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Abstract 
The aligned hexagonal cadmium sulfide nanorods (CdSNR) have been synthe-
sized by hydrothermal technique at 200˚C on fluorine tin oxide (FTO) sub-
strates. Dye sensitized solar cells (DSSCs) based on the photoelectrode core-shell 
CdSNR array with conductive polymers nanocomposite of polyaniline (PANI) 
and poly(3,4-ethylenedioxyl-thiophene)/poly(styrene-sulfonate) (PEDOT:PSS) 
were fabricated and designed with different types of dye molecules. DSSCs 
were characterized utilizing scanning electron microscopy (SEM), Raman 
scattering, energy dispersive spectroscopy (EDS), UV-Vis absorption spec-
troscopy, X-ray diffraction (XRD), and photocurrent-voltage (J-V) characte-
ristic. Results show that under illumination (AM 1.5 G), the high power con-
version energy (PCE) was achieved for CdSNR/PANI-PEDOT:PSS device when it 
sensitized with ruthenium (II) (dye N-719) of 0.91% and a short circuit cur-
rent density (Jsc) of 4.21 mA/cm2 in comparison with the other devices, 
which sensitized with natural dyes. The high performance of the 
CdSNR/PANI-PEDOT:PSS-N719 device attributed to the wide range of ab-
sorption and photostability for N719. This work shows that the CdSNR with 
N719 can be appropriate candidate for photovoltaics device for their low cost 
fabrication procedure and excellent absorption. 
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1. Introduction 

Because of encouraging photo-conversion efficiency (PCE), dye sensitized solar 
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cells (DSSCs) have been widely studied over the past twenty years [1]. Especially 
in the case of smaller market segments, DSSCs signify a workable substitute for 
silicon-based solar cells. Alongside serviceable PCEs, they offer low fabrication 
costs, environmentally-responsible constituents and a simple fabrication process. 
Discoveries in such as innovative dyes and electrolytes over the past several years 
have regenerated attention for such devices, and have increased the PCE to as 
high as 14% [1] [2] [3]. 

DSSC function begins with photo-excitation of a dye molecule, the light har-
vesting or charge-generation step as shown in Figure 1. Next comes injection of an 
electron into the nanostructural conduction band of any of several wide-bandgap 
metal oxides (the transport of charge carriers). The oxidized dye molecule is 
subsequently regenerated back to its ground state by accepting a single electron 
from an electrolyte that saturates the sensitized nano-structured metal oxide film 
(electrons in the n-type metal oxide move into holes in the electrolyte). The 
DSSCs concept requires three properly separated materials: a photo-sensitive 
dye, a metal oxide, and an electrolyte [4] [5]. 

The photo-absorptive dye, which generates excitons, is bonded to the surface 
of a semiconductor layer. The high PCE of DSSCs using ruthenium (II)-polypyridyl 
complexes (13% under standard illumination) can be credited to their pho-
to-stability in the finished solar cell, wide absorption range, and generous spec-
troscopic properties [6]. 

Although commercially available DSSCs using ruthenium bipyridyl-based 
dyes (N3 dyes or N917) attained PCEs above 10% as early as 1993 [7] [8], these 
are expensive and hard to store dyes [8] [9]. A group at the University of Ba-
hrain used methanol solvent in the Soxhlet Extraction Apparatus to develop en-
vironmentally-safe dyes from profuse natural sources. These included Bahraini 
Henna (Lawsonia inermis L.), dried cherries, pomegranate, raspberries, and 
Yemeni Henna, (Jasim, submitted for publication 2011) [8].  

CdS has become a vital material for many types of optical devices, including 
solar cells [10]. It is broadly acknowledged that many physical CdS aspects will 
enhance or diminish its photocatalytic yield. Its crystalline phase, structural de-
fects, specific surface area, and size and morphology of particles have all been  
 

 
Figure 1. Schematic structure of ZnO-based DSSCs. 
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noted. Control over the size and shape of CdS particles is a crucial aspect of ge-
nerating an energetic photocatalyst [11]. Therefore, various new techniques have 
been developed for formulating and producing CdS constituent parts. Bao et al. 
[12] [13] prepared nanoporous CdS nanostructures with an increased hydrogen 
yield under visible light, by using self-templated synthesis. Many other tech-
niques have been successfully tapped to generate CdS nanostructures, including 
biogenic synthesis [12] [14], chemical bath deposition [15] [16] [17] [18], hy-
drothermal methods [5] [19] [20] [21], and thermal evaporation [22]. Of these, 
hydrothermal synthesis has proven an effective method for low temperature 
generation of nanostructures [11]. 

Yang et al. [6] reported improved efficiencies in electron transport and pho-
ton absorption with 1-D nanostructures including nanowires (NWs) and nano-
rods (NRs) [23]. 

Yoshimura defines hydrothermal processing as a homogeneous (nanopar-
ticles) or heterogeneous (bulk materials) reaction carried out under high tem-
perature and pressure using aqueous solvents or mineralizers in order to dissolve 
and recrystallize materials that are comparatively insoluble under usual condi-
tions [19]. 

The hydrothermal deposition of CdS proceeds from the cadmium and sulfide 
ions in the solution and the chemical deposition can be accomplished using 
these reactions:  

( ) ( )2 2 2 22 2NH CS H O NH CO H S+ → +  

2 2CdCl H S CdS 2HCl+ → +  

This direct ionic reaction yields a high-quality thin film notably free of impur-
ities [20]. 

In this work, CdSNR photoanode with a large surface area were fabricated with 
a counter electrode of PANI-PEDOT:PSS nanocomposites to improve the per-
formance of DSSCs via a low cost and simple deposition techniques. And the 
CdSNR photoelectrode was sensitized with three types of dye (N-719, BB, and 
BE), the (N-719) dye sensitized CdSNR-PANI-PEDOT:PSS device showed the 
highest PCE (0.91%) due to capturing more photons from sunlight.  

2. Experimental Methods  
2.1. Reagents  

Di-tetrabutylammonium cis-bis(isothiocyanato)bis  
(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(II) (N-719 dye)C58H86N8O8RuS2 95%, 
Ethylene glycol (CH2OH)2, thiourea ≥ 99.0%,  
poly(3,4-ethylenedioxyl-thiophene)/poly(styrene-sulfonate) PEDOT:PSS,  
L-Glutathione reduced ≥ 98.0%, were purchased from Sigma Aldrich. Fluorine 
doped tin oxide (FTO) coated glass substrate, with a resistivity of 12 - 17 Ω⋅cm 
was purchased from Nanocs, iodine I2 was from mallinckodi chemical work. 
Cadmium nitrate Cd (NO3)2⋅4H2O, acetone (C3H6O), potassium iodide (KI),and 
ethanol (C2H6O) were purchased from Fisher Scientific, sulfuric acid H2SO4, and 
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aniline C6H7N ≥ 99% were purchased from Alfa Aesar. All the chemicals were 
utilized without further purification. 

2.2. Synthesis of CdSNR Precursor and Thin Film Deposition 

CdSNR were deposited via a hydrothermal process on FTO substrates, which were 
ultrasonically cleaned for few minutes with acetone, ethanol, and deionized water 
(DI with purity 18.20 MΩ⋅cm). Ina typical deposition, 0.449 g of Cd (NO3)2⋅4H2O 
was dissolved in 30 ml of DI and stirred for 5 minutes at room temperature until 
get a clear precursor solution, on the other hand 0.109 g, and 0.258 g from 
thiourea and L-Glutathione reduced were dissolved in 30 ml of DI each respec-
tively until clear solutions were obtained, a clear mixture of these three solutions 
was achieved. FTO substrate was vertically placed in a 20 ml Teflon lined stain-
less steel autoclave which was contained the final solution, and the deposition 
was carried out at 200˚C for 3.5 hours. Then cooled the autoclave to the room 
temperature and rinse the resultant sample with DI [5] [24]. Figure 2 illustrates 
the whole steps of deposition and fabricated DSSCs. 

2.3. Synthesis of PANI, PEDOT:PSS, Electrolyte, and Dye 

Pristine PANI fabricated by dissolving aniline monomer (2 M) in sulfuric acid (1 
M) under continuous stirring for 5 minutes, the electrochemical polymerization 
occurred at 2 V at room temperature on cleaned FTO, then rinsed a PANI thin 
film with the DI [5]. 

PEDOT:PSS was spin coated on PANI/FTO, the PEDOT:PSS solution with 3 
vol% ethanol to improve the conductivity of it [18], was stirred for 1 hour and 
then filtered. Then the PEDOT:PSS layer annealed on 150˚C hot plate for few 
minutes. 

To prepare the electrolyte, 0.83 g of potassium iodide and 0.127 g of iodine 
were dissolved in 10 ml of ethylene glycol under stirred. 

For dye preparation, 0.01 g of ruthenium (II) (N-719 dye) was dissolved in 20 
ml of ethanol. While for natural dye of black berry dye (BB), and beet dye (BE) 
preparation, add amount of ethanol and vinegar to clean BB or BE juice as 
shown in Figure 2. Then the n-type electrode (CdSNR) was immersed a bath of 
dye for 10 hours. 

2.4. Solar Cell Fabrication 

DSSCs devices were fabricated with the structure of FTO/CdSNR/PANI-PEDOT: 
PSS/FTO as shown in Figure 3. The photoanode for the DSSCs was CdSNR sensi-
tized with three types of dye molecules (N-719, BB, and BE), while the counter 
electrode was PANI-PEDOT:PSS nanocomposites, an iodine electrolyte filled the 
inner area of the spacer 0.9 × 0.9 cm2 which is represented the illuminated area, 
while the outer area of the spacer was 2.5 × 2.5 cm2. 

3. Characterization Methods 

X-ray diffraction (XRD; Rigaku Miniflex 600 X-ray diffractometer utilizing CuKα  
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Figure 2. General procedure utilized to prepare a sandwich device of DSSCs. 
 

 
Figure 3. The schematic diagram of FTO/CdSNR/PANI-PEDOT:PSS/FTO device. 
 
radiation with a wavelength 1.54056 Å) was acquired to perform the crystalline 
and phase identification of CdSNR. Scanning Electron Microscopy (SEM, JEOL 
JSM7000F) was used to investigate the surface morphologies of the samples, and 
the CdSNR composition was observed by energy dispersive X-ray analysis (EDX). 
UV-visible spectrometer was used to record UV-vis absorbance spectra from 300 
- 1000 nm. 

For the analysis of the DSSCs, current voltage (I-V) analysis by Keithley Mod-
el 2400 sourcemeter (which was calibrated with a standard Si solar cell) was used 
under a simulated AM 1.5 G spectrum at room temperature. EZRaman-N was 
acquired using to find Raman spectra. 

4. Mechanism of DSSCs 

CdSNR was used as photoelectrode, and PANI-PEDOT:PSS nanocomposites was 
used as counter electrode of DSSCs. The space between the anode and cathode 
was filled with Iodide electrolyte containing I−/ 3I

−  redox. When the DSSCs is il-
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luminated by light, the photoexcitation was happened in the dye molecules, and 
the electron will be excited from the highest occupied molecular orbital (HOMO) 
to the lowest molecular orbital (LUMO) states of dye molecules as shown in 
Figure 4. Then the electron injected transfer to the conduction band (CB) of 
CdSNR which cause to oxidize the dye molecules, the dye molecules will be rege-
nerated from the reduced state of the electrolyte containing redox couple, which 
is regenerated by receiving electron from counter electrode.  

5. Results and Discussion 

Figures 5(a)-(e) show the typical SEM images of CdSNR which was synthesized 
by hydrothermal. Figure 5(a) and Figure 5(b) investigate the top view of CdSNR 
at micro and nano magnification, it is clearly shown that the large scale nano-
rods covered the substrate with highly ordered surface area, these nanorods have 
an average length of ~600 nm, and diameter of ~100 nm as shown in Figure 
5(b), Figure 5(d), and Figure 5(e). It is obviously seen that the surface un-
iformly covered with a CdSNR as presented in the SEM image in Figure 5(c). The 
EDS spectra for Cd and S are shown in Figure 6(c). The elemental composition 
of Cd and S from EDS is 49.0% and 51.0% respectively. 

Figure 5(f) and Figure 5(g) present the SEM images of PANI thin film at low 
and high magnification, a nanofiber structure of pristine PANI, and presence 
some pores in the film can be clearly shown from the SEM images. PEDOT:PSS 
coated on PANI in order to improve the electrical conductivity of PANI [25] 
[26], the surface of PEDOT:PSS and organized chains are shown in Figure 5(h) 
and Figure 5(i). 

Figure 6(a) compares the absorbance of the CdSNR and sensitized CdSNR with 
different types of dye (N719, BB, and BB). Apparently CdSNR sensitization with 
N719 have an improvement in light harvest, and the maximum absorbance of 
CdSNR + N719 than the CdSNR sensitized with dye BB or BE, which in turns in-
dicateto a good light absorption and an effective electron injection [4]. The va-
riance between the curves is due to light absorbance by the dye (N719, BB, and  
 

 
Figure 4. The mechanism of DSSCs. 
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Figure 5. Top view and cross section SEM images of CdSNR (a)-(e), micro and nano mag-
nification of PANI (f)-(g), and micro and nano magnification of PEDOT:PSS (h)-(i). 
 

 
Figure 6. Absorbance spectra of the CdSNR, sensitized CdSNR with different types of dye 
(N719, BB, and BB), and FTO (a) band gap of CdSNR (b), and EDS plot-data for CdSNR 
(c). 
 
BB). The maximum absorbance of CdSNR + N719 in the visible region is at 420 
nm. It was found that the band gap of CdS to be 2.36 eV as shown in Figure 
6(b). 

Figure 7(a) shows XRD patterns of the CdSNR and FTO. The hexagonal phase 
and the crystallinity of the CdSNR increase significantly as shown from the XRD  
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Figure 7. XRD pattern of CdSNR and FTO (a), and Raman spectrum of CdSNR (b). 
 
patterns. The crystallite size of CdSNR has been calculated by the XRD line broa-
dening from Debye-Scherrer’s equation as follows [27] [28] [29]: 

 
cos
KL λ

β θ
=  

where D is the crystallite size, λ is the wavelength of the X-ray radiation in na-
nometer (nm), θ the diffraction angle, β is the full width at the half maximum of 
the peak (FWHM), and K is a constant (0.9). The measurements referred that 
the mean crystallite sizefor the diffraction H (002) for CdSNR was 50.84 ± 6 nm. 

The Raman scattering spectra from the CdSNR are illustrated in shown in Fig-
ure 7(b). Peaks at 300 cm−1 and at 600 cm−1 correspond to fundamental longitu-
dinal optical phonon (1LO), and the first overtone mode (2LO). The high inten-
sity refers to the increasing in the thickness, which in turns has better crystallin-
ty. 

Figure 8(a) and Figure 8(b) show the current density (J)-voltage (V) charac-
teristics of DSSCs under illumination (AM 1.5 G, 100 mW/cm2) and under dark 
respectively. 

The performance of dye N719, BB, and BE sensitizer have been studied, and 
the data of open circuit voltage (Voc), short circuit current density (Jsc), fill factor 
(FF), series resistance (Rs), shunt resistance (Rsh), and power conversion effi-
ciency (η) are shown in shown in Table 1. It has been found that the CdSNR are 
very effective when sensitized with ruthenium dye N719 which enhanced the 
light harvesting, and thus the maximum absorption would lead to photocurrent 
of 4.21 mA/cm2, and high power conversion efficiency of 0.91% due to reduced 
recombination and increased charge injections. On the other hand low absorp-
tion caused in reduction in the short circuit photocurrent of 2.20 mA/cm2, and 
0.67 21 mA/cm2 in the devices, which were sensitized with BB, and BE respec-
tively and then effected on the performance of the solar cell. The high value of 
Rsh = 30 Ω⋅cm2 and low value of Rs = 8.13 Ω⋅cm2 can be affected on the perfor-
mance of DSSCs. The DSSCs efficiency calculated from the equation [5] [18] 
[30]: 

sc oc

in

FF J V
P

η
 ⋅ ⋅

=  
 
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Table 1. I-V Characterization of devices structures under illumination of AM 1.5. 

Devices JSC (mA/cm2) VOC (V) FF (%) RSh (Ω⋅cm2) RS (Ω⋅cm2) PCE (%) 

CdSNR/PANI-PEDOT:PSS-N719 4.21 0.53 37 30 8.13 0.91 

CdSNR/PANI-PEDOT:PSS-BB 2.20 0.58 39 77 4.25 0.614 

CdSNR/PANI-PEDOT:PSS-BE 0.67 0.50 20 55 26.95 0.056 

 

 
Figure 8. The J-V Characteristics of CdSNR/PANI-PEDOT:PSS-N719,  
CdSNR/PANI-PEDOT:PSS-BB, and CdSNR/PANI-PEDOT:PSS-BE devices (a) under 
AM1.5 G illumination and (b) in the dark. 

6. Conclusion 

DSSCs based on CdSNR photoelectrode were fabricated with simple hydrother-
mal deposition technique. The low cost and natural dyes were used as the sensi-
tizer such BB, and BE. Also, the dye ruthenium N719 was used as a sensitizer. 
The high performance can be attributed to the large surface area, high harvesting 
of photons when the dye ruthenium N719 was used as a sensitizer, low recom-
bination, and high quality crystal size, due to using hexagonal wurtzite CdS. 
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