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ABSTRACT 

Multifunctional systems for producing clean energy, disposing biowaste, and regenerating pure water 

simultaneously were designed using nanostructured photochemical fuel cells with the capability of 

electricity and hydrogen generation via biomass decomposition under sunlight. The fuel cells consist of 

a titanium dioxide nanotube anode. Testing the systems was conducted by decomposing urea, ammonia, 

and ethanol through harvesting solar energy. The nanotube anode was doped with nickel to enhance its 

visible light absorption. It is demonstrated that such systems can generate electricity and clean fuel by 

decomposing hazardous materials under sunlight. Meanwhile, environment cleaning can be achieved. 

 

INTRODUCTION 

Producing clean energy from biowaste and wastewater under the irradiation of solar rays and purifying 

the water for reuse generate significant research interests. To build systems with such multiple 

functionalities, new sustainable design strategy is needed. Recently, nanostructured biophotofuel cell 

systems have been introduced for both energy generation and environment cleaning [1]. The main 

objective is to design and fabricate novel biophotofuel cells consisting of nanoporous electrodes as the 

photosensitive anodes for biomass decomposition, and low-hydrogen overpotential metals such as Pt, Ru 

as cathodes for hydrogen generation [2]. The uniqueness of the system lies in the multiple functions of 

the fuel cells. It can generate electricity and produce hydrogen from bio-hazardous substances under 

sunshine [3]. Meanwhile, noxious gases such as ammonia released from biowaste can be decomposed at 

the photosensitive anodes and pure water can be generated for reuse at the cathodes [4]. In order to 

prepare such key components in the systems which allow electron-hole pair separation under irradiation, 

and decompose biomass, semiconducting substances such as pure and doped-TiO2 nanotubes were made 

into photosensitive electrodes with regularly aligned nanopores [5]. Due to the nanoporous array 

structure of the newly developed electrodes, high surface areas can be obtained. However, the 

photochemical fuel cells have to be tested and validated in view of electricity and hydrogen generation 

from biomass under solar rays, noxious gas decomposition, and clean water regeneration.  



The scope of this paper is as follows. Titanium dioxide nanotubes (TiO2 NTs) were prepared via 

electrochemical oxidation of pure Ti in an ammonium fluoride and ethylene glycol-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. Photosensitive 

anodes made from the highly ordered TiO2 NTs with good photo-catalytic property were proved by urea, 

ammonia, and ethanol decomposition tests 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 both UV and visible light irradiation. The doped 

anode is sensitive to visible light. It is concluded that the nanostructured biophotofuel cell systems can 

generate electricity and clean fuel by decomposing hazardous materials under simulated sunlight. In 

addition, the environment cleaning effect was demonstrated. 

 

MATERIALS AND EXPERIMENTAL PROCEDURES 

Titanium (Ti) sheet with a thickness of 0.1 mm was used for making the TiO2 nantotube (NT) arrays. 

Ammonia, urea, ammonium fluoride, ethanol, and ethylene glycol were purchased from Sigma-Aldrich. 

A solution containing NH4F, ethylene glycol and water was prepared for growing nanotubes. The DC 

power supply for nanotube processing consists of three HP E3615A units being connected in series. 

Scanning electron microscopy (SEM) was used for morphology observation. The UVL-21 (365 nm, 4 

W, 0.16 A) was used to generate UV light and an electric bulb was used as the visible light source. The 

waste material decomposition was monitored by measuring the open circuit voltages of the fuel cells. 

A two-electrode cell was used for electrochemical oxidation of Ti to form TiO2 nanotubes at the room 

temperature of 25
o
C. 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 40.0 V and the electrochemical 

oxidation time was 12 h. After electrochemical oxidation, the nanotube sample was rinsed in 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
o
C 

for 2 h was conducted to crystallize the TiO2. Then, the specimen was cooled down naturally, and it was 

used to make the photosensitive anode for the fuel cell. 

Solutions containing environmentally hazardous materials, ammonia, urea and ethanol were made for 

photochemical decomposition tests using the nanostructured fuel cell anodes. Ammonia and urea are 

major compositions from fertilizers and animal waste. Ethanol comes from staled agriculture products. 

They are pollutants in surface water, especially harmful to fish. In this work, ammonia (NH3·H2O), urea 

and ethanol solutions were made at different concentrations to simulate biowaste or wastewater.  

 

RESULTS AND DISCUSSION 

Fuel cell configuration and anode structure 

Figure 1 shows the schematic of the fuel cell and the surface morphology of the anode with TiO2 

nanotube arrays. Figure 1(a) illustrates the configuration of the fuel cell in the one-compartment form. 

The anode is made from the TiO2 nanotube arrays on Ti. The cathode is Pt. The reference electrode used 

is Ag/AgCl. The main reaction at the cathode is hydrogen generation. Reactions at the anode and in the 

solutions cause the decomposition of the waste materials and generation of electrons. Electricity 



generated in the circuit was measured by an HP 34401A multimeter. Figure 1(b) is an SEM image 

showing the open end of the nanotubes. The outer diameter of the TiO2 nanotubes is about 180 nm. The 

wall thickness is around 15 nm. 

 

Figure 1: Schematic of the photochemical fuel cell (a) and the image of the TiO2 nanotube anode (b). 

 

Photochemical response of the nanotube electrode 

The solutions containing bio-hazardous materials were inducted into the one-compartment 

photochemical fuel cell. UV radiation was generated by the light source. 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 ethanol 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 HP 34401A multimeter. Also recoded are the dynamic response data when the 

UV light ON and OFF were switched.  

Figure 2(a) and (b) show the open circuit potential (ΔE) v.s. time (t) curves obtained from the tests on 

the solutions containing 1.0 M urea and 1% ammonia, respectively. Figure 2(a) shows that when the UV 

light is ON, the voltage at the photosensitive anode drops. When the UV light is OFF, the voltage goes 

up as revealed by Figure 2 (b). The dynamic response of the fuel cells to the light may be analyzed as 

follows. When the UV light is ON (i.e. in the charging cycle), the change in the anode potential shown 

in Figure 2(a) as a function of irradiation time, t, can be expressed as: 

                    (1) 

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 as shown in Figure 

2(b) is also a function of recovery or relaxation time, t, which is in the form as follows: 



        
            (2) 

where C and D are constants related to the discharging cycle. 

 

Figure 2: Open circuit potential (ΔE) v.s. time (t): (a) UV light ON (b) UV light OFF. 

 

In the urea solution, the main photosensitive reaction at the anode is as follows:  

TiO2 + hν (UV light) → TiO2(h
+
 ) + TiO2(e

-
 )      (3) 

where h
+
  and e

-
 stand for hole and electron, respectively. In the solution, urea decomposes by 

combination with the holes. 

O=C(NH2)2 + 6h
+
 + H2O → CO2 ↑ + N2 ↑+ 6H

+
     (4) 

To verify the carbon dioxide formation in the anodic region, data generated by a CO2 gas sensor were 

obtained. The results show that when the UV light was OFF, the concentration of CO2 gas in the anode 

region of the fuel cell was less than 700 ppm. After the UV light was ON for about 5 min and the fuel 

cells were approaching to steady state, detectable CO2 gas was generated. The monitored CO2 gas 

concentration increased to 800 ppm.  

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

O2 + 4e
-
 + 4H

+
 → 2H2O        (5) 

If the cathode region is sealed or oxygen-free, hydrogen generation becomes the main reaction. The 

measurement 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.  

2NH3 + 6h
+
 + H2O → N2 ↑+ 6H

+
       (6) 



At the cathode, either hydrogen or clean water generation is the main reaction depending on the 

availability of oxygen. In ethanol solution, the following reaction occurs [6] 

C2H5OH+3H2O+ 12h
+
→2CO2 +12H

+
      (7) 

 

Doping TiO2 nanotubes with nanoparticles to enhance light absorption 

Doping has been proven to be an effective way to increase the absorption of titanium oxide material. In 

order to enhance the photocatalytic activity of the TiO2 nanotube anode, preliminary 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
o
C for 2 h to convert Ni into NiO. The morphology of 

the NiO nanoparticles was observed by SEM and it is found that the majority of the NiO nanoparticles 

were deposited inside the nanotubes. In some places, there are nanoparticles sticking to the top end of 

the TiO2 nanotubes. Before Ni was converted to NiO, high resolution transmission electron microscopic 

(TEM) analysis was performed. Ni nanoparticles with the dimension of about 8 nm were shown in the 

TEM images. The diffraction pattern reveals the cubic crystal structure of Ni. Composition analysis was 

performed by energy dispersive X-ray diffraction (EDX), revealing strong Ni, O, and Ti signal.  

Decomposing hazardous materials using such a doped titanium oxide nanotube anode was conducted 

using the UV source and a visible light bulb. The photosensitivity of the doped anode has been tested 

under both UV and visible light irradiation and the results are recorded. The preliminary data show that 

the NiO-doped anode is sensitive to visible light. 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 -50 mV) 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 photochemical activity is that NiO just like many other oxides or 

sulfide 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. 

The rate of hydrogen formation may be determined by chronocoulometry, 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 photochemical fuel cell. The amount of hydrogen generated is 

related to the charge by Faraday’s law. 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 [2]. Systematic work remains to be done in future work. 

 

CONCLUSIONS 

The preliminary research work on design, fabrication and characterization of the nanostructured 

photochemical fuel cell systems leads to the following conclusions. The titanium dioxide nanotubes 

(TiO2 NTs) prepared via electrochemical oxidation of pure Ti in the ammonium fluoride and ethylene 

glycol-containing solution show UV light sensitivity. The oxide nanotubes can be doped with transition 

metal oxide so that visible light sensitivity can be obtained. Scanning electron microscopic analysis 



reveals that the nanotubes have an average diameter of 180 nm, wall thickness of 15 nm, and length of 

1.5 µm. Such dimensions can be changed by the applied DC voltage level. The higher the voltage is, the 

thicker the nanotubes. Novel photochemical fuel cells with the titanium dioxide nanotube array 

photosensitive anode have been successfully made. Preliminary data show the feasibility of 

decomposing environmentally hazardous materials including ammonia, urea and ethanol 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 the transition metal oxide NiO. After doping, the photosensitive anode made from the 

highly-ordered TiO2 NTs has the capability of decomposing urea, ammonia, and ethanol under solar ray 

irradiation. Although the anode can decompose those hazardous materials under visible light 

illumination, the efficiency is lower as compared with the case using UV light source. The open circuit 

potential of the fuel cells is affected by the types of the waste materials used. 
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