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Abstract—This paper aims to scale up Dye-sensitized Solar Cell 

(DSSC) production using a commonly available industrial material – 
stainless steel - and industrial plasma equipment. A working DSSC 
electrode formed by (1) coating titania nanotube (TiO2 NT) film on 
304 stainless steel substrate using a plasma spray technique; then, (2) 
filling the nano-pores of the TiO2 NT film using a TiF4 sol-gel method. 
A DSSC device consists of an anode absorbed photosensitive dye 
(N3), a transparent conductive cathode with platinum (Pt) 
nano-catalytic particles adhered to its surface, and an electrolytic 
solution sealed between the anode and the transparent conductive 
cathode. The photo-current conversion efficiency of the DSSC sample 
was tested under an AM 1.5 Solar Simulator. The sample has a short 
current (Isc) of 0.83 mA cm-2, open voltage (Voc) of 0.81V, filling 
factor (FF) of 0.52, and conversion efficiency (η) of 2.18% on a 0.16 
cm2 DSSC work-piece. 
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I. INTRODUCTION 

 UE to increasing energy demands and environmental 
concerns about global warming, scientists are constantly 

looking for renewable energy sources. Sunlight is an abundant 
and clean energy source.  Technologies for efficiently 
converting solar energy to electricity have undergone rapid 
development over the past few years. Within the area of 
nanotechnology, fabrication of functional nano-scale structures 
and devices in a well-controlled way is a grand challenge. Due 
to the small size of nano-elements, a bottom-up self-assembly 
process may be a viable approach to overcoming this challenge. 
For many years, titanium anodization has been used to improve 
the surface properties of metal for preventing corrosion and 
reducing wear and dents. This technique is also useful for 
development of new products such as capacitors or templates 
[1,2,3,4]. Recently, titanium oxides have been used for 
applications such as converting solar energy, photocatalytic 
syntheses, photocatalytic degradation of organic pollutants, and 
the electrolytic production of chlorine [5,6,7]. 
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Dye-sensitized solar cells (DSSCs) have become more 

attractive and received more attention than traditional 
monocrystalline silicon wafers, due to their relatively low 
materials cost and simple manufacturing process. A DSSC 
consists of an anode, electrolytic solution, and a cathode. A 
semiconductor layer is formed on the surface of the anode and 
photosensitive dyes are absorbed within. Owing to these 
features (low material cost and simple fabrication process), 
DSSCs are promising devices for commercialization [8, 9, 10, 
11, 12].  More importantly, the cells are flexible, transparent 
and coloring, and bio-degradable; therefore, the cells can be 
mass produced and rolled into a roll, which takes less space.  
These features make DSSCs a cheaper alternative than silicon 
solar cells [13].  

Currently the design of the electron-collecting layer (anode) 
of a DSSC cell is made of TiO2 nanoparticles (NPs), following 
Gratzel’s earlier design [8, 9].  However, NPs often slow down 
the diffusion process - electron transport - resulting in a lower 
light-to-electricity conversion efficiency in a NP-DSSC.  To 
improve charge-collection efficiency (that is, to speed up 
electron transport and to slow down charge recombination), 
TiO2 nanotubes (NTs) are fabricated as a film consisting of 
oriented one-dimensional (1D) nanostructures. The 
one-dimensional channel for carrier transportation is expected 
to reduce the amount of recombination of electron-holes (e−/h+).  
Zhu [14] has suggested that recombination in the NT films is ten 
times slower than in the NP films. 

For a DSSC, the device resistance increases as the barrier 
layer thickness increases during the anodization process 
[15]-[17]. Poor contact at the Ti-TiO2 NT interface during 
bending before anneal or increasing titanium oxides at Ti-TiO2 
NT interface during annealing [18] will reduce the fill factor. In 
contrast to anodic aluminum oxide (AAO) membrane [19], the 
weaker adhesion of TiO2 NT on Ti and lower tube-to-tube 
adhesion results in the separation from the weak adhesion 
regions; therefore, this property limits the DSSC applications.  

Moreover, the DSSCs that have TiO2 nanotubes grown on 
Ti-foil requires back-side illumination; therefore, the devices 
have less power conversion efficiency than the DSSCs that 
require front-side illumination because Pt coated onto a 
transparent conduction oxide (TCO) and iodine electrolyte 
absorb only about 30% of incidental light [14]. For improving 
DSSC conversion efficiency, free-standing TiO2 NT film has a 
higher power conversion efficiency than TiO2 NT film on Ti 
substrate. This is because the front-side is illuminable and there 
is no barrier layer between the NT membrane and Ti substrate.  
Mor [20] and Paulose [21] fabricated TiO2 NT film on 
fluorine-doped tin oxide (FTO) glass using sputter and 
anodization processes. Also, Albu  [22], Chen [23], and Park 
[24] have described a process by which nanotube array films 
can be transformed into free-standing membranes. 
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II. EXPERIMENT PROCEDURE 

The pre-treatment process for 304 stainless steel (S. S.) 
substrate includes milling, sandblasting, and ethanol cleaning. A 
sample of 10cm× 10cm× 1cm 304 stainless steel was first 
subjected to a milling process to finish the surface. The sample 
was then sandblasted with 10~15 µm Al2O3 particles at a 
free-stream velocity of 5~20 m/s to achieve a roughness factor 
of Ra>4.0. Afterwards, a layer of 100µm ~300µm thickness of 
Ti film was deposited onto the roughened 304 stainless steel 
using a thermo plasma spray with 20-53 µm size Ti particles. A 
sample of 2.5cm×2.5cm×1cm 304 S. S. with Ti film was used 
as the DSSC anode substrate. The substrate with Ti film was 
then treated with anodization process, TiCl4 treatment, and heat 
treatment to form anatase TiO2 NT film, which becomes the 
anode of the DSSC. 

The formula to grow TiO2 NT is to use electrolyte with pH 
value of 6.8 of 0.5 wt.% ammonium fluoride (NH4F, 99.9%) in a 
2 wt.% H2O in ethylene glycol (C2H4(OH)2) solvent, and apply 
1 hr potentiostat (60V), and 1 h galvanostat anodization (4.44 

mA．cm-2) for several stages of anodization. The substrate 

removed from the TiO2 NT film was treated with titanium 
tetrafluoride (TiF4). After TiO2 NT samples were formed by 
anodization and TF4 treatment, the samples were then annealed 

in an air furnace at 450℃ for 1 h to form anatase phase TiO2 NT 

film. The unwanted surface deposits on the TiO2 NT film 
introduced during anodization were removed effectively simply 
by ultrasonic cleaning in deionized water containing a small 
proportion of Al2O3 sub micrometer particles. After ultrasonic 
cleaning, a detailed micro-structure of compact film with 
nano-porous structures mixed with nanotubes was revealed. The 
DSSC anode was thus formed.  

Indium doped tin oxide (ITO) glass coated with platinum (Pt) 
particles through a sputtering process was used as a counter 
electrode. Electrolyte containing 0.5 M lithium iodide (LiI) and 
0.05M iodine (I2) in acetonitrile (CH3CN, 99.9%) was 
introduced into the electrodes. A DSSC device was built by 
assembling the two electrodes into a sandwich cell and then 
sealing the cell with a hot-melt film (SX1170, Solaronix, 
thickness 25 µm).  Afterwards, a thin layer of electrolyte was 
introduced into the space between the two electrodes, and the 
conducting wires were attached to the anode and cathode using 
silver paste. 

The N3 dye absorbed by the TiO2 NT was measured using 
UV-visible-NIR spectrophotometers at room temperature. The 
photocurrent was produced using an HP model 4140B 
measuring unit. The N3 dye absorbed on the ATO was also 
measured using UV-visible-NIR spectrophotometers (Jasco, 
V-570) at room temperature. The photo-current conversion 
efficiency was tested under an AM 1.5 (300 W, 91160-Oriel 
Solar Simulator, 100 mw cm-2) on a 0.16 cm2 sample area. 

III.  RESULTS AND DISCUSSION 

Figure 1 shows a schematic diagram of the structure of a 
DSSC. For the anode, most DSSCs utilize TiO2 film as a 
semiconductor layer coated on a conducting glass, such as 
indium tin oxide (ITO) glass.  Sensitized dyes, such as N3 
dye, are then absorbed on the TiO2 film. For the cathode, 

platinum particles are coated on the conducting glass to serve as 
a catalyst for the iodine ions. The iodine-containing electrolyte 
is between the anode and cathode. The most used TiO2 films 
include TiO2 NPs film and TiO2 NT film. Compared to the 
electron transfer in the TiO2 NPs, the electrons transfer faster in 
the TiO2 nanotubes (NTs). After irradiation by incidental light, 
the electrons of the photosensitive dye are excited from the 
ground state to the excited state in three stages: (i) The electrons 
transfer from the excited state of the photosensitive dye 
molecules to a conductive band of the semiconductor layer. The 
electrolytic solution is simultaneously oxidized, and the 
photosensitive dye is reduced. This process corresponds to 
holes transferring from photosensitive dye molecules to an 
electrolytic solution. (ii)  The electrons in the semiconductor 
layer then transfer from a conductive layer to an external circuit 
and do work on external loads. (iii)  The electrons return to the 
electrolytic solution from the external circuit via the cathode 
and reduce the electrolytic solution. 

 

 
Fig. 1 Schematic diagram of DSSC energy levels when light irradiates 
the electrons transferring from dye → TiO2 → Ti → external circuit 

and then via the cathode conductive layer back to the electrolyte 
 

Figure 2 shows the fabrication procedure for TiO2 NT on 304 
Stainless Steel, starting with thermal spraying, TiF4 treatment, 
and then anodization processes. The Ti film was first deposited 
onto the 304 Stainless Steel substrate using thermo-spraying; 
then the anodization process transforms partial Ti film to TiO2 
NT film.  The large surface of thermo-spraying film plus the 
nano-structure of TiO2 NT film offer a large surface area for 
hosting sensitized dye.  The coated film always creates pore 
structures on the film. For example, Figure 3 shows how Ti film 
being deposited onto 304 S.S. substrate using the thermo-spray 
method. Titanium particles were melted using an arc gun and 
sprayed onto the 304 Stainless Steel substrate to form a layer of 
Ti film.  A series of pores will be formed when Ti liquid drops 
are deposited and stacked on the substrate. The pores can create 
a short circuit between the cathode and anode substrate when 
electrolyte is between the layers. Therefore, these pores should 
be sealed, which can be achieved using TiF4 sol-gel method. 
When TiF4 solutions have a pH below 1.0 or a TiF4 
concentration below 0.03 M, neither precipitation nor film 
formation was observed. A large amount of precipitate was 
rapidly formed, and film was not deposited, on substrates above 
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pH 3.1. Therefore, the concentration of TiF4 should be 
controlled above 0.03M, and the pH value should be controlled 
between 1 and 3 so that TiO2 nanoparticles can be formed and 
be deposited on the substrate. 

 

 
Fig. 2 Fabrication procedure for TiO2 NT on 304 S.S. showing thermal 

spray, TiF4 treatment, and anodization processes 
 

Figure 4 uses optical images to show process of making 
DSSC anode. Figure 4(a) shows the effect of sandblasting to 
improve 304 S.S. substrate surface roughness so that the 
surface is clean and rough for Ti film adhesion. Figure 4(b) 
shows Ti film applied on 304 S.S. substrate by 
thermo-spraying. The film is continuous and dense to allow 
TiO2 NT formation. Figure 4(c) shows TiO2 NT formation by 
anodization; the film offers a large surface for sensitized dye 
absorption. Figure 4(d) shows anatase TiO2 NT formation by 
annealing and the film which is suitable for electron 
transportation. Figure 5 shows optical images of Ti film 
fabricated using the thermo-spray process; 5(a) is a top view of 
the rough surface; 5(b) shows the laminar structure of Ti film 
with 200µm thickness on the 304 S.S. substrate. Figure 6 shows 
SEM images of Ti film fabricated using the thermo`-spray 
process; 6(a) shows several µm diameter size Ti drops on the Ti 
film, and 6(b) shows a zoomed-in view of the Ti drops. Both Ti 
drop and film can provide a surface for TiO2 NT formation. 

 

 
Fig. 3 Schematic diagram of Ti film on 304 S.S. substrate using 

thermo-spray method 
 

 
Fig. 4 Optical images of (a) sandblasting 304 S.S., (b) Ti film on 304 
S.S. substrate by thermo-spray, (c) TiO2 NT formation by anodization, 

(d) anatase TiO2 NT formation by annealing 

 
Fig. 5 Optical images of Ti film fabricated using thermo-spray process, 

(a) top view and (b) side view 
 

 
Fig. 6 SEM images of Ti film fabricated using thermo-spray process; 

(a) Ti drops and Ti film, and (b) zoomed-in view of Ti drops 
 

Figure 7 shows SEM images of TiO2 NT film fabricated by 
anodization on thermo-spray Ti film. In (a), the anodic titanium 
oxide structure is not just a nanotube, but a compact film on the 
surface. The unwanted surface deposits on the films introduced 
during anodization were removed effectively simply by 
ultrasonic cleaning in deionized water containing Al2O3 as 
sub-micrometer particles in a small proportion. (b) After 
ultrasonic cleaning, a clean TiO2NT film was presented. Figure 
8 shows SEM images of TiO2 NT film fabricated by anodization 
on thermo-spray Ti film; (a) shows film, drop, and particle 
surface formations of TiO2 NT, (b) zoomed in view of particle 
surface, (c) TiO2 NT formation on Ti drop, (d) zoomed in view 
of drop surface, (e) TiO2 NT formation on film, (f) zoomed in 
view of film surface. Based on these SEM images, the  TiO2 NT 
have ordered pores with 100 nm pore diameter, 140 nm pore 
distance and 20 nm pore wall thickness, and 5×109 pore cm-2. 
Figure 9 shows the DSSC cell performance under simulated AM 
1.5 light tests. (a) Absorption spectrum: the N3 dye absorbance 
ranges from 350 nm to 800 nm, and two absorbance peaks of 
410 nm and 535 nm were present at the absorbance curve. (b) 
Current–voltage (J-V) curve of photocurrent efficiency: The 
DSSC device has a short current (Isc) of 0.83 mA cm-2, open 
voltage (Voc) of 0.81V, fill factor (FF) of 0.52, and conversion 
efficiency (η) of 2.18% on a 0.16 cm2 DSSC sample. 

 

 
Fig. 7 SEM images of TiO2 NT film fabricated by anodization on 

thermo-spray Ti film; (a) compact layer on the NT film before 
ultrasonic treatment, and (b) clean NT film after ultrasonic treatment 
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IV.  CONCLUSION 

Having a large surface area of nanoporous TiO2 film 
enhances electrochemical reaction efficiency. A large area 
DSSC anode was made by thermo-spraying Ti on 304 S.S 
substrate and using anodization to form TiO2 NT as an electron 
transport film, and the performance of the device was measured 
at 2.18% conversion efficiency. The process of using 
thermo-spraying and anodization to fabricate industry-scale 
oxide film production is novel. This work aims to transfer 
nanotechnology discoveries from the laboratory to industrial 
application and to scale up DSSC fabrication for high-rate 
production. 

 

 
Fig. 8 SEM images of TiO2 NT film fabricated by anodization on 
thermo-spray Ti film; (a) TiO2 NT film, drop, and particle surface 
formations, (b) zoomed in view of particle surface, (c) TiO2 NT 

formation on Ti drop, (d) zoomed in view of drop surface, (e) TiO2 NT 
formation on the film, (f) zoomed in view of film surface 

 

 
Fig. 9 DSSC cell performance: (a) absorption spectrum and (b) 
current–voltage (J-V) curve of photocurrent efficiency 
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