with earlier
reported studies.61 Additionally, the TLC fraction of Rosa indica
showed a single spot of anthocyanin with Rf value of 0.42 in
concordance with similar pigment with Rf value of 0.46 when
0.1% formic acid in aqueous solution and 0.1% formic acid
acetonitrile was used as mobile phase.62
3.5. Current and power density of DsTnas-DSSC

The current density of DsTnas-DSSC using different dyes was
analysed to evaluate its performance using range of resistance.
The best changes in potential of DsTnas-DSSC with respect
resistance (10 U to 100 kU) using dyes are shown Fig. 5C and
that from resistance 10 kU to 120 kU in ESI Fig. 5† followed
a similar pattern. The open circuit voltage was highest for H.
pluvialis (0.92 mV) and lowest for Beta vulgaris (0.237 mV)
compared to 0.732 mV of standard ruthenium (ESI Fig. 6†). The
obtained potential was used to calculate current density using
Ohm's law. The electrochemical data showed that the
percentage efficiency of PDmax of DsTnas-DSSCs was 9.4% with
control ruthenium dye. Among the natural pigment dyes that
were used as photosensitive dyes in a DsTnas-DSSC for gener-
ating electric current, it was seen that percentage efficiency of
PDmax from astaxanthin dye extracted from H. pluvialis was
7.19%. Further, natural dyes rich in anthocyanin from Syzygium
cumini showed percentage efficiency of PDmax 4.08%. The
natural dyes from other plant parts viz.; Beta vulgaris, Rosa
indica andHibiscus rosa-sinensis showed percentage efficiency of
PDmax < 1%. The PDmax of DsTnas-DSSCs with different natural
dyes were 6.164, 5.872, 4.04 1.676, 1.524, 0.492 mW m−2 at 50
kU for ruthenium dye (standard as control) and extracted dyes
fromH. pluvialis, Syzygium cumini, Rosa indica andHibiscus rosa-
sinensis and Beta vulgaris, respectively (Fig. 5C). These data
showed that the ruthenium is most efficient dye followed by
extracts of astaxanthin from H. pluvialis and anthocyanin from
Syzygium cumini dye in DsTnas-DSSC. On the offset, anthocyanin
natural dyes extracted from Rosa indica and Hibiscus rosa-
sinensis and betalains from Beta vulgaris displayed least
performance. In this study, an efficient and stable DSSC in
which diatom DsTnas serves as an advantages material can be
applied in the preparation of various cheap and facile DSSCs.

Since astaxanthin from H. pluvialis shows promising photo-
senitizer properties in the present fabricated DsTnas-DSSC, ITS
LCMS was done. Fig. 5D represents the LCMS of astaxanthin
from H. pluvialis as only pigment present in its mono and diester
form and thus LCMS showed its diverse ester compounds. The
chromatogram shows detection of m/z values at 287.92–284.3
denoting astaxanthin, which was comparative to studies
22636 | RSC Adv., 2023, 13, 22630–22638
in Chlorella vulgaris.63 Similarly other compounds at m/z like
233.08–233 for presence of halocynthiaxanthin, at m/z of 251.17–
251 denoting (3S,4R,30R)-4-hydroxyalloxanthin as seen
in Isochrysis galbana.64 Furthermore, m/z of 593.50–539 was iden-
tied as 53-7,8,7′,8′-tetradrhydroastaxanthin as in other studies
onH. pluvialis.65 The DsTnas enhanced the electron extraction due
to photonic property of diatom nanopores which promoted the
formation of compact uniform and homogenous layer. The DSSCs
performance signicantly improved within the nanoarray diatom-
Si structure embedded with TiO2. The large active surface area of
diatom Si–TiO2 nanoarray structure helps in providing resonance
in visible spectral range, thus increased possibility of photon
induced electron excitation. Additionally, more electrolyte and dye
bound to the material increased photon adsorptions from solar
energy thus enhanced the DSSC efficiency.66

Thus, from these studies, it is evident that diatoms are being
used in solar cells, batteries and electroluminescent tech-
nology.66 The solar-current conversion efficiency of the DSSC,
a low-cost photovoltaic device, is approximately 12%.
Ruthenium-based dye particles serve an important function
when they are attached to crystalline anatase TiO2 lms that
serve as photoanodes and are immersed in electrolyte. The dye
in the DSSC transfers electrons to the TiO2 lm when exposed to
sunlight thus creating electron hole pairs. Electrons pass
through the TiO2 layer to conductive FTO glass to the appliance
or load, and back to the electrolyte. To ll the dye's electron
hole, the electrolyte releases electrons.67 Diatom frustule was
employed by Jeffryes et al. in DSSC.68 They connected the
composite frustules to the dye–TiO2 layer aer culturing TiO2

into the frustules. The transparent frustule pores allows the
penetration of photons thus allowing light scattering, light
reection and light focusing so as to direct photons to the
dye.69,70 A thinner photoanode layer produced by improved
photonic capture lowers the electron diffusion distance, boosts
efficiency, and lowers the cost of production. Because the tita-
nium put into the frustule is of poor quality and the TiO2 is
primarily dispersed along the pores, the effectiveness of the
TiO2-frustule layer can be increased. In a later work, Jeffryes
et al.,66 created composite frustules with a homogeneous TiO2

coating layer using a deposition process. The effectiveness of
the photoanode is increased by 3.7% with the addition of the
composite frustule.66,68 Thus, it is clear that innovative diatom
processing techniques can enhance the functionality of diatom
devices. Gautam et al.,34 has further demonstrated that TiO2

NPs were doped on diatom by two-way cell culturing methods
and direct doping methods using sol–gel method with addi-
tional direct incubation with Ag nanoparticles (Ag NPs) so as to
obtain diatom (Si)–TiO2 nanotubes doped on DSSC.71 The DSSC
doped with diatoms TiO2 nanotubes via direct doping with Ag
NPs has shown facile power efficiency of 8.45% which was
nearly close to that from two way culturing method (9.45%).34,71

However, in this work, we show how dye-sensitized solar cells
using diatom-Si–TiO2 have better light trapping. According to the
electrochemical data, the percentage eiceincy of maximum
power density (PDmax) of theDsTnas-DSSCs was with synthetic dye
ruthenium dye (9.4%) and 7.19% from organic dye astaxanthin
from H. pluvialis which is equally good in terms of its cost
© 2023 The Author(s). Published by the Royal Society of Chemistry
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effectiveness. A difficult but possible commercial objective for the
current DSSC technology is to get efficiency exceeding 15%. By
increasing the light responsiveness of the sensitizers in the near
IR spectral region, future advancements will concentrate on the
short circuit current (JSC). Thus an easy and exible new method
is necessary to attain high efficiency to create novel ligands that
result in the creation of new dyes or ruthenium sensitizers.72
4. Conclusion

In this study diatom DsTnas were synthesized, characterized via
SEM, TEM, XRD, FTIR, UV-vis and assembled into DSSC. The
astaxanthin, anthocyanin and betalains natural dyes were
treated as photosensitizer dyes and compared with standard
ruthenium dye. It was seen that astaxanthin from Haemato-
coccus pluvialis displayed highest power density (5.872 mW
m−2) among other anthocyanins and betalains natural dyes
from different plant sources aer standard synthetic ruthenium
dye (6.164 mW m−2) used conventionally in DSSCs. This de-
nitely can lead towards economical fabrication of DSSC thus
depleting the cost of expensive ruthenium dye. This is probably
because of enhanced charge transfer from the natural dye
molecule and the diatom DsTnas surfaces. Pigments are
produced in large quantities in plants. These photosensitive
natural dyes possess hydroxyl groups which allow the binding to
the TiO2 layer. Thus, from an economic aspect, natural dyes can
be a good choice to fabricate DSSCs provided the shelf life of
these dyes are increased as they are very sensitive to degrada-
tion. On the offset, among these natural dyes astaxanthin in
esteried form shows more stability compared to anthocyanin
or any other plant pigment thus can be a better alternate aer
ruthenium to be used in DSSC. This study is important as it
opens the use of low-cost natural pigment dyes as photosensi-
tizers to run DSSCs for electricity production.
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