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Abstract. Applying photocatalytic n-semiconductor effect of titanium dioxide, performance of TiO2 anode 
with copper oxides cathode as a wet solar cell in seawater is being studied. This research aimed to study 
photocatalytic effects of dye sensitized TiO2 electrode coated by hydroxyapatite (HAp). TiO2 electrode was 
manufactured double layered by screen printing method and copper oxides electrode by vacuum deposition 
on Type 329J4L stainless steel base substrate. N719 Ruthenizer dye was used for sensitizing on TiO2 electrode 
and HAp was coated on the electrode surface by squeegee printing method. Four types of TiO2 electrodes 
were studied; TiO2 electrode, dye-sensitized TiO2, HAp coated TiO2, and dye-sensitized TiO2 with HAp 
coating. Cell voltage and current density was measured under irradiated and dark conditions. The power 
densities of electrode with HAp coating was found higher than other electrodes without HAp. The current 
flow was enhanced by introducing HAp coating while dye sensitizing reduced current flow.  Cyclic 
voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) analysis were performed. EIS analysis 
showed HAp coating increased capacitance values of each electrodes.  The surface of electrodes analysed by 
Scanning Electron Microscope (SEM) and Electron Dispersion X-ray Spectroscopy (EDS) indicated that 
HAp was dispersed on TiO2 surface but was not formed as a layer. 
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1. Introduction 
 

Due to excess release of greenhouse gases from fossil 
related industries, we have been facing global warming for 
decades which leads to climate change across the world. 
On the other hand, energy security is vitally important for 
the development of all nations to their respective goals. In 
order to achieve those targets, we have been searching for 
alternative ways of energy sources which are renewable 
and sustainable, and lead to zero harmful gas emissions 
and the least application of land resources for civilization. 
To meet those requirements, we have been conducting a 
research concerning a wet solar cell using two 
photocatalytic semiconductors with seawater electrolyte 
that is aimed to be used in marine environment [1-7]. This 

wet solar cell composed of two photo electrodes: n-type 
photocatalytic semiconductor titanium dioxide anode and 
p-type photocatalytic semiconductor copper oxides 
cathode [8]. 

Dye sensitizing on TiO2 electrode in this cell was 
introduced based on the principle of Dye sensitized Solar 
Cell (DSSC) [9-11, 13]. Ruthenium complex commonly 
known as N719 is used as a dye for sensitizing the anode. 
Hydroxyapatite (HAp) is used for anchorage between 
TiO2 layer and Ru. Hydroxyapatite (Ca10(PO4)6(OH)2) is 
being researched for its good biocompatibility [12, 21]. We 
did choose HAp not only for its high binding affinity with 
Ru complexes but also its biocompatibility not to get 
harmful effect on marine and aquatic species when the cell 
is deployed in marine environment. The schematic 
representation of this solar cell is shown in Fig. 1. 

 

 
 
Fig. 1. Schematic representation of TiO2 vs Cu oxides solar cell. 
 

2. Experimental 
 
2.1. Preparation of Sample Electrodes 
 
2.1.1. Preparation of TiO2 electrodes 
 

Double layered Titanium dioxide (TiO2) film was 
screen printed onto ultrasonically cleaned and passivated 
4 mm × 4 mm (1 mm in thickness) stainless steel substrate 
(Type 329J4L) with heat treatment temperatures of 150 
ºC (60 minutes) for first layer and 550 ºC (30 minutes) for 
second layer [14, 18]. Four types of TiO2 electrodes were 
prepared for the experiment as the followings; 

1. Double layered TiO2 electrode (TiO2) 
2. Dye-sensitized double layered TiO2 electrode 

(TiO2, Ru) 
3. Double layered TiO2 electrode coated by 

Hydroxyapatite (TiO2, HAp), and 
4. Dye-sensitized double layered TiO2 electrode 

with Hydroxyapatite coating (TiO2, Ru & HAp). After 
that, the electrodes were epoxy coated and solder welded 
ready for the experiment. 

Dye-sensitizing was performed by immersing the 
electrodes in ruthenium complex (Ru) solution for 10 
hours. Ru solution was prepared by dissolving ruthenium 

complex (4 mg) in the solutions of acetonitrile (250 mg) 
and t-butyl alcohol (250 mg). 

Hydroxyapatite paste was coated on the electrodes by 
manual squeegee method. After which, the HAp coated 
electrodes were heat-treated at 150 ºC for 60 minutes. 
HAp paste was prepared by mixing HAp powder with 
Carboxylmethyl Cellulose (CMC) and adding them in the 
solution of ethanol and water. The paste was 
ultrasonically mixed to get distributed and good viscosity 
of the paste. The surface of TiO2 electrode changed when 
Ru was sensitized. The surface color of TiO2 electrode did 
not change after HAp coating but the surface roughness 
has changed so that rougher surface appeared after HAp 
coating as in Fig. 2. 

 
2.1.2. Preparation of copper oxides electrodes 
 

Firstly, copper film was formed on the passivated 
stainless steel substrate (same specification as the 
substrate for TiO2 electrode) by vacuum vapor deposition. 
Copper deposited substrate is then heat-treated at 350 ºC 
in muffle furnace for 30 minutes to form copper oxides 
layer (Copper (I) oxide (Cu2O) and Copper (II) oxide 
(CuO)). The images of the surface of copper oxides 
electrode and four types of TiO2 electrode are shown in 
Fig. 2.  
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Fig. 2. Optical images of surfaces of four types of TiO2 electrodes and Copper oxides electrode. 
 
2.2. Measurements 
 
2.2.1. Power density versus cell voltage measurement (P-

V) 
 

The power density of the cell was performed in order 
to get the power out of the cell, and to compare power 
conversion efficiency of the cells with different electrodes. 
The electrodes were immersed in a container with two 
transparent glasses which was filled with about 1.5 liters 
of artificial seawater (ASW). The electrodes were 
immersed in ASW against Xenon lamp. The lamp was 
calibrated so that the light intensity was 10.5 mW/cm2 

with a wavelength range of 250 nm to 800 nm. The power 
density was measured between TiO2 electrode and Cu 
oxides electrode by the Potentiostat. The measurement 
was performed in both irradiated condition and dark 
condition. The voltage swapped from open circuit voltage 
to short circuit voltage for both conditions. For 
irradiation condition, the power density of the cell 
constructed by TiO2 electrode and platinum counter 
electrode was also measured to make a comparison 
between the power density of the cell with TiO2 and Cu 
oxides. Figure 3 shows the power density vs cell voltage 
measurement of the cell. 

 

 
 
Fig. 3. Schematic representation of power density vs cell voltage measurement. 
 
2.2.2. Cyclic voltammetry measurement (CV) 
 

The CV measurement was carried out to understand 
more about the electrochemical behavior of the electrodes 
based on the past study of photopotential and polarization 
characteristics of the electrodes. Cyclic voltammetry 
measurement of four types of TiO2 electrode was 
performed in both dark and irradiated conditions in 
artificial seawater by the Potentiostat. The lamp with the 
same specification as in power density measurement was 
used for irradiation. The voltage was swapped upward in 
first sweep and downward in second sweep without delay 
time at turning point. 

2.2.3. Electrochemical impedance measurement (EIS) 
 

Electrochemical Impedance Spectroscopy (EIS) 
analysis was performed to better understand the surface of 
the electrodes [16, 17, 19]. EIS for four types of TiO2 
electrode was conducted in irradiated condition with 
artificial seawater as the electrolyte. The measurement was 
performed by the Electrochemical Analyzer connected 
with the Frequency Response Analyzer. The base current 
was set from Tafel regions and additional current is 10% 
of the base current. The frequency was set to decrease 
from 100 kHz to 1 mHz. From the results gained, an 
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equivalent circuit was constructed by curve fitting and the 
impedance values were extracted [20]. 
 
2.2.4. Surface analysis 
 

The surface of the electrodes were observed by 
Scanning Electron Microscopy and Electron Dispersion 
X-ray Spectroscopy (EDS) in order to get the surface 
characteristics of the electrodes and the effect of HAp 
coating on the surface of the electrode. From the results 
of EIS, it is better to understand the electrode surface 
combined with SEM and EDS results. The surface of each 
electrode before and after irradiated P-V measurement of 
TiO2 vs Cu oxides cell was examined with SEM and the 
composition was calculated by EDS. The effect of HAp 
coating was examined by SEM and EDS. 
 

3. Results and Discussions 
 
3.1. Power Density Measurement of the Cell 
 

Figure 4 shows the graphs for power density vs cell 
voltage measurement of TiO2 vs Cu oxides cell and TiO2 
vs Platinum cell. In all conditions, power densities of the 
cells with electrodes containing HAp showed higher than 
those without HAp. They also showed wider voltage range 
in both conditions. On the other hand, power profile of 
electrodes with Ru showed narrow voltage range and 
lower power density output. Maximum power density of 
the cell with TiO2 and HAp is approximately 4 times 
higher than that of TiO2 and Ru. We can see clearly that 
the photocatalytic effect of TiO2 was drastically 
suppressed by the use of ruthenium complex sensitizing. 
This is considered to be the absence of redox couples in 
the electrolyte (ASW) for good matching required to 
reduce the oxidized dye while the light was irradiated. In 
the case of darkness, dye acts as the resistive bodies to the 
electrode. On the other hand, adding HAp increased the 
power density of the cell. The effect of coating HAp seems 
to increase the current flow of the electrode. 

Power densities profile of TiO2 vs Cu oxides cells 
under irradiation is similar to that of TiO2 vs Platinum cell 
except in electrodes with TiO2 and HAp. This can be 
concluded that applying photocatalytic effects in both 
electrodes gives higher power/cost efficiency than TiO2 
vs Platinum cell. 
 
3.2. Cyclic Voltammetry Measurement of TiO2 

Electrode 
 

Figure 5 represents the graphs of double sweep cyclic 
voltammetry of different types of TiO2 electrodes in dark 
and under irradiation. From the measurement, the quasi-
reversible region was studied. As we can see clearly, the 
area enclosed by CV curve in electrodes which contain 
HAp is wider than that of electrodes without HAp coating. 
On the contrast, the area bound by electrodes with TiO2 

and Ru is the smallest among all electrodes. Regions 
bounded by curves of electrodes with HAp and 

Ruthenizer were larger than curves of any other electrodes 
in irradiated condition. Since those areas are related to 
specific capacitance of electrode appeared in 
photocatalytic reaction, it is clear that coating HAp 
showed higher specific capacitance [15]. 

 

 
(a) 
 

 
(b) 

 

 
(c) 

Fig. 4. P-V graphs of 4 types of TiO2 electrodes vs (a) Cu 
oxides electrode in dark, (b) Cu oxides electrode under 
irradiation, and (c) Platinum electrode under irradiation. 
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This can be seen more in the following EIS 
measurement. On the other hand, Ru sensitizing is 
supposed to cause poor electron transfer between 
electrodes in the absence of enough redox electrolytes in 
ASW. 
 
3.3. Electrochemical Impedance Measurement, and 

Surface Analysis of TiO2 Electrodes 
 
3.3.1. Electrochemical impedance analysis (EIS) and 

equivalent circuit construction 
 
From the EIS measurement, Cole-cole plot (Nyquist plot) 
was obtained for four different types of TiO2 electrodes in 
ASW under irradiation as shown in Fig. 6(a). TiO2 showed 
the lowest impedance values among all the electrodes. 
Adding Ru sensitizing to TiO2 electrode got the electrode 
become higher impedance values. Also, Adding HAp 
coating resulted in higher impedance mainly in lower 
frequencies regions. From the Cole-cole plot, a simple 
equivalent circuit for four types of electrodes was 
constructed by using curve fitting method. The equivalent 
circuit contains one solution resistance in series with 3 
resistance-capacitance (RC) parallel components as shown 
in Fig. 6(b). From these, the impedance values were 
obtained. Table 1 shows the impedance values gained 
from curve fitting with respect to various electrodes. 

From Table 1, it can be seen that electrode with TiO2 
and Ru gave the highest impedance values in all RC 
parallel couples. Hence, it can be concluded that Ru acts 
as a barrier for electron transport in ASW as the electrolyte. 
It is not easy to distinguish layers of electrodes such as 
TiO2, Ru or HAp since Ru was dissolved into TiO2 layer 
and HAp did not form as a layer while it was coated on 
the surface of TiO2 layer. However, it is also not totally 
homogeneous with TiO2 particles. The electrode with 
TiO2 and HAp resulted in slightly higher capacitance 
values in RC 3 couples compared to that of TiO2 electrode. 
Adding HAp to TiO2 and Ru electrode increased the 
resistance value in RC parallel circuit 1 but it normalized 
the impedance values of other components. 
 
3.3.2. Surface analysis of the electrodes 
 

Figure 7 shows SEM images of HAp coated TiO2 
electrode on the same region. From table 2, it can be seen 
that the chemical composition of elements (weight percent 
and atomic percent) on the surface of HAp coated TiO2 
electrode taken from the same region with SEM images. 
From EDS analysis, the whole area constituted of mainly 
titanium and oxygen, but calcium and phosphorous which 
are the constituent of HAp were also found as the minor 
in the area.  White regions on back scattered image 

represented Hap enriched region since P and Ca 
percentage is much higher than their surrounding areas. 
HAp particles were dispersed on the electrode. Although 
white regions are Hap enriched, other areas showed the 
presence of P and Ca. HAp coating did not form a layer 
on TiO2 film. Instead, Hap became partially homogeneous 
with TiO2 particles and some of them were dispersed as 
HAp enriched regions on the surface of TiO2 film. 
Dispersed HAp particles act as small capacitors on the 
electrode surface. Moreover, Presence of HAp regions 
increased capacitance of the electrode and also increased 
the current flow between electrolyte and electrode. 
 

 
(a) 
 

 
(b) 

 
Fig. 5. Cyclic voltammetry measurement of different 
types of TiO2 electrodes (a) in dark condition, (b) under 
irradiation. 
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(a) 
 

 
(b) 

 
Fig. 6. Schematic representation of (a) Cole-cole plot of different types of TiO2 electrodes with platinum counter 
electrode, and (b) Equivalent circuit. 
 
Table 1. Impedance values of electrodes gained from Cole-cole plot by curve fitting. 

 

Types of 
Electrodes 

Electrolyte 
Resistance 

RC parallel  
circuit 1 

RC parallel  
circuit 2 

RC parallel 
circuit 3 

Rsol (Ω) R1 (Ω) C1 (mF) R2 (Ω) C2 (mF) R3 (Ω) C3 (mF) 

TiO2 13.76 1230 2.48 12.54 0.877 168.1 1.47 
TiO2, Ru 45.92 2230 6.34 274.48 1.57 818.99 3.75 
TiO2, HAp 28.71 1270 2.83 26.6 1.02 169.14 1.68 
TiO2, Ru, HAp 9.2 3270 5.43 83.42 0.972 779.82 2.42 

 
Table 2. Chemical composition of elements on the surface of HAp coated TiO2 electrode by EDS analysis (same 
region as the above SEM images). 
 

Element 
HAp enriched TiO2 Whole region 

Wt.% At.% Wt.% At.% Wt.% At.% 

Oxygen 40.31 62.69 35.72 61.56 33.14 58.58 

Phosphorus 12.92 10.38 2.63 2.35 2.38 2.18 

Calcium 26.15 16.23 5.54 3.80 4.34 3.06 

Titanium 20.62 10.70 56.11 32.29 59.06 34.86 

Sodium - - - - 1.08 1.32 
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(a) 
 

 
(b) 

 
Fig. 7. (a) Secondary electron (SE) image, and (b) Back 
scattered electron (BSE) image, of the same region of 
HAp coated TiO2 electrode. 
 

4. Summary 
 

In this research, experiments such as P-V 
measurement, EIS analysis, SEM and EDS observation 
were carried out and the research is in progress aimed to 
enhance power density, material stability and durability of 
electrodes in the solar cell. From this current research, we 
can conclude that 

1. Although Ru sensitizing suppresses the 
photocatalytic effect of TiO2 electrode and power 
output of the cell, HAp coating increases current 
density, and power density of the cell. 

2. In cyclic voltammetry and power density 
measurements, the effect of semiconductor oxide 
layer cannot be seen in dark condition, the effects 
of HAp coating can be seen in both dark and 
irradiated conditions showing that HAp coating 
increases charge transfer in the electrode surface. 

3. There is an increment in impedance values 
especially in capacitance, so this effect is 
considered to indicate the similar photocatalytic 

effect of TiO2 electrode as in P-V and CV 
measurements. 

4. The EIS, SEM and EDS analysis show that HAp 
is dispersed and partially homogenous in TiO2 
layer without forming a distinct layer on top of 
TiO2 layer and coating HAp increases specific 
capacitance of TiO2 electrode and makes the 
effect of Ru sensitizing active. 
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