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A dye-sensitized solar cell (DSSC) was assembled using a dye 4-(3-chloro-1, 4-dioxo-1, 4-dihydronaphthalen-2-ylamino)
benzoic acid with ZnO as a photoanode. It was synthesized using 2, 3-dichloro 1, 4-naphthoquinone and p-amino benzoic
acid. The spectral features of the dye were analyzed in ethanol using experimental and computational methods. The theoretical
investigations revealed that the synthesized dye may act as a sensitizer in DSSCs. The photoelectrochemical performance was
tested under direct sunlight using a sandwich type DSSC. The photovoltaic data of the dye adsorbed on ZnO films indicated the

power conversion efficiency of 1.07 % under sunlight with a light intensity of 39 mW-cm

72.
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1. Introduction

Dye-sensitized solar cells (DSSCs) based on
metal oxide semiconductors, such as titanium diox-
ide (TiO,), zinc oxide (ZnO), and tin oxide, and
coordination complexes or organic dyes have been
widely studied. DSSCs may provide a potential al-
ternative to silicon solar cells because of their cost
effectiveness and ease of fabrication [1-6]. The
DSSC is a photoelectrochemical system that in-
corporates a porous-structured metal oxide semi-
conductor film with adsorbed dye molecules as the
photoanode. A platinized or carbon or graphene-
coated fluorine-doped tin oxide (FTO) glass acts as
a counter electrode. A liquid electrolyte, such as
the I"/I5 redox couple, is used to connect electri-
cally the two electrodes [7]. Factors such as parti-
cle size, shape, porosity and film thickness of metal
oxides, dye, electrolyte composition, and separa-
tion between electrodes are crucial in the perfor-
mance of DSSCs. The interfacial properties be-
tween each component of the DSSCs play a vital
role in efficiency. A nanostructured porous oxide
material used in DSSCs provides a large surface
area for dye adsorption, which maximizes light
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harvesting [8—10]. DSSCs using TiO, nanoparti-
cles in photoanodes have been widely studied be-
cause of their remarkable chemical, electrical, and
optical properties. Energy conversion efficiencies,
as high as 11 %, have been reported for DSSC-
based TiO, nanoparticles. The most suitable dyes
in DSSCs are based on ruthenium (II) bipyridyl
compounds. These dyes have a large absorption
coefficient in the visible region of the solar spec-
trum. They have good adsorption properties, ex-
cellent stability, as well as efficient electron injec-
tion [11-14]. However, the dyes based on ruthe-
nium compounds are relatively expensive, and their
availability is limited. Alternatives to these dyes,
such as organic dyes having similar properties,
are being researched [15-21]. Natural pigments
are widely used as photosensitizers in DSSCs to
study photoelectrochemical properties with TiO; as
well as ZnO photoelectrodes. Carotenoids, chloro-
phyll, cyanidin, and delphinidin as well as cya-
nine and nasunin have been studied extensively. Al-
though natural pigments are promising sensitizers
in DSSCs, the efficiencies obtained with these pig-
ments are considerably lower than those obtained
with synthetic dyes [22-28].

ZnO has energy levels similar to those of
TiO,. It has much higher carrier mobility, which is
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more favorable for the collection of photoinduced
electrons [7]. Moreover, ZnO can be experimen-
tally grown in a wide variety of nanostructures,
such as nanoparticles, nanowires or nanorods, nan-
otubes, and nanobelts, and these may be used in
DSSCs [29-36]. Hence, ZnO is a promising alter-
native to TiO; for the fabrication of photoanodes in
DSSCs.

The prediction of molecular energy levels and
electronic transitions of dye molecules is a vital
part in designing DSSCs. The density functional
theory (DFT) and time-dependent density func-
tional theory (TDDFT) have been used extensively
to theoretically study the electronic and charge
transfer properties of dye molecules [19, 37].

In the present work, we synthesized an organic
dye using a simple chemical reaction. The dye was
examined computationally using DFT and TDDFT,
to gain insight into the energy levels and elec-
tronic structure of the dye molecule. The ground-
state geometries, electronic structures, and UV-Vis
absorption spectra were obtained using computa-
tional methods. The synthesized dye was charac-
terized experimentally by using the UV-Vis absorp-
tion spectrum. The photoelectrochemical proper-
ties of the DSSC using this dye as a sensitizer with
ZnO as the photoanode were investigated.

2. Materials and methods
2.1.

ZnO was synthesized, using a known method,
from zinc oxalate as a precursor [38, 39]. The pre-
cursor was synthesized by dry grinding zinc acetate
and oxalic acid in 1:1 proportion. The reaction mix-
ture was ground until the smell of acetic acid dis-
appeared completely and then dried in an oven at
120 °C for 1 h. The dried precursor was ignited in
a silica crucible in an open atmosphere on a Bun-
sen burner and then annealed in a muffle furnace
at 500 °C for 90 min. The annealed ZnO powder
was subjected to ball milling for further grinding.
The synthesized ZnO was characterized using dif-
ferent physicochemical methods. The surface mor-
phology of ZnO powder was observed using a scan-
ning electron microscopy (SEM). The structural

Synthesis of ZnO nanoparticles

properties of the particles were studied using the
X-ray diffraction (XRD) method. The band gap
of ZnO particles was estimated by using ultra-
violet diffuse reflectance spectroscopy (UV-DRS)
spectra.

2.2. Synthesis of dye

The dye was synthesized using a grind-
ing method. The reaction between 2, 3-dichloro
1, 4-naphthoquinone (1 M) and para-amino ben-
zoic acid (1 M) was carried out with addition of
NaOH (1 M) by grinding together for 10 min-
utes. The resultant product was washed with water
and dried under vacuum. The resultant product was
4-(3-chloro-1, 4-dioxo 1, 4-dihydronaphthalen-2-
ylamino) benzoic acid (C17H;oCINO,4) with molec-
ular weight 327.719 g. The product was a reddish-
brown solid [40, 41]. The product was recrystal-
lized and analyzed through TLC to detect the pres-
ence of by-products. The reaction is presented in
equation 1:

o] NH, o H
cl N
COrs O- L0 e
0 COOH o )
(1)
HCl+ NaOH — NaCl +H,0 2)

The synthesized dye is a naphthoquinone
derivative and will hereafter be referred to as
DNPABA dye. The reagent para aminobenzoic acid
was intentionally selected so that the dye consisted
of requisite carboxyl groups that can bind easily to
the surface of the ZnO nanoparticles and impart a
red color to the dye. The DNPABA dye so prepared
is water insoluble.

2.3. Computational study

The knowledge of the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of dye
molecules facilitates the understanding of photo
conversion efficiency in DSSCs. It is also useful
for the synthesis of new, efficient dye molecules for
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DSSCs [19, 42, 43]. The molecular geometries for
the ground state of the dye molecule were first opti-
mized in vacuum without symmetry constraints at
B3LYP functional and 6-311++G (d, p) basis set.
The TDDFT calculations at the PBEO functional
and 6-311++G (d, p) basis set were used to simulate
the UV-Vis spectrum of the dye in vacuum as well
as in the solvent. Ten lowest singlet vertical excita-
tion energies and oscillator strengths were used for
this prediction. The polarizable continuum model
was used to study the solvation effect in methanol.
All chemical quantum calculations were performed
using the Firefly program package [44].

2.4. Preparation of photoanode

The ZnO nanoparticle paste was prepared by
dispersing ZnO nanoparticles in ethanol, ethyl
cellulose, acetyl acetone, and alpha terpineol in
requisite weight proportions and it was continu-
ously stirred for 1 h for proper mixing. The FTO
(16 Q/0J) substrate was first cleaned using a de-
tergent solution in an ultrasonic bath for 20 min,
rinsed with water and ethanol, and dried. The ZnO
paste was deposited on the FTO conductive glass
surface by using the doctor-blade technique and a
ZnO film of approximately 15 pm thickness and an
area of 0.25 cm? was obtained. The coated FTO
substrate was then heated up to 450 °C using a
slow heating program followed by annealing in air
at the same temperature for 60 min. This annealing
process ensured that all organic solvents, binders,
and fillers present in the ZnO paste burned away,
leaving behind only a mesoporous structure of in-
terconnected ZnO particles [30, 36]. The annealed
ZnO electrodes were soaked in 0.05 % DNPABA
dye in ethanol solution (pH 7) for 3 h at room
temperature. Following dye adsorption, the pho-
toanodes were thoroughly rinsed with ethanol and
stored in a desiccator in the dark at room tempera-
ture for 24 h.

2.5. Counter electrode

For the preparation of a counter electrode, finely
powdered graphite was prepared from HB pencil
lead by grinding. Then, the properly cleaned FTO
glass surface was rubbed with a graphite powder.

A thin and uniform film of graphite was observed
on the FTO plate. The carbonaceous counter elec-
trodes that exhibit numerous advantages, such as
high electronic conductivity, corrosion resistance
toward reduction, and low cost, may act as substi-
tutes for platinum electrodes [45, 46].

2.6. Fabrication of DSSC

The sandwich of DSSC of 0.25 cm? was as-
sembled using a photoanode and cathode. The cell
was filled with polyiodide (0.5 M KI + 0.05 M
I;) and sealed from all sides. The photoanode was
covered using an external shadow mask of open
area of 0.25 cm? to avoid excessive exposure of
photoanode to sunlight [14-16]. Current-voltage
curves were measured in sunlight at Pune (India,
18.52° N, 73.86° E), arranging the cell to obtain the
highest possible value for the short-circuit current
density.

The photovoltaic performance of DSSC is as-
sessed using current-voltage (I-V) measurements
when the cell is irradiated under direct sunlight.
The photovoltaic parameters of DSSC are open cir-
cuit potential (Voc), short-circuit current (Isc), fill
factor (FF), and efficiency (1).

The overall power conversion efficiency 1 can
be calculated according to the following formula:

7FF><V0c><ISC

3
P (3
The fill factor (FF) is defined as follows:
Vin X 1
FF = Ym X dm 4)
Voc X Isc

where Pj, is the input power density (i.e. the in-
tensity of incident light, in mW-cm™2), Voc is the
open-circuit voltage (mV), Isc is the short-circuit
current density (mA-cm™2), and V,, and I, are
the voltage and current at maximum power output,
respectively [47].

3. Results and discussion

3.1. Purity of ZnO

The purity of ZnO was determined by chem-
ical methods where Zn(Il) content was analyzed
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using complexometric titration. It agreed well with
the molecular formula of ZnO.

3.2. Structural studies on ZnO

The prepared ZnO nanoparticles were char-
acterized for their nanostructural properties. The
X-ray diffraction (XRD) pattern was recorded us-
ing an X-ray diffractometer (MD-10) with CuKo
radiation of wavelength A = 1.5406 A in the scan
range 20 = 20° to 80°. The XRD spectrum is de-
picted in Fig. 1. The diffraction peaks observed at
20 values of 31.79°, 34.44°,36.27°,47.56°, 56.61°,
62.87°, 66.39°, 67.96°, and 69.09°, could be in-
dexed to different planes of crystalline ZnO with
wurtzite structure as illustrated in Fig. 1 (JSPDF
File No. 79-2205). The average particle size, calcu-
lated using the Debye-Scherrer equation, is 48 nm.
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Fig. 1. XRD pattern of ZnO powder.

3.3. Surface morphology studies on ZnO

The morphology of the ZnO powder is pre-
sented as a SEM image in Fig. 2. It is seen that the
sample has a relatively uniform particle diameter.
This uniformity improves the photoelectrochemi-
cal properties of the corresponding film electrode.
ZnO powder shows grains with a large diameter of
200 nm to 500 nm.

3.4. Optical properties of ZnO

The UV-DRS spectra in absorbance mode of
both ZnO and dye sensitized ZnO were recorded
(Fig. 3). The difference between the two curves is

Fig. 2. SEM micrograph of ZnO powder.

due to light absorbance by the dye. The spectra in-
dicate that both ZnO and sensitized ZnO absorb
UV light below 400 nm, whereas only the latter ab-
sorbs light in the visible region.
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Fig. 3. Absorbance (A) vs. wavelength (A) spectra of
(1) ZnO and (2) dye sensitized ZnO. Inset A?
versus E (eV).

The maximum of absorbance in the visible re-
gion is at 492 nm. The broadening and redshift
of Amax of absorption spectra is observed for the
DNPABA dye adsorbed on ZnO, suggesting that
a strong interaction has occurred between the dye
molecules and the surface of the ZnO nanoparti-
cles. The delocalized 7t* state of the dye injects ef-
fectively into the conduction band of ZnO [25, 48].
This also implies that terminal carboxylic group
and carbonyl group of the dye may form a covalent
bond with metallic sites in solid ZnO. The band gap
of ZnO is obtained by plotting a graph of A% vs. hv
(Fig. 3). It was found to be 3.2 eV for ZnO [17, 29].
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3.5. Theoretical and experimental UV-Vis
absorption spectra of the dye

The experimental absorption spectrum and
band gap energies of the DNPABA dye molecules
were determined using a UV-Vis spectrophotome-
ter (Systronics 2202 model). The absorption spec-
trum of the dye molecule is depicted in Fig. 4.
The dye shows a broad absorption band in the vis-
ible region centered at 482 nm. The spectrum also
shows two more absorption bands at 339 nm and
282 nm in the UV region. The energy gap between
HOMO and LUMO orbitals of the dye was cal-
culated on the basis of the lowest energy absorp-
tion band, which is 2.73 eV. The ten lowest singlet

Fig. 4. UV-absorption spectra experimental (dotted)
and calculated (solid) of the DNPABA dye in ar-
bitrary units.

vertical excitation energies and oscillator strengths
from the TDDFT calculations, determined on the
basis of the optimized ground state geometry, were
used to predict the UV-Vis spectrum of the dye in
the vacuum and solvent phase. These were trans-
formed using the Gabeditt-248 program into sim-
ulated spectra using Gaussian functions [49]. The
experimental and simulated UV-Vis spectra with
ethanol solvent are illustrated in Fig. 4. The dye
molecule, to act as an efficient photosensitizer in
DSSCs, should intensely absorb light in the visi-
ble region (400 nm to 700 nm) of the solar spec-
trum. The simulated absorption spectra of the dye
is clearly divided into two regions with two peaks
in the UV region and one peak in the visible re-
gion. The absorption wavelengths of DNPABA are

listed in Table 1. The first optically allowed elec-
tronic transition of the dye was predicted to popu-
late the HOMO — LUMO transitions with A, at
508 nm in vacuum and 511 nm in the solvent phase.
This absorption in the visible region is caused by
the transfer of electrons from a donor to an accep-
tor unit of the dye molecule [50].

The experimentally measured UV-Vis parame-
ters in ethanol and the calculated UV-Vis parame-
ters in vacuum as well as ethanol for DNPABA are
listed in Table 1.

According to Satheshkumar et al. [40]
2, 3-dichloronaphthoquinone exhibits an ab-
sorbance peak at 341 nm corresponding to 7t — 7"
transition. When it is para-substituted by aniline,
a new broad peak centered at 479 nm is observed,
which shows intramolecular charge transfer
transitions between N-atom and quinine. It is
observed here experimentally that the addition
of para-amino benzoic acid to 2, 3-dichloro, 1,
4-naphthoquinone caused a new peak centered at
482 nm.

3.6. HOMO-LUMO analysis

Fig. 5 illustrates the electron density distribu-
tions of the frontier molecular orbitals (HOMO and
LUMO) for the dye sensitizer that were obtained
using the B3LYP/6-311++G (d, p) level of theory.
The electron densities of HOMO orbitals are delo-
calized over the 7-system with the highest electron
density centered on and close to the nitrogen atom.
The LUMO orbital is delocalized over the naph-
thoquinone subunit, which indicates a good charge
separated state between the two sub-units of the
molecule [38, 42].

The calculated absolute energies of HOMO
and LUMO are —6.541 eV and —3.782 eV,
respectively, with HOMO-LUMO gap of 2.759 eV.
The HOMO and LUMO levels of a dye used in a
DSSC must be suitably placed with respect to the
conduction band (CB) edge energy level (Ecp) of
the ZnO and the redox potential of electrolytes for
efficient charge separation and dye regeneration.
The HOMO level of the dye must be sufficiently
more positive than the redox potential of the elec-
trolyte and the LUMO level must be sufficiently
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Table 1. The experimental and calculated UV-Vis parameters of DNPABA.

The calculated UV-Vis parameter in vacuum/ethanol

Exp. A [nm] in ethanol  Transition — -
A [nm] Excitation energy [eV] f (oscillator strength)
482 n— m* 508/511 2.43/2.42 0.0929/0.1104
- 372/380 3.34/3.25 0.0142/0.01017
339 m— 7 331/341 3.74/3.63 0.0873/0.08077
- 295/294 4.2/4.20 0.4522/0.5914
282 n— o 287/293 4.32/4.22 0.3319/0.1469

(a) HOMO (b) LUMO

Fig. 5. Molecular orbital plots of DNPABA. The wave
functions are plotted at an absolute isovalue of
0.02 au in red and blue for the opposite phases,
respectively.

more negative than the Ecg of ZnO [19, 43].
Fig. 6 depicts the band diagram with
HOMO/LUMO levels of DNPABA, CB and
VB of ZnO, the work function of FTO, and the
reduction potential of the I5 /1" electrolyte.
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Fig. 6. Energy levels.

The LUMO level of DNPABA positioned at
—3.782 eV, is sufficiently higher than the CB of

7Zn0O (—4.2 eV). The LUMO levels are sufficiently
more negative than the Ecp with a driving force
of —0.408 eV to inject electrons from the excited
dye to the CB of ZnO. The HOMO level located at
—6.541 eV is more positive than the redox potential
of I"/Iy (—4.99 eV), and the driving force needed
for dye regeneration is 1.55 eV; therefore, the resul-
tant dyet can be reduced by I™ in the electrolyte.
This proves that the energy level requirement is ful-
filled by the dye for fabricating an organic solar cell
using the DNPABA dye. The relatively large en-
ergy gaps between the LUMO and the Ecp values
could improve the voltage, and consequently, the
total efficiency [51-53].

3.7. Photoelectrochemical characteristics
of ZnO DSSCs

Photovoltaic tests on assembled DSSCs using
the DNPABA dye were performed using current-
voltage (J-V) curves in natural sunlight. The perfor-
mance of the DNPABA dye as sensitizer in DSSCs
was evaluated using short circuit current density,
Vo, FE, and energy conversion efficiency 1. Fig. 7
shows the J-V characteristic of ZnO DSSCs with
ZnO film at a thickness of 15 um.

The photoelectrochemical parameters at differ-
ent intensities of sunlight are listed in Table 2.

The cells with ZnO working electrodes and
DNPABA dye as a sensitizer demonstrated the best
photovoltaic performance compared with the cells
with ZnO working electrodes and natural dyes as
a sensitizer [13, 20, 21]. Obviously, synthetic dyes
have higher sensitization activity and stability than
natural dyes [10, 14]. The natural dyes used as
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33 3 ® 3.8. Electrochemical impedance spec-
3 3 troscopy studies
- To investigate the internal resistance of
Y 2] o DNPABA-based ~ DSSC,  Electrochemical
i 145 Impedance Spectroscopy (EIS) was carried
E 11 out at —0.4 V bias in the dark using Vertex (IVIUM
B3 @ Technologies). The frequency range chosen for
N M\ the measurement ranged from 100 mHz to 1 MHz
0 6 T '0'1 T '0'2' T '0'3' T 04 with an AC amplitude of 10 mV. Fig. 8 illustrates
V [volts] the typical Nyquist plot of the impedance of the
data under dark condition of DSSC.
Fig. 7. Photocurrent—voltage characteristics of DSSCs 100 T
in sunlight with Py, (1) 10.4 mW/cm? and (2) Rs
39 mW/cm? (3) 100 mW/cm?. 80 1
e C, Q.
p— 60 1 il R
Table 2. Photovoltaic parameters of DNPABA dye- G e
sensitized nanocrystalline ZnO solar cells at = 40 1 .
different intensities. N,
20 A
Pin Voc I Prax Fill  n [ I — —— ——r :
[mW/cm?] [V] [mA/em?] [uW/cm?] factor [%)] 0 100 200 300 400
104 0362 0621 1335 059 128 Z'1Q]
12.5 0.372  0.633 140.0 0.59 1.13
22 0.373  0.965 231.1  0.64 1.05 Fig. 8. The Nyquist plot of the impedance characteris-
39 0.380 1.72 4183 0.64 1.07 tics between Zea) and Zimaginary 0f ZnO photoan-
100 0392 3196 74686 0.60 0.75 ode DSSC.

sensitizers in DSSCs provide very low efficien-
cies because of the absence of specific functional
attachment groups and low absorption in the visi-
ble region of the solar spectrum [54-58]. Zhang et
al. [59] synthesized three synthetic dyes and stud-
ied them by using a TiO, photoanode and observed
efficiencies as high as 7.6 %, which are higher than
those of natural dyes. Khadtare et al. [50] stud-
ied DSSCs with 1, 4-naphthoquinone-based Law-
son dye using a ZnO photoanode and observed an
efficiency 0.56 % at 100 mW/cm? input power.
The present study revealed that the derivatives of 2,
3-dichloro 1, 4-naphthoquinone can provide the ba-
sis for the design of novel organic dyes in DSSC
applications to enhance their efficiency. In future,
authors have planned to study different derivatives
of 1, 4-naphthoquinone to further enhance the per-
formance of the device.

The observed charge transfer resistance R¢; of
the device is 81.6 L, the chemical capacitance C,, is
2.2 x 10~* F, and the electron lifetime is 14.2 ms.
The effective diffusion coefficient has been found
as 5.69 x 10~* cm?/s. From the EIS data, the elec-
tron diffusion length L, is about 28.41 um [60].

4. Conclusions

The spectral characteristics of an organic dye,
used as a photosensitizer to assemble DSSCs, were
studied using experimental and computational ap-
proaches. The synthesized dye exhibits absorption
at 482 nm and can be used as a sensitizer in
dye-sensitized solar cells. The simulated absorp-
tion spectrum of the DNPABA dye in ethanol us-
ing the TDDFT/PBE0/6-311+G (d, p) calculation
is in good agreement with the experimental val-
ues. The analyses of molecular orbitals showed
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that the charge densities of the HOMO and LUMO
are spatially separated on the molecule. Hence, the
dye is a charge transfer molecule and shows the
dominance of 7t — 7t* transitions. Theoretical cal-
culations demonstrate that singlet-singlet excited
state energy levels of a DNPABA dye molecule
align well with the conduction band edge of ZnO
nanoparticles. ZnO nanoparticles were prepared
and then applied as working electrodes in a solar
cell sensitized with the synthesized dye. Although
the efficiencies obtained are less than those of com-
mercial solar cells, the study shows the potential
of the synthesized dye for the use as sensitizer in
DSSC, and may be a proposal for more focused
research in this direction. The results are encour-
aging and may boost additional research for new
dyes to optimize the photo conversion efficiencies
of DSSCs.
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