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Abstract: In the present study, dye-sensitized solar cells (DSSCs) were constructed
with photoanodes made from vacuum-annealed single- and double-layered
nanocrystalline TiO, films sensitized with pigments present in the extract of bayberry
fruit. A double layered titania film under normal air pressure was also prepared and
tested for light harvesting efficiency in natural dye-based DSSC. The extract was
analysed using high resolution-liquid chromatography mass spectrometry (HR-
LCMS), UV-visible, Fourier transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance spectroscopy (NMR). The interaction of dyes with TiO, was
studied by mid-IR and far-IR spectroscopy. The TiO; thin film surface was
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy
(XPS) and non-contact atomic force microscopy (nc-AFM). Vacuum annealing
increases oxygen vacancies and Ti3* defects in titania. The Ti3* defects in the TiO,
film were captured in the XPS spectra. The DSSC constructed from a 9-11 um thick
vacuum-annealed single-layered TiO, thin film photoanode displayed better
performance (Moc = 291 mvV, Isc = 0.591 mA,
FF = 57 % and n = 0.32 %) than that built from double-layered vacuum-annealed
titania film. Both had better efficiency than the one fabricated from conventionally
annealed double-layered titania film. The results show that vacuum-annealing could
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be an interesting field of study to explore the performance of natural dye-based
DSSCs. The work also demonstrated the effect of thickness of titania film on
performance of DSSC.
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Introduction

Renewable sources are essential for a sustainable future because they are
primarily clean, inexhaustible and can be harnessed locally.’® This category
includes energy from biomass, hydropower, geothermal heat, wind and solar
energy. Among these, solar energy harvesting plays a crucial role in the
conservation and sustainable use of energy. In 1991, B. O’Regan and M.
Grétzel, invented the dye-sensitized solar cells (DSSC), also known as the
Gratzel cell, which convert sunlight into electricity.* A dye-sensitized solar cell
(DSSC) is a photoelectrochemical cell, which consists of a photoanode made of
a nanocrystalline semiconductor oxide film, like TiO2 film, deposited on a
transparent conducting glass substrate (FTO/ITO), an electrolyte, photosensitizer
(dye) and a counter electrode. Nanocrystalline TiO:-based DSSCs employing
natural dye as photosensitizers have gained attention as sustainable photovoltaic
cells due to their low-cost, eco-friendly nature and potential for light-harvesting
solar energy conversion efficiency.® Several pigments including anthocyanin,
chlorophyll and betalains found in plant extracts have been evaluated for their
light harvesting properties.®'® Each pigment has a distinct maximum absorption
peak (Amax) Within the solar spectrum which is responsible for DSSCs electrical
performance.! The word anthocyanins derived from a Greek word "Anthos"
(flower) and "kiano™ (blue). Anthocyanins belong to the polyphenolic class of
compound also known as flavonoids that give plants their vibrant colours like
red, purple and blue. The wild Himalayan bayberry (Myrica esculenta) is a tree
with traditional medicinal uses that grows in subtropical forests in the Indian
Himalayan and Indo-Malaya region at high altitudes. The Himalayan bayberry
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shrub is popular in the native people of Uttarakhand due to its sweet taste and
processed products like squash, jams etc. In addition, the Himalayan bayberry
fruit also has anticancer and antioxidant properties. Its fruits are a rich source of
pigments like anthocyanins that can act as photosensitizers in DSSCs.*? Utilizing
natural dyes such as chlorophyll, anthocyanin, carotenoid and flavonoid as
photosensitizers in photoanode of TiO2-based DSSCs has been a field of
constant experimentation.®® Titania nanopillars have achieved an efficiency of
0.46 % using photosensitizers derived from Pomegranate.* Blackberry extracts
have displayed a PCE of 0.191 %, with 380 nm as optimum TiO- thickness using
spin coating method.* Extract of Black plum (Syzygium cumini) fruits have
served as a source of photosensitiser for DSSCs. Efficiency of these optimized
DSSCs with a series of electrolytes was tested to extract a maximum efficiency
of 0.205 %.%° Jabuticaba fruit were coated on TiO: film. The efficiency and fill
factor of the DSSC using jabuticaba fruit dye were 0.13 % and 0.29 %,
respectively.!” The results show that conversion efficiencies obtained from
different plant extracts vary with concentration of the photosensitizer in the plant
part, TiO2 film parameters and annealing conditions. Studies on natural dye
based DSSCs mainly focus on tuning these parameters to achieve better
conversion efficiencies. Various approaches including blending different natural
dyes, copigmentation of dyes and acidifying of dyes have been adopted to
improve the efficiency of natural dye-based DSSCs.'®° Parameters that have
been changed to enhance performance include film thickness, porosity,
nanoparticle size and different deposition layers of titania.?®%

Titania nanocrystalline materials have been synthesized by various
methods including sol-gel method.?®?” The nanocrystalline powder so obtained
was then deposited on conductive glass substrate and subjected to annealing
conditions to obtain TiO2 nanostructured thin films.

In the present work we have attempted to increase the defect states in
TiO2 films by vacuum annealing them under 70 torr at 500°C for 1 hour.
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Vacuum-annealing of TiO2 films is known to increase defects such as oxygen
vacancies and Ti®* states.28-30

Surface defects introduce additional shallow energy states under the
conduction band of TiO2. This narrows the band gap and facilitates electron
transport across dye-TiO> interface via the defect states. If the recombination of
trapped electrons with the hole in ground state of the dye or with the electrolyte
mediator does not exceed the electron injection rate into the TiO,, the
conversion efficiency of the DSSC can be improved.®}3® Investigations on
various utilities of extracts of Myrica esculenta have been reported in
literature.3*3 However, minimal studies have been conducted on photosensitizer
properties of extract of Myrica esculenta for DSSC applications.*®

In the present work we have investigated the conversion efficiency of
DSSCs based on vacuum-annealed single- and double-layer TiO2 nanocrystalline
thin films that were sensitised with flavonoids present in the extract of
Himalayan bayberry (Myrica esculenta).

Results and Discussion

HR-LCMS analysis

The HR-LCMS method was used for the identification and profiling of
the metabolites present in the bayberry fruit extract.*>-*¢ Based on their retention
time (RT), the HR-LCMS results of bayberry extract in acidified methanol
showed a rich profile of phenolic and flavonoid compounds in both positive and
negative ESI modes. Precise m/z values are reported in Table 1 and their
chromatograms (both positive ESI mode and negative ESI mode) are shown in
Supplementary Material, Figure S1 and structures of these compounds are
shown in Supplementary Material, Figure S2. In positive ionization mode, the
spectra showed polyphenolic compounds such as p-coumaric acid and malvidin-

3-O-(6-O-acetyl-beta-D-glucoside indicating the presence of polyhydroxylated
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aromatic systems and sugar conjugates. In negative mode, confirmation was
obtained for additional phenolic constituents like gallic acid, catechin,

luteoforol, epicatechin-3'-O-glucuronide and kaempferol-7-O-glucoside.

Table 1. Compounds identified in the HR-LCMS of bayberry extract in acidified

methanol.
Bayberry extract
Positive mode Negative mode
Compound Chemical Ry m/z value Compound Chemical Ry m/z value
name Formula name Formula
p-Coumaric Cg Hg O3 1.642 165.0532 Catechin CisH140s  7.958 289.0716
acid Luteoforol CisH140s  7.918 289.0701
Malvidin-3- C25H27013 1.384 536.1543 Gallic acid C7 Hs 05 20.77 169.016
O-(G-O- Epicatechin-3'- C21H22012 4.657 465.1082
acetyl-beta- O-glucuronide
D-glucoside Kaempferol-7-

O-glucoside C21H20011 4.676 447.0973

UV-visible spectroscopy

The UV-visible spectrum of the extract contains absorptions from a
number of molecules present in the extract which leads to overlapping of peaks.
Derivative of flavonol like kaempferol gave rise to two major absorption peaks
in the region 240 — 280 nm (Band Il) associated with absorption due to the A-
ring and in the region 300 — 380 nm (Band 1) attributed to absorption due to the
B-ring. The UV-visible spectrum of bayberry extract showed an absorption
maxima (Amax) in the range 520 — 560 nm which is characteristic absorption peak
of anthocyanins.*’

Additionally, a broad absorption band at 400-450 nm was also recorded,
which was attributed to sugar moieties connected to the anthocyanidin moiety as
shown in Figure 1(a).*® The total anthocyanin content in the extract was
determined using reported method and was found to be 32.514 mg/L for
cyanidin-3-O-glucoside and 33.091 mg/L for malvidin 3-O-(6-O-acetyl-beta-D-
glucoside).*® The absorption edge of titania (400 nm) was obtained from
UV-visible spectra of titania film and dye-sensitized titania film as presented in
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Figure 1(b). The analysis of the spectra showed that the maximum absorption of
titania at 320 nm undergoes a minor bathochromic shift to 328 nm after
sensitization with the dyes present in the extract. The UV-visible spectra of the
sensitized titania layer showed the presence of flavonoids with absorption
maxima, Amax, at 540 nm. Spectral variations were observed in the UV-visible
spectrum as the pH varied from 1 to 4.5 indicating structural changes in the
flavonoid molecules.
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Figure 1. The UV-visible spectra of (a) Bayberry extract in pH 1 and pH 4.5
(b) normal titania film (1) and titania film stained with bayberry extract (2).

FTIR analysis

The FTIR spectrum, Figure 2(a), shows the transmittance of ambient
pressure annealed and vacuum-annealed titania powder. Both nano powders
exhibited nearly intense broad absorptions in the 900-400 cm™ region
corresponding to Ti-O and O-Ti-O stretching vibrations in various surface states.
The strong band observed at 456 cm™ was assigned to Ti-O-Ti stretching
vibration in nanocrystalline anatase particles. Minimal moisture on TiO> surface
was indicated in the O-H stretching vibration region (3200 — 3550 cm™) of the
spectrum showing that the surface was free for dye adsorption. The FTIR
spectrum of the bayberry extract and TiOz thin film sensitized with the bayberry
extract given in Figure 2(b) showed many characteristic bands of flavonoids.

The mid-IR spectrum of bayberry extract had a broad O-H stretching band



Studies of vacuum-annealed single-layered and double-layered TiO, ... 235

mainly from phenolic hydroxyl group stretching with maximum at 3379 cm
that narrows and shifts to 3408 cm™ in the dye-stained TiO2 confirming
interaction between the TiO. and hydroxyl groups of phenolic compounds.>
Wide O-H bonds were indicative of presence of carboxylic acids like coumaric
acid that is one of the components present in the extract. The bands at 2933 and
2898 cm were attributed to C-H stretching vibrations in molecules like catechin
and anthocyanin. The peak at 1726 cm™ was assigned to C=0 stretching
vibration of aromatic esters and -COOH groups. The ring C=C stretching
vibration of all types of flavonoids fell in the region 1650-1560 cm™. Medium
intensity bands at 1410 and 1334 cm™ were assigned to C-H bending vibrations.
The bands observed between 1300-1000 cm™ were attributed to C-O-C and
C-O-H stretching of glycosidic moieties confirming the interaction of sugar
moieties with TiO. nanocrystalline film.>® Strong bands at 1242 cm™ were
attributed to C-OH deformation vibrations. The ring vibration of anthocyanin
was observed at 818 cm™. A comparison of the mid-IR spectra of the extract and
dye-stained TiO. nanocrystalline sample showed that many intense peaks,
characteristic of the dyes present in the extract, reduced in intensity after
adsorption on the TiO. nanocrystalline film surface. Spectral changes were
observed after dye adsorption in regions ranging from 1731 to 1637 cm, 1367 to
1228 cm™* and 680 to 592 cm™ in the mid-IR, Figure 2 (b). This may be due to
removal of other molecules present in the extract from the surface of TiO; after
adsorption process. The Ti-O-Ti stretching peaks also disappeared showing
some obstruction to this vibration on dye adsorption. The far-IR spectrum Figure
3(a) was replete with Ti-O and Ti-O-Ti lattice vibrations. The region above 300
cm™in far-IR spectrum of dye-stained TiO Figure 3(b) showed additional peaks

from interactions due to organic molecules present on TiO; surface.
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Figure 2. Mid-IR spectrum of: (a) nanocrystalline titania nano powder annealed at normal
pressure conditions (1) and annealed in vacuum at 500°C (2); (b) bayberry extract and bayberry
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Figure 3. (a) Far-IR spectrum of the nanocrystalline titania nano powder annealed at normal
pressure conditions; (b) Far-IR spectrum of TiO, surface prepared by annealing under ambient

pressure conditions at 500 °C and stained with the bayberry extract.
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NMR analysis

The NMR signals were largely overlapping due to the close structural
similarity of anthocyanins and the complexity presented by the composition of
the extract. The *H NMR spectrum of bayberry extract in methanol-ds presented
in Figure 5 showed some of the characteristic peaks that support the presence of
anthocyanin derivatives in the extract. Chemical structures and numbering of
atoms of cyanindin-3-O-glucoside and malvidin  3-O-(6-O-acetyl-beta-

Dglucoside) are shown in Figure 4.

Cyanidin 3 O glucoside

Malvidin-3-0-(6-0-acetyl-p-D-glucoside)

Figure 4. Chemical structure of cyanindin-3-O-glucoside and malvidin 3-O-(6-O-acetyl-B-D-
glucoside).

The 'H NMR spectrum in DMSO-ds, **C NMR spectrum in methanol-da
and H-¥C HSQC spectrum in DMSO-ds spectra of bayberry extract are
presented in Supplementary Material, Figure S3, Figure S4 (a)-(c) and Figure
S5, respectively. The resonance signals for protons H-6, H-2", H-3",
H-4"/ H-5"and H-6" of cyanindin-3-O-glucoside appeared at 6.8, 3.5, 3.4, 3.2,
3.4 and 3.7 ppm, respectively, in methanol-ds. The **C NMR chemical shifts for
C-6, C-2", C-3"”, C-4" and C-5" were observed at 102.8, 73.2, 76.1, 69.0 and
77.5 ppm, repectively, in methanol-da.

The 'H and 3C NMR data in methanol-ds was analyzed for malvidin-3-
O-(6-O-acetyl-B-D-glucoside). The molecule is characterized by its
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anthocyanidin core, sugar moiety and acetyl group.®> The 'H NMR chemical
shifts corresponding to H-6 and H-8 were observed at 6.80 and 6.95 ppm,
respectively. The signals for H-6"a, H-6"b were observed in the range & 4.40 —
4.50 ppm. The -OCHs (at H-3' and H-5") was observed at & 4.05. The signal for
anomeric proton (B configuration) was observed at 5.20 ppm. The acetyl group
protons were observed at 2.05 ppm. The carbon resonances at 105.6, 93.5, 74.4,
73.5, 71.2 ppm in the 3C NMR spectrum of the extract in methanol-ds were
assigned to C-6/C-1", C-8, C-5"/C-2", C-3" and C-4", respectively. The H-13C
HSQC spectra was highly crowded for cross peak assignment.
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Figure 5. 'H NMR 600 MHz of bayberry extract in methanol-da.

XRD analysis

The phase of TiO. affects the extent of dye adsorption and hence the
performance of a DSSC based on natural dyes. Anatase phase exhibits best
organic dye adsorption amongst the three polymorphic forms of TiO, viz.
anatase, rutile and brookite. The XRD patterns of TiO2 nano powder prepared by
sol-gel method exhibited diffraction peaks at 25.2°, 37.8°, 48.03°, 53.9° and
62.6° indicating presence of nanocrystalline TiO- in the anatase phase, as shown
in Figure 6(a). The Scherrer formula, d = (0.9 A / B cosf) was used to calculate

the average crystallite size (d) of TiO. nanoparticles at most intense peak (101)
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plane where A is X-ray wavelength of 0.15406 nm, {3 is full width half maxima
and 0 is the Bragg's diffraction angle.>*** The average particle diameter of TiO;

nanoparticles was found to be 9.1 nm.
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Figure 6. XRD pattern of (a) TiO, nano-powder (anatase phase); (b) TiO- thin film (SLVA)
annealed at 500° C in vacuum for 1 hour (anatase phase); (c) TiO; thin film (DLA)
(anatase phase).

The sample from TiO2 thin film annealed in vacuum (SLVA) showed
anatase phase in its XRD spectra with diffraction peaks at orientation planes of
(101), (004), (200), (105), (204) at 25.2°, 37.6°, 48.0°, 53.9° and 62.3° as shown
in Figure 6(b). The XRD patterns were indexed for anatase form of titania and
matched well with the data of JCPD card No. 21-1272.%°¢ The average
crystallite size of TiO. nanoparticles at most intense peak (101) plane, using

Scherrer formula was found to be 10.4 nm. The SnO; peaks on FTO substrate
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were detected at the orientation planes of (110), (101), (200), (211), (301), and
(321), corresponding to angles of 26.4, 33.6, 51.4, 65.4 and 78.3°, respectively
and marked using asterisk (*) in the Figure 6(b). These matched with the
International Centre for Diffraction Data, ICSD (98-003-9177). The XRD peaks
of annealed TiO. film DLA were observed at orientation planes (101), (004),
(200), (105), (204) at 25.2°, 37.6°, 48.0°, 53.9° and 62.3° 20 values confirming

anatase phase, Figure 6(c).

SEM and EDX analysis

The SEM images, Figure 7(a) and (b), illustrate the top-view and cross-
sectional features of the SLVA, respectively. The SEM image of the TiO. thin film
deposited over FTO glass slide showed a highly porous and densely packed
nanostructured surface. However, some agglomeration was also noticed. The size
of the TiOz nanoparticles marked in Figure 7(a) fell in the range of 16.58 — 26.95
nm showing that a good working size of TiO2 nanoparticles was achieved in the
present work. The rough and irregular surface morphology of the layer provided
a large surface area for effective dye adsorption leading to enhanced light-
harvesting.®” The cross-sectional image of the same single-layer TiO2 thin film,
Figure 7(b), showed a film thickness in the range of 9 — 11 um. The SEM image
of DLVA depicting morphology and structural features showed the size of
particles was in the range of 9-17 nm and are marked in Figure 7(c). The film
thickness of the DLVA (45.07 um) is shown in Supplementary Material, Figure
S6(a). The difference in film thickness of SLVA and DLVA explains the better
photovoltaic performance of the single-layered TiO, film (SLVA). The EDX
spectrum of the double-layered TiO thin film annealed at 500° C in vacuum

(DLVA), is shown in Figure 7(d). The SEM analysis of DLA showed the
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surface of titania film with a rough and porous granular morphology and the
cross-sectional image depicted a film thickness of about 73 um, Supplementary
Material, Figure S6(b) and (c). The EDX spectrum and elemental mapping,
Supplementary Material, Figure S6(d) of the film shows titanium and oxygen as
the component elements of the film. The EDX analysis showed the quantitative
elemental composition of the prepared thin film of TiO2. The EDX mapping
elemental data is given in Table 2. It shows lower oxygen to titanium atomic %
ratio in DLVA as compared to DLA.

Table 2. EDX elemental detection of the prepared thin film of TiO..

Element DLA DLVA

Weight %  Atomic % Weight % Atomic %
OK 49.05 74.24 45.1 71.1
TiK 50.95 25.76 54.9 28.9

Non-contact AFM analysis

Non-contact AFM technique was used to characterize surface roughness
and topography of the TiO2 nanocrystalline films (SLVA and DLVA) vacuum-
annealed at 70 torr for 500 °C, Supplementary Material, Figure S7 (a) to (d).
The root mean square parameter (Rq) for normal TiO> thin film was 20.23 nm

and dye-stained TiO, nanocrystalline thin film was 48.80 nm.>®
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Figure 7. (a) SEM image of surface morphology of SLVA (b) cross-sectional micrographs of
SLVA (c) DLVA surface morphology image (d) EDX spectra and mapping of DLVA.

XPS analysis

The XPS analysis showed that the major elements present in the thin
film, SLVA, were titanium and oxygen, Figure 8 (a)-(c). The asymmetry of Ti
2p peaks indicated that apart from Ti** some other titanium species may also be
present. Oxygen vacancies (V,) cause reduction of Ti** to Ti** and increase the
Ti,O3 content in the sample. This high-resolution Ti 2p spectra showed that Ti*
2par2 peak at 458.6 eV masked the Ti** 2ps; peak which has a binding energy of
457 eV, Figure 8 (b). The peak at 464.1 eV corresponds to the Ti** 2p1;2 which
shows overlapping with Ti®* 2p1» defect state peak which has a binding energy
of 462 eV in the TiO- film. The peak at 528.0 eV was attributed to O (1s), while
the residual C 1s peak appeared at 284.0 eV.%° The auger peaks for Ti (TiLmm)
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and O (Oxkvrv) were present at 1070 and 970 eV, respectively. The Ti 2s, and Ti
3s and Ti 3p were observed at 563.5, 61 and 35.5 eV, respectively.
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Figure 8. XPS of SLVA: (a) survey spectrum; (b) high-resolution Ti2p; (c) high-resolution O1s.

Solar simulator
The performance of fabricated DSSCs was evaluated from the I-V curves

as shown in Figure 9.
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Figure 9. I-V curve of: (a) SLVA-based and DLVA-based DSSC; (b) DLA-based DSSC.

A comparison of performance of DSSCs prepared from all three methods
showed that SLVA-based DSSC exhibited the best conversion efficiency. The
photovoltaic characterization of the SLVA-based DSSC showed an open-circuit
voltage (Voc) of 291 mV and a short-circuit current (Isc) of 0.591 mA. The
device had a fill factor (FF) of 57 %, resulting in an overall power conversion
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efficiency (n) of 0.32 %. The DLVA-based DSSC gave an open-circuit voltage
(Voc) 362 mV, with a short-circuit current (Isc) of 0.725 mA, a fill factor (FF) of
34 % and efficiency (1) of 0.09 %. The fabricated DLA-based DSSC device
exhibited an open-circuit voltage (Voc) of 186 mV with a short-circuit current
(Isc) of 0.045 mA, a fill factor (FF) of 76 %, with an efficiency (1) of 0.06 %.
The wavy I-V curve for DLA could be a consequence of energy level
mismatches, high interfacial resistance or charge trapping and accumulation.
Vacuum-annealing titania thin films results in sites that cause stronger coupling
of energy states of the excited dye molecules with the conduction band via
underlyimg shallow defect states of TiO. semiconductor film which improves
electron injection rates in the dye-TiO. interface. This leads to improved
performance of the DSSC. The photovoltaic performance of all the three devices
is summarized in Table 3.

Table 3. A comparative study of the solar testing of SLVA, DLVA and
DLA-based DSSCs.

Parameter SLVA-based DLVA-based DLA-based DSSC
DSSC DSSC

Voc (MV) 291 362 186

Isc (MA) 0.591 0.725 0.045

FF (%) 57 34 76

n (%) 0.32 0.09 0.06

Experimental
Materials for constructing a DSSC

Fluorine-doped tin oxide (FTO) conductive glass plates with sheet
resistance of 7 Q/cm? with the dimensions L 25 mm x W 25 mm x T 2.2 mm
were purchased from Techinstro. Acetic acid (99 %), potassium iodide (99.8 %)
and acetonitrile  (99.8 %) were purchased from Merck. Titanium
tetraisopropoxide (TTIP) (97 %), poly-L-Lysine (PLL) (98 %) and
chloroplatinic acid hexahydrate solution was bought from Sigma-Aldrich.
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Ethanol (99.9 %) and alpha-terpineol (95.09 %) were purchased from Tokyo
Chemical Industry (TCI). Ethyl cellulose powder (98 %) and methanol (94 %)
were procured from Central Drug House (CDH). De-ionized water was bought
from Oscar Medicare Pvt. Ltd. The fruits of bayberries (Myrica esculenta) were
collected from the terrace fields of Khirsu village, located in the district of Pauri
Garhwal, Uttarakhand, India.

Instrumentation used for characterization of bayberry extract, TiO. nano
powder, TiO2 nanocrystalline thin film and solar simulator studies

The bayberry extract, TiO2 nano powder and nanocrystalline thin-film
were characterized using a number of analytical techniques. UV-visible
absorption spectra were recorded using Lambda 25 UV-Vis Spectrometer
(Perkin Elmer) and Cary 100 UV-Vis Spectrophotometer (Agilent Technologies).
Fourier transform infrared (FTIR) spectra were obtained using a 3000 Hyperion
Microscope coupled with a Vertex 80 FTIR System (Bruker, Germany).
Structural characterization of bayberry extract was performed using an ECZR
Series 600 MHz NMR spectrometer (JEOL, Japan) for *H, $3C and HSQC
analyses and a Q-Exactive Plus Biopharma mass spectrometer (Thermo
Scientific, USA) coupled with a quaternary UHPLC system for HR-LCMS
measurements. The nanocrystalline structure of TiO, samples was analyzed by
X-ray diffraction (XRD) using a PANalytical Empyrean diffractometer with Cu
Ko radiation (A = 1.5406 A) over a 26 range of 20°-80°. Surface morphology and
elemental composition were examined using Sigma 300 scanning electron
microscope equipped with EDX (Carl Zeiss). Surface topography was
investigated using a Park Systems NX10 atomic force microscope (AFM) with
PPP-NCHR cantilever. X-ray photoelectron spectroscopy (XPS) measurements
were performed using a PHI 5000 VersaProbe 11l system. The photovoltaic
performance of the fabricated DSSCs were recorded on a solar simulator of AM
1.5G, Class AAA Solar Simulator (M/s Photo Emission Technology, USA).
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Preparation of extract of natural dye sensitizers from bayberry (Myrica
esculenta)

Methanol and hydrochloric acid were used as solvents for extracting
bioactive compounds such as anthocyanins from the regional bayberry fruits of
Uttarakhand. Fresh bayberries were washed with de-ionized water. After
repeated washings, the pulp of the fruits was carefully separated from seeds and
the pulp was manually mashed in a tub. The mashed pulp of the fruits was
immersed in acidified methanol (HCI: methanol; 1:79 v/v) for 24 hours at room

temperature and filtered to obtain the extract using Whatman filter paper no.1.
Fabrication of natural dye-sensitized solar cells

Preparation of photoanode

The FTO conductive side was dipped in ethanolic PLL solution for 1
hour. Titania nano powder synthesized by sol-gel method. The method is based
on hydrolysing titanium tetraisopropoxide (TTIP) with acetic acid (4 M) and
excess water (10 M). The solution was stirred by magnetic stirrer for 1 hour and
then left for 24 hours at room temperature. After completion of 24 hours, a gel
was obtained which was dried at 70 °C for 12 hours in an oven. Afterwards, it
was dried at 100 °C to form TiO: crystals. The crystals were ground into a fine
powder and then annealed at 300 °C and 500 °C to get the anatase phase.®® The
TiO2 nano powder was then mixed with acetic acid and deionized water. A
solution of a-terpineol in ethanol and ethyl cellulose in ethanol was prepared
separately. The three solutions were mixed well to obtain a homogeneous paste.
The TiO; paste was deposited on the FTO glass substrate surface using the
doctor blade technique. The TiO- thin films were sintered on a vacuum setup (70
torr) at 80°C, 150 °C, 250 °C and 350 °C for 15 mins each, followed by final
annealing at 500 °C for 1 hour. After cooling the TiO; thin films at room

temperature, they were immersed in bayberry extract for 12 hours for
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sensitization. We have used three different methods to fabricate TiO; films to
evaluate the performance of solar cell and labelled them as SLVA, DLVA and
DLA.

FTO glass slide was dipped in PLL for 1 hour and dried at room temperature. A
single layer of TiO. paste was then deposited onto the substrate using the doctor
blade method. The coated film was subsequently subjected to stepwise sintering
in a vacuum setup on a heating mantle at 80 °C, 150 °C, 250 °C and 350 °C for
15 mins each, followed by final sintering at 500 °C for 1 hour. After cooling to
room temperature, the film, SLVA, was immersed in the dye extract for 12
hours.

The conducting side of the FTO glass was dipped in PLL for one hour and dried.
A layer of TiO: paste was then applied onto the substrate using the doctor blade
method, followed by vacuum treatment and stepwise sintering at 80 °C, 150 °C,
250 °C and 350 °C for 15 mins each. After cooling to room temperature, a
second layer of TiO. paste was deposited using the same method and again
subjected to identical vacuum treatment and stepwise sintering conditions of 80
°C, 150 °C, 250 °C and 350 °C for 15 mins each, followed by annealing at 500
°C for 1 hour. Finally, the film, DLVA, was cooled and immersed in the dye
extract for 12 hours.

conducting side of the FTO glass slide was dipped in PLL for 1 hour and dried.
A first layer of TiO> paste was then deposited onto the substrate using the doctor
blade method. After drying the first layer at room temperature, a second layer of
TiO2 paste was applied over the first layer. The coated film was subsequently
subjected to stepwise sintering at 80 °C, 150 °C, 250 °C and 350 °C for 15 mins
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each, followed by final sintering at 500 °C for 30 min. After cooling to room
temperature, the film, DLA, was immersed in dye extract for 12 hours.

Preparation of counter electrode

The counter electrode was fabricated using a 5 mM ethanolic solution of
H2PtCls-6H20 deposited onto the conducting side of the FTO glass substrate
with the help of drop casting method and heated at 350 °C for 15 minutes.

Preparation of electrolyte

Various working ratios of the two solutions viz. 0.5 M solution of
potassium iodide in water and 0.05 M solution of iodine in acetonitrile were
prepared and tested for DSSC applications under solar light. The results showed
that the ratio of 0.7 ml of 0.5 M KI aqueous solution to 2.3 ml of 0.05 M I,
solution in acetonitrile gave the best results.

Assembly of dye-sensitized solar cell

The photoanode and the counter electrode were sandwiched together
using binder clips and electrolyte was introduced between them with the help of
a dropper. Figure 10 illustrates the immobilization of natural dyes on TiO;

surface of the photoanode of a DSSC.

Malvidin 3-0-{6-0-acetyl beta-D-glucoside

Figure 10. Immobilization of natural dyes on TiO; surface in a dye-sensitized solar cell.
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Conclusions

Bayberry extract was successfully used as a natural photosensitizer in
nanocrystalline TiO.-based dye-sensitized solar cells (DSSCs). Characterization
techniques such as high resolution-liquid chromatography mass spectrometry
(HR-LCMS), UV-visible spectroscopy, fourier transform infrared spectroscopy
(FTIR) and nuclear magnetic resonance spectroscopy (NMR) confirmed the
presence of photosensitizing compounds, particularly anthocyanins, in the
bayberry extract. The vacuum-annealed TiO. nanocrystalline layer was
characterized by fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) and non-
contact atomic force microscopy (nc-AFM). The SLVA-based DSSC exhibited
better conversion efficiency (0.32 %) than DLVA-based DSSC (0.09 %).
Performance of DSSC fabricated from DLA-based DSSC showed the least
conversion efficiency (0.06 %). The poor light harvesting from double-layered
TiO2 nanocrystalline films, DLVA and DLA showed that thickness of titania
films affects the performance of DSSC. While DSSCs based on plant extracts
rich in anthocyanin pigments have shown conversion efficiencies from 0.13 to
0.46 %, achieving higher performances entailed novel strategies. Yet, natural
dye-based DSSCs have recorded much lower conversion efficiencies compared
to silicon solar cells. Vacuum-annealing is known to introduce surface defects
like oxygen vacancies that serve as effective coupling sites for energy states of
organic dyes as well as defect states in TiO.. The electron dynamics at the
interface of the dye and TiO. determines the injection rate of electrons into the
bulk of the semiconductor. If recombination effect of trapped electrons is much
lower than electron injection rate in the semiconductor, then the performance of
DSSC could enhance. The present work illustrates that controlled modification
of photoanodes of a DSSC by vacuum-annealing the TiO. films offers a
promising strategy for enhancing the photovoltaic performance of natural dye-
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sensitized solar cells. The study demonstrates the potential of natural dyes
extracted from bayberries to act as ecofriendly and low-cost sensitizers for
photovoltaic applications. This work contributes to the development of
environmentally safe and economically viable solar energy conversion devices.
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