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In this study, a new methodology is proposed for the cosensitization of dye-sensitized solar cells by synthetic and natural dyes to
increase their optical absorption. Synthetic dyes are efficient but expensive. In contrast, natural dyes are cheap but have a low
adsorption rate in competition with synthetic dyes. Therefore, the conventional cosensitization method which is based on dye
mixing prevents complete adsorption of natural dyes. In this work, a bilayer deposition of TiO2 and separated sensitization of
each layer by one type of dye was performed. The N719 was used as a synthetic dye and betanin, crocin, acacetin, and indigo
were used as natural dyes, which are extracted from plants inexpensively. The dyes were evaluated by UV-visible and FT-IR
analyses. The results showed that a broad spectrum can be achieved due to different peaks in the photoabsorption spectra of
these dyes. The bottom layer was sensitized by natural dyes while the top layer was sensitized by N719. Due to the effect of
temperature on dyes, a low-temperature method based on acid-assistant sintering has been used for the top layer. The results
of XRD and FESEM analyses indicated that a layer with proper crystalline phase, acceptable morphology, and good porosity
can be achieved in the low-temperature process by tunning the acid concentration. The electrical properties of the fabricated
solar cells were investigated by EIS analysis and J-V characteristics. The results showed that charge injection and
transportation were improved via the ability of the proposed approach in separated dye adsorption. An efficiency of 3.48% was
provided by the proposed method which demonstrates its better performance in comparison with the cocktail and sequential
methods that showed efficiencies of 1.88% and 2.29%, respectively. The results indicated that separated sensitization of each
layer can improve the dye loading leading to spectral expansion.

1. Introduction

Nowadays, increasing demand for sustainable, clean, and
renewable energy becomes an important challenge facing
humanity. For this reason, solar energy utilization as an
abundant, accessible, and environmentally friendly energy
source is developing rapidly [1–4]. Dye-sensitized solar cell
(DSSC), first developed by O’Regan and Grätzel [5] is a good
choice for this purpose due to their high environmental
friendliness, low cost, easy manufacturing process, and good

performance in low-light conditions [4–6]. Generally, a
DSSC has several mandatory parts: a photoanode, a counter
electrode, a photosensitizer (dye), and an electrolyte. The
photoanode is composed of a mesoporous wide-bandgap
semiconductor (e.g., TiO2), which has been coated on a
transparent substrate (e.g., FTO). It is responsible for
absorbing the dye and transferring the excited electrons.
The counterelectrode is made of a catalyst material (i.e., plat-
inum or carbon) to inject electrons into the electrolyte. The
electrolyte is responsible for transferring electrons between
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the two electrodes. The dye plays a crucial role in absorbing
light, converting photons into excited electrons and transfer-
ring electrons to semiconductors [7, 8].

Dye is the most important component of DSSC whose
performance in photoabsorption is directly related to cell
efficiency. It can produce higher efficiency if covers a broad
range of light spectrum [9]. However, the absorption spec-
trum of dyes substantially shows one or few peaks in the vis-
ible light spectrum [10]. Cosensitizing is one of the best
methods for widening the photoabsorption spectrum of
DSSCs. Most of the work done is based on a mixture of
two or more different dyes, which is known as the Cocktail
method [11–19]. However, the considerations such as
dye…dye interaction [20], electron quenching [21], and
dye partial loading [10] have been led to the development
of other methods such as sequential sensitization [21–24],
dye stacking [25], selective positioning [26–28], heteroge-
neous positioning [29, 30], dye mixture design [31, 32],
ALD [33, 34], and ultrafast cosensitization [35]. Dyes used
in DSSCs fall into two general categories: synthetic and nat-
ural. The synthetic dyes have shown higher efficiencies due
to more efficient electron injection and the presence of suit-
able ligands to provide more tightly bind to the surface of
titanium dioxide [8]. Various studies have been developed
to investigate the DSSC cosensitization using different syn-
thetic dyes with different peaks in their absorption spectra
[11–14]. However, these dyes are expensive and have a com-
plex manufacturing process. Indeed, the design and the use
of several synthetic dyes with different peaks in the absorp-
tion spectrum dramatically increase the cost of solar cell
construction [36]. In contrast, natural dyes extracted from
plants are cheap and environmentally friendly. Also, these
types of dyes have a straightforward manufacturing process
with a broad variety [4]. Various studies have been devel-
oped to investigate the DSSC cosensitization using natural
dyes [15–19], but these dyes usually do not bind very tightly
to titanium dioxide nanoparticles causing a lower efficiency
[7, 37].

The conventional cosensitization methods used only a
few synthetic dyes or only a few natural dyes. Simultaneous
use of synthetic dyes with natural dyes can take advantage of
both, which has received less attention. Therefore, the aim of
this study is to propose a new approach for spectral expan-
sion of DSSC using both synthetic and natural dyes. In this
case, while we can use the capabilities of synthetic dyes in
strong bonding and electron injection to semiconductor,
we can use inexpensive natural dyes to improve the synthetic
dye spectrum and develop the cell absorption spectrum
without the need for multiple-synthetic dye design. Most
previous studies have focused on employing the cocktail
method. Pratiwi et al. used a cosensitization method by add-
ing N719 synthetic dye in the different volumes of anthocy-
anin natural dye [38]. ZU et al. investigated the impact of
cosensitization of anthocyanin and chlorophyll with N719
on DSSC performance [39]. Richhariya and Kumar per-
formed a cosensitization of DSSC using a mixture of
Eosin-y with Hibiscus-sabdariffa [40]. Madili et al. investi-
gated the combination of lawsone and D131 dyes for DSSC
cosensitization [41]. A composition of chlorophyll and vari-

ous ruthenium dyes was studied by Pratiwi et al. [42].
Msangi et al. investigated the combination of crocetin and
D205 for DSSCs cosensitization [43]. All of these approaches
were based on mixing the dyes. But this technique has sev-
eral restrictions, which have been mentioned before. Kumar
et al. used the sequential method [44], but this method can
hurt dye loading [10]. Also, the natural dyes are neutralized
if sensitization of the semiconductor layer with natural dyes
is performed in the presence of synthetic dyes with a strong
bond into the semiconductor [20]. In the present study, a
new methodology for the cosensitization by natural and syn-
thetic dyes is proposed using bilayer deposition of TiO2 to
increase the optical absorption of DSSCs. The bilayer or
multiple-layer structure has had several applications in
DSSCs. Most of them can be categorized as follows: (i) creat-
ing multiple layers to enhance the light scattering, increase
the effective surface, and prevent the charge recombination
(compact blocking layer deposition) [45, 46]; (ii) using
bilayer or multiple layers of TiO2 with different nanostruc-
ture or morphology to improve the light-harvesting or
charge transportation [47, 48]; (iii) use of a layer consisting
of a material with different optical and electrical properties
from TiO2 as TiO2 complement [49–53]; (iv) producing a
variation in the size of particles and porosity of layers [54];
(v) plasmonic enhancement of cell using a layer composed
of metal nanoparticles [55, 56]; (vi) the usage of multilayer
structure to optimize the thickness [57]; and (vii) charge
transfer improvement by multilayer TiO2 deposition using
various precursors [58]. In all of the above methods, the
monosensitization or cosensitization is performed for all
layers similarly. According to our review, the only study that
used bilayer TiO2 for separate sensitization was recently pre-
sented by Fu et al. [59]. But both of the dyes used in this
study were synthetic, which principally increases costs. Also,
its press-based bilayer method creates double complexity in
the manufacturing process. Our proposed approach is based
on bilayer structure for separated sensitization at no extra
cost. To compare the proposed method with conventional
cosensitization methodology, the cosensitization was done
in three ways. In the first method, similar to most previous
works, the semiconductor layer was sensitized by a mixture
of synthetic and natural dyes (cocktail method). The sequen-
tial method was used as the second method, in which the
sensitization was performed for each dye in a separate step.
A novel approach was proposed as the third method. To
overcome the problems of other methods in simultaneous
dye adsorption, the semiconductor deposition was per-
formed in two steps. Each layer was sensitized separately
by one type of dye. The bottom layer was deposited via the
conventional method. However, a low-temperature method-
ology was used for the top layer deposition. The developed
procedure for fabricating solar cells is presented in Section
2. Then, the results are discussed in Section 3. The extracted
dyes were characterized by UV-visible and FT-IR spectros-
copy to study the photoabsorption spectrum and anchoring
groups of the dyes. Also, XRD, FESEM, and EDS analyses
were performed to evaluate the semiconductor layers in
terms of crystalline phase, morphology, elemental mapping,
and porosity. Besides, the electrical performance of the
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fabricated solar cells was examined by electrochemical
impedance spectroscopy (EIS) and J-V characterization.

2. Experimental Study

2.1. Materials. Ethanol 99.9%, hydrochloric acid 37%, tita-
nium tetra isopropoxide (Ti [OCH(CH3)2]4), and N719
synthetic dye (bis(2,2_-bipyridyl-4,4_-dicarboxylato)-ruthe-
nium (II)) were purchased from Sigma Aldrich. DI-water,
TiO2 paste. Pt paste, iodide/tri-iodide electrolyte, and FTO
glasses (whit S‐R < 8Ωcm−2) were purchased from Sharif
Solar Co.

2.2. Dye Extraction. To cover a wider range of photoabsorp-
tion spectra, N719 was used as a synthetic dye, and betanin,
crocin, acacetin, and indigo were used as natural dyes, which
are extracted from beetroot, saffron, Acacia-nilotica, and
Indigofera, respectively. To extract betanin, a beetroot was
washed, dried, and cut into small pieces. 50 g of them was
put into a beaker containing 100ml of ethanol and ultra-
sound at 45°C for 15 minutes and then was kept in a dark
place at room temperature for 24 hours. For the other three
dyes, 0.5 g of the powder from the dried leaves of each plant
separately was added to 10ml of ethanol and ultrasound at
45°C for 15 minutes and then kept in a dark place at room
temperature for 24 hours. Then, the solutions were strained
and stored at 4°C.

2.3. Fabrication of DSSCs. In this study, three types of DSSC
were fabricated: mixed dye-sensitized solar cell (MDSSC),
sequential dye-sensitized solar cell (SDSSC), and bilayer
dye-sensitized solar cell (BLDSSC).

For all three types, the FTO glass has been used as elec-
trode substrate. They were cut into 2 × 1:5 cm2 dimensions
and washed three times with suds, deionized water, and
ethanol.

To create the photoanode in MDSSC type, the titanium
paste was coated on a piece of FTO glass and annealed at
450°C for half an hour. After cooling and reaching room
temperature, it was immersed in a mixture of synthetic and
natural dyes solution and kept for 24 hours. Three mixed
dye solutions were made with different volume ratios. In this
case, the solar cells sensitized by these solutions were called
MDSSC1, MDSSC2, and MDSSC3.

In SDSSCs, a similar procedure was performed for TiO2
deposition. However, the fabricated photoanodes were
sequentially immersed in individual dye solutions and kept
in each solution for 24 hours. The photoanodes were cleaned
with DI-water and ethanol after each sequence of sensitiza-
tion to remove the unabsorbed dyes. In this regard, two sen-
sitization modes were examined. In the first mode, the
natural and synthetic dyes were utilized for the first and sec-
ond phases of sensitization, respectively. An adverse proce-
dure was carried out in the second mode. These solar cells
were called SDSSC1 and SDSSC2, respectively.

To create the photoanode in BLDSSC type, first, a layer
of titanium paste was coated on a piece of FTO glass and
annealed at 450°C. Then, they were immersed in the natural
dye solution and kept for 24 hours. After removing photoa-

nodes from the solution, they were washed and dried to be
prepared for the second stage of titanium dioxide deposition.
Generally, dyes are organic materials that are sensitive to
heat, so for the second layer, a low-temperature process
was utilized using the method presented by Cole et al. [60].
For this purpose, 8.1ml of titanium tetra isopropoxide was
poured over 80ml deionized water. Then, hydrochloric acid
was added dropwise and stirred for four hours at room tem-
perature. Also, three acid concentrations were tested
(0.25M, 0.5M, and 1M). After coating the second layer,
the photoanodes were placed in the furnace. In addition,
two different annealing temperatures were tested, including
120 and 450°C. The sample annealed at 450°C was called
HT. Also, the samples made by three acid concentrations
were annealed at 120°C. Thus, the prepared samples with
these acid concentrations were called LT1, LT2, and LT3,
respectively. The prepared photoanode was then immersed
in the synthetic dye solution and kept for 24 hours. The solar
cells fabricated with these photoanodes were named
BLDSSC1, BLDSSC2, BLDSSC3, and BLDSSC4. The sensiti-
zation methods and the synthesis conditions used for each
type of fabricated solar cell are tabulated in Table 1.

Next, to create the counter electrodes, the Pt paste was
coated on the FTO glasses and annealed at 450°C. Then,
the two electrodes were sandwiched on top of each other,
and the electrolyte was injected between them. To prevent
electrolyte leakage, sealing was performed by Serlin polymer.
It should be noted that each type of solar cell was fabricated
three times according to the above methods (batch size = 3),
which in the repetition of each method, close results were
obtained. However, in this article, the best results of each
method are reported.

3. Results and Discussion

3.1. Dye Characterization. In general, dyes play a principal
role in the functionality of the DSSCs. Five dyes were used
in this study. The first dye was N719, which is one of the
most efficient synthetic dyes [61]. It is composed of ruthe-
nium metal—a high electron donator—in combination with
polypyridine and COOH ligands that can bind very tightly
to titanium dioxide nanoparticles [5, 62]. The other dyes
are natural dyes that were extracted in an inexpensive and
environmentally friendly way from beetroot, saffron, Aca-
cia-nilotica, and Indigofera. The chemical structure of the
dye molecules is shown in Figure 1. Due to their carboxyl,
carbonyl, imine, and hydroxyl groups, these dyes can be
linked to the surface of TiO2 nanoparticles in the form of
monodentate chelation, bidentate chelation, and bidentate
bridging [62–68].

3.1.1. UV-Visible Study. The natural dyes were selected to
cover a broad range of light absorption spectra. UV-visible
spectroscopy was performed using PG Instruments T80
spectrophotometer to study the optical absorption of these
dyes. The obtained photoabsorption spectra are depicted in
Figure 2. Betanin showed a peak at 526nm which indicates
the HOMO (highest occupied molecular orbital) to LUMO
(lowest unoccupied molecular orbital) transition of

3International Journal of Photoenergy



nonbonding electrons located on the N-atoms via π-conju-
gated system [18]. Crocin indicated two peaks at 318 nm
and 453nm, which could be due to n⟶ π∗ and π⟶ π∗

transitions of electrons around the regions of C-H and C=
C [65]. The spectrum of this dye showed good light absorp-
tion in the range of 400 to 470nm [66]. Acacetin displayed a
broad absorption spectrum, ranging from 300 to 400nm
with several consecutive peaks from 315 to 391nm, which
can be due to HOMO to LUMO transitions of electrons on
O and C=C regions [67, 69]. Indigo shows two peaks at

410 nm and 665 nm that could be due to electron transitions
from C=C and NH donor to C=O acceptor and indicates
light absorption in the NIR region [18, 68]. As shown in
Figure 2(e), a cosensitization with these dyes can produce a
broad spectrum that covers most of the visible area.

3.1.2. FT-IR Analysis. To investigate the chemical structure
and functional groups of dyes, FT-IR spectroscopy was per-
formed using Thermo Nicolet AVATAR 370 Spectrometer.
The results are shown in Figure 3. The peaks located at

Table 1: The sensitization methods and the synthesis conditions of fabricated solar cells.

Cell type and code Cosensitization method Special condition of each type

Type 1

Cocktail

The ratio of synthetic dye to each of the natural dyes

MDSSC1 4 : 1

MDSSC2 2 : 1

MDSSC3 1 : 1

Type 2

Sequential

Sensitization steps

SDSSC1 Step 1: natural dyes step 2: synthetic dye

SDSSC2 Step 1: synthetic dye step 2: natural dyes

Type 3

Separated (bilayer)

Photoanode code HCL concentration (M) Annealing temperature (°C)

BLDSSC1 HT 0.25 450

BLDSSC2 LT1 1 120

BLDSSC3 LT2 0.5 120

BLDSSC4 LT3 0.25 120
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Figure 1: The chemical structure of (a) N719 [60], (b) betanin [18], (c) crocin [66], (d) acacetin [67], and (e) indigo [68].

4 International Journal of Photoenergy



3511 cm-1, 3487 cm-1, and 3366 cm-1 in the IR spectra of
indigo, betanin, and N719 can be assigned to N-H bond in
the heterostructure and aromatic amines [70]. The stretch-
ing vibration of O-H bonds in the hydroxyl groups caused
the peaks at 3402 cm-1, 3410 cm-1, 3423 cm-1, and 3408 cm-

1 in the spectrums of betanin, crocin, acacetin, and indigo,
respectively [71]. Besides, the peaks located at 2960 cm-1,
2926 cm-1, and 2857 cm-1 in the spectra of betanin and cro-
cin can be related to the stretching vibration of C-H bonds
[72]. The peak located at 2091 cm-1 in the spectrum of
N719 can be assigned to isothiocyanate groups [73]. The
peaks that appeared at 1721 cm-1, 1745 cm-1, and 1713 cm-1

in the spectra of betanin and N719 correspond to COOH
carboxylic groups [73]. Also, the peaks located at 1613 cm-

1, 1615 cm-1, 1628 cm-1, and 1632 cm-1 in the spectrum of
N719, betanin, crocin, and indigo can be assigned to the
stretching vibration of C=C and C=O bonds or bending
vibration of C-H bonds [73, 74]. The peak that appeared at

1517 cm-1 in the spectrum of betanin corresponds to aro-
matic nitro compounds. Furthermore, the presence of
COO- in the structure of this dye can cause an absorption
peak at 1470 cm-1 [73]. The peaks located at 1401 cm-1 in
the spectrums of Indigo can be assigned to the stretching
vibration of C=N in the aromatic amine [75]. Also, the peak
that appeared at 1462 cm-1 in the spectrum of N719 can be
assigned to the stretching vibration of C=C-C in the aro-
matic rings [73]. The peaks that appeared at 1059 cm-1,
1065 cm-1, and 1096 cm-1 in the spectra of N719, indigo,
and betanin are related to stretching vibration of C-N bonds
[76]. The bending vibration of C-H bonds caused the peaks
at 1385 cm-1, 1384 cm-1, and 997 cm-1 in the spectrums of
crocin and acacetin [73, 76]. Besides, the stretching vibration
of C-O bonds caused the peaks at 1047 cm-1 and 1051 cm-1

in the spectrums of crocin and acacetin, respectively [76].
Furthermore, the peaks located at 615 cm-1 and 604 cm-1 in
the spectrums of acacetin and indigo can be assigned to
the out-of-plane vibration of O-H bonds [73].

3.2. Characterization of TiO2 Layers. As mentioned before,
the top layer of photoanodes was created in four modes.
The first was based on the high-temperature process (HT).
The other modes were based on a low-temperature process
with three acid concentrations (LT1, LT2, and LT3). The
XRD, FESEM, and EDS analyses were employed to assess
the properties of these layers.

3.2.1. XRD Analysis. The XRD analysis was performed using
a Philips diffractometer with CuKa irradiation
(k = 1:5406A°) on HT, LT1, LT2, and LT3 samples. The
results are shown in Figure 4. For the HT sample, the 2θ
peaks at 25.19, 37.39, 47.84, 51.9, 61.64, and 77.89 corre-
spond to (1 0 1), (0 0 4), (2 0 0), (2 0 2), (2 1 3), and (2 0
6) crystal planes assigned to tetragonal structure of anatase
TiO2 (ICDD-ref: 96-900-8217). Also, the peaks observed at
35.86, 54.04, and 65.19 are related to the (1 0 1), (2 1 1),
and (2 2 1) crystal planes, which correspond to the rutile
phase (ICDD-ref: 96-900-414). For LT1, LT2, and LT3 sam-
ples, the peaks at 25.29, 37.69, 47.9, 51.9, and 78.44 corre-
spond to the (1 0 1), (0 0 4), (2 0 0), (2 0 2), and (2 0 6)
crystal planes assigned to anatase phase (ICDD-ref: 96-
900-8215). Furthermore, the two peaks at 35.86 and 65.13
correspond to (1 0 1) and (2 2 1) planes assigned to the rutile
phase (ICDD-ref: 96-900-4147). In addition, the LT3 sample
showed another peak at 62.04, which is related to the (2 1 3)
plane of the anatase phase. Besides, the LT1 sample showed
another peak at 54.04 related to the (2 1 1) plane of the rutile
phase. Also, the LT2 and LT3 samples showed two peaks at
30.84 and 55.28 corresponding to (1 2 1) and (1 4 2) planes
assigned to the orthorhombic structure of the brookite phase
(ICDD-ref: 96-900-4138).

According to the results, the acid concentration affected
the formation of the anatase, rutile, and brookite phases
[77]. In this case, the anatase phase was purer at lower acid
concentration, but the purity of the anatase phase decreased
at higher acid concentration, and the amount of rutile phase
formation increased. This can be due to the amount of OH-

ligands [78]. The probability of TiO6
2- octahedra edge-
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Figure 2: The UV-visible spectra of (a) betanin, (b) crocin, (c)
acacetin, (d) indigo, and (e) the five dyes used.
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sharing increases at lower acid concentrations with more
OH- ligands. This situation leads to the formation of the
anatase phase. In contrast, at lower acid concentrations with
fewer OH- ligands, the probability of edge-sharing that
needs two simultaneous dehydration reactions decreases,
and the probability of corner-sharing increases. These situa-
tions cause the formation of the rutile phase. A decline in the
acid concentration leads to the emergence of the brookite
phase. In this regard, the highest amount of brookite phase
occurred in the intermediate state (LT2), which indicates
the simultaneous creation of edge and corner-sharing and
the change from rutile to anatase structure with decreasing
acid concentration [78–82]. In addition, Gaynor et al. [83]
reported that an increase in the acid concentration had a
considerable effect on the aggregation of TiO2 cores and
the formation of larger particles. The size of the nanocrystals
can be obtained using the Debye-Scherer relationship [84]:

D = 0:9λ
β cos θ , ð1Þ

which λ is the wavelength of the radiated beam, θ is the
Bragg diffraction angle, and β is the full width at half maxi-

mum of the strongest peak (FWHM). The calculated values
for the samples are given in Table 2.

3.2.2. FESEM. Figure 5 displays the FESEM images of the
HT, LT1, LT2, and LT3 samples taken from the Mira3-
TEscan with HV:15KV in three resolutions. Also, the ele-
mental mapping of these layers via EDS analysis is shown
in Figure 6 indicating the synthesis of TiO2 NPs.

In the FESEM image of the HT sample, a completely
porous morphology with uniform and relatively spherical
grains was observed. The particles were joined together,
and almost no agglomeration was observed. The grain size
distribution histogram measured for 100 particles is shown
in Figure 7(a). The average grain size of this sample was
26.9 nm with a standard deviation of 5.7. The LT1 sample
has been lumped. However, the FESEM image of the LT2
and LT3 samples illustrate that decreasing the acid concen-
tration resulted in a more uniform morphology, higher crys-
tallinity, and better porosity at an annealing temperature of
120°C. In this case, the LT3 sample is fully comparable to
the HT sample and showed the least agglomeration between
low-temperature modes. The size distribution histogram of
the LT2 and LT3 samples are shown in Figures 7(b) and
7(c), respectively. Their average grain sizes were 31.2 and
24.7, with a standard deviation of 7.07 and 6.2, respectively.
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Figure 3: The FT-IR spectra of (a) betanin, (b) crocin, (c) acacetin, (d) indigo, and (e) N719.
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3.3. Electrical Properties of DSSCs. The electrical perfor-
mance of fabricated solar cells was evaluated by the EIS
and J-V characteristics to investigate their charge transfer
process and photovoltaic performance.

3.3.1. Electrochemical Impedance Spectroscopy. To assess the
charge transfer process, EIS analysis was performed using
GWInstek-8000G LC-Meter. The achieved Nyquist dia-
grams are shown in Figure 8. The diagrams consist of two
semicircles, which the left semicircle with a diameter of R1
is related to charge transfer at the counter electrode and

the redox process between Pt and the electrolyte, and the
right semicircle with a diameter of R2 is related to charge-
transfer resistance at the TiO2/dye/electrolyte interface.
The intersection point of the curves with the horizontal axis
indicates the constant series resistance (R0), which is mainly
related to the sheet resistance of FTO and the charge diffu-
sion within the semiconductor layer [85, 86].

As shown in Table 3, the amount of R1 resistances for all
types of solar cells were close to each other because there was
no difference between them in terms of counter electrodes.
As is clear, the surface structure of the semiconductor layer
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Figure 4: The XRD spectrum of (a) HT, (b) LT1, (c) LT2, and (d) LT3.

Table 2: Calculated values for crystallinity state and nanocrystal size of layers.

Layer λ (Å) 2θ (degree) FWHM Crystallinity degree (%) Estimated crystalline phase composition percentages (%) D (nm)

HT 1.5406 25.19 0.393 64.21 A: 68.34 R: 32.66 20.6

LT1 1.5406 25.29 0.295 47.19 A: 54.82 R: 45.18 27.3

LT2 1.5406 25.29 0.344 55.43 A: 61.21 R: 20.26 B: 18.53 22.8

LT3 1.5406 25.29 0.445 58.75 A: 64.36 R: 17.75 B: 17.79 18.3

A: anatase; R: rutile; B: brookite.
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completely affected the resistance of R2. The BLDSSC2 and
BLDSSC3 cases, which have lower crystallinity and less mor-
phology uniformity, have shown more resistance. The pres-
ence of residual radicals on the surface of nanoparticles
creates the electronic states, which are known as surface
states [87]. This situation provides a recombination process
in addition to the recombination process of the electrons at
the conduction band of TiO2 [88]. Also, improving the crys-
tallinity, in addition to reducing the surface states, reduces
the bulk traps caused by the amorphous regions between
the crystals [87]. It has also been shown that the rutile phase

produces higher resistance compared to anatase [89, 90]. For
this reason, the BLDSSC4 and BLDSSC1 modes of the third
type of fabricated solar cells, which like the first and second
types (SDSSC and MDSSC) had a high-quality semiconduc-
tor layer and anatase phase purity, have shown less resis-
tance. Also, the diversity of dyes adsorbed to the
semiconductor affects this resistance because the injected
electrons cause more fermi level shifting [10]. In this regard,
the BLDSSC4 and SDSSC samples, which are separately sen-
sitized by natural and synthetic dyes, have shown less resis-
tance than MDSSCs.

200 nm 500 nm 1 μm

(a)

200 nm 500 nm 1 μm

(b)

200 nm 500 nm 1 μm

(c)

200 nm 500 nm 1 μm

(d)

Figure 5: The FESEM image of (a) HT, (b) LT1, (c) LT2, and (d) LT3, in three resolutions.
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All modes of the first two types of fabricated solar cells
had approximately the same resistance values of R0. These
resistance values were less than all four modes in the third
type of solar cell. Also, the sheet resistance value of FTO
was the same in all cases. But the charge diffusion inside
the semiconductor layer of the third type of fabricated solar
cells is more resistant than other types. This situation can be
due to more grain boundaries resulting from two-stage
deposition. It has been shown that the presence of more bulk
traps causes more resistance to charge transportation inside
the semiconductor [70]. For this reason, in the third type of
solar cells, the highest value of R0 was achieved for
BLDSSC2, while the lowest value was achieved for
BLDSSC1. Although the semiconductor layer in BLDSSC3
had lower crystallinity than BLDSSC4, its larger particle size
can cause fewer grain boundaries.

3.3.2. Photovoltaic Properties. The photovoltaic performance
of fabricated solar cells was investigated by measuring their
J-V characteristics under 100mW/cm2 white light radiations
with an AM1.5 filter using the Irasol284 solar simulator sys-
tem. The values obtained for open-circuit voltage (Voc),
short-circuit current density (Jsc), fill factor (FF), and effi-
ciency are listed in Table 4 compared to other studies that
have used different cosensitization methods.

The first type of solar cell was sensitized by a mixture of
natural and synthetic dyes with different volume ratios. The
volume ratio of synthetic dye to each of the natural dyes was
4 : 1, 2 : 1, and 1 : 1 for MDSSC1, MDSSC2, and MDSSC3,
respectively. As mentioned before, a batch consisting of three
samples of each cell was made. The distribution of Jsc and
Voc of the batches are depicted in Figure 9(a), where the diam-
eter of bubbles showed the efficiencies. As is clear, the values
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Figure 6: The EDS profile of (a) HT, (b) LT1, (c) LT2, and (d) LT3.
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Figure 7: The size distribution of layers: (a) HT, (b) LT2, and (c) LT3.
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obtained for the samples in each batch are very close. The
MDSSC1 batch showed a median efficiency of 1.84% with a
standard deviation of 0.035. The MDSSC2 batch showed a
median efficiency of 1.82% with a standard deviation of
0.026. The MDSSC3 batch showed a median efficiency of
1.67% with a standard deviation of 0.02. Also, the values
obtained for the MDSSC1 batch and MDSSC2 batch are very
close. The best achieved efficiencies of the batches were
1.88% (Jsc = 7:48mA/cm2, Voc = 437mV, FF = 0:57), 1.85%
(Jsc = 7:52mA/cm2, Voc = 425mV, FF = 0:58), and 1.69%
(Jsc = 8:22mA/cm2, Voc = 397mV, FF = 0:52), respectively.
It was found that the third model had lower efficiency than
others. Also, the first two models provided a higher efficiency,
but their characteristics were very close together. Therefore, it
can be concluded that more volume of synthetic dyes than nat-
ural dyes could improve the efficiency, but more increments in
the volume of synthetic dyes did not cause a greater effect. The
J-V characteristics of the best results obtained for these solar
cell models are displayed in Figure 9(b). Also, they were com-
pared to a solar cell that was only sensitized by N719. All three
MDSSC modes showed higher short-circuit currents than
N719-sensitized solar cell. The MDSSC1 and MDSSC2 were
not significantly different, but MDSSC3 showed more short-
circuit current. Thus, in the cosensitization by mixed natural

and synthetic dyes, natural dye performance may be impaired
in the presence of a larger volume of synthetic dyes. This issue
indicates a higher possibility of synthetic dye adsorption due
to the carboxylic ligands with stronger binding to TiO2 [96].
The Voc of solar cells was decreased from MDSSC1 to
MDSSC3. The Voc of all three models is lower than the
N719-sensitized solar cell. This issue could be due to energy
levels resulting from the combination of dye molecules and
the possibility of more electron recombination [20].

The second type of solar cells was sensitized separately
by natural and synthetic dyes in two modes: in SDSSC1,
the semiconductor layer was immersed first in the synthetic
dyes and then in the natural dyes. But an adverse procedure
has been carried out in SDSSC2. The distribution of Jsc and
Voc of each batch is displayed in Figure 10(a). The SDSSC1
batch showed a median efficiency of 2.15% with a standard
deviation of 0.025. The SDSSC2 batch showed a median effi-
ciency of 2.25% with a standard deviation of 0.03. The best
obtained efficiencies of the batches were 2.19%
(Jsc = 7:75mA/cm2, Voc = 492mV, FF = 0:57) and 2.29%
(Jsc = 8:54mA/cm2, Voc = 488mV, FF = 0:55), respectively.
The J-V characteristics of the best results obtained for these
solar cell models are displayed in Figure 10(b). This sensiti-
zation method showed higher efficiency than simultaneous
sensitization. It can be concluded that because washing was
done after each step of immersion, the aggregated dyes that
do not bond to TiO2 were cleaned, and the possibility of
other dyes adsorption increased. Thus, the diversity of
adsorbed dyes occurred more effectively. All samples of the
SDSSC2 batch showed higher short circuit current and effi-
ciency than the SDSSC1 batch. Therefore, it can be con-
cluded that the dye absorption variety occurs more
effectively if the sensitization is first performed by the natu-
ral dyes in comparison with the cases where the sensitization
is performed first by synthetic dye or simultaneously. How-
ever, the diversity of SDSSC2 is slightly greater than that of
SDSSC1, which could indicate greater sensitivity of natural
dye adsorption to environmental conditions.

It was observed that at the cosensitization by both natu-
ral and synthetic dyes, the presence of each type of dye as
well as their order and volume ratio can affect the absorption
of other dye and consequently the overall performance of the
solar cell. For this reason, in this study, a new method for
cosensitization by natural and synthetic dyes has been pro-
posed, in which the adsorption of natural and synthetic dyes
is done by separate semiconductor layers. In this way, each
type of dye has its independent effect on the performance
of the solar cell without impressing by the other. For this
purpose, in the third type of fabricated solar cells, the semi-
conductor was deposited in two layers. The bottom layer was
sensitized by natural dyes, and the upper layer was sensitized
by the synthetic dye. The conventional method of producing
titanium dioxide nanoparticles requires annealing at tem-
peratures above 450°C [97]. For the first mode of the third
type of solar cell (BLDSSC1), both layers of semiconductor
were created using this method, but no acceptable result
was observed. The reason is that the natural dyes were prac-
tically damaged during the annealing process of the upper
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Figure 8: The achieved Nyquist diagrams from EIS analysis of
fabricated solar cells.

Table 3: The resistances of fabricated solar cells achieved from EIS
analysis.

Solar cell name R0 (Ω) R1 (Ω) R2 (Ω)

MDSSC1 0.75 6.23 59.47

MDSSC2 0.69 6.25 59.85

MDSSC3 0.81 6.19 61.12

SDSSC1 0.67 5.85 50.15

SDSSC2 0.72 5.91 48.76

BLDSSC1 2.43 5.71 52.67

BLDSSC2 5.34 5.62 71.15

BLDSSC3 3.44 5.86 65.48

BLDSSC4 3.76 6.14 49.82
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layer and loosed their function. A batch of this model con-
sisting of three samples was fabricated. The distribution of
Jsc and Voc of the samples are shown in Figure 11(a). The
median efficiency of this batch was 1.68% with a standard
deviation of 0.016. The highest efficiency obtained for this
mode was 1.72% (Jsc = 7:32mA/cm2, Voc = 446mV, FF =
0:52), which is not much different from the N719-

sensitized cell. This outcome indicates that the natural dyes
became completely ineffective. To solve this problem, a
low-temperature process was used to create the upper layer.
Since the crystalline structure, nanoparticle sintering, and
layer morphology are completely dependent on the acid
concentration [79], different acid concentrations were inves-
tigated for the other three modes (BLDSSC2, BLDSSC,3 and

Table 4: Voc, Jsc, FF, and efficiency of fabricated solar cells.

Method (name) Dye type Voc (mV) Jsc (mA) FF η Reference

Cocktail Natural + natural 270 1.16 0.34 0.11 [91]

Cocktail Natural + natural 473 1.12 0.68 0.36 [19]

Sequential Natural + natural 460 2.64 0.63 0.81 [92]

Cocktail Synthetic + synthetic 670 14.29 0.68 6.42 [59]

Cocktail Synthetic + synthetic 770 11.2 0.66 5.71 [93]

Cocktail
Synthetic + synthetic

Organic
730 8.4 0.5 5.6 [94]

Separated (bilayer) Synthetic + synthetic 700 15.5 0.68 7.45 [59]

Cocktail Natural + synthetic 380 3.1 0.35 0.41 [42]

Cocktail Natural + synthetic 430 2.49 0.51 0.54 [38]

Cocktail Natural + synthetic organic 670 4.01 0.6 2.02 [40]

Cocktail Natural + synthetic organic 640 4.66 .7 2.09 [48]

Cocktail Natural + synthetic organic 300 2.84 0.35 0.3 [95]

Sequential Natural + synthetic organic 215 .10 .25 .13 [44]

Monodye N719-SSC Synthetic 454 7.12 0.51 1.68 Present study

Cocktail

MDSSC1

Natural + synthetic

437 7.48 0.57 1.88 Present study

MDSSC2 425 7.52 0.58 1.85 Present study

MDSSC3 397 8.22 0.52 1.69 Present study

Sequential
SDSSC1 492 7.75 0.57 2.19 Present study

SDSSC2 488 8.54 0.55 2.29 Present study

Separated (bilayer)

BLDSSC1 446 7.32 0.52 1.72 Present study

BLDSSC2 416 6.13 0.53 1.36 Present study

BLDSSC3 531 9.76 0.55 3.05 Present study

BLDSSC4 525 10.27 0.64 3.48 Present study

1.86

1.88

1.79

1.85

1.83
1.78

1.69

1.66
1.64

6.9

7.4

7.9

8.4

0.38 0.41 0.44

MDSSC3 Batch

MDSSC2 Batch

MDSSC1 Batch

Voc (V)

J sc
 (m

A
/c

m
2 )

(a)

0

2

4

6

8

10

0 0.2 0.4 0.6

N719
MDSSC1

MDSSC2
MDSSC3

Voc (V)

J sc
 (m

A
/c

m
2 )

(b)

Figure 9: (a) The distribution of Jsc and Voc of the MDSSC batches (the diameter of bubbles showed the efficiencies); (b) the J-V
characteristics of the best solar cell of each batch.
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BLDSSC4). The distribution of Jsc and Voc of each batch is
depicted in Figure 11(a). The median efficiency of the
BLDSSC2 batch was 1.3%, and the highest efficiency
achieved for this mode was 1.36% (Jsc = 6:13mA/cm2, Voc
= 416mV, FF = 0:53). The BLDSSC2 provided the lowest
performance among all fabricated solar cells due to the low
crystallinity of its upper layer (LT1). In contrast, the
BLDSSC3 and BLDSSC4 samples, which have a better crys-
talline structure and morphology, showed higher efficiencies.
The median efficiency of these two batches was 2.94% and
3.34%, respectively, with standard deviations of 0.066 and
0.086. The highest efficiencies obtained for them were

3.05% (Jsc = 9:76mA/cm2, Voc = 531mV, FF = 0:55) and
3.48% (Jsc = 10:27mA/cm2, Voc = 525mV, FF = 0:64),
respectively. The J-V characteristics of the best results
obtained for these solar cell models are shown in
Figure 11(b). The open-circuit voltages of these two models
were almost close together, but the highest values of the
short-circuit current and the efficiency were achieved in
the BLDSSC4. This situation occurred due to several rea-
sons. The first reason was the adsorption increment of dyes
because of the higher effective surface of the semiconductor
structure. This higher effective surface was related to the
spherical morphology, more suitable porosity [90], and
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Figure 11: (a) The distribution of Jsc and Voc of the BLDSSC batches (the diameter of bubbles showed the efficiencies); (b) the J-V
characteristics of the best solar cell of each batch.
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better electrolyte penetration inside the layer [89]. The sec-
ond reason was dealt with its lower impedance due to the
fewer surface states and bulk traps.

As it was observed, the conventional method of cosensi-
tization by a mixture of natural and synthetic dyes cannot
strongly improve the efficiency of the solar cell because
dye…dye interaction caused more resistance toward the
injection of electrons from the dye into the TiO2 nanoparti-
cles. Furthermore, it has been shown that the Voc of the solar
cell is related to the density of electrons in the conduction
band [98, 99], so the possibility of electron recombination
in these traps can reduce the voltage and fill factor [100].
Also, the ineffectiveness of natural dyes prevents absorption
spectrum expansion and light-harvesting. Thus, the current
increment becomes negligible [10]. Therefore, the efficiency
of this method was not more than the mono-dye sensitiza-
tion method. Although the sequential sensitization method
can resolve some limitations of the first method, producing
a proper diversity of dyes still remains a major problem in
this area. This problem takes place due to the limited capac-
ity of TiO2 sensitization, arising from the limited number of
anchoring sites [20]. The use of the bilayer method for
cosensitization by natural and synthetic dyes can cause sep-
arated adsorption of each type of dyes. Therefore, each dye
had its independent effect on the spectral expanding of the
solar cell as well as electron injection into the conduction
band of TiO2 nanoparticles [101]. In this regard, the pro-
posed methodology provided two significant features at the
same time: (i) the strong interaction between the TiO2 nano-
particles and the donor atoms of synthetic dye molecules
and (ii) the expansion of the light absorption spectrum using
natural dyes. In addition, the enhancement in the variety of
adsorbed dyes increased the density of injected electrons
into the semiconductor. In this situation, the layer traps
can be filled by some electrons leading to smoother transport
of subsequent electrons [102]. Of course, to take advantage
of these benefits, the fabricated layers in terms of crystallin-
ity, porosity, and morphology must be of good quality,
which completely affects the impedance of the solar cell
and the process of charge injection and transportation [90,
103].

4. Conclusions

In this paper, a new approach for cosensitization of DSSC by
synthetic and natural dyes was presented. This approach pro-
posed a simple and low-cost methodology for enhancing the
performance of DSSCs that may help the commercialization
process. In this regard, four natural dyes were extracted inex-
pensively from plants to use as cosensitizers along with N719
synthetic dye to produce a broad photoabsorption spectrum.
The proposed approach was compared to conventional cosen-
sitizationmethods. The results indicated that the conventional
cocktail method did not show a significant improvement com-
pared to monodye sensitization due to limited adsorption of
natural dyes in the presence of synthetic dyes with strong
binding to TiO2 nanoparticles. Also, the sequential method
suffers from the limitation of subsequent dye adsorption due
to limited TiO2 anchoring sites. Therefore, in the present

study, a bilayer structure with separate sensitization was pro-
posed that each dye could have its independent effect on the
photoabsorption and electron injection into the semiconduc-
tor. To prevent dye degradation within the annealing process
of the top layer, a low-temperature process was performed
for the top layer. The XRD and FESEM analyses showed that
the layer created with an acid concentration of 0.25M via
the low-temperature process had good quality in terms of
morphology, crystallinity, and porosity. The highest efficiency
achieved in this method was 3.48%, which indicates the best
performance of the proposed method in comparison with
the cocktail and sequential methods that showed efficiencies
of 1.88% and 2.29%, respectively. As the future direction, the
photoabsorption enhancement of DSSCs can be studied using
cosensitization by natural and inexpensive organic dyes based
on the proposed approach to further reduce costs. Also, large-
scale layering techniques such as roll-to-roll and printed-based
processes can be developed for separated cosensitization.
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