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Photoelectrocatalytic activity for water treatment
of TiO2/Ti electrodes prepared by anodization
A. Attyaoui, A. Ben Youssef and L. Bousselmi

ABSTRACT
TiO2 electrodes are made by anodization of Ti at various applied voltages. The increase of
voltage facilitates the generation of anatase and rutile at high potential (superior to 140 V).
Photoelectrochemical properties of prepared electrodes are investigated with and without
methanol. TiO2/Ti electrode obtained at 140 V presents high photoelectrochemical properties.
The electrode presents better separation of photogenerated electron-hole pairs, high
photocurrent and easy charge transfer. The reaction of adsorbed methanol with generated holes
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increases the photocurrent. When the electrode is anodically biased (application of 1 to 2 V),
the photocurrent increases with increased methanol concentration and at alkaline pH.
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INTRODUCTION
The photocatalytic process which uses titanium dioxide for

The crystalline structure and surface morphology of TiO2

the detoxification of chemically polluted wastewater has

films were examined, as well as the photocatalytic ability of

been the subject of several publications (Bousselmi et al.

these electrodes in presence of methanol chosen as a model

2004; Zayani et al. 2008). However, the main disadvantage

substance for the initial photoelectrochemical characteris-

of photocatalytic oxidation is the high recombination of

ation of the electrodes. Methanol belongs to the group of

photogenerated electrons/holes pairs. In order to limit this

compounds able to react directly with positive holes

recombination effect, researchers have developed an elec-

photogenerated close to the anatase surface (Wahl et al.

tro-assisted photocatalytic process (Hidaka et al. 1999) and

1995). The electrode with the highest photocatalytic poten-

photoelectrochemical technology ( Jiang et al. 2001; Zhang

tial was selected for photoelectrocatalytic experiments. The

et al. 2003; Li et al. 2006). In this method, positive potential

effects of applied anodic potential, methanol concentration

was applied on the working (TiO2/Ti) electrodes. Holes

and pH on photocurrent were investigated.

were driven to the surface and electrons were swept
towards the interior of the semiconductor and driven
around the external circuit by the applied potential, possibly
inhibiting the recombination of electrons and holes and
enhancing the efficiency of photocatalytic oxidation of
organic compounds (Christensen et al. 2005).

METHODS
TiO2/Ti preparation
A titanium disc (99.7% purity) was employed as a substrate

TiO2 electrodes can be obtained by several methods. In

for the preparation of the different TiO2/Ti working

this study, TiO2/Ti electrodes were prepared using the

electrodes. The material was embedded in a chemically

anodic oxidation method at different potentials. The goal

inert resin and, before use, mechanically polishing up to

was to identify the most suitable electrode linked to the

2500 SiC grade and air-dried at room temperature. The final

anodized potential for the electrophotocatalytic process.

active area was equal to 1.76 cm2. The titanium disc was
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then immerged in an electrolyte solution, of 0.5 M H2SO4;

both without and under UV excitation at different pHs

the cathode was a Cu electrode. In this work, anodization

(5– 13), methanol concentrations (24 to 100 mM) and

voltages (Eanod) of 60 V, 80 V, 100 V, 120 V, 140 V and

applied voltages (0– 10 V/SCE). The experimental data of

160 V were used.

the EIS diagrams obtained in the dark and under illumination
were analyzed using ZsimpWin3.2 software.

Characterization of electrodes
Electrode properties were studied using X-Ray diffraction
system (XRD) a Panalytical X’Pert PROMAD X-ray. The
surface morphology of films was observed using a Philips
series 30 SL scanning electron microscopy (SEM).

RESULTS AND DISCUSSION
Analytical characterisation of electrodes
The TiO2 films produced using Ti electrodes are characterized by XRD. For low-voltage anodization (Eanod ¼ 60 V

Photoelectrochemical procedure

and 80 V), there was no diffraction peak of the anatase or

Photoelectrochemical characterization was performed using

rutile phases. However, for TiO2/Ti electrodes prepared at

a potentiostat – galvanostat (Model PGZ 301) and volta-

Eanod 100 V, 120 V and 140 V, the anatase phase was

master 4 software. A 100 ml glass vessel with a quartz window

detected and the percentage of anatase increased from

was used as a photoelectrochemical cell with TiO2/Ti as

0 to 28% with anodization voltage. Furthermore, increasing

2

a working electrode (with an active surface of 1.76 cm ).

Eanod values to 160 V yielded the formation of a TiO2 film

A saturated calomel electrode (SCE) was used as reference

with a rutile phase (35% Anatase and 14% rutile). Surface

and platinum wire as counter electrode. All the results are

morphology and film thickness of the TiO2/Ti electrodes

given with respect to the saturated calomel electrode (SCE,

were characterized by SEM observation. The thicknesses of

þ0.241 V/NHE). The electrolyte was an aqueous solution of

the electrodes prepared at 100 V, 120 V, 140 V, and 160 V

0.1 M NaOH (pH ¼ 13), one with methanol and the other

were 14 nm, 18.5 nm, 25 nm and 19.6 nm, respectively.

without. A 150 W Xenon lamp was employed as an excitation

When the voltage is enhanced the current is also increased

source. The chrono-amperometry curves (I vs. t), voltammo-

to produce more heat, which supports the energy to make

grams (I vs. E) and Nyquist diagrams of electrochemical

the TiO2 film crystallize (Wang et al. 2005) on anatase and

impedance spectroscopy (EIS) investigation were obtained

rutile (Figure 1).

Figure 1

|

TiO2 film (a) SEM observation (Eanod 120 V), (b) XRD spectrum (Eanod 140 V).
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Photoelectrochemical interface behaviour in presence

electrochemical reduction of H2O on the anodized elec-

of methanol

trode. In the dark, anodic curves were similar for all
electrodes produced and were characterized by a lower

Open circuit potential Eoc

current (I < 0.8 mA/cm2) over a wide range of applied

The open circuit potential values dropped drastically as
soon as the anodized electrodes (TiO2/Ti) were illuminated
2

with UV light, as a result of the generation of e /h

þ

pairs in

the electrodes. Due to the equilibrium between generation
and depletion of photogenerated carriers, the open-circuit
potential tended to stabilize under illumination and the
unchanging open-circuit potential values meant that steady
states of photogeneration were established on the anodized
electrode. The open-circuit potential difference (DE)
between dark and UV illumination was 48 mV. Moreover,
the open-circuit potential was independent of anodization
voltage between 60 and 160 V (Figure 2). It appears to
depend mostly on the nature of the layer formed. Results
show that under UV, open-circuit potential values were
lower in the methanol solution (24 mM) than in the
supporting electrolyte, and that they decreased with

potentials characteristic of the passive film. However, under
illumination, an anodic peak was observed (Figure 3(a))
and the current of the peak was function of electrode
anodization voltage. The TiO2 film prepared at Eanod 140 V
produced the highest peak current (Figure 3(b)). This
increase in photocurrent was attributed to the oxidation
of Ti(III) on Ti(IV) (Oliva et al. 2002). Consequently, this
peak appeared during illumination, indicating the efficiency
of charge separation. The photocurrent peak increased with
the increase of methanol concentration (Figure 3(b)).
Surface holes decreased as a result of the rapid transfer to
methanol and subsequently electrons were trapped in the
form of Ti(III) and the oxidation peak of Ti(III) on Ti(IV)
increased. Furthermore, the maximum photocurrent peak
was registered at Eanod 140 V, confirming charge separation
efficiency in this electrode.

the increase of methanol concentration (20,65 V/SCE,
48 mM). Methanol consumes holes (Pichat 1987) and thus
lets more electrons accumulate on the anodized electrode.
Multiplying the methanol concentration by two leaded to
the same effect on Eoc at this range of concentration.

Photocurrent
The photocurrent was attributed to the following reactions:
TiO2 þ hn $ ðTiO2 2 hÞ þ ðTiO2 2 eÞðphotocurrentÞ
OH2 þ ðTiO2 2 hÞ $ ðTiO2 – 8OHÞ

Cyclic voltammograms (I vs. E)
Cyclic voltammograms for the different electrodes were

The photocurrent density (I) responses of different electro-

obtained with a scan rate of 100 mV s21. Cathodic currents

des in supporting electrolyte under illumination are shown

were observed at potentials less than 21.2 V/SCE in both

in Figure 4(a). The rise and fall of the photocurrent

dark and illuminated conditions, evidently due to the

corresponded well to the illumination being switched on
and off. Photocurrent generation occurred in two steps: the

Eanod(V)
0

30

60

90

first appearing promptly after illumination, and the second,
120

150

180

This pattern of photocurrent was highly reproducible

–0.1
Eoc (V vs. SCE)

once it reached a steady state.
for numerous on– off cycles of illumination (Figure 4(a)).

–0.3
Supporting electrolyte –uv
Supporting electrolyte +uv
24 mM methanol +uv
48 mM methanol +uv

–0.5

observed were both attributed to the photoelectron transport process and interfacial oxidation. Results show that the
highest photo response was registered at Eanod 140 V

–0.7
Figure 2

The rapid increase of photocurrents and the steady state

(Figure 4(b)), meaning that that electrode was the most
|

Open-circuit potential vs. anodization voltage (Eanod) in 0.1 M NaOH, in the
dark (2UV) and under illumination ( þ UV) and in the presence of 24 and
48 mM of methanol.
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(a) Cyclic voltammetric curves in supporting electrolyte (0.1 M NaOH) on the electrode anodized at 140 V in the dark and under illumination, at a scan rate of 100 mV/s and
(b) Ipeak vs. Anodization voltage (V) under illumination.

at a higher anodization voltage. However, at Eanod 160 V, I

anode or partially to be replaced with either acetic acid or

decreased due to the heterogeneous structure related to the

formic acid and formaldehyde in the presence of dioxygen

appearance of the rutile phase. The photocurrent response

(Gu & Shannon 2007). The formation of intermediates or

in the presence of methanol was much higher than the

products is able to act as recombination sites for the

response of the supporting electrolyte. The photocurrent

electrons. Basing on Wahl et al. (1995) work, methanol

ratio for the two concentrations of methanol was close to 2

adsorbed at the anatase phase undergo direct, rapid hole

for all electrodes, thus corroborating methanol concen-

transfer leading to the formation of CH3O8 radical which is

tration’s direct dependence on the photocurrent. The

an easily oxidized species able to inject an electron to

maximum photocurrent response was also registered at

the conducting band of TiO2. Which excludes formation

140 V. Methanol belongs to the group of compounds able to

of the species acting as hole recombination sites like

react directly with positive holes photogenerated. The

Ti – O2/Ti– O8.
In presence of methanol, at Eanod 160 V, I decreased

photocurrent was generated according to the global reacþ

tion: TiO2 ðUVÞ þ CH3 OH þ H2 O ! TiO2 þ CO2 þ 6H þ

also due to the appearance of the rutile phase. Photoelec-

6e2 (Zhang et al. 2007). Methanol is oxidized completely

trochemical measurements performed with rutile photo-

in the presence of water to produce CO2 and protons at the

anode showed no visible effect of the presence of methanol
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(a) Photocurrent-time characteristics of different electrodes measured at E ¼ 1 V/SCE and (b) photocurrent vs. anodization voltage (Eanod).
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on the amount of observed photocurrent (Wahl et al. 1995).

influenced by anodization voltage. It further decreased

Same study showed similar behaviour of the anatase

when methanol was added (Figure 5(b)).
The experimental data obtained in the dark and under

electrode with photocurrent increasing associated with the

illumination were well-fitted using the equivalent circuits Rs

photo-oxidation of methanol.

(CPE) and Rs (CPE//RP), respectively, where Rs, RP and
(CPE) represent solution resistance, charge transfer resistance for the photoassisted reaction and constant phase

Electrochemical impedance spectroscopy EIS

elements, respectively. Typical Nyquist diagrams, experiElectrochemical impedance spectroscopy measurements

mental and fitted, are shown in Figure 5. The capacity C

were carried out covering the 105 – 1022 Hz frequency

value has been extracted based on work done by Brug et al.

intervals with the AC voltage amplitude of 10 mV at the

(1984). In the dark, the value of the interface capacity

open-circuit potential. Figure 4(a) represents a typical

was constant for the different electrodes and corresponds

Nyquist diagram for the electrode anodized at 140 V

to semi-conductor capacity of TiO2. Under illumination,

obtained both in the dark and under illumination in the

it is clear that RP decreased and the interface capacity (C)

supporting electrolyte.

increased

with

an

increase

of

anodization

voltage

In the dark, the plots for the Ti/TiO2 electrodes were

(Figure 6). At an anodization voltage greater than 80 V,

very similar except for the electrode obtained at Eimp

the interface capacity may correspond to the double layer

160 V. Nyquist diagrams showed a capacitive shape with

capacitance (Cdl), about 70 mF cm22. The maximum Cdl and

constant phase element (CPE) behaviour due to the

the minimum RP correspond to the 140 V oxidized

heterogeneity of the electrode surface. Its admittance can

electrode which means that the charge transfer phenom-

be expressed as Y ¼ Q0( jv)n, where n is an exponent of

enon will be easy and fast in this electrode.

CPE, v is the angular frequency (rad s21), and Q0 is the

Photocatalytic degradation efficiency of this electrode

constant representative for the CPE in F m22 sn21 (Spagnol

was also highlighted by the work of Wang et al. (2007), who

et al. 2009). However, once the UV light irradiation was

demonstrated that the degradation of methyl orange is

applied, R//CPE loop behaviour was observed. The diam-

higher using 140 V oxidised electrode. This result was

eter of the semicircle formed (Figure 5(a)) corresponding to

linked to the increase of the pore quantity, aperture and

polarization resistance (Rp) was found to be greatly

the content of anatase with the increase of the anodic
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Nyquist diagrams (2 Zim vs. Zre) for the Ti/TiO2 electrode prepared at 140 V, (a) in 0.1 M NaOH, (b) in the presence of 48 Mm of methanol.
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EIS fitting parameters function of anodization potential, (a) capacity, (b) polarisation resistance (Rp).

oxidation voltage. TiO2 films prepared at superior voltage

with and without 100 mM of methanol concentration and

(150 V) had worse degradation effect in comparison with

under and with no UV illumination after 30 min of reaction

that at 140 V, because of the appearance of rutile in the film.

time at pH 13. Both photocurrent evolution during reaction

Based on this photoelectrochemical study, the TiO2/Ti

time and the steady-state value were noted. Figure 7(a)

electrode obtained at anodized potential of 140 V was

shows the steady state photocurrent obtained after various

selected for electrophotocatalytic experiments due to its

applied potentials. Under irradiation, the photocurrent

photosensitivity and charge transfer capacity.

increased as the applied potential increased (Figure 7(a)),
with a maximum between 1 –2 V/SCE as shown in Figure
6(b). In presence of 100 mM of methanol and in the

Electrophotocatalysis

electrolyte support, the maximum was equal to 143.3 and
63.3 mA cm22, respectively. The increase in photocurrent

Effect of applied potential (photoelectrocatalysis):

with positive potential is explained by the fact that the

The effect of applied potential (Eelectrocatalyse) on photoelec-

external electric field could reduce the recombination rate

trocatalytic oxidation of methanol was determined both

of electron-hole pairs.

(b) 160

Supporting electrolyte –uv
Supporting electrolyte +uv
100 mM methanol –uv
100 mM methanol +uv

Iph = (I (+UV) – I (–UV)) μA cm–2

I (μA cm–2)
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(a) Current registered vs. electrocatalytic potential (b) calculated photocurrent vs. electrocatalytic potential, electrode anodized at 140 V, degradation time 30 min
and pH ¼ 13.
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(a) Photocurrent vs. methanol concentration, pH ¼ 13, (b) photocurrent of the TiO2 electrode at different pH values both with and without illumination and fitted curve,
E ¼ 1 V/SCE, 100 mM methanol.

Methanol concentration effect
Photocurrents were determined from I vs. E curves plotted
at a scan rate of 100 mV/SCE corresponding to 1 V/ECS.
Methanol was added in the electrolyte support (pH ¼ 13).
The photocurrent increased with methanol concentration
as shown in Figure 8(a). The photocurrent was directly
proportional to the concentration of methanol, indicating
that the rate of methanol oxidation on the electrode is first
order with respect to the concentration of methanol at low
concentration. The electrochemical reaction rate constant is
equal to 0.45 mA cm22 mM21. This result is in agreement
with another work (Zhang et al. 2007) but with a lower rate
constant. However, it should be noted that the I value
obtained at 100 mM of methanol was inferior to that in
Figure 7(b). This difference is due to a high potential scan
rate, so the steady state is not reached at this methanol

at applied potential (1V/ECS) (Figure 8(b)). Under
irradiation, the same pH effect was obtained both with
and without 100 mM of methanol. In the presence of
methanol, the photocurrents were greatly increased but
showed no obvious variation in the pH range 5 – 8. This
result is mainly due to the direct oxidation of methanol by
the photo-generated holes which were presented with a
constant concentration in the interface on the acid medium.
However, when the pH exceeded 9, photocurrent increased
rapidly with pH. One possible reason for this behaviour is
that the alkaline pH range favoured the formation of more
OH radicals due to the presence of a large quantity of
hydroxide ions in the alkaline medium, which significantly
enhanced the photocurrent. In this case, the evolution
of the photocurrent vs. pH was defined as follows:
I ¼ 0:27 expðpH=2:41Þ þ 82:05 (Figure 8(b)).

concentration.

CONCLUSION
Effect of pH
The pH value had a significant effect on the adsorption

The study of photocatalytic ability of prepared photoelectrodes was carried out based on the photoelectrochemical

behaviour of the organic compounds on the catalyst surface

behaviour of the interface, which indicated that TiO2 films

and on the position of the TiO2 conduction band (Kavan

prepared with anodic oxidation of Ti at 140 V have the most

et al. 1993) as well as on OH+ production. The steady state

photocatalytic capacity. Both high photocurrent and easy

photocurrent was measured at different pHs between 5 and

charge transfer were observed. Photoelectrocatalytic opera-

13, in both the presence and absence of methanol (100 mM)

ting conditions were optimized using this electrode and
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methanol as model substance. It was found that applying
potential from 1 to 2 V/SCE and using an alkaline solution
can lead to higher photocurrent. In these conditions, and
based on the photocurrent, methanol oxidation on the
electrode followed a first order reaction given a low
concentration of methanol.
The effect of methanol on photocurrent and charge
transfer provides the basis for photoelectrochemical characterisation of anodized TiO2 electrodes. But photocatalytic
activity is strongly linked to the chemistry and physical
properties of the pollutant. Thus a comparison of photoelectrocatalytic oxidation of different organic compounds at
140 V oxidised electrode is under development to link
photoelectrochemical results with degradation and mineralization of studied compounds.
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