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Evaluation of Physicochemical Properties of Provitamin K3
Derived Benzo[a]Phenoxazine as a Photosensitizer
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Abstract

Three benzo[a]phenoxazine based photosensitizers known as 10-Chloro-6-methyl-5H benzo[a]phenoxazin-5-one (BPO-Cl),
6-methyl-5H-benzo[a]phenoxazin-5-one (BPO), and 6-methyl-5H-benzo[a]phenothiazin-5-one (BPT) synthesized from
provitamin K3 were used as photosensitizers to fabricate a dye-sensitized solar cells (DSSC) device. The inbuilt
intra-molecular charge transfer (ICT), favorable m—m interaction, planar shape, and compatible redox nature with
appropriate frontier molecular orbitals (HOMO and LUMO) alighment are the significant physicochemical characteristics of
benzo[a]phenoxazine moiety that rationalize to become an efficient photosensitizer. Thus, the bare benzo[a]phenoxazine
dyes without any efficient anchor and donor group are evaluated here with their intrinsic chemical behavior for efficient
precursors in various energy transferring material. The intramolecular charge transfer occurring through aromatic rings
bridged by two heteroatoms (O/S and N) is tunable with DFT analysis and single-crystal XRD data. The characteristic solar
cell parameters show that chlorine substitution enhances the open-circuit voltage (Voc) from 0.53 V in BPO to 0.56 V in
BPO-CI. A noticeable enhancement in short-circuit current density (Jsc) nearly fivefold is observed for BPO dye compared to
its thio-substituted BPT unit. The substitution of chlorine reduces the recombination rate in the device studied from
electrochemical impedance spectroscopy. Thus BPO template is an excellent precursor to tailor various D/A groups to
produce effective photosensitizer evaluated by physicochemical properties tunable with several optoelectrical, structural,
morphological, and electrochemical analyses.

Keywords: Benzo[a]phenoxazine; Recombination resistance; Physicochemical properties; Naphthoguinone; Photosensitizer;
DSSC.
Received: 8 January 2021; Accepted: 25 January 2021.

Article type: Research article.

Introduction

The application of organic dyes in dye-sensitized solar cells
(DSSC),M organic solar cells (OSCs),™ organic light-emitting
diodes (OLEDs), sensors,®4 storage devices,®! to attain
achievable synthetic targets with desired moieties is one of
the highly explored and demanded areas nowadays. Large
extinction  coefficient, non-toxicity, cost-effectiveness,
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tunable optical properties, adequate redox nature, and facile
molecular engineering are the effective positive attributes of
organic dyes over metal-complex based dyes.®7 Hence
nontoxic, efficiently synthesized organic precursors has been
engineered these days to produce several types of effective
D-n-A, D-D-n-A, porphyrin, squaraine architecturel® of dyes
by tailoring different donor (D) and acceptor (A) moieties to
the organic framework as a central stem. In this context,
numerous publications are reported with various organic
frameworks like xanthenes®1% coumarins,!*-14 squaraine, 5161
anthracene,l'718] bodipy,t*2etc. used in DSSC. However,
benzo[a]phenoxazine dyes are significantly less explored
despite their planar shape, favorable m—m interaction with
good intra-molecular charge transfer (ICT); for an efficient
DSSC photosensitizer.12

Photosensitizers are the primary controlling unit of DSSC,
SO numerous reports are available by varying the
functionality of different organic moieties in the
photosensitizer. Like benzo[a]phenoxazine molecule, this can
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be functionalized as both donor and =n-linker. However, very
few reports are available with phenoxazine moieties, which
can perform a dual function as donor and =n-linker in specific
D-n-A dyes such as Tian and his co-workers reported
phenoxazine as an efficient donor (D) for DSSC dyes.®!
Similarly, Tan and his team employed two phenoxazine-based
dyes where phenoxazine and substituted phenoxazine were
used as donor molecule;” Wenjun et al. reported
phenothiazine as a hole transporting material in organic
semiconductor devices and used them as a n-linker as well as
a donor molecule.? Further, Tian and his team used
phenoxazine unit as both linker and donor moiety, 28! whereas
benzo[a]phenoxazine moieties were used as chromophores
for DSSC by Schroder et al.?2 and benzo[a]phenothiazine
was used by Bhand et al. as a photosensitizer with Zirconium
semiconducting metal oxide.[?"] However,
benzo[a]phenoxazine dyes have not yet been explored as
photosensitizers with or without any other tailored group. The
positive attributes of benzo[o]phenoxazine over phenoxazine
moiety is it’s; 1) extended absorbance, which can help to
harness more solar radiation, ii) extended conjugation with
planarity, iii) adequate redox nature, iv) proper alignment of
molecular orbitals (HOMO, LUMO), v) inbuilt internal
charge transport through the moiety (ICT) and vi) prone to
agile molecular engineering with flexible sites for various
D/A substitution.

Herein, two benzo[a]phenoxazine derivatives, namely,
6-methyl-5H-benzo[a]phenoxazin-5-one  (BPO), chlorine
substituted benzo[a]phenoxazine that is
10-Chloro-6-methyl-5H-benzo[a]phenoxazin-5-one
(BPO-CI), and one benzo[a]phenothiazine molecule such as
6-methyl-5H-benzo[a]phenothiazin-5-one  (BPT)  were
utilized as photosensitizers with nanoporous TiO; photoanode
prepared through doctor blade technique. A comparative
study of all the dyes' physicochemical properties was studied
to find out the impact of substitution on the moiety. The
detailed morphological, photo-physical, electrochemical, and
solar cell characterizations were analyzed, showing chlorine
substituted dye (BPO-CI) is the potential candidate for
photosensitization. Furthermore, to evaluate the dye's
inherent chemical potentiality, single crystal XRD and DFT
analysis were tuned with electrochemical analysis. The
primary reason that impedes solar cell parameters like Voc
and Jsc in the device is the aggregation and lack of efficient
donor and anchoring moiety because the charge collection
efficiency of these dyes is more than ~ 99% means the dyes
are quite efficient to absorb the solar radiation and can
produce a high amount of charge carrier but are not efficient
to separate the charge carriers to generate electricity. Herein,
in this study, the addition of simple chlorine substitution
manages the recombination mechanism in the device to many
folds. This exemplifies an efficient D/A group at the
particular sites in the moiety that will enhance the dyes solar
cell effectiveness by controlling its recombination dynamics.
So to get an efficient photosensitizer with phenoxazine
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functionality, benzo[a]phenoxazine is a suitable precursor to
being work upon with an adequate D/A group for which all
the mandatory physicochemical properties are studied in this
investigation.

2. Experimental section and computational Methods

2.1 Materials

The Fluorine doped tin oxide (FTOs) were used as a source
of conducting glass having sheet resistance 13-18 Q/cm?
purchased from Sigma Aldrich used in the photoanode
preparation. P25 Degussa (Nanoshell LLC, US) was used as a
source of titanium nanopowder. The chemicals associated
with photoanode and photosensitizer preparation like ethanol
(Merck), acetonitrile  (Merck), acetylacetone (SRL),
ethylcellulose (SRL), and a-terpineol (kemphasol) were used
as received. lodine/triiodide solution used as an electrolyte in
the device composed of Lithium iodide (SRL, India),
iodine(Sigma Aldrich), tert butyl pyridine (ACROS Organics,
Belgium) also used directly without any further purification.
The synthetic procedure and the characterization of
photosensitizer dye with  benzo[a]phenoxazine and
benzo[a]phenothiazine template are available in the previous
report.[28

2.2 Device fabrication

The device was constructed using a nanocomposite
mesoporous TiO; photoanode as a working electrode
prepared by the doctor blade technique with FTO substrate. A
compact layer designed from TiClz and NaOH with basic pH
was prepared by the Chemical Bath Deposition (CBD)
method. After calcination with 450 <C, a mesoporous uniform
layer of TiO, paste was applied on the compact layer and
again annealed at 450 <C to get the desired photoanode's
specific morphology. The detailed synthetic method was
reported in our previous paper.?8l The synthetic procedure
used for the preparation of BPO, BPO-CI, and BPT is taking

place by condensation of provitamin K3
(2-methyl-1,4-naphthoquinone) ~ with  derivatives  of
2-aminophenol and  2-aminothiophenol to  produce

benzo[a]phenoxazine and benzo[a]phenothiazine moiety.
Specifically, carbonyl group present on the quinonoid ring,
heteroatoms (O/S, N) in the form of oxo/thio, and imine
group entangled in the moiety can be used extra anchoring
sites. In addition to this, the total molecule acts as a n-donor
and a m-linker due to its very good redox property and
efficient intramolecular charge transfer (ICT) through the
heteroatoms. One way electron donation property (switching
on nature) and m-m stacking interactions are these dyes'
significant characteristics. (I /ls) used as electrolyte
composed of lithium iodide 0.5 M, 0.05 M iodine, and 0.15
M tertbutyl pyridine in 100 ml acetonitrile as per laboratory
reported method® followed by platinum-coated FTOs as the
counter electrode. Both the working and counter electrodes
were separated through the spacer and connected through the
electrolyte to regenerate the dye molecule and maintain
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electron neutrality in the device through charge transport via
the electrolyte.

2.3 Solar cell device characterization

The absorption and emission spectra were measured with
SHIMADZU UV 1650 spectrophotometer from 200 nm to
600 nm and JASCO spectrofluorometer FP-8300 between
450 and 700 nm. To get a better insight into the excited state
lifetime, the fluorescence lifetime of the samples was
measured with a time-correlated single-photon counter
(TCSPC) method using a light-emitting diode (nano-LED)
excited with 450 nm by Horiba Fluorolog FL3 (FL-1057)
instrument with fast photomultiplier tubes (PMTs). The decay
data were analyzed using commercial software given by the
Horiba instrument. FT-IR spectra were obtained from
BRUKER VERTEX by SHIMADZUFT 8400 Spectrometer
between 4000 - 400 cm! by ATR technique. The
electrochemical analysis was performed with CHI 6054E
Electrochemical Analyser (CHI 660) at a scan rate of 0.1 —
0.5 Vst in acetonitrile against Ag/AgNOs (BAS) as the
reference electrode, Platinum disc electrode (CHI102, surface
area 0.025 cm?) as working electrode and Platinum wire
electrode (CHI115) as the counter electrode at room
temperature (26 <C). Before commencing measurement each
time, the analyte was deoxygenated by nitrogen purging.
Field emission scanning electron microscopy, FESEM, (Carl
Zeiss, Merlin Compact), was conducted to study the
corresponding photoanode's morphology and elemental
composition. Solar cell parameters are checked with a solar
simulator in association with Keithley 2420 source meter for
current-voltage measurements under 1 Sun.
Electrochemical impedance spectroscopy (EIS) was carried
out using a two-electrode system between -1 Hz to -10 kHz
frequency range to study the electron dynamics in the device
under dark conditions.

2.3.1 The single-crystal XRD data collection

X-ray quality red crystals of BPO were obtained after
evaporation of pure red fraction from the column. Crystals of
the appropriate size were chosen for data collection. Data was
collected through D8 Venture PHOTON 100 CMOS
diffractometer using graphite monochromatized
Mo-Ka radiation (A = 0.7107 A) with exposure/frame = 10
sec for molecule A. The X-ray generator was operated at 50
kV and 30 mA for Mo-Ka radiation. An initial set of cell
constants and orientation matrix were calculated from 24
frames and 60 frames for Mo and Cu source, respectively.
The optimized strategy used for data collection consisted of
different ¢ and ® scans with 0.5°steps in ¢/w. Crystal to
detector distance was 5.00 cm with 512 x 512 pixels/frame,
Oscillation/frame -0.5< maximum detector swing angle was
-30.0< beam centered at (260.2, 252.5) and in-plane spot
width of 1.24 unit. Bruker SAINT Program and Bruker
SADABS were employed for data integration and empirical
absorption correction for intensity data. The program was
integrated into the APEX Il package. The data were corrected
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for Lorentz and polarization effect. The structure was solved
by Direct Method using SHELX-97.%% The final refinement
of the structure was performed by full-matrix least-squares
techniques with anisotropic thermal data for non-hydrogen
atoms on F2 The non-hydrogen atoms were refined
anisotropically, whereas the hydrogen atoms were refined at
calculated positions as riding atoms with isotropic
displacement parameters. Molecular diagrams were generated
using ORTEP 331 and Mercury programs.32

2.3.2 Computational Studies

All the geometrical optimizations were performed by the
ORCA program package (Version 2.7.0) employing hybrid
B3LYP functional with TzZV(P) and SV(P) basis
set.B3IFollowing geometry optimization, the time dependant —
density functional theory (TD-DFT) calculation was
performed using Turbomole (V.7.0) with TmoleX interface
4.1.1.34%1 The COSMO model was used to incorporate the
effect of the solvent. Molecular orbitals were plotted by
Molekel 4.3 software. In this experimentation, acetonitrile
has been used as a solvent. The ORCA program was used to
calculate the contributions of molecular orbitals for the
organic entities. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
values were calculated using B3LYP functional to evaluate
the electron density at the ground state and excited state. The
plots of molecular orbitals were visualized and generated
using Molekel 4.3 software. Similarly, to obtain the data's
precision and reliability, TD-DFT computations were carried
out with oscillatory strength calculations.

3. Results and discussion

3.1 Photosensitizers Characterization

3.1.1 Single Crystal XRD analysis of BPO Dye

ORTEP diagram of BPO (CCDC 2018650) is shown in
Fig.1(a). Single crystal X-ray structure data is presented in
Table S1 and hydrogen bonding interaction in Table S2. BPO
crystallizes in tetragonal space group P42/n. There are two
molecules in the asymmetric unit labelled in Fig.1(b) (A and
B). They are deferred primarily by bond distances as well as
close contacts with other molecules. Carbonyl distances
C(14B)-0(2B) is 1.251 A while it is longer in C(14A)-O(2A)
(1.249 A) (Fig.1 (b), Table S3); however, in the range of
oxidized form of the naphthoquinones. Longer C(1A)-O(1A)
distance ~1.416 A is observed in one of the asymmetric
molecules A. Fig. S1(Supplementary Fig. S1) showed the
atoms involved in hydrogen bonding interaction and n-n
stacking interaction. The asymmetric molecules are joined by
the C-H---O hydrogen bonding interaction, where the
C(3)-methyl is involved in this interaction. Both the
asymmetric molecules also showed r-rt stacking interaction;
the only difference is the number of carbons taking part in
this interaction. Asymmetric molecule A (green) is in the
vicinity of four similar molecules (Fig.1(c)), while molecule
B is in the vicinity of three similar molecules via =-n stacking
and C-H---O interaction. n-n Stacking of two equivalent
symmetry molecules is shown in Fig.1(c), and Fig. S2 is
provided in the supplementary information file. Alternate r-nt
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Fig. 1 (a) ORTEP of BPO dye, the ellipsoids were drawn with a 50% probability, (b) Bond distances in asymmetric molecules of
BPO, (c) n-w stacking interaction of symmetry equivalent molecules of BPO, (d) Molecular packing of BPO down c-axis.
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Fig.2 UV-Visible spectra of dye, TiO; film, and dye loaded TiO; film, (a) BPO, (b) BPO-CI, (c) BPT, (d) shift in conduction
band after dye loading, (e) excitation and emission spectra together, (f) Excited state lifetime data of BPO, BPO-CI and BPT

dye.

stacked chain of type A-A and B-B is observed; chains are
joined by C-H---O interaction. The molecular packing of BPO
is shown in Fig.1(d). The tetragonal axis lies at the center of
the square. The single-crystal XRD data of BPO-CI and BPT
are reported previously.?8 The herring borne architecture of
BPO-CI and butterfly architecture of BPT molecule
facilitates reduce aggregation and intermolecular excimer
formation(®! of dye molecule and hence capable of enhancing
more solar cell efficacy.

98| Eng. Sci., 2021, 14, 94-108

3.1.2 Optical study

Experimentally measured absorption spectra of BPO,
BPO-CI, and BPT sensitizers in acetonitrile show two
distinctive peaks near 350 nm and 450 nm, as shown in Fig.2
(a, b, ¢). In all the three dyes, the absorption band near 440
nm was attributed to n-x” transition, and the band ~ 350 nm
was assigned to m-nt” transition. In BPT, the n-z” transition is
observed at a more extended wavelength region near 474 nm,
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as shown in Fig.2(c). In Fig.2(a, b, c), a comparison between
dye loaded film, blank TiO; film, and basic dye shows a
the film, confirming a metal to ligand charge transfer
(MLCT). The bathochromic shift towards the visible region
of the solar spectrum and hyperchromic shift observed in Fig.
2 (a, b, c) declares complexation between TiO, and dye
molecule, followed by an adequate amount of dye loading in
the film, respectively. The optical band gap of TiO;
photoanode was found to be 3.2 eV. After dye loading, the
Fermi level shift was very prominent in all three dyes, as
shown in Fig.2(d). The compound's optical bandgap after dye
loading is 3.04 eV for BPO-CI, 3.166 eV for BPO, and 2.13
eV for BPT concerning TiO2 (3.25 eV) before dye loading.

3.1.3 Emission Spectra

To study the emission behavior, fluorescence spectra have
been recorded between 450 nm —700 nm, as shown in
Fig.2(e). It shows emission maxima at 558 nm, 556 nm, 571
nm with Stokes shift of 118 nm, 105 nm, and 97 nm for BPO,
BPO-CI, and BPT dyes. The electrical bandgap denoted by
Eo-o was calculated to be 2.52 eV for BPO and 2.49 eV and
2.33 eV for BPO-CI, and BPT respectively, which are less
than the estimated HOMO-LUMO gap value by TD-DFT
calculations showed the later part of this paper. To get a more
in-depth insight into photoluminescence spectra (PL spectra),
time-dependent  fluorescence  spectra with TCSPC
(time-correlated single-photon count) method was recorded,
which shows most extended excited-state lifetime of BPO
dye is 1.42 ns followed by 1.35 ns, 1.37 ns for BPO-CI, and
BPT respectively in Fig.2(f) and Table 1. The data were fitted
with double exponential decay by DAS (Data Analysis
software) provided by the same instrument.

bathochromic shift of the dye molecule after absorption into

3.1.4 Electrochemical studies

The electrochemical analysis unveils the dyes' redox nature,
which is the most fundamental parameter to study chemical
reactivity and electron transfer parameters. The
three-electrode system performed cyclic voltammetry (CV)
experiments with a different scan rate of 100 — 500 mVs™. To
find out either of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
positions as depicted in Fig.3(a). The HOMO and LUMO
values were calculated with Eq.o values from emission studies
vide Fig.2 (e). It can be noticed that BPO possesses the
highest bandgap of 2.52 eV among all the three dyes,
whereas BPT shows the lowest bandgap of 2.33eV. The
optoelectrical study detailed data and electrochemical
analysis have been presented in Fig.3(b) and Table 1. It
shows the LUMO level of all the three dyes above the fermi
level of TiO2semiconducting metal oxide. The HOMO level
is below the work-function of the standard redox potential of
iodine/triiodide (0.35 V versus Normal Hydrogen Electrode
NHE).8 The difference of 0.9-1.31 eV provides an adequate
driving force for dye regeneration in the device. The HOMO
levels have been calculated using the formula HOMO =
LUMO-E, (optical bandgap). Again, it is in agreement with
chlorine's substitution, and sulfur atom comparatively lowers
the HOMO level. In BPO-CI, the electron injection
efficiency is the lowest, facilitating the fastest electron
transfer from LUMO to the conduction band (CB) of the
semiconducting metal oxide and hence produces more (Voc
and Jsc) solar power conversion efficiency among the three
devices.

Tablel. Photophysical and electrochemical data of dyes and dye loaded films.

Compound Amax AL (Nm) Stokes 2Eo-0 (ev) PEromo (ev) ‘ELumo Excited-state
Name (nm) shift(nm) (ev) lifetime (nm)
BPO 440 558 118 2.52 -5.7 -3.18 1.426%10°
BPO- CI 451 556 105 2.49 -6.11 -3.62 1.349x10°
BPT 474 571 97 2.33 -5.94 -3.61 1.373%10°
—LUMO
3 -3.18 — HOMO
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Fig. 3 (a) Cyclic voltammograms of BPO, BPO-CI, and BPT dye, (b) HOMO-LUMO comparison plot with CB of TiO, and

redox potential of I /15 .
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Fig. 4 Optimized geometrical structure and electron density distribution on Frontier molecular orbital plots of BPO, BPO-CI, and
BPT dye. HOMO and LUMO values are depicted at an isovalue of 0.06.

3.1.5 Computational studies

A density functional theory (DFT) study has been carried out
to study the structural property, geometry, and probability of
electron density on each constituent element. The ease of
electron flow in the BPO, BPO-CI, and BPT moieties
through the heteroatoms is screened from the frontier
molecular orbitals (HOMO and LUMO) geometries. The
isodensity plots were shown in Fig. 4 with the optimized
geometry of the dyes. The HOMO and LUMO orbitals'
energy level values are very similar to the values obtained

100 | Eng. Sci., 2021, 14, 94-108

from experimental calculations. A minute difference of + 0.5
eV is observed only in LUMO values of BPO-CI and BPT
dye, whereas other values are exceptionally tunable (+ 0.1 eV)
with the experimental values. An in-depth investigation on
HOMO and LUMO values shows electron cloud is highly
diffused on the quinonoid and heteroatom-infused aromatic
rings in HOMO levels. After absorption of radiation in
excitation mode, the electron cloud is moved towards the
benzenoid ring and highly dense on the quinonoid ring near
carbonyl moiety in the LUMO orbitals. However, in both
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Fig. 6 Morphology of (a) Compact TiO, layer, (b) Nanocomposite mesoporous TiO, and (c) Thickness of the film by FE-SEM
technique.
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cases, the electron cloud is highly populated near carbonyl
moiety. The DFT analysis revealed the dyes can be
functionalized as both donor and z-linker for photo-sensing
activity. The energy values associated with the moiety and its
higher HOMO and LUMO levels are presented in the
supplementary file vide Fig. S4 and Table S4.

3.2 Photoanode Characterisation

3.2.1 Structural study

The powder XRD analysis of the mesoporous
nanocomposite TiO, films reveals its anatase phase and
crystalline nature. The prototypic peak pattern of (101),
(004), and (105) planes, as shown in Fig. 5(a), signifies the
percent dominance of anatase form over the rutile phase.
This condition is very conducive for the charge carrier's
propagation through the photoanode material, which is very
advantageous for DSSC application. The crystallite size
calculation was done with Full-width half maxima (FWHM)

by Scherer's equationt as shown in Fig. 5(b) and was found
to be 35.53 nm.

3.2.2 Morphological Analysis

The elemental and morphological analysis has been carried
out with FE-SEM characterization, which shows the
mesoporous nature of the TiO, working electrode's surface.
The compact layer TiO, grew by the chemical bath
deposition (CBD) technique exhibit the floral morphology
with a highly dense and closely packed layer below the
mesoporous layer Fig. 6(a). The transverse section of the
film was studied to obtain the thickness of the 10.33 um, as
shown in Fig. 6(c). The uniformity and porosity are
displayed in Fig. 6(b), which is crucial for dye loading. The
elemental composition of the TiO, photoanode has been
carried out by Energy Dispersive X-Ray analysis (EDX)
presented in supplementary file Fig. S3.
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Fig. 7 FT-IR spectra of basic dye and dye loaded TiO film.
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3.2.3 FTIR study of dye and dye loaded film

In Fig. 7, the FT-IR spectra of the dye and dye loaded TiO>
films were compared, which shows the bonding interaction
between the dye and film along with few minor changes
presented in Table 2. In BPO, the intensity of carbonyl
stretching frequency in basic dye became highly intense in
dye loaded film, confirming TiO, and carbonyl moiety's
bonding interaction with a minute peak shift of 15 cm*'as
depicted in Fig. 7(a). Similarly, in BPO-CI and BPT, the
carbonyl stretching frequency vc-o at 1629 cm is shifted
to ~1626 cm* with an enhanced intensity, which validates the
bonding interaction between the photosensitizer and
photoanode as shown in Fig. 7(b) and Fig. 7(c). In all the
dyes, the stretching frequency nearer to 1277 cm, 1034 cm'?
in BPO and 1268 cm, 1042 cm* in BPO-CI is shifted to
1239 cm?, 1072 cm?, and 1266 cm, 1085 cm™ respectively
in dye loaded films ascribed to carbonyl vc.o modes,?8 which

confirm the added interaction between the dye and TiO films.

However, in BPT, the peaks near 1235 cm™ and 1033 cm in
the dye molecule are not distinguished in the dye-loaded film
probably is the primary reason for lower solar cell efficiency
due to the lower extent of dye loading. Peaks near 1376 cm™,
920 cm™ in the dye molecule are very prominent in the dye
loaded films near 1315 cm? and 957 cm?. The C-H
vibrational frequency near 2900-3000 cm in the dye
molecule is undetectable in the dye-loaded films, whereas
only visible in the BPO molecule. The aromatic protons near
2200-2300 cm? in BPO-CI dye perhaps involved in the
internal hydrogen bonding formation and very prominent in
the BPO-CI dye-loaded films, as depicted in Fig. 7(b). In
BPO-CI, the vc.cibond frequency was found to be near 737
cm™. In all the dye loaded films, the peak near 1574 + 22
cm? due to vc=c stretching frequency is very prominent,
confirming the nitrogen atom's involvement in bonding
interaction between the dye and photoanode material. Thus,
the FT-IR spectrum ensures various functional groups present
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2
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in the dye molecule and its binding mode with the
semiconducting metal oxide TiO, surface.

Table 2. FT-IR frequencies of BPO, BPO-CI, and BPT after and
before dye loading

Dye vc=0 vc=c vc-o
Name (cm™) (cm™) (cm?)
Dye Dye Dye Dye Dye Dye
Loaded Loaded Loaded
Film Film Film
BPO 1612 1627 1505 1520 1277 1239
1034 1072
BPO-CI 1629 1626 1268 1266
1042 1085
BPT 1629 1627 1596 1596 1235 -
1033

3. 3 Solar cell characterization

3.3.1 J-V Characterisation

The photovoltaic performance of the dyes was studied by J-V
measurement using iodine/tri-iodide liquid electrolyte, the
platinum counter electrode with solar simulator under 60
mW/cm? light intensity. The solar cell characteristic
parameters like short-circuit current density (Jsc),
open-circuit voltage (Voc) are presented in Fig. 8 and Table 3.
The precursor dyes without any efficient donor and
anchoring group can produce an open-circuit voltage (Voc) of
0.35 V with a current density of 85 pA/ cm? with a low light
intensity 60 mW/cm?. To study the impact of input power
source on these dyes, irradiation of 80 m\W/cm? power source
was introduced, which produces enhanced solar cell
characteristics. Nearly fivefold improvement for BPO and
BPO-CI dyes in current density is observed, where as for
BPT dye, the enhancement is nearly ten times more. We
observed a noticeable increment for all the three dyes with
enhanced Voc from 0.35 V to 0.53V and Jsc from 0.085
mA/cm? to 0.44 mA/cm? for BPO dye, Voc from 0.34 V to
0.56 V and Jsc from 0.110 mA/cm? to 0.38 mA/cm? for

__ 05
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< -a-BPT
E
> 03
2
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g =
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Fig. 8 Current density-voltage plot at (a) 60 mW/cm? (b) 80 mW/cm?.
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Table 3. Solar cell parameters with a different input power
source

60 mW/cm? 80 mW/cm?
Dyes Name Voc (V) Jsc Voc (V) Jsc
(mA/cm?) (mA/cm?)
BPO 0.35 0.085 0.53 0.440
BPO-CI 0.34 0.110 0.56 0.430
BPT 0.22 0.047 0.49 0.240

BPO-CI and in BPT dye open circuit voltage increased from
0.22 V to 0.49 V and short circuit voltage from 0.047
mA/cm? to 0.24 mA/cm? with change in input power source
from 60 mW/cm? to 80 mW/cm2. Among all the dyes,
BPO-CI possesses the highest Voc. Electrochemical
impedance spectroscopy is carried out to determine the effect
of electrochemical changes in the device behind this
enhancement. It is well understood that the increase or
decrease in Voc is governed by the potential difference
between the quasi-fermi-level (Er) of semiconducting metal
oxide and the reduction potential of electrolyte.*243 It is
directly influenced by the fluctuating electron density of the
dye molecule's HOMO and LUMO energy levels displayed
in computational studies. Though the exact correlation

between Voc, Jsc, and dye architecture is not detected, the
incorporation of chlorine atom greatly impacts solar cell
characteristics.

3.3.2 Electrochemical Impedance Spectroscopy

Again to unfold the electron transfer in the device between
various interfaces, electrochemical impedance spectroscopy
(EIS) has been carried out as shown in Figs.9 (b) and (c)
under the dark condition at a forward bias of -0.8 V. All the
crucial parameters calculated from Nyquist and Bode plot
vide Fig. 9 are presented in Table 4 after fitting with an
equivalent circuit diagram, as shown in Fig. 9(a). A glance
towards EIS spectra in Fig. 9 (b), Nyquist plot illustrates the
smaller semicircle towards higher frequency range produces
a resistance between electrolyte and counter electrode
interface designated by Rce, a greater semicircle in the
middle-frequency range termed as recombination resistance
(Rrec) at photoanode/dye/electrolyte interface and Rs is the
total series resistance present in the device due to all the
wired connections. As the difference between Rrec and Rce is
very high, the first semicircle between the electrolyte and
counter electrode interface (Rce) is not visible as a single
semicircle in the middle-frequency range. It is well known
that a higher Rgrec value produces a lower recombination
process and hence enhances the device's Voc.“8 Again, higher
the series resistance lowers the solar cell effectiveness.*’]

Rs RcE Rrec
CPE1 CPE2
\ \
rd 7
(@)
1500 70
[+ BPO s --BPO
-+ BPO-CI .10 60- —-BPO-CI
. laBPT T --BPT
£1000 1 o
£ =)
Q 5 404
N ]
©
' 500
T 20/
0 1 1 T 1 T 1 0 T T T T
0 500 1000 1500 2000 2500 3000 0 1 2 3 4 5
Z' (Ohm) Log Frequency(Hz)
(b) )

Fig. 9 (a) Equivalent circuit diagram, (b)Nyquist plot, (c) Bode Plot of the BPO, BPO-CI, and BPT loaded device.
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Table 4. EIS parameters of BPO, BPO-CI, and BPT dye loaded
film.

Dye Rs () Rce Rrec () Te Ln %0
(D) (ms) (um)

BPO 25.89 4.37 1332.62 0.057 17.46 99.67

BPO-CI 27.74 3.94 2930.38 0.059 27.24 99.86

BPT 25.00 5.48 317.879 0.050 7.62 98.27

Considering the three dyes, the BPO-CI dye possesses the
highest Rrec value. The lowest Rce value gives maximum
charge collection efficiency and hence produces maximum
Voc in the device. On the contrary, BPT shows the lowest
Rrec value and highest Rce; therefore, it has a lower
open-circuit voltage and low efficiency. The Bode plot in Fig.
9(c) explains the device's electron lifetime, directly affecting
the charge collection efficiency and the current density, Jsc,
of the device.l1 The electron lifetime can be calculated using
the equation ter = 1/2nfmax, where fmax is the maximum
frequency of the Bode plot's intermediate frequency arc and
is found to be 0.059 ms for BPO-CI, 0.057 ms for BPO, and
lowest for BPT that is 0.050 ms. Again more considerable
diffusion length in BPO-CI is also a vital parameter to
produce higher charge collection efficiency (yc) in the
device, which is directly related to the device's Jsc. A trend of
higher Voc and Jsc in BPO-CI followed by BPO and then
BPT is fine-tuned with diffusion length and hence charge
collection efficiency in the device. Thus all the EIS
parameters are fine-tuned with solar cell entities. Higher Voc
and Jsc in BPO-CI dye are credited to lesser recombinations,
higher electron lifetime, and high charge collection efficiency
in the device. All the formulae required to calculate the EIS
parameters are as per the literature.l*#59 |t is clear from EIS
analysis that the simple incorporation of chlorine in the BPO
skeleton reduces recombination chances a lot as
recombination resistance becomes double in BPO-CI dye,
thus produces more Voc and Jsc in the device. Hence,
tailoring of efficient anchoring and donating groups will
enhance the solar cell efficiency to many folds.

In this investigation, the electron percolation and
recombination mechanism in the DSSC device are
schematically presented in Fig. 10. A glance at evaluating the
physicochemical properties of photosensitizers on solar cell
effectiveness is illustrated here through the pictorial form.
When photosensitizers (BPO, BPO-CI, and BPT) are exposed
to solar radiation; they absorb the photon of light and excited
from the ground state (S%S*) to the excited state (S*/S”)
where the excited dye molecule injects the electrons to the
conduction band (CB) of TiO. semiconducting metal oxide
coated on fluorine-doped tin oxide (FTO) substrate.’54 As the
HOMO level is below the work function of electrolyte; they
get adequate driving force for dye regeneration. The LUMO
level above the CB provides good electron injection
efficiency.52  Further, the planar shape of the moiety
percolates the electron through the aromatic ring of the

© Engineered Science Publisher LLC 2021

photosensitizers.

Moreover, the chlorine atom addition reduces the
recombination by reducing the HOMO-LUMO gap, as
reflected in Fig. 3, which agrees with the literature.* Again,
these electrons are transferred from TiO, photoanode to
platinum counter electrode (Pt) and further reduces the
oxidized dye molecule by iodine/triiodide electrolyte. Along
with this, some recombinations are also taking place at
several interfaces in the device, which can also be controlled
by modifying the photosensitizer behavior and device
fabrication techniques.

O Tio, nanooporouslayer @ photosensitizers

s @
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FTO - Fluorin—doped tin oxide; CB - Conduction Band
$*/S and S$*/ S$* - Ground state and excited state dye molecule respectively

Fig. 10 Schematic presentation of DSSC device with
Benzo[a]phenoxazine moiety as a photosensitizer with electron
percolation and recombination paths.

4. Conclusions

A detailed evaluation of physicochemical properties of three
benzo[a]phenoxazine dyes was studied and implemented as
photosensitizers ~ successfully. ~ The  application  of
benzo[a]phenoxazine moiety as a photosensitizer was
demonstrated through a DSSC device with optical,
electrochemical, structural, and solar cell (current-density)
characterizations. The unsubstituted benzo[a]phenoxazine
moiety produces noticeable Voc. Even the open-circuit
voltage (Voc) is good enough to glow the small LEDs
efficiently. Hence, tailoring an efficient D/A group on
benzo[a]phenoxazine produces more solar cell efficiency
than the phenoxazine precursors. A simple chlorine
substitution on the benzo[a]phenoxazine skeleton reduces the
recombination more than twice in BPO-CI. It enhances the
open-circuit voltage (Voc) as well as current density. Thus a
targeted D/A group will generate enhanced solar cell output.
With the increase in incident light source, there is a steady
enhancement of Voc and Jsc in the device, which is very
conducive for DSSC fabrication. Out of this experiment, it is
evident that benzo[a]phenoxazines have the inherent
potential to become a photosensitizer and an efficient
precursor for dyes. Resourceful dyes can be obtained with
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adequate D/A substitution on the BPO template at targeted
sites. Moreover, the BPO-CI loaded device's effectiveness is
credited to its proximity of LUMO level to the conduction
band of TiO, semiconducting metal oxide, reduced
recombination, high diffusion length, and comparatively
longer electron lifetime. So tailoring efficient donor and
anchoring moiety to the benzo[a]phenoxazine template can
be used as a new platform for producing useful
photosensitizers.
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