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TiO2 nanoparticulate-wires hybrids for highly 

efficient solid-state dye-sensitized solar cells using 

SSP-PEDOTs 

Jongbeom Na, Jeonghun Kim, Chihyun Park and Eunkyoung Kim* 

TiO2 photoanodes for I2-free solid state dye-sensitized solar cells (ssDSSCs) were prepared 

from multifunctional new TiO2 nanostructures to enhance light harvesting and high charge-

collection efficiency in ssDSSCs using poly(3,4-ethylenedioxythiophene)s (PEDOTs). A new 

type of TiO2 paste containing TiO2 nanowires (TNW) was prepared and successfully 

tranformed to TiO2 nanoparticulate-wire hybrids (TNPW) with large surface area of 61.4 m2 g-

1 through thermal annealing. The thickness of TNPW layer could be controlled up to 17 µm 

without cracks. As a as hole transport materail, PEDOTs were infiltrated into the TNPW 

photoanode through in-situ solid state polymerization (SSP-PEDOTs) and N719 dyes were 

adsorbed to give ssDSSCs. The SSP-PEDOTs based ssDSSCs with the TNPW photoanodes 

recorded high cell efficiency (η) of 6.4 % and short-circuit current (Jsc) of 14.3 mA cm-2 

without scattering particles, which were 30.6 and 22.2 % higher than those of  traditional TiO2 

nanoparticles (TNP) at the same conditions. Furthermore, a liquid-state  DSSCs with the 

TNPW photoanode attained a η of 8.4 %, which was superior to that of a reference TNP cell 

(7.3 %). The maximum η were obtained as 7.1 and 9.9 % in ssDSSCs and liquid type DSSCs, 

respectively, in the presence of additional scattering layers, to support the importnace of 

TNPWs. These enhanced photovoltaic performances of TNPW cells could be attributed to the 

unique TNPW structures that are advantageous for high charge-collection with long electron 

diffusion path and large surface area needed for high dye adsorption 

 

 

Introduction 

Interfacial charge transport in nanosturcutred metal oxides for 

photovoltaic conversion is highly sensitive to their size, shape, and 

surface structure.1-3 In particular, the charge collection effciency of a 

TiO2 photoanode in DSSCs4-9 is deeply related to the the TiO2 

nanostrucure,10, 11 which could affect more critially to the relatively 

low efficient solid-state DSSCs (ssDSSCs). The TiO2 nanoparticles 

of traditional paste with 10-20 nm size have advantages for efficient 

dye adsorption resulting in a high photocurrent generation, however, 

they limit the photoconversion efficiency of a cell because of the 

high charge recombination resulting from electron trapping events at 

the interfacial grain boundary of the nanoparticles.12-18 To reduce 

such charge recombination and thus enhance charge transport 

through the TiO2 nanostructure, a photoanode with one-dimensional 

(1D) nanomaterials has been suggested.19, 20 Although considerable 

efforts have been devoted to the fabrication of 1D TiO2 

nanostructures including nanotubes (NTs),21-24 nanowires (NWs),25, 

26 and nanorods (NRs),27, 28 the relatively low surface area of such a 

structure limits further enhancement in the photocurrent density.  

Recently, liquid-type DSSCs using double-layered photoanode 

was reported using oriented hierarchical TiO2 nanowire arrays 

(HNWs) and nanoparticle (NP). Compared to an NP-based cell, the 

TiO2 HNW cell showed a lower electron recombination rate.29 

Nevertheless, the photoconversion efficiency (PCE) with the 

HNW/NP double layer was low, as expected from the limitted 

interafactial electron transport at the NP layer and low dye 

adsorption at the HNW layer. Obviously, the HNW/NP double layer 

system cannot be applied to ssDSSCs, becasue the efficiency of 

leak-free ssDSSCs are generally lower than liquid-type DSSCs. 

Therefore, it remains an important challenge to solve the conflicting 

problem between the surface area needed for large dye adsorption 

and 1D nanostructures for long electron transport.  

To enhance not only electron transport but also large dye 

adsorption in 1D nanostructures and ssDSSCs, we propose a facile 

synthesis of a new TiO2 nanostructure having a long electron 

diffusion length, large surface area, and light harvesting property.   

Compared to other complicated metods30,31 including 

electrochemical lithography, photoelectrochemical etching, and 

template synthesis, we explore a paste coating process for the 

synthesis of 1D metal oxide nanostructures, as it allows precise 

controllability in the structure within a short reaction time.  

The ssDSSCs in this work is based on a I2-free, solid state 

conjugated polymer as a hole transporting material, which is 

grown in situ inside TiO2 nanopores, as reported before.32,33 As 

the TiO2 photoanode based on commercial TiO2 nanoparticles 

showed the limitation in increasing short-circuit current density 

(Jsc), open-circuit voltage (Voc), fill factor (FF), and efficiency 

(η) of ssDSSCs, due to the intrinsic problems of spherical TiO2 

nanoparticles, we explore a new TiO2 nanostructure for high 

interfacial charge-collection capacity. Herein we report large 

scale synthesis of TNW paste and efficient nanostruture of TiO2 

nanoparticulate-wire hybrids (TNPW) for a high performance 
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photoanode of ssDSSCs possessing a high charge collection 

capacity and efficient light harvesting. 

 

Experimental 

Materials: Ethanol, 1-butanol, isopropyl alcohol, acetonitrile, 1,2-

dimethyl-3-propylimidazolium iodide, iodine, tert-butylpyridine, 

lithium iodide, lithium acetate dihydrate (LiAc.2H2O), acetic acid, 

anhydrous terpineol, ethyl cellulose, titanium (IV) butoxide, N, N-

dimethylformamide (DMF), and titanium bis(ethyl acetoacetate) 

were purchased from Aldrich. The TiO2 paste (Dyesol 18NR-T) 

were purchased from Dyesol, LTD. (Austrailia) and N719 dye was 

purchased from Solaronix (Switzerland). All solvents and chemicals 

were reagent grade and used as received. DBEDOT(2,5-dibromo-

3,4-ethylenedioxythiophene) was prepared according to the 

procedure of our previous report 32
 

Synthesis of TiO2 Nanowires: TiO2 nanowires were synthesized by 

solvothermal method. Thus 0.2 g of lithium acetate dihydrate and 2 

mL of titanium(IV) butoxide (TB) were dissolved in 10 mL of 

solvent mixture consisting of DMF and acetic acid. The solution was 

transferred into a Teflon lined stainless steel autoclave, and heated in 

an oven at 200 °C for 20 h. Finally, the 1D nanowires were collected 

and washed thoroughly with ethanol for several times, and dried 

overnight in a vacuum oven at 60 °C. 

 

Preparation of TiO2 Paste and TNPW Photoanode: As prepared 

TiO2 nanowires (5 g) and acetic acid (1 mL) were mixed for 5 min 

and the mixture was grinded for 5 min after adding 5 mL of 

deionized water. All liquid reagents were added drop by drop into 

the grinder. Then, 30 mL of ethanol was added and .mixed throughly.  

Excess ethanol (100 mL) was added to the mixture, which was 

stirred with a rate of 500 rpm. Anhydrous terpineol (17 g) and 28 g 

of ethyl cellulose solution (10 wt% in ethanol) were added to the 

above mixture. After stirring, and sonicated, ethanol was removed by 

rotary evaporator to give TiO2 nanowire paste. The prepared paste 

was cast onto a compact TiO2 layer coated FTO glass using a doctor-

blade technique and dried at 70 °C for 1 hr, followed by successive 

sintering at 450 °C for 30 min and cooling to 30 °C for 8 h. The 

above conventional compact TiO2 layer with a 200 nm thickness was  

prepared by spin coating a titanium bis(ethyl acetoacetate) solution 

(2 wt% in butanol) onto FTO (Pilkington, 8 Ω-1) glass at 2000 rpm 

for 30 s, followed by calcination at 450 °C for 30 min. Seperately, a 

commercially available TiO2 paste (Dyesol 18NR-T) was used to 

preapare TNP photoanode by the same method for comparison. 

 

Device Fabrication: The prepared photoanodes were immersed in a 

dye solution containing N719 (0.3 mM in ethanol) for 24 hr at room 

temperature. The Pt counter electrodes were prepared by drop-

casting a H2PtCl6 solution (7 mM in isopropyl alcohol) onto a 

conductive FTO and followed by heating at 400 °C for 20 min, and 

cooling to 30 °C for 8 hr. The dye adsorbed TiO2 electrodes and the 

Pt counter were faced each other as a sandwich-type cell using a hot-

melt film (Surlyn, 25 µm) as spacer. The ssDSSCs were fabricated 

by drop-casting the HTM solution onto the photoanode and covering 

with a Pt-coated counter electrode. DBEDOT was dissolved in 

ethanol. Firstly, a few drops of dilute solution (1 wt%) of DBEDOT 

were dorpped onto the TiO2 photoanodes and dried under ambient 

conditions. Then a few further drops of more concentrated solution 

(3 wt%) of DBEDOT in ethanol were directly cast onto the above 

photoanodes. After evaporating the solvent, the DBEDOT-

incorporated photoanodes were thermally polymerized at 55 °C for 

24 h in an oven to produce highly conductive polymer channels (Fig. 

1c). A drop of the acetonitrile solution consisting of 1-methyl-3-

propyl-imidazolium iodide (1.0 M), 4-tert-butylpyridine (0.2 M) and 

lithium bistrifluoromethanesulfonimide (0.2 M) was coated onto the 

photoanode  as an electrolyte and dried before assembly of ssDSSCs 

with Pt counter electrode (Fig. 1d). For the preparation of liquid type 

DSSCs, the acetonitile solution containing 0.6 M of 1,2-dimethyl-3-

propylimidazolium iodide, 0.1 M of iodine, 0.5 M of tert-

butylpyridine, and 0.1 M of lithium iodide was injected  

into the cell through a hole in the counter electrode. The active area 

of the cell was fixed to 0.16 cm2. 

 

Characterization: The morphology of TiO2 was observed by a field 

emission scanning electron microscope (FE-SEM, JEOL Ltd, model 

JSM-7001F) and a transmission electron microscope (TEM, JEOL 

Ltd, model JSM-2010). The X-ray diffraction (XRD) measurement 

were carried out using a Rigaku (Ultima IV) wide-angle goniometer 

using Cu-Kα radiation. The optical property (transmittance and 

reflectance) of TiO2 film and concentration of dye adsorption were 

determined by using a UV/Vis spectrophotometer (PerkimElmer, 

Lambda 750). Photoelectrochemical and photovoltaic characteristics 

of the TNP and TNPW cells were determined using an 

electrochemical workstation (Keithley Model 2400) and a solar 

simulator (1000 W xenon lamp, Oriel, 91193). The light exposure 

was homogeneous across a 8 × 8 inch2 area and was calibrated with 

a Si solar cell (Fraunhofer Institute for Solar Energy Systems, Mono-

Si + KG filter, Certificate No. C-ISE269) to a sunlight intensity of 1 

(100 mW cm-2 ). This calibration was confirmed with a NREL-

calibrated Si solar cell (PV Measurements Inc.). IMVS and IMPS 

measurement were carried out on a electrochemical workstation 

equipped with a frequency response analyzer under a modulated 

green light-emitting diode (535 nm) driven by a source supply, 

which could provide both DC and AC illumination components 

(frequency range : from 10000 to 0.01 Hz). IPCE spectra were 

obtained as a function of wavelength from 300 to 800 nm. The 

amount of adsorbed dye was determined by measuring dye 

desorption after immersion of the dye acsorbed TiO2 film into a 

solution of NaOH (5 mM) in an ethanol/water (1:2 v/v) mixture. The 

concentration of the desorbed dye was analyzed by using a UV/Vis 

spectrophotometer.  

 

Results and discussion  

A superior photoanode with TNPW was prepared from a paste 

composed of TiO2 nanowires (TNWs) and through the thermal 

treatment. The TNWs were synthesized by a simple solvothermal 

reaction in DMF and acetic acid according to the previously 

described method 34 (Fig. 1a). The pristine TNWs were obtained in a 

large-scale with an average diameter of ~15 nm and several hundred 

nanometer in length as shown in Fig. 2a-b. A new paste containing 

the TNWs was prepared as a viscous yellowish solution, which was 

coated onto a FTO substrate that was pre-coated with a 200 nm thick 

compact TiO2 layer.32, 35 Upon calcination at ~ 450 °C for 30 min, 

the thin TNWs were aggregated and popped-up to yield TNPW, as 

shown in Fig. 2c, g. On the other hand, the nanowire structures were 

maintained when calcined at a mild condition of 350 °C for 2 h. The 

length and diameter of the TNPW were approximately 200 nm and 

40 nm, respectively, which were larger than those of the TiO2 

nanoparticles from the common paste. The reformation of TNPW 

could be attributed to aggregation and shrinkage of TNW bundle at 

high temperature (450 °C) as schematically shown in Fig. S1a. It is 

noteworthy that a 17 µm-thick, large-area (3 cm x 2 cm) TNPW 

photoanode could be prepared without cracks from the TNWs paste. 

Moreover, the TNPW photoanodes showed a dense and well-

organized mesoporous structure, as shown in Fig. S2. than those of 

the TiO2 nanoparticles from the common paste. The reformation of  

Page 2 of 7RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

  

 

Fig. 1. (a) Photographic images of the coated and calcined photoanodes on FTO using commercial TiO2 nanoparticle paste (top) and TNWs 

paste (bottom).  (b) The chemical structures of DBEDOT and solid-state-polymerized PEDOTs with 10 S cm-1. (c) Schematic representation 

of the ssDSSCs structure that fabricated with TNPW/N719 dye photoanode. 

TNPW could be attributed to aggregation and shrinkage of TNW 

bundle at high temperature (450 °C) as schematically shown in Fig. 

S1a. It is noteworthy that a 17 µm-thick, large-area (3 cm x 2 cm) 

TNPW photoanode could be prepared without cracks from the 

TNWs paste. Moreover, the TNPW photoanodes showed a dense 

and well-organized mesoporous structure, as shown in Fig. S2.  

 The high resolution TEM (HR-TEM) images for the pristine TNWs 

(Fig. 2d-i) show a typical continuous lattice fringe of anatase TiO2 

with lattice spacings of 0.35 nm, which corresponded to the (101) 

crystalline plane. The phase purity and structure of pristine TNWs 

were examined further by X-ray diffraction (XRD) analysis in the 2θ 

range of 20 ° to 60 ° (Fig. S1b). The sharp peaks at 25.3, 36.9, 37.8, 

38.5, 47.9, 53.9, and 55 ° correspond to the reflections from the 

(101), (103), (104), (112), (200), (105), and (211) crystal planes of 

anatase TiO2, respectively (JCPDS No.21-1272).  

 
 
Fig. 2. SEM images of TiO2 nanostructures. (a) after synthesis, (b) after annealing at 350 °C for 2 h and (c) after calcination of TNWs paste 

at 450 °C. TEM image of (d),(e) TNWs, (g),(h) TNPW and magnified HRTEM image of (f) TNWs, (i) TNPW corresponding Fourier 

transform (FFT) pattern (inset).  
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Fig. 3. Optical Properties of TNP and TNPW photoanode. (a) 

comparison of the  transmittance spectra of bare FTO glass (black), 

TNP (red) and TNPW (blue) film on FTO glass, (b) reflectance 

spectra of bare FTO, TNP and TNPW films on the FTO substrate 

with  TiO2 thickness of 10 µm for all films. Inset: schematic 

representation of light trapping by scattering on the TNP and TNPW 

film. 

The lattice spacing of (101) crystalline plane in HR-TEM (Fig. 2f) 

for the TNWs was well matched to that from XRD. The TNPW were 

shorter in length but thicker than TNW bundles as compared in Fig. 

2. Importantly, the continuous fringes that corresponed to the (101) 

planes in TNWs (Fig. 2f) were observed in TNPW (Fig. 2i). 

Moreover, the TNPW showed the same XRD diffraction pattern as 

that of TNWs (Fig. S1b), indicating that TNPW possess crystal 

planes of anatase TiO2 in spite of high temperature treatment.  This 

result suggests that the TNPW layer could be promising as a 

photoanode, by virtue of the popped-up particle structures to 

increase surface area and the tightly connected 1 D TiO2 sturcures 

useful for the extension of the electron tranport path. Light 

harvesting is one of the important properties for improving cell 

efficiency in solar cells by maximizing the absorption of incident 

sun-light.36 As a light harvesting technique, light scattering by larger 

nanoparticles (~100 nm)37, light-trapping nanopatterned surface33 

and plasmon light harvesting38,39 are commonly incorporated into 

solar cells. In particular, it has been necessary to add light-scattering 

layers into DSSCs. This requires extra engineering for the paste 

composition, such as careful control of the composition as well as 

distribution of the scattering particles, given that light scattering 

depends strongly on the size of the particles and the wavelength of 

the incident light. Because the size of the TNPW (~200 nm long and 

40 nm wide) are larger than common TNP, the photoelectrode of the  

 

Fig. 4. Cell performances and IPCE results. (a) J-V curves and (b) 

IPCE for ssDSSCs (filled) and liquid DSSCs (empty) with TNP (red) 

and TNPW (blue) without scattering layer at 100 mW cm-2. (c) J-V 

curves of DSSCs with addition of scattering layer at 100 mW cm-2 

former exhibits a much higher reflectance compared to that of TNP, 

as compared in Fig. 3b and Fig. 1b. The high optical reflectance of 

TNPW was clearly observed in the visible-light wavelength range; 

that was 2-fold larger in the entire visible range of 400 to 700 nm, 

compared to the TNP. The increased reflectance was sufficiently 

large to enhance light harvesting, improving the photocurrent density 

of DSSCs. Due to their aggregated 1 D structures, the TNPW 

photoanodes exhibit a bit smaller dye adsorption than the TNP, as 

expected from the smaller surface area of the TNPW (Table S1). On 
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Fig. 5. (a) The electron lifetime (τr) and (b) diffusion coefficient 

(Dn) and  (c) electron diffusion lenghth of ssDSSCs (filled) and 

liquid type DSSCs (empty) fabricated with the TNP (red) and 

TNPW (blue) as determined from the IMPS / IMVS measurements. 

 

the other hands, the light harvesting properties from the TNPW 

photoanode was much enhanced as compared with that from the 

TNP as described below. also higher Voc and FF. This enhancement 

could be originated from the molecular contact between the hole 

transport PEDOTs with the dye-adsorbed TNPW which are long 

enough for extended charge transport and large enough for effective 

light harvesting. The reflectance of TNPW was much greater than 

that of TNP. Thus, the TNPW was more effective in utilizing the 

light absorption of dyes in a photoanode, through enhanced light-

scattering effects at visible regions, resulting in the improvement of 

current density. This result was consistent with the IPCE data. The 

IPCE spectra in Fig. 4b show that the quantum efficiency was 

improved in the visible wavelength region, mainly due to the light 

harvesting property of TNPW. For TNPW with PEDOTs, the cell 

efficiency was increased by 30.6 %, probably due to the increase in 

Jsc according to the reflectance increase. Furthermore, the 

recombination of electrons was prevented much as the long length of 

TNPW, which could provide good interconnectivity and deep 

penetration of DBEDOT. Efficiency was increased up to 6.4 % with 

TNPW, which is among the highest values for N719-dye-based 

ssDSSCs, and was greater than those of ssDSSCs with TNP.40 The 

electron transport and charge recombination time for the DSSCs 

were estimated from the intensity-modulated photocurrent 

spectroscopy (IMPS)/intensity-modulated photovoltage spectroscopy 

(IMVS) (Fig. 5c,d), according to equations (1) and (2):  

τd = 1 / 2 π f d : min                                                                                                                                         (1) 

τr = 1 / 2 π f r : min                                                                                                                                                                                                                                                                                                                                                 (2) 

where fd (fr) is the characteristic frequency at the minimum of the 

IMPS and IMVS imaginary component, and τd (τr) is the electron 

transport time (recombination time).41 The electron lifetime (τr) of 

the TNPW is always longer than those of the TNP cells (Fig. 5c). 

Such a long τr of the TNPW  can be attributed to the their unique 

structures (Fig. 2c, and 2g-i): Inside the shape-transformed structures, 

the aggregated and shrunk TNWs are interconnected extensively, 

forming long charge transport path (Fig. 5b and S1a). This could 

reduce the charge recombination at the grain boundary and interface, 

compared to the spherical nanoparticles (diameter of ~20 nm) with 

many gaps between the particles. Moreover, TNPW possess smaller 

surface area than the TNP, reducing the interfacial electron trapping 

sites for recombination with I3- in the electrolyte, compared to theAs 

shown in Fig. 4 and Table 1, the J-V curve of the ssDSSC fabricated 

with TNPW and SSP-PEDOTs showed a Jsc of 14.3 mA cm-2and η 

of 6.4 %, which were much greater than those of the ssDSSCs with 

TNP 32. The TNPW photoanode showed not only higher Jsc but TNP. 

As a result, Voc is increased in the TNPW than in the TNP (Table 1). 

This provides evidence that electrons in the TNPW are prevented 

more from the interfacial electron recombination with redox species, 

yielding a high Voc. Furthermore, the electron 

diffusion coefficient (Dn) of the TNPW was higher than that of the 

TNP, as determined from equation (3): 

 

Dn = d2 / (2.35 τd)                                                                                                                                         (3) 

where d is the thickness of the photoanode.42 This indicates a fast 

electron transport in TNPW because of their well-organized 1 D 

nanostructure (Fig. 5d). This, in turn, enhances charge-collection 

capacity, resulting in an increase of the Jsc at the same dye 

adsorption level as the TNP. The effective electron-diffusion length 

(Ln) was determined from Dn and τr using Equation (4) as follows:  

Ln = (Dn τr) 
1/2                                                                                            

(4) 

where Ln is the average distance of the injected electrons through the 

photoanode before recombination.41 The diffusion length of the 

TNPW was longer than that of the TNP, therefore, led to higher 

charge collection efficiency and enhanced current density (Fig. S3). 

With such high Dn, τr, and superior light scattering property, the 

TNPW photoanodes provide high open-circuit voltage, short-circuit 
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current, and photoconversion efficiency, despite the low dye loading 

of the TNPW cell compared to the TNP cell. Moreover, the TNPW  

 

 

Table 1. Performances of the DSSCs fabricated with various semiconductor nanoparticles at 100 mW cm-2. 

 

Sample a) Thickness HTM Jsc (mA cm-2) Voc (V) FF η (%) 
Dye loading c) 

(nmol cm-2) 

TNP-S b) 10 µm PEDOTs 11.7 0.65 0.65 4.9 71.4 

TNPW-S b) 10 µm PEDOTs 14.3 0.66 0.67 6.4 60.8 

TNP-L c) 11 µm I- / I3- 14.1 0.73 0.72 7.3 78.3 

TNPW-L c) 11 µm I- / I3- 15.6 0.74 0.73 8.4 67.1 

TNP-S-SL b), d) 8+3 µm PEDOTs 13.5 0.66 0.65 5.8 61.2 

TNPW-S-SL b), d) 8+3 µm PEDOTs 15.8 0.67 0.67 7.1 54.1 

TNP-L-SL c), d) 11+4 µm I- / I3- 16.6 0.77 0.69 8.9 78.9 

TNPW-L-SL c), d) 11+4 µm I- / I3- 18.2 0.77 0.70 9.9 68.3 

TNP-S / ref 1 43 - PPP-b-P3HT 8.8 0.81 0.65 4.65 - 

TNP-S / ref 2 32 11 µm PEDOTs 14.2 0.64 0.60 5.4 - 

TNP-S / pat / ref 3 33 11 µm PEDOTs 19.2 0.65 0.56 7.03 - 

 
a) The devices were fabricated with a transparent TiO2 layer without a scattering layer. The cells were investigated with metal mask an area of 

0.16 cm2. b) The devices of I2-free ssDSSCs were fabricated with conducting polymer (PEDOTs) as HTM, and c) I2 based DSSCs. All devices 

with N719 dye. d) The devices were fabricated with scattering layer. Note: TNP devices were prepared from commercially available Dyesol 

paste. 

 

cell showed higher photoconversion efficiency than the TNWs/TNP 

double layer system 29, possibly due to their unique structure 

favorableness for fast charge transport plus light scattering structure. 

The applciation potential of TNPW was examined in ssDSSCs 

containig scattering layer (SL) and even in a liquid type DSSC. As 

shown in Fig. 4 and Table 1, the J-V curve of the ssDSSC fabricated 

with SL and SSP-PEDOTs showed a Jsc of 15.8 mA cm-2 and η of 

7.1 %, which were much greater than those of the ssDSSCs with 

TNP.32,33 Furthermore, liquid type DSSC with TNPW and SL 

showed a Jsc  of 18.2 mA cm-2  and η of 9.9 %. These result strongly 

indicates that the TNPW is useful not only in the solid type DSSCs 

but also liquid type cells. 

Conclusions 

Shape-transformable TiO2 nanowires (TNWs) semiconductor were 

synthesized in large scale and used as a new paste to yield superior 

TNPW photoanodes with well-connected popped-up 1 D structure 

without cracks, even for a 17 µm thick film. The TNPW 

photoanodes have a relatively high surface area (61.4 m2 g-1), which 

is comparable to the TNP. Their combined characteristics of fast 

charge transport and light harvesting structures provided ssDSSCs of 

N719 with high Voc (0.66 V) and Jsc (14.3 mA). These resulted in a 

high η of 6.4 %, representing a 30.6 % improvement in efficiency 

compared to the TNP at the same thickness, respectively. Given the 

prominent properties of TNPW, the η of a TNPW liquid state cell 

reached up to 8.4 % which was higher than those of TNP at the same 

thickness. In the presence of scattering layers the ssDSSCs showed 

maximum η of 7.1 %, indicating that TNPW photoanode could be 

further optimized by the addition of SL. Moreover TNPW 

photoanode could be applied in liquid type DSSCs, to show a η of 

9.9 %. These higher efficiencies could be attributed to the enhanced 

Jsc and Voc values originated from the interconnected TNPW 

structure with large pores and high porosity, which are effective for 

both high dye adsorption and long charge transport. The new type of 

TNPW semiconductor structure with a relatively high surface area, 

efficient light harvesting, and long electron diffusion paths can be a 

possible candidate for quantum dot and perovskite solar cells in near 

future and other optoelectronic devices with high performance. 
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