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Abstract 
Nanostructured films of metal-oxide semiconductors are the focus of intensive research nowadays due to their 

applications in the current quest for new sources of clean energy. Metal-oxides like TiO2 can be used to make efficient photoanodes 
for photoelectrochemical solar cells. Dye-sensitized solar cells (DSSCs) are an attractive solar cell option because of their relatively 
low manufacturing costs and simple process technology. In the present investigation, DSSC based on TiO2 nanowires/nanoparticles 
composite photoanodes were prepared. TiO2 nanowires (TNWs) are prepared via hydrothermal treatment and the photoanodes are 
made-up of by mixing various mass ratios of TiO2 nanowires with TiO2 nanoparticles (TNPs). DSSCs photoanode were prepared 
using TNWs concentrations of 0%, 10%, 50%, 90% & 100% with TNPs and are named as DSSC-2, DSSC-3, DSSC-4, DSSC-5 & 
DSSC-6 respectively. In addition, a photoanode is prepared using bulk particle of TiO2 and named as DSSC-1. In this work, Indigo 
carmine dye is used as a photo sensitizer, PMII (1-propyl-3-methylimmidazolium iodide) ionic liquid as electrolyte and Copper 
sulfide is used in counter electrode. The morphology of TiO2 nanowires with nanoparticles would be a promising nanostructure in 
fabricating DSSCs for its advantages in charge separation, electronic transport and light harvesting. The results of the present 
investigation revealed that the composite photoanode containing optimized TiO2 nanowires with nanoparticles can increase electron 
transfer efficiency. Among all DSSCs, DSSC-3 (TiO2 nanowires content is  10 wt%) have illustrated the relative high conversion 
efficiency of 3.04% because of the longer electron life time and rapid electron transfer in the photoanode and electrolyte regions of 
this cell. This work has established that composite TNWs/TNPs photoanode structure can suppress the electrons recombination 
process and increase the conversion efficiency effectively.  
Keywords: DSSCs, TiO2 NWs, NPs, sol-gel process, hydrothermal process, X-ray diffraction, electron microscopy, EIS 
1. INTRODUCTION 

Increasing demand for energy is forcing us to research into new resources, among which solar energy 
is ideal to meet the target because of its abundant, clean and inexhaustible characteristics. New concepts in 
photovoltaics, photocatalysis and energy storage, attracting extraordinary interest from researchers and 
technologists nowadays, are based on the unique properties of nanostructured materials. The decisive 
advantage of nanostructured morphology is that it provides a high surface to volume ratio while maintaining 
some of the basic properties of the bulk material and adding new exciting ones [1]. Dye-sensitized solar cells 
(DSSCs) have been recognized as an attractive alternative to conventional solid-state homo and hetero junction 
solar cells because of their reasonable solar-to electricity conversion efficiency and simple fabrication on rigid 
and flexible substrates [2], [3], [4], [5], [6], [7]. DSSC is comprised of self-organized metal oxide nano structured 
conducting substrate offer (a) large surface areas for dye sensitization, which results in enhanced light 
harvesting; (b) easy transfer of electrons injected from the photo-excited dye; (c) vectorial (directed) charge 
transport to the electrical contact; and (d) a readily accessible space for intercalation of the redox electrolyte. 
Morphology of photoanode in the nanoscale is a key issue of DSSCs [2], [8], [9], where the high surface area 
ensures a large concentration of the light absorber material leading to good light harvesting and an intimate 
contact with the electron and hole transporter material [10]. In recent years, one-dimensional (1D) array 
materials, such as nanotubes, nanorods, and nanowires, have been successively synthesized and applied to 
improve the electron transportation ability in DSSCs [11], [12], [13], [14]. These 1D array materials can offer 
direct pathways for electron transport, thus the electron transport in them is several orders of magnitude faster 
than that in the case of nanoparticle films, suggesting lower opportunities of photogenerated electrons 
recombination  [15], [16]. Therefore, it is highly desirable to synthesize 1D structure with high surface area and 
good light-scattering ability simultaneously.  
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Metal oxide films have been demonstrated to be promising candidate as photoanodes due to their 

appropriate energy band position and both thermal and chemical stability in solution. Nano structure TiO2 has 
got wide band gap and large surface area, so that it can absorb maximum amount of photons from the 
sunlight. TiO2, particularly in the anatase form, is a photocatalyst under sunlight. Traditional DSSCs use high-
surface-area titania nanocrystalline thin films as the photosensitized anode material and a power conversion 
efficiency of 11.18% has been achieved [17]. However, a further increase in the conversion efficiency is 
impeded by slow electron percolation and recombination loss resulting from electron trap states that reside on 
the surface of the disordered nanoparticle network [15], [18], [19], [20]. The rapid electron transport in the TiO2 
film is important to ensure their efficient collection by the conducting substrate when in competition with the 
recombination processes and the electrons transport through a slow trap-limited diffusion process [21]. TiO2 
nanowire (TNWs) has got large surface area, environmentally benign component, improved light scattering 
and electron transport, all of which contribute toward improving key characteristics of low cost and high 
efficiency.  

In DSSC, the sensitizer is one of the key components for high power-conversion efficiency. In recent 
years, much interest in metal-free organic dyes as an alternative to noble metal complexes has increased due to 
many advantages, such as diversity of molecular structures, high molar extinction coefficient, simple synthesis 
as well as low cost and environmental issues. The requirements of sensitizer should be good photo response in 
the visible region, high long-term stability under sun soaking, and appropriate lowest unoccupied molecular 
orbital (LUMO) levels matching the conduction band of TiO2. In this work, Indigo carmine dye is used as a 
photo sensitizer for DSSC fabrication. The use of ionic liquid electrolyte is advantageous due to the high degree 
of wetting obtained on the fused nanoporous metal oxide electrode as well as its high ionic conductivity. 
However, encapsulation of volatile organic electrolytes with high vapor pressure is a major challenge in 
practical applications of the DSSC. Room temperature ionic liquids (ILs) are an attractive class of molecules for 
their utilization as electrolytes in DSSCs due their low volatility and high ionic conductivities. In the counter 
electrode, cobalt sulfide is used which is far less expensive, more efficient, more stable and easier to produce in 
the laboratory. 

In the present investigation, TNPs were synthesized by sol-gel method and TNWs were prepared 
through an alkali hydrothermal transformation. The photoanodes were prepared using composites of anatase 
TiO2 nanowires with TiO2 nanoparticles in the fabrication of DSSCs. Working photo electrodes were arranged 
using TNWs concentrations of 0%, 10%, 50%, 90%, and 100% with TNPs and are represented as DSSC-2, DSSC-
3, DSSC-4, DSSC-5 & DSSC-6 respectively. In addition, a photoanode is prepared using bulk particle of TiO2 
and is named as DSSC-1.This TNWs structure is expected to facilitate the electron transportation within the 
photo anode layer and enhance efficiency of DSSCs. 
2. EXPERIMENTAL 

All chemicals used in this study were of high purity which were purchased from Sigma-Aldrich, India 
and were used without further purification unless otherwise stated. TiO2 NPs and NWs composite paste were 
coated uniformly onto ITO glass by the doctor blade technique of thickness ~ 12µm.  
2.1 Preparation of TiO2 Nanoparticles and Nanowires 
          TiO2 NPs was synthesized using titanium (IV) isopropoxide [TTIP], nitric acid, ethyl alcohol, and 
distilled water. The TTIP was mixed with ethanol and distilled water was added drop by drop under vigorous 
stirring for 1 h. This solution was then peptized using nitric acid and heated under reflux at 80° C for 8 h. After 
this period, a TiO2 sol was prepared. The prepared sol was dried to yield a TiO2 powder. The TiO2 particles 
were calcined at 450°C for 1 h in a furnace to obtain the desired TiO2 stoichiometry and crystallinity [22]. 
TNWs were prepared through hydrothermal process.  2g of TiO2 NPs particles as prepared by the sol-gel 
method were mixed with 100 ml of a 10-M NaOH aqueous solution, followed by hydrothermal treatment at 
150°C in a Teflon-lined autoclave for 12 h. After the hydrothermal reaction, the treated sample was washed 
thoroughly with distilled water and 0.1 M HCl and subsequently filtered and dried at 80°C for 1 day. To 
achieve the desired TNW size and crystallinity, the sample was calcined at 600°C for 1 h [23]. 
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 2.2 Preparation of Indigo carmine dye 
          Natural indigo fresh plant root was washed with water and made into powder. The powder is mixed in 
boiling water and maintains 2–3 h, and the solids were filtrated out. Now the solution is opaque and blue color. 
Adding 1g of sodium hydroxide and 1 g of thiourea dioxide in the stock solution and kept at temperature of 
80° C for 1 h [24]. The resulting stock solution is treated with sulfuric acid, which converts indigo into blue-
green derivative called indigo carmine (sulfonated indigo). 
2.3 Fabrication of DSSC Cells 

The TiO2 pastes with various ratios of NPs/NWs were prepared by ultrasonically mixing for 2 h. The 
as-prepared pastes were deposited by doctor-blade technique on indium-doped tin oxide conducting glass 
(ITO, 8-10Ω/square) by preparing an active area of 4 cm2. Five pastes of TiO2 NWs concentrations of 0%, 10%, 
50%, 90%, and 100%, with NPs were used to prepare photoanode, which were respectively labeled as DSSC-2, 
DSSC-3, DSSC-4, DSSC-5 and DSSC-6. One more DSSC was fabricated using bulk particle of TiO2  represented 
as DSSC-1. Thickness of the films was controlled by adjusting the thickness of adhesive tapes (here the 
thickness of the photoanode film after calcinations is about ~12 μm). The film is then heated to 500°C at a rate 
of 15°C /min and kept at 500°C for 30 min. After cooling to 80°C, the TiO2 working electrode is immersed 
overnight in a solution of Indigo carmine dye. One drop of iodine-containing electrolyte was deposited onto 
the surface of the electrode and penetrated inside the TiO2 film via capillary action. The electrolyte was 
composed of 0.6 M 1-methyl-3-propylimidazolium iodide (PMII), 0.1 M LiI, 0.05 M I2, 0.5 M tert-butylpyridine 
in acetonitrile.  A copper sulfide counter electrode was then clipped on top of the TiO2 photoanode to form a 
photovoltaic device. 

The photovoltaic properties of the DSSCs were characterized by recording the photocurrent and 
voltage (I-V) curves under illumination of A.M. 1.5 G (100 mW/cm2). TiO2 NPs and NWs were characterized by 
X-ray diffraction (XRD) using X-ray diffractometer (X’Pert PRO-PANalytical, Philips). Transmission electron 
microscopy (TEM) characterization was taken by (JEOL JSM-100CX) electron microscope. Specific area of the 
TiO2 was determined by Brunauer-Emmett-Teller (BET) method using Accelerated Surface Area and 
Porosimetry Analyzer (Micromeritics ASAP-2020, USA). Photo electrochemical characteristics and the ac 
impedance measurements of the DSSCs were recorded with a LCZ Meter- Keithley, USA. The applied bias 
voltage and ac amplitude were set at open-circuit voltage of the DSSCs and 10mV between the ITO/CS counter 
electrode and the ITO/TiO2/dye working electrode, respectively, and the frequency range explored was 1mHz 
to 105 Hz. The impedance spectra were analyzed by an equivalent circuit model for interpreting the 
characteristics of the DSSCs. 
3. CHARACTERIZATION AND MEASUREMENTS 
3.1 XRD, TEM and SEM analysis 

The structures and morphologies of the TiO2 NPs and NWs were characterized by XRD and TEM. Fig. 
3.1 (a) shows the XRD patterns of TNPs and Fig. 3.1 (b) shows the XRD patterns of TNWs after annealing at 600 
°C respectively. The peaks of (101), (004), (200), (105) and (211) are typical peaks of anatase TiO2 [JCPDS: 
PDF#21-1272]. From this Fig.3.1, it could be noticed that the TiO2 NPs and NWs exhibit an anatase structure 
with no impurity phase. The enhanced peaks indicate that the TNWs are well crystallized. Fig. 3.2 (a) and Fig. 
3.2 (b) shows the TEM image of TiO2 NPs and NWs respectively.  The average diameter of the TNPs is 10-
20nm. From the Fig. 3.2 (b), it can be found that the TiO2 nanowire has smooth surface after calcination, with 
nearly uniform in diameter along its length, which suggests that the nanowire grows through epitaxial 
addition of growth units to the tips [25].  
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        Fig 3.1 (a) XRD pattern of TiO2 NPs    Fig 3.1 (b) XRD pattern of TiO2 NWs 
TEM image indicates that TiO2 nanowire having diameter ranging from tens to hundreds nanometers. 

The Brunauer-Emmett-Teller (BET) surface area of the TiO2 nanowires is 80 m2 g−1. This value is much higher 
than that of TiO2 nanoparticles (ca.20m2 g−1). Most of the NWs have the length of a few microns and they are 
very uniform, quite clean, and smooth-surfaced. It can be seen the starting material exhibits nanoparticles type 
and the mean diameters are about 10-20 nm after hydrothermal synthesis, the particles were completely 
converted to TiO2 nanowires. The texture of the NWs is uniform and reasonably dense though there are ample 
voids between the wires.  

 

               
          Fig 3.2 (a) TEM photograph of TiO2 NPs                            Fig 3.2 (b) TEM photograph of TiO2 NWs 
 
3.2 Photovoltaic Performances 

The photocurrent-voltage (I-V) characteristics of the DSSCs with various concentrations of TNWs with 
the TNPs in the photoanodes are shown in Fig. 3.4. The detailed photovoltaic parameters open-circuit voltage 
(VOC), short-circuit photocurrent density (ISC), fill factor (FF) and energy conversion efficiency (η) of the DSSCs 
are listed in Table 3.1. The overall energy conversion efficiency of DSSCs is varied with the concentration of 
TiO2 NWs with TNPs. The DSSC-1 is made using only bulk particle of TiO2 showed lowest efficiency. 
Photovoltaic parameters for the TNPs DSSC-2 are VOC = 840 mV, ISC = 11 mA, FF = 72.08%, and η = 1.67%. By 
incorporation of NWs (10%) into the TiO2 films, the VOC value changes dramatically from 840 to 880 mV as the 
concentration of NWs increases. Also, the ISC and FF value of the cells also increased when the NWs were 
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employed. As a result of the good photovoltaic parameters for the cell consisting of TNWs/TNPs composites, 
the highest η of 3.04% is obtained for DSSC -3 at an optimized condition where the TNWs percentage is 10%. 
Compared with the DSSC-2, based on pure TNPs, an increase of ~ 82% is achieved. Furthermore, VOC is 
improved from 840mV to 880mV with enhancing the TNWs weight content in the TNPs based electrode from 0 
to 10%. Generally, VOC of a solar cell is determined by the difference between the Fermi level for electrons in 
the TiO2 electrode and the redox potential of I3−/I−.  As can be seen in Table 3.1, ISC shows an increasing 
behaviour first from 11 mA to 17.1 mA when the nanowire content is 10 wt %. Once the nanowire content 
exceeds 10 wt %, ISC starts to drop dramatically from 17.1 mA to 10.3 mA. The dependence of η on the 
nanowire content is consistent with that of ISC, which achieves the maximum energy conversion efficiency 
3.04% at the 10 wt % nanowire and then decreases when the nanowire content is greater than 10 wt %. In the 
case of nanostructure working electrode, the DSSC with TNW electrode (DSSC-6) exhibits the lowest value of 
ISC and η, which implies that pure nanowire structure, may block the transport of electrons in the photoanode. 
DSSCs fabricated with electrodes containing the composite TNWs with TNPs display higher VOC, ISC, FF and η 
as compared to the solar cell based on a pure TNPs electrode. Due to the one-dimensional structure of the 
TNWs, the charge recombination could decrease and charge transfer rate increases because of its straight 
charge transfer path divided by the nanowires, which result in an increase of electron density in TiO2 electrode. 
It is reasonable to think the relatively larger size of the nanowires than NPs could enlarge the pore size of the 
film to improve the diffusion of liquid electrolyte, which is beneficial for electron transfer in I3−/I− electrolyte 
[26].  

 
Fig 3.4 I-V characteristics of DSSC 

The low electron recombination and fast electrolyte diffusion are beneficial for lowering the 
concentration of   I3−/I−, and the VOC depends logarithmically on the inverse concentration of I3−  [27]. 
Consequently, the VOC increases with enhancing the nanowires weight content in the NP based electrodes at 
10% wt, afterwards VOC is decreased slowly with increasing nanowire concentration. DSSC made of pure TNPs 
photoanode, the injected electrons diffuse through the sintered nanoparticles film, through a series of inter 
particle hopping steps until they reach the collector electrode. While electrons within individual particles are 
highly mobile, the numerous nanoparticles boundaries and dead-ends in the disordered network limit 
microscopic electron transport [28]. This restricted transfer of electrons in the case of the film with TNPs is 
probably the reason for the relatively low ISC and FF of its cell. The electron transferring in pure TNPs film, 
composed of random particles is expected to be limited by electron traps, and this can increase the 
recombination between the conduction band electrons in the TNPs and I3− in the electrolyte, and thereby can 
decrease the pertinent VOC. With relatively low ISC, VOC, η and FF, the cell with TNPs shows a small light-
harvesting efficiency of 1.67%. Obviously, the DSSC with the composite film of TNWs/TNPs shows the better 
performance in this study. For the photoanode with this composite structure, the nanowires in the film could 
provide direct pathways for electrons transfer, as the nanowires have a regular structure perpendicular to the 
electrode; it can be visualized that photoelectrons can travel along the direction parallel to the nanowires, i.e., 
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precisely in the direction of the collecting electrode. In addition, the light scattering effects of the TNWs could 
favour enhanced light-harvesting efficiency, and thereby enhanced ISC for the cell with the composite film. The 
coverage of the TNWs with the TNPs endows adequate surface area for the composite film and thus favours 
high dye-adsorption for the photoanode and high ISC for the cell. Faster electron transfer in the composite film 
of TNWs/TNPs is considered as the reason for the higher FF of the cell with the composite film, with reference 
to those of the cells with the film of TNWs or TNPs. The slightly higher VOC of the DSSC with the composite 
film is owing to the inner TNWs, which can provide better pathways for electron transfer than TNPs. The cell 
with the composite film of TNWs/TNPs shows a light-harvesting efficiency of 3.04%; on the other hand, the cell 
with pure TNWs and pure TNPs show of only 1.59% and 1.67% of efficiency respectively. 
 
3.3 EIS analysis 

EIS (Electron impedance spectroscopy) is used to measure the charge transfer resistance of the 
electrode materials for characterizing the separation efficiency of the photogenerated electron-hole   pairs [29], 
[30]. The typical nyquist plot of the impedance data for all DSSCs were studied and shown in Fig.3.5. 
Generally, all the nyquist spectra of DSSCs exhibit three semicircles, which are assigned to electron transport at 
the counter electrode (Z1-higher frequency region), charge transfer process at the TiO2/dye/electrolyte interface  
(Z2-mid frequency region) and Warburg diffusion process of I−/I3− within the electrolyte (Z3-lower frequency 
region) respectively. By modeling and fitting the nyquist plots with equivalent circuit model, the electron 
transport parameters, such as serial ohmic resistance (Rs), electron transport resistance Rct at counter 
electrode/electrolyte interface, charge transfer resistance Rrec at the TiO2/dye/electrolyte interface, electron 
diffusion impedance Zd, effective electron life time (τeff), electron diffusion length (Ln) and effective diffusion 
coefficient (Deff) were extracted. In addition, Cct is interfacial capacitance at the interface of counter 
electrode/electrolyte and Crec is a chemical capacitance representing the change of electron density as a function 
of the Fermi level are measured. An equivalent circuit used to fit the experimental data is shown in Fig. 3.6. 
This equivalent circuit is based on the diffusion–recombination model proposed and has been frequently 
employed to analyze similar structures [31], [32], [33]. The resistance elements Rct, Rrec and Zd were described 
as real parts of  Z1, Z2, and Z3 respectively. In general the first and third semicircles are weak when compared 
the second semicircle. This largest semi-circle represents interfacial charge transfer resistance, Rrec, of the 
injected electrons to the direct transfer from the TiO2 NWs to I3− ions at the TiO2/dye/electrolyte interface. The 
extracted Rs, Rrec, Rct, Crec, Cct, Zd, τeff , Deff and Ln values are presented in Table 3.2. Estimations of Deff and Ln 
were done using equations [34]: 

Deff = (Rct/Rrec)(LF2/τeff) 
Ln = (τDeff)1/2 

where LF represents the film thickness of the anode. 
 From the Fig. 3.5, comparison of the middle semicircles of the DSSCs indicates the decrease of the 
diameter in the order DSSC-1>DSSC-6>DSSC-2>DSSC-5>DSSC-4>DSSC-3, suggesting that DSSC-3 contribute to 
the lowest charge recombination at the TiO2/dye/electrolyte interface. The lowest value of the Rrec for 10% 
TNWs suggested higher surface area of the TNW/TNP photoanode and more adequate pore sizes for facile 
transport of the redox couple in the TNP interface thereby reducing the corresponding resistance at the 
interface since the TNW had a higher surface area than the TiO2 NPs [35]. The DSSC based on pure TNWs, 
however, showed a poorer performance than that of the DSSC based on pure TNPs. In this study, higher 
efficiencies were achieved for DSSCs based on TNWs/TNPs hybrids from 10 to 90 wt% than the cell based on 
pure TiO2 NPs and pure NWs. The DSSCs made of composite TNW/TNP has higher chemical capacitance at 
the TiO2/dye/electrolyte interface, larger effective electron life time, longer electron diffusion length and 
elevated effective diffusion coefficient when compared to other DSSCs. These results were indicated that 
reduction of the electron recombination and increase electron transport at the /dye/electrolyte interface.  The 
enhanced efficiency of these TNWs/TNPs hybrid DSSCs is achieved by optimizing device architectures, that 
enhance light absorption and facilitate electron transport by determining and designing appropriate 
dimensions of TiO2 NWs, by optimizing the cation concentration in the electrolyte solution for promoting 
electron injection yield from sensitizing indigo carmine dye molecules to hybrid TiO2 electrodes, or by 
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synthesizing thermally stable TNWs with a stable high surface area. In the composite TNWs/TNPs photo 
electrode, the lower Rrec suggesting that each nano tubule makes more difficult for an electron to jump outside 
the nanostructure than to stay within the structure during diffusion; this explains the high collection 
efficiencies and thus high short-circuits photocurrents.  

  
Fig 3.5 Typical nyquist plot of Electrochemical Impedance Spectroscopy (EIS) of DSSCs 
The size of the semicircle at low frequency becomes much smaller after mixing 10% nanowires in the 

photoanode when compared to the pure TNPs photoanode as shown in Fig. 3.5, indicating a lower resistance 
of the electron transfer at the electrolyte interface. The lower resistance in this interface suggested that 
nanowires in the photoanode could reduce the charge recombination and promote the electron transfer 
because of their one-dimensional structure. However, the pure nanowire electrode displays a much larger 
semicircle at low frequency, even larger than that of the pure TNPs electrode. This should be owing to its poor 
dye absorption and blocking of electron transport in the photoanode. From the Table 3.2, it could be observed 
that, Rct values decreases steeply up to 10% of TNW content. This decrease indicates clearly that electron 
transport in the titania electrode is improved by mixing TNWs with TNPs. The ratio of Rrec and Rct decreases 
with increase of TNWs content with the TNPs. This shows that TNWs restrains the recombination reactions 
between electrons in the titania electrode and I3- ions in the electrolyte and contributes to collect electrons 
properly to the transparent conducting glass electrode.  

                   
Fig 3.6 An equivalent circuit diagram of Electrochemical Impedance Data (EIS) 

The experimental results of I-V and EIS measurements of DSSCs made of composite TNWs/TNPs 
photoanode clearly showed the following three points, 1) Resistance of electron transport in the titania 
electrode Rct is small for DSSC-3. 2) The ratio of resistance Rrec/Rct is large indicate high electron collection 
efficiency.  3) Electron density in the titania electrode is high. From these results it can be concluded that the 
optimized composite of TNWs with TNPs exhibit different semiconductor electrochemical behaviours when 
they are employed in dye-sensitized solar cells. In this photoelectrochemical system, charge separation, 
transport, and recombination strongly depend on the nanostructures in the photoanode. From EIS data it can 
be observed that for the cell containing TiO2 nanowires, formation of a space charge layer at the surface of the 
electrode effectively promotes the separation of photogenerated charge carriers and prevents recombination of 
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the electron with the hole carriers. The uninterrupted long pathway with fewer boundaries is beneficial for 
transport of electron towards the conducting substrate.  

Table 3.1: Photovoltaic parameters of DSSCs made of various concentrations of TNWs with TNPs. 
 

DSSCs VOC 

(mV) 
ISC (mA) VMAX 

(mV) 
IMAX 
(mA) 

FF (%) η (%) 

DSSC-1 800 7.2 700 5.2 63.19 

 

0.91 

 

 

 

 

 

DSSC-2 840 11 740 9 72.08 1.67 

 DSSC-3 880 17.1 810 15 80.74 3.04 

DSSC-4 870 15.4 790 13 76.65 2.57 

DSSC-5 860 13.2 770 11 74.61 2.12 

DSSC-6 850 10.3 790 8.1 73.09 1.59 

 

Simultaneously, the decrease of trap sites in the band gap and the surface state can effective enhance 
the charge-diffusion coefficient and suppression of the interfacial charge transfer. In the present investigation, 
with an optimized ratio of TNWs/TNPs in the photo electrode, an enhancement of energy conversion of ~ 82% 
is achieved in the DSSC–3, as compared with that consisting of pure TiO2 NPs (DSSC-2). DSSC-3 is found to 
have the lowest resistance among the other cells, namely the minimum Rrec and Rct resistance. These results 
reflected more efficient electron transfer at TiO2/dye/electrolyte interface and the redox electrolyte/counter 
electrode interfaces. In addition, the nanostructure prevents recombination of electron at TiO2/dye/electrolyte. 
It should be pointed out that pure TNWs film based cell has highest Rrec and Rct resistance among the other 
nano structured cells. Possible reason is that TNWs-based cell has relatively disordered film structure stemmed 
from the random agglomeration of TiO2 NWs, and hence resulting in a loose mechanical contact between 
TNWs layer and conducting glass plate. The poor contact between film layer and glass substrate might lead to 
the high resistance and low conversion efficiency. 
Table 3.2: Electron transport parameters of electrochemical impedance spectroscopy obtained from the 
nyquist plot. 

DSSCs 
Rs                  

Ω 

Rrec                  

Ω 

Rct                   

Ω 
Crec                

µF 
Cct                 

µF 
Zd                        

Ω.s-0.5 
τeff              

µs 

Deff 

cm2/s 
10-4 

Ln              

µm 

DSSC-1 4.999 

 

20.00 

 

12.00 

 

26.02 0.50 0.50 520 46.12 15.49 

DSSC-2 4.997 16.01 6.90 39.2 1.20 0.40 627 53.24 18.28 

DSSC-3 5.001 7.99 1.50 101.00 2.50 0.10 808 94.96 27.71 

DSSC-4 4.998 11.00 3.00 70.03 1.80 0.20 770 68.52 22.97 

DSSC-5 4.999 13.01 4.99 50.03 1.49 0.30 650 57.63 19.37 

DSSC-6 5.000 17.01 7.40 36.70 0.99 0.43 624 53.02 18.19 
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4. CONCLUSION 

The experimental results show that the composite photoanode is an innovative electrode that can 
noticeably improve the performances of the solar cell. Under the same fabrication conditions and film 
thickness, the solar cell made with the composite electrode containing 10 wt %, 50 wt% and 90 wt % nanowires 
with TiO2 nanoparticles demonstrated 82%, 54% and 27% of higher device efficiency than that made using 
pure TiO2 nanoparticles. Thus by rational tuning the weight ratio of TNWs and TNPs, the DSSC-3 had the 
highest η value, which was increased about 82% compared to DSSC-2 (pure TiO2 NP solar cell). It was believed 
that the power conversion efficiency of composite solar cells was attributed to the dye adsorption amount and 
the interfacial charge transfer. In addition, the nanowires in the electrode cannot only provide a straight path 
for electron transport but also function as scattering particles to increase light harvesting efficiency, which 
leads to an improvement of efficiency as compared to the cell made with the pure TiO2 electrode. The results of 
the current investigation indicate the present TiO2 nanowire is promising in enhancing the performance of dye 
sensitized solar cells. The cell performance confirms that the TiO2 NWs/NPs composite can suppress the charge 
recombination process effectively and improve the overall conversion efficiency. From this investigation it 
could concluded that the application of TNWs/TNPs composite photoanode can promote the interfacial 
electron transfer and suppress the electron recombination effectively. In addition the sensitizer indigo carmine 
dye, electrolyte PMII and counter electrode material copper sulfide given better results for DSSCs fabrication. 
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