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A B S T R A C T

In this work, a novel photoelectrochemical fuel cell consisting of a titanium dioxide nanotube array

photosensitive anode and a platinum cathode was made for decomposing environmentally hazardous

materials to produce electricity and clean fuel. Titanium dioxide nanotubes (TiO2 NTs) were prepared via

electrochemical oxidation of pure Ti in an ammonium fluoride and glycerol-containing solution.

Scanning electron microscopy was used to analyze the morphology of the nanotubes. The average

diameter, wall thickness and length of the as-prepared TiO2 NTs were determined. The photosensitive

anode made from the highly ordered TiO2 NTs has good photo-catalytic property, as proven by the

decomposition tests on urea, ammonia, sodium sulfide and automobile engine coolant under ultraviolet

(UV) radiation. To improve the efficiency of the fuel cell, doping the TiO2 NTs with a transition metal

oxide, NiO, was performed and the photosensitivity of the doped anode was tested under visible light

irradiation. It is found that the NiO-doped anode is sensitive to visible light. Also found is that polyaniline-

doped photosensitive anode can harvest photon energy in the visible light spectrum range much more

efficiently than the NiO-doped one. It is concluded that the nanostructured photoelectrochemical fuel

cell can generate electricity and clean fuel by decomposing hazardous materials under sunlight.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Energy sustainability and environmental sustainability are the
two global issues. What are the solutions to these issues? How the
future sustainability of the world can be built? During the last 20
years, the global energy need drove new technology advancement.
For example, solar energy conversion [1–3] has achieved great
success. Waste recycling [4,5], hydrogen production [6–9], biofuel
conversion [10] have also been studied as alternatives for energy
generation. Specifically, photoelectrochemical fuel cells running
by harvesting solar energy have recently been explored [11].
Photocatalysis has been demonstrated successful for the clean fuel,
e.g. hydrogen production [12]. The photochemical fuel cell
approach has been considered as a relatively simple and
inexpensive way to harvest solar energy for clean fuel production.
The ability of generating energy from solid waste and/or
wastewater under the irradiation of sunlight, while cleaning the
environment and producing water for reuse has caught a lot of
* Corresponding author. Tel.: +1 419 530 6007; fax: +1 419 530 8206.
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interests. Energy conversion and environment cleaning become
strong incentives to develop this technology [13–15].

It must be noted that using photochemical fuel cells for clean
energy production has been proposed for a considerably long time
[16–22]. However, many problems still remain to be solved. For
example, the efficiency of hydrogen production from photo-
catalytic reactions is very low [21]. The problem comes from the
poor performance of the photosensitive anode. Recently, many
researchers have made significant effort on searching new anode
materials. Titanium oxide particles were found to have relatively
high quantum efficiency and hydrogen generation rate [23–25]. It
has been shown that such particulate materials can decompose
organic substances to generate electricity and hydrogen simulta-
neously under ultraviolet (UV) and visible irradiations [26].

Nanomaterials, for example nanoparticles, have much higher
surface areas than their bulk counterparts so that more intensive
photocatalytic reactions occur at the surface of the nanoparticels
[27,28]. TiO2 nanoparticles have the potential for clean fuel and
electricity generation by decomposing waste materials [29].
Nevertheless, the agglomeration of particles is a challenging
problem to be solved in order to keep the high surface area for
different applications [30,31]. Two ways have been proposed to
potentially solve the agglomeration problem [32,33]. The first way

http://dx.doi.org/10.1016/j.materresbull.2012.05.049
mailto:yong.gan@utoledo.edu
http://www.sciencedirect.com/science/journal/00255408
http://dx.doi.org/10.1016/j.materresbull.2012.05.049


Y.X. Gan et al. / Materials Research Bulletin 47 (2012) 2380–2388 2381
is to control the material growth along certain preferential
directions to form nanoscale fractals or dendrites, which prevents
the agglomeration of nanoparticles on substrates [32]. The other
method is to use nanoporous templates because confined growth
of nanocrystals either within the nanopores or at the surface of the
templates can be established to prevent nanoparticle agglomera-
tion [33].

Clean energy generation from hazardous materials is a
fascinating research topic. For example, hydrogen generation from
ammonia was studied by Yin et al. using nanostructured catalysts
[34]. The active components used include Ru, Rh, Pt, Pd, Ni, Fe.
These components are supported by carbon nanotubes (CNTs) and
other materials such as Al2O3, MgO, and ZrO2. It has been found
that CO-free hydrogen can be generated on these catalysts through
ammonia decomposition. The CNT-supported catalyst showed the
highest efficiency. TiO2 was found very effective as the catalyst
support for ammonia decomposition [34,35]. Since TiO2 is
photosensitive, decomposing organics at its surface has caught a
lot of attentions. For example, it has found applications in
decomposing spilled-oil for environmental cleaning, as reposted
by Hsu et al. [36].

In this paper, we will present the work on using self-organized
anodic titanium dioxide nanotube arrays to make a novel
photoelectrochemical fuel cell anode with high surface area and
strong photosensitivity. It will be demonstrated that under UV
radiation, the solutions containing both organic and inorganic
hazardous materials decompose at the titanium dioxide nanotube
photosensitive anode. Urea, ammonia, sodium sulfide and
automobile engine coolant are the waste materials for the
photosensitive decomposing tests. These materials are environ-
mentally hazardous. For example, the nitrogen-rich urea and
ammonia promote algae growth in open water of the Great Lakers.
Sulfide is a major pollutant substance generated from those power
plants burning fossil fuels. The antifreeze/coolant contains
ethylene glycol, which is poisonous for many biological species.
When a low-hydrogen overpotential metal, Pt, is used as the
cathode to form a photoelectrochemical fuel cell, hydrogen
production at the Pt cathode is observed in this work. Preliminary
research results of the open circuit voltage of the photoelec-
trochemical fuel cell and the dynamic response of the photosensi-
tive anode to UV and visible light will be given.

2. Materials and experimental methods

2.1. Materials and instruments

Pure titanium (Ti) sheet ordered from McMaster.com with a
thickness of 0.1 mm was used as the start material for making the
self-organized TiO2 nanotube (NT) arrays. Ammonia, urea,
ammonium fluoride, sodium sulfide, and glycerol were purchased
from Alfa Aesar. A solution containing 1.5 wt% NH4F + 90 wt%
glycerol and rest de-ionized (DI) water was made and used as the
electrolyte for the electrochemical oxidation of the titanium sheet
to generate nanotube arrays. Previous studies show that several
types of organic or inorganic electrolytes may be used to make
titanium oxide nanostructures. For example, Mackay et al. found
that neutral NaF solutions can thicker the wall of the TiO2

nanotubes [37] and Narayanan et al. showed that TiO2 networks
can be obtained in the Na2SO4 + NaF electrolyte [38]. Titanium
oxide dissolves more uniformly in near-neutral or weak base
solutions than in acids. The more uniform dissolution process helps
the titanium oxide to self-organize into more regular nanotubes.
That is why we have used the NH4F and glycerol solution, which is
a near neutral electrolyte. The power supply for the electrochemi-
cal oxidation of the titanium is a regulated DC power source, model
HY5003 (0–50 V, 0–3 A). A Quanta 3D field emission scanning
electron microscope (FESEM) was used for the nanotube morphol-
ogy observation. The JEOL 2100F transmission electron microscope
(TEM) was also used to observe the nanotubes and to generate high
resolution TEM images. The ultraviolet lamp, UVL-21 (365 nm UV,
4 W, 0.16 A), was used to generate UV light and a 250 W electric
bulb was used to generate visible light for photoelectrochemical
decomposition experiments. The irradiation power on the photo-
electrochemical fuel cell anode was about 40 mW/cm2. A CHI
400 A electrochemical workstation was used to monitor the waste
material decomposition process by measuring the open circuit
voltage of the fuel cell. A tubular carbon dioxide sensor was
connected to an Xplorer GLX data acquisition unit to measure the
concentration of carbon dioxide associated with the decomposi-
tion of urea in the photoelectrochemical fuel cell.

Various aqueous solutions containing environmentally hazard-
ous materials were made to perform photoelectrochemical
decomposition tests using the nanostructured fuel cell anode.
The justifications for choosing those hazardous materials for the
studies are given as follows. Ammonia and urea are major
compositions from fertilizers. They are pollutants in surface water.
Diluted ammonia (NH3�H2O) solutions were made with the
concentration of 1 wt% (pH 10.63), 0.25 wt%, and 0.025 wt%. The
concentrations for urea were 1.0 M, 0.5 M, and 0.25 M. Sulfide is
the major composition from the burning of coal. It is harmful for
environment. Although the directly released sulfides from coal
burning have multiple constituents, we use sodium sulfide in the
test for the preliminary study. The typical concentration of sodium
sulfide solution used in this work is 0.5 M. The antifreeze/coolant
with the brand name of PEAK1 was purchased from WalMart. The
reason for choosing an antifreeze/coolant for study is that
automobile radiator flushing generates a lot of diluted coolant
solution. The major composition for the antifreeze and cooling
function in the original product is ethylene glycol, which is
poisonous. According to the purchased product specification for
this work, the concentration of ethylene glycol in the antifreeze/
coolant is about 20 wt%.

2.2. TiO2 nanotube anode and photochemical fuel cell fabrication

The 0.1 mm thick titanium (Ti) thin sheet with the size of
250 mm � 250 mm was cut into 40 mm � 5 mm � 0.1 mm sam-
ples. Self-organized TiO2 NTs were prepared by electrochemical
oxidation of the Ti samples in the electrolyte with 1.5% NH4F + 90%
glycerol + 8.5% water in weight. A two-electrode cell was used for
the electrochemical oxidation of Ti at a room temperature of 25 8C.
The anode and the cathode are the Ti samples with the same size.
The distance between the two electrodes was 20 mm. The
operation voltage was 50.0 V and the electrochemical oxidation
time was 6 h. After electrochemical oxidation, the samples were
rinsed in de-ionized water and air dried. The surface of the anode
was completely covered by TiO2 nanotube arrays as revealed by
the electron microscopic analysis. After the TiO2 NTs were
prepared, high temperature annealing at 500 8C for 2 h was
performed to crystallize the TiO2. Then, the specimens were cooled
down naturally, and they were used to make the photosensitive
anode of the photoelectrochemical fuel cell. The photoelectro-
chemical fuel cell (PEFC) was in a one-compartment configuration
as schematically shown in Fig. 1. The anode was made from the
TiO2 nanotube arrays set on the Ti. The cathode was Pt. The
reference electrode used was Ag/AgCl. The main reaction at the
cathode was hydrogen generation. Photoelectrochemical reactions
happened at the anode and in the solutions to decompose the
waste materials and generate electrons. Specifically, in the case of
using urea solution, carbon dioxide was formed in the anode
region. Electricity was also generated at the same time as
measured by the CHI400A electrochemical workstation.
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Fig. 1. Photoelectrochemical fuel cell with a TiO2 nanotube anode and a Pt cathode.
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3. Results and discussion

3.1. Surface morphology of the TiO2 nanotube photoanode

Fig. 2 shows the schematic and the surface morphology of the
anode with TiO2 nanotube arrays. Fig. 2(a) sketches the TiO2

nanotubes at the Ti sheet. Fig. 2(b) is a low magnification scanning
electron microscopic (SEM) image, from which both the Ti
substrate surface and the nanotubes can be seen. At higher
Fig. 2. Sketch and the surface morphology of the TiO2 nanotube anode: (a) schematic o

nanotube array, (c) SEM image showing the surface of the anode covered by self-organ
magnification, the open end of the nanotubes is shown in Fig. 2(c).
From the cross section view, separated nanotube bundles can be
found in Fig. 2(d). It can be measured from Fig. 2(c) that the TiO2

nanotubes have a diameter of about 150 nm. The wall thickness is
about 20–30 nm. The cross-section view of the TiO2 nanotubes
(NTs) as shown in Fig. 2(d) reveals that the length of the nanotubes
is about 1.5 mm. The increase in the concentration of NH4F could
result in deeper penetration of more F� into the Ti substrate. Thus,
the length of the NTs can be increased significantly.

If the electrochemical oxidation parameters such as the applied
DC voltage and processing time were changed, the size of the TiO2

NTs can also be changed, which was reported by other researchers
using different electrolytes consisting of either HF or NH4F [39,40].
Energy dispersive X-ray spectrum was also obtained (not shown
here) using the same Quanta 3D field emission scanning electron
microscope (FESEM). The analyzed region is 10 mm � 10 mm. The
result shows that Ti and O are the major elements at the anode.
Quantitative analysis gives the atomic ratio of Ti:O = 1:2, which
means that the nanotubes have the stoichiometric composition of
titanium dioxide. The weight percentage of each element is also
calculated and reveals that the weight ratio of Ti:O equals to 3:2.

3.2. Growth mechanism of TiO2 nanotube arrays

The formation of the titanium dioxide nanotubes in the
electrolyte containing fluorine ions is the breakage of the
passivation film or the pitting of the oxide film under the attack
of the fluorine ions. Ti metal as the anode was oxidized first and the
oxide film was dissolved into the electrolyte when the proper
electrochemical conditions were established. The electrochemical
f the photosensitive anode, (b) SEM image showing both the Ti substrate and the

ized nanotubes, (d) SEM image showing the cross-section of the nanotube array.
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reactions related to the growth of the TiO2 nanotube arrays have
been studied and described as follows [41,42]:

Hydrolyzation : 2H2O ! O2 " þ 4e� þ 4Hþ (1)

Cathode reaction : 2Hþ þ 2e� ! H2 " (2)

Film growth at anode : Ti þ O2 ! TiO2 (3)

Film dissolution; nanotube growth : TiO2þ 6F� þ 4Hþ ! ½TiF6�2�

(4)

In the electrochemical oxidation experiments, we used the
electrolyte containing NH4F and glycerol, which is almost a neutral
solution. The hydrolyzation reaction of Eq. (1) helps to increase the
acidity of the solution near the anode and provide oxygen for the
oxide film formation. The reactions as described by Eqs. (2)–(4)
explain why the TiO2 nanotube arrays can grow on the surface of Ti
anode and the hydrogen gas gives off at the cathode, even though
both electrodes are the same Ti sheet samples.

Investigating the size distribution of the prepared TiO2

nanotubes is meaningful for further understanding the formation
mechanisms of the nanotubes. The results are also helpful for
identifying proper electrochemical processing parameters, espe-
cially the electrolyte concentration effect. In addition, the size
distribution can provide the basis for measuring the effective
surface area of the photocatalytic anode in the photoelectrochem-
ical fuel cell. Therefore, more statistic analyses based on diameter
and length measurements of the NTs using multiple SEM images
taken from various samples may be necessary. But this is not the
focus of the current work. We leave it for future studies.

Electrochemical processing parameters, for example, the peak
voltage used for processing the nanotubes, have significant impact
on the geometry of the tubes. It is commonly known that the higher
the voltage applied to a dielectric material, the deeper the material
will be affected. Therefore, if a high voltage is applied, the length of
the nanotubes increases. Narayanan et al. found that the voltage
change results in the morphology evolution from flat structures to
nanotubular networks [38]. How the applied voltage affects the
radial size of the nanotubes is an interesting topic. It is found that
the higher the voltage applied, the thicker the wall of the
nanotubes. What the exact reason is still remains to be studied.

3.3. Photocatalytic property of the of TiO2 nanotube anode

The four fluids containing hazardous materials were inducted
into the one-compartment photoelectrochemical fuel cell. UV
radiation was generated by the light source as shown in Fig. 1.
Indeed, only the anode is necessary to be kept under the
irradiation. It is observed that there is a voltage across the two
electrodes of the fuel cell. At the Pt cathode, hydrogen bubbles
formed in ammonia and the coolant solutions as long as the fuel
cell is air-tight and the UV lamp is on. The open circuit voltage was
measured as a function of time using the CHI400A electrochemical
workstation. Also recorded are the dynamic response data when
the UV light ON and OFF were switched. Fig. 3(a) and (b) show the
open circuit potential (DE) vs. time (t) curves obtained from the
tests on the solutions containing 1.0 M urea and 1% ammonia,
respectively. Both Fig. 3(a) and (b) show that when the UV light is
ON, the voltage at the photosensitive anode drops to �0.33 V
within 150 s. When the UV light is OFF, the voltage goes up.

When the UV light is ON (i.e. in the charging cycle), the change
in the anode potential as a function of irradiation time, t, may be
expressed as:
DE ¼ Ae�Bt � Eo

where A and B are constants associated with the charging cycle,
and Eo is the equilibrium potential. When the UV light is OFF (i.e. in
the discharging cycle), the change in the potential is a function of
recovery or relaxation time, t, which is in the form as follows:

DE ¼ Eo � Ce�Dt

where C and D are constants related to the discharging cycle.
In the urea solution, the main photosensitive reaction at the

anode is as follows:

TiO2þ hn ðUV lightÞ ! TiO2ðhþÞ þ TiO2ðe�Þ (5)

where h+ and e� stand for hole and electron, respectively. In the
solution, urea decomposes by combination with the holes.

O¼CðNH2Þ2þ 6hþ þ H2O ! CO2 " þ N2 " þ 6Hþ (6)

At the cathode, clean water generation is the main reaction.

O2þ 4e� þ 4Hþ ! 2H2O (7)

If the cathode region is sealed or oxygen-free, hydrogen
generation, i.e. Eq. (2), becomes the main reaction. The measure-
ment results clearly reveal that the photodecomposition of urea
and ammonia solutions can generate electricity. In addition, the
clean fuel, hydrogen, can be produced when the cell was air-tight
or oxygen-free.

In the ammonia solution, the main reaction at the anode is still
the electron–hole charge pair generation under the excitation of
photons. Nitrogen gas forms in the solution due to the combination
of hole with ammonia, i.e.

2NH3þ 6hþ þ H2O ! N2 " þ 6Hþ (8)

While at the cathode, either hydrogen or clean water generation
is the main reaction depending on the availability of oxygen.

To verify the carbon dioxide formation in the anodic region,
data generated by the CO2 gas sensor as shown in Fig. 1 were
plotted. The plots are illustrated in Fig. 4. From the results shown in
this figure, when the UV light was OFF, the concentration of CO2 gas
in the anode region of the fuel cell was less then 700 ppm. After the
UV light was ON for about 5 min and the fuel cell was running in
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the steady state, detectable CO2 gas was generated. The monitored
CO2 gas concentration increased to 800 ppm. This confirms the
reaction of Eq. (6) at the anode or in the region near the anode.

Comparative studies of the photocatalytic behavior of the TiO2

nanotube anode in the urea solutions with different concentrations
were performed. The urea solutions used have the concentrations
of 0.5 M and 0.25 M. An obvious concentration effect was identified
as shown by the results in Fig. 5. When the urea solution with the
concentration of 0.5 M was used, the potential changed from
0.05 V to �0.2 V when the UV light was ON. Fig. 5(a) shows the
dynamic response of potential, DE, vs. time, t, for TiO2 nanotube
anode to UV light in the 0.5 M urea solution. For the 0.25 M urea
solution, smaller changes in the voltage were seen in Fig. 5(b) when
UV light was switched between ON and OFF states.

In ammonia solutions with different concentrations, the same
trend of concentration effect on the open circuit potential was
found. When the ammonia concentration was decreased from 0.5%
to 0.25%, a slight draft of the potential to a less negative range
(DEmin from �0.31 V to �0.29 V) caused by UV irradiation was
found and shown in Fig. 6(a) and (b). For the solutions containing
0.025% ammonia, appreciable change in the voltage was found. The
results as shown in Fig. 6(c) indicated that the minimum value of
potential (DEmin) was �0.25 V. This reveals that with the fuel
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running out gradually, the absolute value of the open circuit
voltage of the fuel cell is decreased.

Other types of hazardous materials including Na2S and
ethylene glycol-containing coolant were also used as fuels.
Fig. 7(a) and (b) show the open circuit potential (DE) vs. time (t)
curves obtained from the tests on the solutions containing 0.5 M
Na2S and the coolant with 20% ethylene glycol, respectively. Both
Fig. 7(a) and (b) show that when the UV light is ON, the voltage at
the photosensitive anode drops to more negative ranges. The
0.5 M Na2S fuel causes the anode voltage dropping from �0.47 V
to �0.58 V when the UV light was switched from OFF to ON. In the
coolant, the anode potential was changed from �0.22 V to �0.4 V
when the UV light was switched from OFF to ON. Similar to the
tests on ammonia and urea solutions, the tests on the photo-
catalytic decomposition of Na2S and the coolant can generate
electricity. Again, the clean fuel, hydrogen can be produced when
the cell was air-tighten or oxygen-free. Due to the limitation to
access to hydrogen measurement facility, the hydrogen mea-
surement experiments have not been done.

When Na2S was put into the fuel cell, the step-by-step oxidation
reactions in the solution can be expressed as:

S2� þ 3OH� þ 6hþ ! SO3
2� þ 3Hþ (9)
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SO3
2� þ OH� þ 2hþ ! SO4

2� þ Hþ (10)

At the cathode, clean water generation is the main reaction
because the pH value of the 0.5 M Na2S solution is as high as 13.9.
Even under the oxygen-free condition, hydrogen formation is
inhibited.

3.4. Photocatalytic reaction kinetics analysis

It is fascinating to examine how fast the decomposition of these
waste materials is under the UV light illumination. In Fig. 8, time
dependent potential change of the photosensitive anode in
different solutions is shown. Fig. 8(a)–(c) show very similar
behavior under a considerably long term UV illumination of 1000 s.
That is, initially, the potential dropped very rapidly. Then, the
potential changed back or was recovered very slowly. This
recovery could come from two ways. One is the consumption of
the fuels in the three different solutions. Long term exposure to the
UV illumination caused the decrease in the fuel concentration.
Therefore, the potential shifted back to a more positive range. The
extent of this shift can be calculated according to Nernst equation.
Another possible reason is the slight increase in the temperature.
Since the temperature of the photosensitive anode increases with
the absorption of UV light, the mobility of both electrons and holes
Fig. 9. Illustrations for photocatalytic reaction kinetics analysis: (a) the photosensitive

electron–hole charge pair separation at the anode under UV light illumination.
at the anode and in the fuel increases. The chance for electron–hole
charge pair recombination is higher. This recombination leads to
the decrease in net charge at the anode. Therefore, the absolute
value of the potential is decreased. Consequently, the anode
potential shifts to the more positive range. Fig. 8(d) does not show
such recovery behavior because the coolant has a much higher
concentration of fuel than others. In addition, the coolant has much
higher heat conductivity than the other three water based
solutions. Therefore, the temperature in the fuel cell can be more
uniform. No positive potential shift was observed under such
uniform temperature conditions.

In order to analyze the reaction kinetics, the Ti/TiO2 nanotube-
solution half cell and its equivalent circuit are shown in Fig. 9(a)
and (b), respectively. In Fig. 9(b), R1 refers to the photoelec-
trochemical reaction resistance, while R2 stands for the resistance
of ion transfer in the solutions. Since the circuit is RC type, the
exponential change mode of voltage is expected as shown by the
curves in Fig. 8. Fig. 9(c) schematically shows the band structure of
titanium oxide and the photovoltaic response of the half cell. Under
UV illumination, the electron–hole charge pairs are separated. The
electrons are ejected into the external circuit, causing the potential
shift to more negative values, as shown by the open circuit
potential measurements. The holes go into the solutions,
contributing to decomposing the existing waste materials.

We also studied the recovery of the photosensitivity induced
potential. If the UV light is turned off, the recovery of the potential
follows a logarithmic decaying mode as shown in Fig. 10 for the
 half cell, (b) equivalent circuit simulating the photoelectrochemical reaction, (c)
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photoelectrochemical fuel cell running on all the four waste
materials. This is in agreement with the response of a typical first
order model as illustrated in Fig. 9(b). It is deduced that the
recovery behavior of the potential is dependent on the electrical
and ion conductivity of the solutions. The viscosity of the
electrolytes is also taking a role in the potential recovery.

3.5. Loading TiO2 nanotubes with nanoparticles to enhance the

photocatalytic activity

Doping has been proven to be an effective way to increase the
absorption of titanium oxide material [43–45]. In order to enhance
the photocatalytic activity of the TiO2 nanotube anode, preliminary
Fig. 12. Electron microscopic analysis showing: (a) NiO particles within and at the top end

with the size of about 8 nm, (d) EDX spectrum.
studies of doping the TiO2 NTs with a transition metal oxide, NiO,
was performed via electroplating Ni to the nanotubes and followed
by high temperature annealing at 500 8C for 2 h to convert Ni into
NiO. The current–response curve associated with the electroplat-
ing is shown in Fig. 11. Ti/TiO2 was used as the cathode and Pt the
anode during the electroplating. Ag/AgCl electrode was used as the
reference electrode. The maximum cathode potential scan range is
0–1.0 V. The peak current density is about 2.0 A/m2 during Ni
deposition. The morphology of the NiO nanoparticles was observed
by SEM and shown in Fig. 12(a) and (b). Fig. 12(a) shows that the
majority of the NiO nanoparticles are deposited inside the
nanotubes. In some places, as marked by the arrow at location
‘‘A’’, there are nanoparticles sticking to the top end of the TiO2

nanotubes. Fig. 12(b) illustrates the extended NiO materials at the
top end of the nanotubes, as marked by the arrow at location ‘‘B’’.
Before converting Ni into NiO, a high resolution transmission
electron microscopic (TEM) image was taken using the JEOL 2100F
transmission electron microscope. As shown in Fig. 12(c), the sites
marked with ‘‘Ni’’ have the dimension of about 8 nm. The TEM
images of the regions marked by ‘‘Ni’’ reveal the cubic crystal
structure of Ni. To confirm the nanoparticles are nickel, composi-
tion analysis was performed using the same TEM. The energy
dispersive X-ray diffraction spectrum (EDX) as shown in Fig. 12(d)
reveals strong Ni signal. Other elements such as Ti, O, and Cu are
also found. Ti and O come from the TiO2 nanotubes. Cu comes from
the edge of the copper grid for holding the TEM sample.

Decomposing hazardous materials using such a doped titanium
oxide nanotube anode was conducted using the UV source and a
250 W light bulb. The photosensitivity of the doped anode has been
tested under both UV and visible light irradiation and the results
are shown in Fig. 13(a) and (b). The preliminary data show that the
NiO-doped anode is sensitive to visible light. Form Fig. 13(a), it is
found that the UV light causes anode potential to drop �0.15 V.
When visible light is used, the change in the potential (about
 of TiO2 nanotubes, (b) NiO particles on the top end of TiO2 nanotubes, (c) Ni particles
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�50 mV) as shown in Fig. 13(b) is not as significant as the UV light
case. Since pure titanium oxide is not sensitive to the visible light at
all, it is concluded that the doped photosensitive anode can harvest
photon energy in the visible light spectrum range. The reason for
such improvement on the photocatalytic activity is that NiO just
like many other oxides [46,47] or sulfide [48,49] can tune the
energy gap of the anode, which allows for the doped anode to have
visible light absorption capability. It is predicted that the addition
of some noble metals such as silver, gold platinum may further
enhance the visible light absorption of the nanotubes through the
plasmonic effect as found in alumina based nanocomposites [50].

Polyaniline, a conductive polymer, was also deposited to the
surface of the photosensitive anode through electrochemical
polymerization in a solution containing 0.1 M aniline and 0.5 M
sulfuric acid. The CHI400A electrochemical analyzer was used for
generating the potential function during the polymerization. The
cyclic scan curves are plotted and shown in Fig. 14. The scan
voltage range is from �0.2 V to 1.0 V vs. Ag/AgCl reference
electrode. The scan rate is 10 mV/s. The current density peak
located at 0.42 V as marked by ‘‘A’’ in the plot represents the
reaction of polyaniline formation. The first potential scanning cycle
only generated a small loop. With the increase of scanning cycles,
more and more polyaniline deposited onto the nanotubes and the
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Fig. 14. Current density vs. scan potential associated with electrochemical

polymerization of polyaniline on TiO2 nanotube arrays.
electrical conductivity of the electrode was increased significantly.
Thus, the loop became larger and larger. Totally 20 scan cycles
were applied for the polymerization. The loops generated are
marked in Fig. 14. The results are useful in analyzing the
polymerization kinetics.

Experiments on the photocatalytic activity show that polyani-
line doped TiO2 NTs have very strong sensitivity to both UV and
visible light. Decomposing hazardous materials using such a doped
titanium oxide nanotube anode was carried out. The photosensi-
tivity of the doped anode was tested under both UV and visible
light irradiation. The test results are shown in Fig. 15(a) and (b).
The data reveal that the polyaniline-doped anode is more sensitive
to visible light than the NiO-doped anode. Form Fig. 15(a), it can be
seen that the UV light causes anode potential to change �0.3 V.
When visible light is used, the change in the potential (about
�0.11 V) as shown in Fig. 15(b) is very significant even as
compared with the UV light case. Obviously, the polyaniline-doped
photosensitive anode can harvest photon energy in the visible light
spectrum range more efficiently. Since the anode is a multiple
component composite materials, it should have a more complex
band structure.

The rate of hydrogen formation may be determined by
chronocoulometry [51], which is an indirect way to measure the
hydrogen amount by the charge consumed at the cathode as long
as the main reaction is hydrogen generation at the cathode of the
photoelectrochemical fuel cell. The amount of hydrogen generated
is related to the charge by Faraday’s law [52]. Each molar of
hydrogen corresponds to the 96,500 C electric charge consumed.
One molar of hydrogen takes about 22.4 L at the room temperature
and at the ambient atmospheric pressure of 1 atm. The volume of
the photoelectrochemical fuel cell is about 10 mL. The hydrogen
generated per unit volume thus can be determined. Preliminary
measurement was done by this method. Systematic work will be
performed as our future work.

4. Conclusions

Based on the design, fabrication and characterization of the
nanostructured photoelectrochemical fuel cell, the following
concluding remarks can be made.

The titanium dioxide nanotubes (TiO2 NTs) prepared via
electrochemical oxidation of pure Ti in an ammonium fluoride
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and glycerol-containing solution show UV light sensitivity. The
oxide nanotubes can be doped with transition metal oxide and
conducting polymer materials so that visible light sensitivity can
be obtained. Scanning electron microscopic analysis reveals that
the nanotubes have an average diameter of 150 nm, wall thickness
of 30 nm, and length of 1.5 mm. Such dimensions can be changed
by the applied DC voltage level. The higher the voltage is, the
thicker the nanotubes.

A novel photoelectrochemical fuel cell with a titanium dioxide
nanotube array photosensitive anode has been successfully made.
Preliminary data show the feasibility of decomposing environ-
mentally hazardous materials to produce electricity and clean fuel.
Although major tests were made by using the UV light source, the
visible light sensitivity was also demonstrated. Visible light can be
used as the photon energy source upon doping the anode with
either the transition metal oxide NiO, or the conducting polymer,
polyaniline. The polyaniline-doped photosensitive anode can
harvest photon energy in the visible light spectrum range much
more efficiently than the NiO-doped nanotubes.

The photosensitive anode made from the highly ordered TiO2

NTs has the capability of decomposing urea, ammonia, sodium
sulfide and automobile engine coolant under ultraviolet (UV)
radiation. Also, the anode can decompose these hazardous
materials under visible light illumination, but with a lower
efficiency. The open circuit potential of the fuel cell is affected
by the type and concentration of the waste material solutions.
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