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Abstract The global energy crisis is driving the search for sustainable energy resources, with solar energy emerging as a
leading candidate. While dye sensitized solar cells offer potential as the third-generation solar cells, recombination losses at
the photoanode/electrolyte interface limit their performance. This study introduced linoleic acid as a novel co-adsorbent to
suppress recombination without slowing down charge injection from dye to TiO,. Linoleic acid also reduces the formation of
dye-I, complexes by binding iodine to its double bonds. A dye sensitized solar cell with a TiO,/Dye/Linoleic acid (0.95 mM)
photoanode showed an efficiency of 8.31% under 100 mW cm 2 (AM 1.5) illumination, a 25% enhancement compared to the
unmodified TiO,/Dye cell (6.61%). This improvement is attributed to a 38% increase in the short-circuit current density and
a red shift in optical absorption due to linoleic acid adsorption. UV—Visible Diffuse Reflectance Spectroscopy revealed new
energy surface states introduced by linoleic acid, enhancing electron transport. Electrochemical Impedance Spectra, Cyclic
Voltammetry, and Mott—Schottky analysis confirmed reduced recombination, while enhanced incident photon to current
conversion efficiency spectra validated the improved photovoltaic performance. It can be concluded that linoleic acid binds
to TiO, via a bridging bidentate mode, mitigating recombination and boosting dye sensitized solar cells efficiency. These
findings highlight linoleic acid’s potential to address key challenges in dye sensitized solar cells development.
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1 Introduction

In recent decades, Earth has been facing an energy crisis pri-
marily due to population growth and the depletion of finite
fossil fuel resources. Additionally, the combustion of fos-
sil fuels releases substantial amounts of greenhouse gases
and pollutants into the earth, exacerbating climate change,
air pollution, and widespread environmental degradation.
Consequently, alternative energy sources that are Renew-
able, eco-friendly, cost-effective, abundant, and sustainable
have garnered considerable attention in the recent past.
By 2050, demand for fossil fuels is expected to decline by
approximately 50%, driven by the increasing prominence
of renewable energy sources, including wind, geothermal,
and solar, in the global energy portfolio. The Sun, as the
most consistent and abundant source of renewable energy,
has the potential to provide enough energy in one hour of
sunlight to meet the global energy demand for an entire year
[1, 2]. Despite the sustainability of solar energy, traditional
silicon-based solar cells, which convert the solar energy into
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electricity, remain expensive and have limited applications.
On the other hand, Dye-sensitized solar cells (DSSCs),
representing the third generation of solar cells, offer a cost-
effective, easily manufacturable, and versatile alternative
to conventional solar cells [3]. Since their groundbreak-
ing development by O’Regan and Grétzel in 1991, DSSCs
have attracted significant interest, with ongoing research
efforts focused on enhancing their efficiency [4—7]. Gener-
ally, a DSSC consists of a dye-sensitized nanocrystalline
TiO, film on a transparent conducting oxide (TCO) glass
substrate (photoanode), a platinum counter electrode, and
an iodide-triiodide liquid electrolyte. The photoelectrode,
sensitized by a Ruthenium bipyridine complex, is separated
from the counter electrode by the iodide-triiodide liquid (gel
or solid) electrolyte [5, 8, 9]. A DSSC can be a better com-
petitive alternative to other solar cells by further reducing
material costs and production methods, while improving
device stability and efficiency. Models have been employed
to quantitatively identify promising electrolytes (liquid, gel,
and solid), dyes, and semiconductors to achieve these goals
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[10]. Various factors influence the photovoltaic performance
of a DSSC, including electron collection at the photoanode,
the efficiency of the photoanode in harvesting light, and the
scattering of electrons within the photoanode [11-13].
Many studies have been conducted on the surface modi-
fication of the photoanode. These include the modification
of the fluorine-doped tin oxide (FTO)/nanocrystalline semi-
conductor (nc-SC) interface by utilizing a compact layer of
semiconductor material that blocks exposed sites of FTO
to the electrolyte [14], the modification of the nc-SC/dye
interface through acid treatment, which results in enhanced
dye loading because of a positively charged surface, or the
application of an insulating/semiconducting blocking layer
on the nc-SC surface [15], the modification of the nc-SC/
dye interface through the use of co-adsorbents, which aids
in decreasing dye aggregation and recombination [16], and
the modification of the dye/electrolyte interface through the
use of additives that provide surface passivation and posi-
tive movement of the nc-SC Fermi level [17]. In related
endeavors, Das et al. reported the incorporation of a TiO,
passivation layer between the mesoporous TiO, nanopar-
ticle layer and the conducting glass surface using a simple
dip coating method [18]. Fei et al. reported a facile sur-
face modification technique for ZnO aggregates that led to
a notable increase in efficiency. This process involves the
introduction of a thin layer of TiO, nanoparticles on the
surface of ZnO aggregates to reduce the charge recombi-
nation and increase the charge collection. As a result, the
ZnO aggregate-based DSSCs showed a 30.3% efficiency
enhancement [19]. Nath et al. reported that the use of phe-
nylalkonic acid as a co-adsorbent resulted in enhanced effi-
ciency, which correlated with an increase in the chain length
of the hydrophobic alkyl groups [20]. Furthermore, Wang
et al. reported similar work for decylphosphonic acid [21].
Anantharaj et al. modified the dye-adsorbed TiO,/electrolyte
interface by co-adsorption of oleic acid (OA) over the TiO,
surface, and the modified cell exhibited a higher efficiency
() of 12.9% [22]. Mazloum et al. investigated the effects
of oleic acid as a dual-function co-adsorbent on recombina-
tion and reduced the surface concentration of the dye-iodine
complex by saturating the bond of OA with iodine present
in the electrolyte [9]. Magne et al. optimized dye loading
and reduced recombination in DSSCs by testing various
fatty acids as co-adsorbents with the sensitizer. Butyric acid
and octanoic acid, with compatible alkyl chain lengths and

Fig. 1 Chemical structure of LA

efficient regeneration of oxidized dye by iodide, achieved
the highest efficiencies [8]. Saxena et al. presented a com-
prehensive study on the treatment of TiO, surfaces by dif-
ferent carboxylic acids, including formic acid (FA), oxalic
acid (OA), and citric acid (CA) [7]. Xin Li et al. utilized
pivalic acid as a novel co-adsorbent to modify the inter-
face between the photo anode and electrolyte, which can
be used to enhance the performance of the DSSCs by 8%
[23]. Sahingdz, R. et al. performed a high efficiency with
showing 43.45% increase by using 1-naphthalenetic acid
(NAA) as a co-adsorber to the N719 dye [24]. Rodrigues
et al. presented the use of polymeric co-adsorbents PVBA
and P4VP as alternatives to CDCA, achieving photovoltaic
performance of up to 9% [25].

Various approaches have been attempted to modify the
photoanodes of DSSCs using carboxylic acids, as mentioned
in previous paragraphs. These acids can be categorized into
two types: amino acids and fatty acids. To the best of our
knowledge, while carboxylic acids with different chain
lengths have been investigated, the effect of the number of
double bonds in carboxylic acids has not yet been explored.
For this purpose, building upon previous research work, we
propose a novel material, Linoleic acid (LA), which is an
octadecadienoic acid in which the two double bonds have Z
(cis) stereochemistry.

Figure 1 shows the chemical structure of the LA. As
shown in Fig. 1, it is an omega-6 fatty acid with a long chain
and double bonds at positions 9 and 12, which are expected
to mitigate recombination at the interface between the pho-
toanode and electrolyte caused by iodine binding to those
two double bonds of LA, as well as to enhance the charge
injection rate from the dye molecule to the semiconductor.

LA molecules selectively adhere to the exposed surface
of TiO, not occupied by dye molecules. Consequently,
the entire available TiO, surface becomes covered by dye
and LA molecules. These LA molecules are anticipated
to hinder recombination processes occurring at the TiO,/
electrolyte interface without affecting the charge injection
from the photoexcited dye molecules to TiO,. Moreover, we
have observed that the interaction between iodine and LA
through its double bonds affects the enhancement efficiency.
In the present work, this approach has resulted in enhanced
power conversion efficiency (PCE) of 8.3%. It should be
mentioned here that the impact of varying numbers of dou-
ble bonds in carboxylic acids remains largely unexplored,
which is needed to address the research gap. The present
work can be the first step towards such a comprehensive
long-term study.

@ Springer
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2 Experimental
2.1 Materials

All chemicals used in this study were of analytical reagent
grade. Titanium dioxide powder TiO, P25 was purchased
from Degussa AG, and aeroxide TiO, P90 powder, which
has an average particle size of about 10-14 nm, was pur-
chased from Evonik. LA was purchased from Sigma Aldrich.
Fluorine-doped tin oxide (FTO) conducting glass (Solaro-
nix sheet glass, sheet resistance 8 Q sq') and Ruthenium
dye N719 [RuL2(NCS)2:2TBA (L=2,2"-bipyridyl-4,4'-
dicarboxylic acid)] were purchased from Solaronix. Triton
X-100 nonionic surfactant (laboratory grade, cat. no. 9002-
93-1), poly(ethylene glycol) (PEG, 99.8%, Mw=2000 g
mol ™), and nitric acid (HNO,, 69%) were purchased from
Merck. Ethanol absolute (anhydrous>99.8%) was pur-
chased from VWR Chemicals. Ethylene carbonate (EC
98%), tetrapropylammonium iodide (Pr,NI, 98%), iodine
(I1,>99%), and acetonitrile (anhydrous) were purchased
from Merck. All of the materials used in this study were
used without further purification.

2.2 Photoanode preparation

The detailed method of fabricating the series of photoanodes
is as follows: The FTO glasses were cut into 1 x2 cm? rect-
angular pieces and cleaned by using a mixture of conc.
HNO; and distilled water in an ultrasonic bath. They were
subsequently cleaned by boiling with isopropyl alcohol. To
prepare the compact layer, 0.25 g of TiO, P90 powder with
1 ml of 0.1 M HNO; was finely ground for 15 min, and the
paste was spin-coated at 3000 r.p.m. on the conductive side
of the cleaned FTO glass and sintered at 450 °C for 45 min.
To prepare the TiO, P25 paste, 0.25 g of TiO, powder and
1 ml of 0.1 M HNO; were ground using a mortar and pestle.
Subsequently, 0.02 g of Triton X-100 and 0.05 g of polyeth-
ylene glycol 2000 (PEG) were applied as a binder, and the
mixture was finely ground until it became a creamy paste.
The TiO, P25 paste was placed on the FTO/TiO, P90 elec-
trode by the doctor-blade technique to obtain a smooth and
flat surface using adhesive tape, and the electrode was sin-
tered at 450 °C for 45 min. The N719 dye was used in this
study due to its capacity to absorb visible light, high molec-
ular ability, and prospective photovoltaic performance.

The prepared TiO, electrodes were dipped into the solu-
tion of 0.03 mM Ruthenium N719 dye dissolved in ethanol
for 24 h, kept at room temperature in the dark to allow the
dye to attach to the TiO, surface. The dye-coated photo-
anodes were washed thoroughly with absolute ethanol and
dried to remove excess dye molecules. For the prepara-
tion of the LA-anchored TiO, photoanode, the dye-coated
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photoanode films were dipped in a mixture of absolute etha-
nol and LA for three hours. They were then washed thor-
oughly with absolute ethanol and dried prior to fabricating
the solar cells.

To achieve the best DSSC performance with the high-
est efficiency, the fabricated photoanodes were subjected to
several optimizations, such as LA concentration and photo-
anode dipping time in LA. To optimize the LA concentra-
tion, different solutions were prepared by dissolving LA in
ethanol at concentrations of 0.75 mM, 0.85 mM, 0.95 mM,
1.05 mM, and 1.15 mM. Among these, the best LA concen-
tration was found to be 0.95 mM, yielding the highest DSSC
efficiency. For further optimization, dye-attached TiO, pho-
toanodes were dipped for varying times in 0.95 mM LA
solution, and their DSSC performance was evaluated.

2.3 Electrolyte preparation

For the preparation of the Liquid electrolyte containing the
redox couple, 0.738 g of tetra-propyl ammonium iodide
(Pr,NI) and 0.060 g of iodine (I,) were added to a pre-
cleaned bottle containing 3.6 ml of melted ethylene carbon-
ate (EC) and 1.0 ml of acetonitrile. This solution was stirred
at room temperature until all solid compositions dissolved
and kept under constant stirring overnight, and used to fab-
ricate DSSCs.

2.4 DSSC fabrication

To fabricate the solar cell, the liquid electrolyte was sand-
wiched in between the pristine TiO,/dye or LA-anchored
TiO,/dye photoanode and the platinum counter electrode.
For this, the photoanode and the counter electrode were
directly stacked and held together by gently pressing with
two alligator clips to ensure proper contact. The electrolyte
was introduced by carefully injecting it into the cell through
capillary action, which allowed the electrolyte to spread
evenly between the two electrodes. The active cell area of
the fabricated device was 0.16 cm®. To ensure the repeat-
ability in the performance of the device, a minimum of five
solar cells of each type were made, and the performance of
each was evaluated by current-voltage measurements.

2.5 Characterization of materials and devices

Optical absorption measurements of the TiO, photoanodes
were performed by using the Shimadzu 2450 UV—-VIS spec-
trophotometer. Attenuated total reflection infrared (ATR-IR)
spectra were obtained using a Nicolet iS50 (Thermo Sci-
entific) FTIR spectrometer. Current-voltage and impedance
measurements of fabricated DSSCs were carried out under
simulated sunlight of 100 mW cm 2 with the AM 1.5 filter
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by using the Autolab potentiostat/galvanostat PGSTAT 128
N. Electrochemical impedance spectra (EIS) of DSSCs
were obtained by using the frequency response analyzer
(Metrohm) in the frequency range between 0.01 Hz and
1 MHz under the same simulated light intensity at room
temperature.

Cyclic voltammetry tests were conducted for photo-
anodes, employing a three-clectrode setup consisting of a
Pt wire as the counter electrode, an Ag/AgCl electrode as
the reference electrode, and either TiO,/Dye photoanode or
a LA-anchored TiO,/Dye photoanode as the working elec-
trode. A supporting electrolyte comprising an acetonitrile
solution with 10 mM Lil, 1.0 mM I,, and 0.1 M LiClO, was
utilized, employing a scan rate of 0.05 V/s. Monochromatic
light illumination via the Bentham PVE300 unit, compris-
ing a TMC 300 monochromator-based IPCE system with
a 150 W Xenon arc lamp covering the 300-800 nm wave-
length range, was used to measure the incident photon to
current conversion efficiency (IPCE) of the DSSCs.
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Fig. 2 a UV—vis absorption spectra of TiO,/dye and LA-anchored
TiO,/dye photoanodes. b UV—Vis optical absorption spectra derived
from diffused reflectance of the pristine TiO, powder and LA anchored

3 Results and discussion
3.1 Optical absorption measurement analysis

The essential factor contributing to the photovoltaic per-
formance in DSSCs is the broad light absorption range of
the sensitizer, which covers the wavelengths from visible to
near-IR regions. Figure 2a compares the optical absorption
spectra of dye-adsorbed TiO, photoanodes with and without
LA modification. A notable observation is the significant red
shift in the absorption spectrum following LA modification.
This shift may indicate a rearrangement of dye molecules
already anchored on the TiO, surface during LA adsorption.
Dye molecules can aggregate either before being adsorbed
onto the photoanode surface during DSSC fabrication or
afterward. This aggregation can significantly impair the
performance of a DSSC device. Generally, the aggregation
between dye molecules can be classified as H-aggregates
(face-to-face arrangements) and J-aggregates (edge-to-edge
arrangements). J-aggregates formed in an edge-to-edge
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alignment when dye molecules aggregate, cause a batho-
chromatic shift (red shift) in the optical absorption spectra.
These aggregations depend on solvent polarity, dye concen-
tration, pH, and temperature [26].

The absorption spectra of the LA-anchored TiO,/Dye
photoanode were slightly broadened due to the existence
of J-aggregates [22, 27, 28] and red-shifted, indicating low
aggregation on the TiO, [29]. The presence of an additive
favors the formation of J-aggregates in the dye, leading to
a red shift in its optical absorption [26]. Through the treat-
ment with LA, it becomes feasible to remove excessively
aggregated dye molecules from the TiO, surface as LA can
break up these dye aggregates and make them soluble in
the solvent. The mechanism behind this involves LA mol-
ecules competing with dye molecules for adsorption sites on
TiO,, thereby spacing the dyes apart and disrupting the n—n
stacking interactions. This co-adsorption effect leads to a
significant reduction in intermolecular interactions, which is
crucial for efficient electron injection. Similar mechanisms
have been observed in studies involving other co-adsorbents
such as deoxycholic acid (DCA), where dye aggregation
was suppressed and spectral red-shifting occurred, indica-
tive of weakened n—m interactions [30, 31].

In order to understand the red shift observed in the opti-
cal absorption spectrum due to LA adsorption on the TiO,
surface, the UV—Vis absorption spectra obtained from
the diffused reflectance (DR UV-Vis) measurements of
both pristine TiO, powder and LA-anchored TiO, powder
samples, as shown in Fig. 2b can be analyzed. As shown
in Fig. 2b the absorbance of the LA-anchored TiO, pow-
der exhibit a slight increase across the visible spectrum.
The increased absorption from the band edge into the vis-
ible range indicates the formation of intermediate states. To
observe this, DR UV-Vis for LA-anchored TiO, powder
samples was measured using pristine TiO, powder as a ref-
erence for their baseline correction. This spectrum is shown
in Fig. S1 (Supplementary Information).

This increased absorbance may result in creating inter-
mediate states, as observed in the interfacial modification
between the photoanode and electrolyte interface in DSSC
using oleic acid by Anantharaj et al. [22]. Similar observa-
tions have been made in the study of oleic acid anchored
ZA:0.01Eu** by Miller et al., BPEu-MoNo/ BPEu-Hexa
by Sekar et al., and LaPO,:Eu’ by Liping et al. [32-34]. In
the present study, LA-anchored TiO, showed a significant
increase in absorbance from 800, peaking around 366 nm
(Fig. S1). This indicates the formation of new intermediate
states through LA adsorption on TiO,, which may contrib-
ute to electron transport by introducing mid-energy levels
[22, 32, 33].

While DSSC photoanodes are generally semi-transparent,
the films used in our study may exhibit surface irregularities
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and scattering due to their nanostructured TiO, nature.
Therefore, absorbance/transmittance methods may not fully
capture the optical behavior of the films. DR UV—Vis spec-
troscopy effectively collects scattered light from irregular
surfaces, ensuring accurate optical characterization. This
helps to generate reliable Tauc plots and estimate the optical
band gap [35-37].

The energy band gap (E,) was determined using the equa-
tion S1 (supplementary information). Tauc plots applied to
the absorption spectra shown in Fig. 2b reveal calculated
energy band gaps are 3.25 eV for pristine TiO, and 3.1 eV
for the LA-anchored TiO,. The value for pristine TiO, is
consistent with reported literature values [38—40].

The highest valence band of anatase nanocrystals has
been previously evaluated and determined to be — 7.5 eV
[41]. It has also been reported that the energy level of the
highest valence band of P25 TiO, is nearly identical to that
of anatase. Therefore, the energy levels of the conduction
band and the highest valence band for pristine TiO, and LA-
anchored TiO, photoanodes can be determined, assuming
that the energy levels of their highest valence bands are the
same at — 7.5 eV [7, 42, 43]. Assuming a valence band posi-
tion at — 7.5 eV, the conduction band edges of pristine TiO,
and LA anchored TiO, photoanodes are estimated to be
4.25 eV and 4.4 eV, respectively. Based on these results, an
energy level diagram, as shown in Fig. 2d, was deduced for
pristine TiO, and LA-anchored TiO, photoanodes. Accord-
ing to Fig. 2, the LA-anchored TiO, photoanode shows that
the edge of the conduction band shifts away from the vac-
uum level, resulting in lower values of open circuit voltage
(Voc)- This will be further analyzed in the cyclic voltam-
metry section.

These findings are consistent with previous reports in the
literature, further supporting the idea that surface modifica-
tion can significantly affect the properties of TiO,. A similar
trend has also been reported by Anantharaj et al. in his stud-
ies for oleic acid modified photoanode [22].

O’regan et al. [44] provided direct evidence of dye-
iodine binding to the N719 dye through its thiocyanate
(NCS) group. They demonstrated that when iodine binds
to the NCS ligands, it decreases the energy of the HOMO,
causing a blue shift in HOMO-LUMO transitions such as
the visible and UV MLCT (metal-to-ligand charge-transfer)
bands. To investigate this phenomenon further, we studied
the interaction between iodine molecules with dye and LA.
The absorption spectra of TiO,/Dye film in a mixture of
absolute ethanol solution alone or with iodine and LA are
depicted in Fig. 3.

In Fig. 3, a 13 nm blue shift in intensity from the MLCT
peak at 538 nm to a new peak at about 525 nm is observed.
Upon the addition of LA to the solution, a 5 nm red shift in
the peak can be noted from 525 nm to 530 nm. The blue shift
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Fig. 3 The absorption spectra of N719 Dye film in mixture of absolute
ethanol solution alone or with iodine and LA

Table 1 Shift in the peak wavelength of the TiO,/dye film in an abso-
lute ethanol solution, either alone or mixed with iodine and LA

Photo anode Wavelength at peak (nm)
TiO,/Dye 538
TiO,/Dye/lodine 525
TiO,/Dye/lodine/LA 530

in the absorbance spectrum may result from a decrease in
HOMO energy and/or an increase in LUMO energy, while
the red shift in absorbance may result from iodine being
bound to the unsaturated double bonds on LA. Based on
these results, it can be suggested that the adsorption of LA
on the TiO, surface, leading to red shifts in the peak, is very
likely due to iodine binding to the unsaturated double bonds
on LA. Therefore, the interaction between iodine and the
double bonds of LA appears to keep the iodine molecules
away from the thiocyanate group of the dyes (Table 1).

3.2 FTIR analysis

In order to better understand how LA molecules bind to the
TiO, surface, FTIR characterization was performed on pris-
tine TiO,, pure LA, and LA-anchored TiO, samples using
attenuated total reflectance mode (ATR-FTIR mode) [45].
Results are shown in Fig. 4; Table 2.

A distinctive peak appeared at 1709 cm ™! in the pure LA
spectrum, attributed to the carbonyl stretching mode of the
carboxylic acid group. In the FT-IR spectrum of TiO,/LA,
the absorption Due to the carbonyl stretching mode of LA at
1709 cm ™! disappeared and was replaced by a new absorp-
tion band at 1640 cm!. This shift suggests that the LA
molecules are chemically bonded to the TiO, surface rather
than by simple physisorption [22]. The carboxylate peaks
appeared near 1640 cm™' and 1548 cm ™!, which represent

—TiO,/LA

164

1548
1469
1410
108

667

— LA

Transmittance/a.u.

1400 1200 1000 800 600

1800 1600

Wavenumberlcm'1

Fig. 4 ATR-FTIR spectra of pure LA, pristine TiO, and LA-anchored
TiO,

asymmetric carboxylate stretching (n (COO—)asym) and
symmetric carboxylate stretching (n (COO—)sym), respec-
tively. The difference between these two carboxylates
stretches gives the value of 4=92 cm ™!, illustrating that LA
molecules are bound to titanium atoms through bidentate
chelating modes [35, 46, 53]. The carboxylic acid bind-
ing mechanism on metal centers can be inferred from the
metal-carboxylate band in the 1300-1700 cm™' range. The
carboxylate anion (—COO—) shows asymmetric and sym-
metric stretching bands due to its coordination with the “Ti”
centers. The difference in wavenumbers between the asym-
metric and symmetric stretching bands in the metal carbox-
ylate band region can be used to infer the binding nature
of the carboxylate anion on the TiO, surface, which can be
deduced from the difference in the wavenumbers between
the asymmetric and symmetric stretching bands [54].

3.3 Photovoltaic performance

The effect of LA on the photovoltaic performance was stud-
ied by fabricating DSSCs with TiO,/Dye photoanodes and

@ Springer



Journal of Applied Electrochemistry

Table 2 Peak assignments and interpretation of the IR spectrum

Wave- Peak assignment  Interpretation References

number

(em ™)

1709 C=0 stretching Indicates free car- [22]
of carboxylic acid  bonyl groups in LA
(pure LA) before binding to TiO,

1640 Asymmetric Suggests chemical
stretching of car-  bonding of LA to TiO,
boxylate (v(COO") surface, replacing
asym) the original carbonyl

stretching peak

1548 Symmetric stretch- Associated with [35, 46, 47]
ing of carboxylate  bidentate chelating
(v(COO)sym) binding mode of

carboxylate anion to
Ti centers

1413 Umbrella stretch-  Characteristic of [22]
ing mode of -CH; methyl groups in LA
group

721 Rocking mode of  Indicates the presence
—CH, groups of methylene groups

in LA

Represents the inter-  [48]
action between Ti and

LA through isopro-

poxy groups

Represents the Ti—-O [49]

1082 w(Ti-O-C) bridg-

ing vibrations

667 Ti—O stretching

vibration bond in TiO,, con-
firming the presence
of titanium oxide in
the sample
1469  —CH, vibration Bending vibrations [50]
in LA
1286 C-H bending / C—  Reflects interaction [50]
Hand C-C bending between TiO, and
vibrations organic groups like
LA
1224 C-O vibration Suggests the binding  [51]

of organic molecules
to TiO, or interactions
at the TiO, surface

937 Out of plane O-H  Represents the [52]
stretch bending vibration of
hydroxyl groups

LA-anchored TiO,/Dye photoanodes under simulated AM
1.5 solar irradiation with a Light intensity of 100 mW cm 2.

Figure 5a shows the photocurrent density vs. voltage
(J-V) characteristics of DSSCs with an effective area of
0.16 cm?. The optimized LA concentration of 0.95 mM
was determined through experimentation with DSSCs
using TiO,/Dye photoanodes modified with varying LA
concentrations (0.75, 0.85, 0.95, 1.05, and 1.15 mM). As
observed in the Fig. 5a, a marked improvement in photo-
current density (Jgc) is evident in the device utilizing the
LA-anchored TiO,/Dye photoanode. The photovoltaic
parameters obtained from the J~/ measurements of DSSCs
made with TiO,/Dye photoanode and LA-anchored TiO,/
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Dye photoanode are compared in Table 3. The power con-
version efficiency of each DSSCs (7) was calculated using
Eq. 2 (supplementary information).

The TiO,/Dye photoanode-based device shows Jg- =
14.9 mA cm ™2, Vo = 728 mV, FF=60.94% and 5 = 6.61%,
respectively. Following treatment with LA, the optimized
TiO,/Dye/LA photoanode-based DSSC (0.95 mM) shows
Jsc = 20.5 mA cm 2, Voo = 662 mV, FF=61.18% and 7
= 8.31%, respectively. Notably, the modified TiO,/Dye/LA
device with 0.95 mM LA exhibits an approximately 38%
increase in Jgc values, leading to a 25% overall efficiency
improvement. The DSSC with the lowest LA concentra-
tion (0.75 mM) reached a PCE of 7.31%. Increasing the LA
concentration to 0.85 mM resulted in an improved PCE of
7.41%. However, further increases to 1.05 mM and 1.15
mM led to decreased PCEs of 7.79% and 7.55%, respec-
tively. Therefore, the optimal LA concentration in this study
was determined to be 0.95 mM.

The higher Jg value is attributed to several factors, such
as reduced recombination of injected electrons with the oxi-
dized electrolyte, improved optical absorption, altered elec-
tronic structure, efficient charge injection from dye to TiO,,
and enhanced charge transport kinetics, all caused by the
adsorption of LA molecules on the TiO, surface. Ananth-
araj et al. reported that the decrease in V¢ with increasing
LA concentration could be due to the downward shift in the
quasi-Fermi energy (Ey) level of TiO, [22]. Liu et al. have
found that the reduction of V- was dependent on the den-
sity of activated carboxylic acid side groups in their work
[55]. In this study, the reduction in V. may also depend on
the density of activated carboxylic acid side groups in LA
and the downward shift in the quasi-Fermi energy (E;) level
of TiO,.

To optimize the photoanode dipping time in LA solution,
TiO,/Dye/LA (0.95 mM) photoanode based devices were
measured by varying different times (1, 2, 3, 4, 5 h). The
J—V curves and their characteristics of these DSSCs are pre-
sented in Fig. 5b, and Table 4.

The drop in efficiency after more than 3 h of dipping
the photo anodes into LA could possibly be due to over-
adsorption of the acid onto the TiO, surface, which blocks
further dye loading and adversely affects the redox reaction
of iodine.

The J-V curves of the optimized TiO,/Dye/LA and TiO,/
Dye photoanodes-based DSSCs are presented in Fig. Sc;
Table 5. In Table 5, we have also compared our data with
oleic acid modified TiO,/Dye/OA photoanode reported by
Anantharaj et al. [22].

As summarized in Table 5, a significant increase in Jgc
of the TiO,/Dye/LA photoanode based DSSC (20.50+0.83)
can be observed when compared with the TiO,/Dye pho-
toanode based device (14.90+0.12). This increase can be
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Table 3 Current density—voltage characteristics of DSSCs with TiO,/ Table 4 Current density—voltage characteristics of DSSCs with TiO,/

Dye photoanode and LA anchored TiO,/Dye photoanode Dye photoanode or LA anchored TiO,/Dye photoanode, varying dip-
Photoanode V- (mV) Jsc FF (%) 7 (%) ping time
(mA cm?) Time (h) Vg (mV) Jsc (mA cm ™) FF (%) 7 (%)

TiO,/Dye  728.00+6.11 14.90+0.12 60.94+1.18 6.61+0.03 1 629.84+24.80 19.32+0.94 58.11+1.59 7.30+0.16
TiO,/ 680.14+£30.19 17.40+0.53 61.55+0.50 7.31+0.11 2 653.48+11.17 19.86+0.48 59.65+1.16 7.81+0.07
Dye/LA 3 662.00+31.53 20.50+0.83  61.18+0.44 8.31+0.29
(0.75 Mm) 4 651751150 18.66+1.14  61.25+1.30 7.45+0.31
LA (0.85
mM)
T102/Dye/ 662.00+31.53 20.50+0.83 61.18+0.44 831+0.29 Table 5 The current densityfvoltage characteristics of the DSSCs with
LA (0.95 TiO,/Dye, TiO,/Dye/LA, and TiO,/Dye/OA photoanode [22]
mM) Photoanode V- (mV) Jsc FF (%) n (%)
TiO,/Dye/  654.38+11.69 19.65+0.95 60.85+0.51 7.79+0.17 (mA cm %)
LA (1.05 TiO,/Dye  728.00+6.11 14.90+0.12 60.94+1.18 6.61+0.03
mM) TiO,/Dye/  702.00+12.54 17.16+0.84 60.78+0.42 7.33+0.18
TiO,/Dye/  648.88+11.19 19.02+0.89 60.93+1.06 7.55+0.30 OA (0.95
LA (1.15 mM) [19]
mM) TiO,/Dye/  662.00+31.53 20.50+0.83 61.18+0.44 8.31+0.29

LA (0.95

mM)
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due to the higher interaction between the two C=C dou-
ble bonds of LA and iodine compared to the interaction
between the single C=C bond of oleic acid and iodine. The
observed increase in Jg is also related to the enhancement
in charge transfer efficiency at the TiO,/Dye interface due to
LA modification. LA molecules might promote the electron
injection efficiency from the dye to the TiO,, as they can
improve the electron mobility by passivating surface defects
and promoting better electron extraction. The increased Jg
indicated that more electrons/sec are injected into the TiO,
conduction band upon light absorption. Additionally, LA
molecules may help in forming a more stable and efficient
dye-sensitized layer, leading to improved charge collection
at the photoanode [5, 22]. Mazloum et al. [9] have suggested
evidence for an interaction between iodine and oleic acid via
the double bond of oleic acid. They found that the adsorp-
tion of oleic acid on the TiO, surface decreases recombina-
tion due to iodine binding to the double bond of oleic acid,
thereby enhancing the performance of DSSCs. Barea et al.
have proven that the increase in m-conjugation in the dye
molecule leads to a broader spectral response, increased
injection current, and lower open circuit voltage [56].
However, the V- showed a decreasing trend (TiO,/Dye:
728.00£6.11mV; TiO,/Dye/OA: 702.00+12.54; TiO,/Dye/
LA: 662.00+£31.53), which can be attributed to the modi-
fication of the TiO, surface by the LA molecules. The LA
molecules likely affect the electron density at the TiO,/Dye
interface, which can change the Fermi level of the TiO, and
the regeneration process. The interaction between LA and
TiO, might cause a shift in the energy levels, which can
lower the potential difference between the TiO, conduction

band and the redox electrolyte potential. As a result, the
Voc 1s reduced. Additionally, the adsorption of LA may also
inhibit the recombination of photo-generated electrons with
holes in the electrolyte, which could further lower V.

Table 6 presents a comparative analysis of various DSSCs
utilizing co-adsorbent-modified photoanodes, as reported
by different research groups in the literature.

3.4 IPCE analysis

The efficiency of a solar cell in converting incoming pho-
tons into photocurrent at various wavelengths is quanti-
fied by the incident photon to current conversion efficiency
(IPCE), which, in the present study, gives an insight into the
increased Jgc in the presence of LA. As seen from Fig. 6,
devices with LA co-adsorbent exhibit enhanced IPCE per-
formance over the entire wavelength range measured.
According to the results of the IPCE measurements, the
maximum quantum efficiency peak height for the DSSC
made with LA anchored TiO,/Dye photoanode is 82% at
535 nm. This is significantly higher compared to the peak
height of 60% at 530 nm for the DSSC made with pristine
TiO,/Dye photoanode. This enhancement in the quantum
yield can be attributed to reduced dye aggregation facili-
tated by LA, which minimizes intermolecular energy trans-
fer and enhances electron injection efficiency. Accordingly,
it offsets the loss of light harvested due to lower coverage
in the TiO, photoanode when LA is used as a co-adsorbent,
leading to enhanced Jg( [8, 9, 27]. Integrated current density
(mA cm ?) obtained from the IPCE curve of the DSSCs with

Table 6 The photovoltaic parameters and materials used in other DSSCs based on co-adsorbent modified photoanodes

Materials used Co-adsorbent Photovoltaic parameters Efficiency (1) % References
Voc (mV) Jsc (mA em %)

N719 dye Phenylalkonic acid 740 14.11 7.25 [20]
Liquid electrolyte
Z-907 Na Pivalic acid 735 11.80 6.25 [23]
Liquid electrolyte
N719 dye Oleic acid 786 15.39 7.65 [9]
Liquid electrolyte
D149 indoline dye Butyric acid 580 10.10 4.22 [8]
Liquid electrolyte Octanoic acid 580 10.20 4.18

Lauric acid 570 8.60 3.61

Stearic acid 580 5.30 1.97

Cholic acid 610 8.80 3.89
N719 and RhCL dyes Formic acid (FA) 705 8.43 3.78 [7]
Liquid electrolyte Oxalic acid (OA) 719 9.13 4.59

Citric acid (CA) 673 8.24 3.75
N719 dye 1-Naphthalenetic acid (NAA) acid 619 14.47 5.91 [24]
Liquid electrolyte
N719 dye Poly(4-vinylbenzoic acid) 730 15.7 8.3 [25]
Liquid electrolyte Poly(4-vinylpyridine) 730 17.4 9.0
N719 dye LA 662 20.54 8.31 This work
Liquid electrolyte
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Fig.6 The IPCE curves of the
DSSCs with pristine TiO,/Dye
photoanode and LA anchored TiO,/
Dye photoanode
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Table 7 Integrated current density (mA cm2) of the DSSCs with pris-
tine TiO,/Dye photoanode and LA anchored TiO,/Dye photoanode

Photo anode Integrated current den-  Current den-
sity (mA cm?) sity from -V
measurements
(mA cm 2)
TiO,/Dye 13.2 14.9
TiO,/Dye/LA 18.9 20.5

pristine TiO,/Dye photoanode and LA anchored TiO,/Dye
photoanode are given in the Table 7.

According to Khazraji et al. the IPCE of a merocyanine
dye-sensitized TiO, solar cell has improved with the addi-
tion of a co-adsorbent, preventing the formation of a dimer,
which has lower electron-injection performance compared
to the monomer [31]. Xiaoming Ren et al. reported that
DCA or DCNa used as co-adsorbents act as spacers among
dye molecules, thus suppressing the n-m interaction of the
dye molecules, which inhibits charge recombination and
hence improves the IPCE significantly [57].

According to the IPCE spectra reported by Mazloum
et al. [9] on the Oleic Acid (OA) incorporated system,
the enhanced quantum field is attributed to oleic acid as a
co-adsorbent, which reduces dye aggregation, minimizes
energy loss, and improves electron injection efficiency. In
comparison, in the present study, the increasing current den-
sity due to the incorporation of LA as a co-adsorbent can
be interpreted based on a similar mechanism. The observed
IPCE improvements in our experiments are also consistent
with the literature [8].

I
800

) N I I
500 600 700

Wavelength/nm
3.5 Mott-Schottky analysis

The Mott—Schottky (or M-S) plots involve measuring
capacitance against electrode potential under depletion con-
ditions. According to M-S theory, a straight line in the dCq/
dE plot with constant intercept at the flat band potential (£y)
is independent of time and polarization. Figure 7 shows
the M-S plots for both pristine TiO,/Dye and LA-anchored
TiO,/Dye devices. The measurements were conducted
under dark conditions, and the applied potential was varied
between —1.0 and +1.0 V to examine the shift in E; of TiO,
caused by LA molecule adsorption on TiO, surface [58].

In the DSSC, the open circuit voltage (V) coincides
with the energy difference AE between the Fermi levels of
TiO, Erand the reduction potential of the redox electrolyte
Ecdox [59]. The value of V- is given by the Eq. 3 (Supple-
mentary Information).

According to equation S3, it is clear that the change of
flat band potential must be one of the reasons for the change
in the value of (V). In this case, the E; of the pristine TiO,
and LA-LA-anchored TiO, are approximately —0.269 V and
—0.210 V, respectively. This suggests that upon LA modifi-
cation, the E; of TiO, is shifted toward a positive direction
concerning the redox potential of the electrolyte (E,.40x)s
resulting in a decrease in (V).

The surface modification of TiO, with an acid resulted in
a positive shift of the quasi-Fermi level, while the treatment
with a base resulted in the shift of the E; toward negative
potential. According to photovoltaic performance, the LA
anchored TiO,/Dye photoanode showed a lower V5 of 669
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Fig. 7 Mott—Schottky plots measured at a frequency of 1 kHz of the
DSSCs with pristine TiO,/Dye photoanode and LA anchored TiO,/
Dye photoanode under dark conditions

mV, while that of the pristine TiO,/Dye photoanode showed
a Ve of 723 mV. Therefore, as illustrated in Fig. 8, there
is a decrease in V- by approximately 60 mV. In Fig. 8,
FEnp is the valence band maximum;Ecp is the conduction
band maximum; E¥ is the Quasi-fermi energy; Fredox 1S the
Red-ox potential of the electrolyte; Vo1 is the open circuit
voltage on TiO,/Dye photoanode; Vocz2 is the open circuit
voltage on TiO,/Dye/LA photoanode.

However, this shift toward a positive direction is favor-
able for the efficient charge injection from the dye mol-
ecule to the conduction band of the TiO,, contributing to
the higher cell efficiency for the DSSC with LA anchored
TiO,. In addition, the built-in potential, which is the dif-
ference between the E; value of LA-modified and pristine
TiO, photoanodes, was determined to be 60 mV upon LA

Fig. 8 The effect of LA modifica-
tion in tuning the £,of TiO,; TiO,/
Dye and TiO,/Dye/LA photo-
anodes with the E,shifting toward
the red-ox potential of the I /1~

TiO,/Dye
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Slow injection

modification of TiO, device. This potential difference serves
as the main driving force for the enhanced charge separation
and reduced back electron transfer from TiO, to 15 [22, 58].
The positive shift in E; is expected to raise the work func-
tion of the TiO, photoanode, given that the work function
represents the energy needed to move an electron from E;
to vacuum. This difference can be partially attributed to the
electron-withdrawing nature of the -COOH group of LA
moiety that directs the dipole away from the TiO, surface
[5]. Theoretically, the charge carrier density of a semicon-
ductor material is inversely proportional to the slope of the
Mott-Schottky. Therefore, the decrease in the slope in the
linear portion of the Mott—Schottky curve of LA anchored
TiO,/Dye photoanode corresponds to the higher carrier con-
centration [60]. The charge carrier type of the semiconduc-
tor can also be deduced from the slope of the M-S plots:
a positive slope like seen in Fig. 7, signifies n-type carrier
conduction [61].

Moreover, As observed in the FTIR studies, linoleic acid
(LA) gets bonded with TiO, via ~COOH groups, similar to
the protonation effect observed with ruthenium dyes like
N3 and N719. Linoleic acid may donate protons to the TiO,
surface, resulting in a positive surface charge and a down-
ward shift of the Fermi level. This shift can reduce the V.
However, the hydrophobic tail of LA may also help sup-
press charge recombination, partially compensating for the
Vo loss and contributing to improved device stability [62].

The change in VOC can be further described using Cyclic
Voltammetry and Electrochemical Impedance Spectroscopy
(EIS) Analyses in the following sections.

/, LA molecules
Fast injection

TiO,/Dye /LA
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3.6 Cyclic voltammetry analysis

According to Eq. 4 (supplementary information), the posi-
tion of the Fermi level (£) is influenced by both the posi-
tion of E.z and the number of electrons in TiO, (n). To
further confirm this, Cyclic voltammetry measurements
were performed on a pristine TiO,/Dye photoanode and
LA anchored TiO,/Dye photoanode. These measurements
aimed to examine changes in trap states induced by LA,
identify shifts in conduction band energy, and changes in
Voc- Figure 9(a) shows cyclic voltammograms of pristine

TiO,/Dye photoanode and LA-anchored TiO,/Dye photo-
anode in the electrolyte solution.

Basically, cyclic voltammograms can be used to deter-
mine the energy distribution of acceptor states at the TiO,
electrode surface since the current I (V) is proportional to
the differential capacity (C) in a linear sweep. Therefore, the
total injected charge (Q) can be calculated by integration by
Eq. 5 (supplementary information).

The final energy level diagram is shown in Fig. 9(b) as a
function of the electrode potential [63, 64].

For the above CV measurements, platinum was used as
the counter electrode, Ag/AgCl as the reference electrode,
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- = = TiO,/Dye/LA

Fig.9 a Cyclic voltammograms of 0.020
pristine TiO,/Dye photoanode and |
LA anchored TiO,/Dye photoanode
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Fig. 10 a EIS Nyquist plots of DSSCs made with two TiO, photoanodes, with and without LA, and b the Bode plots corresponding to the EIS

spectra of (a)

Table 8 Electron transport parameters of DSSCs extracted from EIS analysis

Photoanode  Rg (Q) Rer (Q) Rers (Q) t(ms) C,(uF) Dy(m’s'x107%) Lyum) g, (m>x10%) 7,(ms)
TiO,/Dye 2030+047 9.03+1.17 63.6+179 19.17 1747 5.8 10.2 2.79 3.54
TiO,/Dye/LA  16.9+0.41  13.7+2.13 83.6+2.58 14.60 301.5 6.01 11.8 4.82 5.09

while maintaining a scan rate 50 mV/s. The capacitive cur-
rents during the forward scan of the electrodes showed
gradual onsets. For instance, the onset potential was approx-
imately —0.64 V for the pristine TiO,/Dye electrode in direct
contact with the electrolyte, whereas the LA anchored TiO,/
Dye photoanode exhibited an onset at — 0.37 V. This obser-
vation suggests a slight change that allows current to be pro-
duced at lower potentials in the conduction band edge of
TiO,, subsequently lowering Vo values [9, 65, 66]. Alagar
Ramar et al. also confirmed from their studies that the
incorporation of poly(N-vinylcarbazole) (PVK) in the TiO,
photoanode facilitates proton transfer, leading to a gradual
downward shift in the Fermi level of electrons in TiO, and
subsequently lowering the V. values. Cyclic voltammetry
data confirmed these changes, showing an anodic shift in
onset potentials with increased PVK loading, indicating a
positive shift in the TiO, conduction band [67].

3.7 Electrochemical impedance spectroscopy (EIS)
analysis

The utilization of electrochemical impedance spectroscopy
(EIS) is well recognized as a highly effective technique for
acquiring insights into the electron-transport mechanisms
within DSSCs [68]. EIS measurements were taken on each
TiO, electrode sensitized with Dye alone and with Dye and
LA to examine the effect of LA on the electron transport in
TiO,. Impedance data obtained were analyzed using equiva-
lent electrical circuit models and NOVA software, allowing

@ Springer

estimation of EIS parameters. The best fitting was obtained
for the equivalent circuit shown in the inset and the resis-
tance values were extracted from the best fit.

The Nyquist plots shown in Fig. 10a are made up of two
semicircles. The resistance at the TiO,/electrolyte interface
is responsible for the larger semicircle at lower frequen-
cies, while the smaller one at higher frequencies indicates
the charge-transfer resistance at the counter electrode/elec-
trolyte interface. Table 8 lists the electron transport param-
eters that have been extracted from the equivalent circuit
shown in the inset of Fig. 10a. The total series resistance
(Rg), charge-transfer resistance at the Pt/electrolyte inter-
face (R, ), and recombination resistance at the TiO,/dye/
electrolyte interface (R p,) were determined using NOVA
software and are represented in the equivalent circuit [9, 21,
69].

The total series resistance Rg was slightly reduced from
20.3 to 16.9 Q. The charge-transfer resistance at the Pt/
electrolyte interface of LA-treated TiO, photoanode R,
was slightly changed from 9.03 to 13.7 Q. LA-anchored
TiO,/Dye photoanode showed a higher charge recombina-
tion resistance R, (83.6 Q) compared to the unmodified
device (63.6 Q), indicating that the back electron transport
was reduced upon LA modification. This confirms that
DSSCs with LA-anchored TiO,/Dye photoanode experi-
ence reduced recombination rates at the photoanode/elec-
trolyte interface [5].

It can be suggested that high recombination resis-
tance might be responsible for a higher V.. However,
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Mott—Schottky analysis strongly indicated a decrease in
Voc for the modified device. This observation is further sup-
ported and aligned with the notable increase in J,- of LA
anchored TiO,/Dye photoanode. Thus, LA molecules can
effectively boost the charge transfer rate due to the COO—
groups present in LA. This enhancement in charge trans-
fer contributes to the enhancement of J,- and ultimately
improves the efficiency of these devices.

As illustrated in Fig. 10b, the Bode phase plots display
the frequency peaks associated with the charge transfer
processes for TiO, electrodes sensitized with dye alone
and with LA. The electron lifetime (7) was calculated using
Eq. 6 (supplementary information),

The maximum frequencies (fax) observed are 8.3 Hz
for the TiO, electrode sensitized with the dye alone and
10.9 Hz for those incorporated with dye and LA. Corre-
sponding to these results, the calculated electron Lifetime
has changed from 19.17 to 14.60 ms, due to the incorpora-
tion of LA to the photoanode. Calculated electron lifetime
values are tabulated in Table 8. From these values, it is
evident that the effective electron life time is shorter in the
DSSCs with the LA.

Moreover, further electrochemical parameters were
extracted for both the modified and unmodified devices. The
chemical capacitance C,, was calculated using Eq. 7 (sup-
plementary information), the increased C, observed in the
modified device shows an enhanced electron density in the
TiO, semiconductor. Effective electron diffusion coefficient
(Deyy), which represents the concentration of electrons that
diffuse into the photanode, was calculated by using Eq. 8
(supplementary information) A higher value of D,y essen-
tial for improving the efficiency of a solar cell. The effective
diffusion length was calculated using Eq. 9 (supplementary
information). And should be greater than the thickness of the
TiO, film (12 pm). In our case, however, both devices show
nearly the same values as the thickness of the TiO, film.
This may indicate that they are likely to undergo recombi-
nation before they can be fully injected into the conduction
band and diffuse across the TiO, film. LA anchored pho-
toanode (5.09 ms) exhibited higher electron transport time
(74) (Eq. 11, supplementary information) than the unmodi-
fied device (3.54 ms). The electron density (7)), which is
calculated using Eq. 10 (Supplementary Information) of the
modified photoanode (4.82 x 10?2 m>) higher than that of
the unmodified device 2.79 x 10*2 m>, thereby enhancing
the number of electrons available for transport through the
external circuit without significant recombination, as the
higher electron density per unit volume facilitates more effi-
cient charge collection [70-74].

Since the impedance measurements were conducted
under light conditions, shorter life time at the photoanode
lead to faster charge transfer, easy charge diffusion, and

reduced recombination. Therefore, LA on the TiO, surface
has promoted the charge transfer and increased the rate of
electrons reaching the collecting electrode. This shorter
electron life time in the modified photoanode is evident in
the enhancement of Jg, reduction of V- as well as in the
overall efficiency of the solar cell [75, 76].

4 Conclusion

Based on this study, LA is proposed as a novel co-adsorbent
for TiO, photoanode in DSSCs due to its ability to hinder
recombination processes at the photoanode/electrolyte
interface without impeding charge injection from the dye
to TiO,, thus enhancing the efficiency in DSSCs through
surface engineering of TiO, of the photoanode/electrolyte
interface. The optimized TiO,/Dye/LA photoanode-based
device (0.95 mM) achieved an efficiency of 8.31% under
the illumination of 100 mW cm ™2 (AM 1.5), a significant
improvement over the unmodified TiO,/Dye photoanode-
based device with an efficiency of 6.61%. This photoanode
modification resulted an impressive 38% increase in Jg-
values and an overall efficiency enhancement of 25%. The
interaction between iodine and the double bonds of LA
appears to play a crucial role in reducing recombination
rates by limiting iodine binding to dye molecules. This inter-
action increases the distance between TiO, and acceptors in
the electrolyte, fostering efficient charge injection from dye
molecules to the conduction band of TiO,, thereby contrib-
uting to the higher efficiency observed in the DSSC with
LA anchored TiO, photoanode. Additionally, the removal
of excess aggregated dye molecules by LA molecules and
the creation of surface electronic states by LA anchoring on
the TiO, surface further facilitate charge transfer without
impeding charge injection. This work emphasizes the poten-
tial of organic interface engineering approaches for achiev-
ing high-efficiency, low-cost solar energy conversion.
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