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Abstract Mesoporous TiO2 films were synthesized using a

sol–gel process with a tri-block copolymer (Pluronic F127)

as a structure directing agent. The films were dip-coated onto

conductive glass substrates followed by thermal treatment to

remove the polymeric surfactant. The specific surface area,

the pore size and morphology, and the crystallinity of the

films were characterized. The analysis showed the structural

properties of the films could be tailored by varying the sur-

factant concentration as well as the annealing temperature.

The photocurrent responses of the prepared films were

measured using a three-electrode photoelectrochemical cell

in the presence of oxalic acid. When annealed at 450 �C, the

dense electrode (control sample) had the strongest photo-

electrocatalytic oxidation aptitude toward oxalic acid. The

lower photocurrent response of the mesoporous electrodes

compared to the dense electrode can be explained by poor

inter-particle connectivity within the mesoporous TiO2

network, leading to high electron transport resistance. The

mesoporous electrode annealed at 550 �C, with improved

connectivity, outperformed the dense electrode at a high

oxalic concentration, as the lower surface area of the dense

electrode restricted photoelectrocatalysis reactions on the

surface. A further increase in annealing temperature to

650 �C resulted in a poor photocurrent response as the sig-

nificant decrease in surface area outweighed the beneficial

effect of improved connectivity.
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1 Introduction

Titanium dioxide (TiO2) is a semiconductor photocatalyst

widely used in dye-sensitized solar cells, sensors, self-

cleaning surfaces, and electrochromic devices. It is a

promising photocatalyst for remediation of organic pollu-

tants in air [1–3] and water [4–7]. Compared with TiO2

suspension, immobilized TiO2 photocatalysis requires no

post-separation but exhibits surface area constraints.

Methods available for the preparation of TiO2 films include

sputtering [8], chemical vapor deposition [9], spray pyro-

lysis [10] and sol–gel deposition [11, 12]. The most

commonly employed method is the sol–gel technique due

to its simplicity. The morphology, particle size, and crys-

talline phase of the constituent colloids assembling the

films, as well as their porosity and surface area, are known

to influence catalytic activity.

Recently, focus on TiO2 film fabrication has shifted to

controlling the pore volume and pore size of the semicon-

ductor network [13–17]. Polymeric surfactants are used as

structure directing agents to fabricate the desired mesopor-

ous architecture. Subsequent removal of the polymeric

contents via solvent extraction or thermal treatment results

in a material possessing large effective surface areas, pore

volumes and controllable pore sizes [13–17]. These struc-

tural characteristics improve light absorption efficiency and

facilitate reactant and product transport into and out of the

film network, consequently enhancing photoactivity and

quantum efficiency [18, 19]. Zhang et al. [19] reported an

improved photocatalytic activity of mesoporous films due to

an enlarged surface area. The highly porous film was able to
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degrade aqueous rhodamine B and gaseous formaldehyde

twenty-two and six times faster, respectively, compared with

a dense film [19]. Choi et al. [20] also prepared mesoporous

TiO2 films by incorporating polyethylene glycol sorbitan

monolaurate (Tween-80) during the synthesis. The authors

obtained highly porous TiO2 films which displayed four

times higher photoactivity for the decolorization of methy-

lene blue, compared with the dense film [20].

Despite the recognized benefits of mesoporous TiO2

films for photocatalysis, studies on mesoporous films for

photoelectrocatalytic processes are limited. Little is known

regarding the influence of porosity on photoelectrocatalytic

activity and it is difficult to directly extrapolate known

characteristics of photocatalysis to photoelectrocatalysis as

the charge transfer mechanisms involved in both processes

differ. In particular, connectivity of the porous semicon-

ductor network plays an important role in photoelectron-

capturing efficiency due to the applied potential bias,

which in turn governing the overall effectiveness of the

photoelectrocatalytic process. Zukalová et al. [21] reported

an approximately 50% enhancement in solar conversion

efficiency by a Pluronic P123-templated mesoporous TiO2

film compared with a film comprising randomly associated

TiO2 particles and of similar thickness. They attributed this

to the markedly enhanced surface area of the mesoporous

film as the semiconductor was readily accessible to both

the dye and the electrolyte. Although the electron injection

mechanism of a dye-sensitized solar cell differs from a

photoelectrocatalytic process, both possess very similar

electron transport mechanisms inside the semiconductor

layer, which is one of the factors affecting their photoef-

ficiency. However, the selection of TiO2 films synthesis

conditions to provide optimum photoelectrocatalytic

activity would depend on the chemical structure of the

target organic reactant as the oxidation mechanisms are not

universal [22, 23].

The present study investigates the effects of surfactant

concentration and thermal treatment temperature on the

physicochemical properties and the photocurrent response

of mesoporous TiO2 films. The films were prepared via the

sol–gel process in the presence of a high molecular weight

tri-block copolymer, Pluronic F127 (EO106PO70EO106).

The photocurrents obtained in the presence of oxalic acid

were used to evaluate the photoelectrocatalytic activity of

these films.

2 Experimental

2.1 Materials

Indium tin oxide (ITO) conducting glass slides were pur-

chased from Delta Technologies Ltd. (USA). Titanium (IV)

tetraisopropoxide (97%, Aldrich), isopropanol (99.5%,

Ajax), oxalic acid (Ajax) and NaClO4 (Ajax) were used as

received. Distilled water (Millipore, Milli-Q Plus) was used

for preparing all solutions. The pH of the solution was

adjusted either with NaOH or HClO4.

2.2 Mesoporous TiO2 electrodes preparation

TiO2 colloid was prepared according to the method

described by Nazeeruddin et al. [24]. Titanium (IV) tetra-

isopropoxide in isopropanol was dripped into 0.1 M nitric

acid solution under vigorous stirring. Following hydrolysis,

the slurry was heated in a water bath to 80 �C and stirred

vigorously for 12 h to disperse agglomerates. The slurry

was autoclaved for 12 h at 200 �C. The final solid con-

centration of the colloid was approximately 3.5 wt% TiO2.

To generate mesoporous structures, tri-block copolymer

Pluronic F127 was added to the TiO2 colloid and stirred for

2 h. The amount of added surfactant varied with the molar

concentration of the titanium (Ti), giving F127 to Ti per-

centages of 0.25, 0.50, 0.75 and 1.00%. Single coating of

the TiO2 film was deposited on conductive glass substrates

by a dip-coater with dropping speed of 0.20 cm s-1, rais-

ing speed of 0.23 cm s-1 and dipping time of 30 s.

Following the coating process, the films were dried at

25 �C and a relative humidity of 40% for 24 h. Controlled

heating of the coated ITO substrates was carried out at

40 �C for 24 h and then at 110 �C for 24 h to enhance the

inorganic polymerization and stabilize the mesophases.

The films were annealed in a muffle furnace at 450, 550 or

650 �C for 30 min (in air with a ramp rate of 3 �C min-1)

to remove the organic template. The dense films (control

samples) were prepared according to the same procedure

without the addition of surfactant.

2.3 Electrode characterization

The crystalline structure of the TiO2 network was analyzed

by a Philips X’Pert MRD X-ray diffractometer, using

graphite monochromatic copper radiation (Cu Ka). The

films were scanned in a step mode at a step size of 0.2� and

scan rate of 0.05� 2h s-1. The accelerating voltage and

applied current were 45 kV and 40 mA, respectively.

Crystalline phase identification was performed using

PANalytical X’Pert Highscore Plus software.

The low surface area of films meant their specific

surface area could not be determined accurately by con-

ventional N2 adsorption apparatus. Physicochemical

sorption properties and pore parameters of powder samples

prepared in an identical manner as the films were analyzed

by N2 adsorption–desorption at 77 K by the Micromeritics
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Tristar 3000. All samples were degassed at 150 �C prior to

surface area measurement. The surface morphology of the

TiO2 films were analyzed with a Hitachi S900 field-emis-

sion scanning electron microscope (FESEM).

2.4 Photoelectrochemical measurements

Photoelectrochemical measurements were carried out in a

three-electrode electrochemical cell containing 100 cm3 of

0.1 M NaClO4 electrolyte with a quartz window for illumi-

nation. The exposed area of the working TiO2 electrode for

UV illumination and photoelectrochemical reaction was

0.79 cm2. A saturated Ag/AgCl electrode and a platinum

plate were used as the reference and the auxiliary electrodes,

respectively. An Autolab potentiostat (PGSTAT12) was

used for linear potential sweep measurements. The pH of the

solution was adjusted to 6.00 ± 0.05 at the beginning of all

experiments. UV illumination was provided by an assembly

comprising of a 150 W Xenon arc lamp light source and

focusing lenses (Beijing Optical Instruments). In conjunction

with a band pass filter (UG-5, Schott), the assembly provided

UV irradiation in 230–400 nm at an intensity of 6.0 mW

cm-2, as measured with an International Light Inc. model IL

1400A photometer (UVA#27359).

3 Results and discussion

3.1 Morphological and structure properties

3.1.1 Effect of surfactant concentration

Figure 1 shows the N2 adsorption–desorption isotherms of

mesoporous TiO2 films prepared at different surfactant

concentrations. All samples yielded Type IV isotherms

with a small degree of hysteresis. According to the IUPAC

classification, the hysteresis loops in Fig. 1 correspond to

Type H2, which represents poorly defined pore size and

shape distributions [25]. The dense sample had the lowest

specific surface area and pore volume. Surface area and

pore volume increased with surfactant addition. The 0.50%
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Fig. 1 N2 adsorption–

desorption isotherms of

mesoporous TiO2 powders with

different F127/Ti molar

percentages: (a) no surfactant;

(b) 0.25; (c) 0.50; (d) 0.75;

(e) 1.00% films annealed

at 450 �C
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F127/Ti sample displayed the highest specific surface area

165 m2 g-1 and the highest pore volume 0.55 cm3 g-1.

The high specific surface area and pore volume may be

associated with the formation of larger mesopores [26]. As

shown in Fig. 2, surfactant addition gave a broader pore

diameter distribution and increased the average pore size

from 5.9 nm (dense sample) to 10.5 nm. When the F127/Ti

percentage increased beyond 0.50%, a decrease in the

surface area was observed. A summary of the specific

surface area and pore properties for all the TiO2 samples is

provided in Table 1.

Figure 3 shows the FE-SEM images of the mesoporous

TiO2 films annealed at 450 �C. The dense film comprises a

flat and compact surface morphology (Fig. 3a). With the

addition of surfactant, the films exhibit a more open

structure. The formation of secondary clusters from the

aggregation of primary particles was observed. The origi-

nal size of the primary particles was estimated to be 10 nm

from TEM micrographs.

XRD patterns obtained from the mesoporous TiO2 films

with different F127/Ti molar percentages are shown in

Fig. 4. All the samples consist of predominantly anatase with

a small amount of brookite. Each spectra posses four crystal

peaks at 25.3�, 37.8�, 48.1� and 55.1�, characteristic of the

anatase phase, while a minor peak (30.8�) which can be

assigned to the brookite phase was also visible in the pattern.

No rutile peaks were evident in the spectra. Peaks at 35.5�
and 50.9� were ascribed to indium oxide of the ITO glass.
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Fig. 2 Pore size distribution

curves for mesoporous TiO2

powders with different F127/Ti

percentages: (a) no surfactant;

(b) 0.25; (c) 0.50; (d) 0.75;

(e) 1.00% samples annealed

at 450 �C

Table 1 BET surface area and average pore size of TiO2 samples

prepared with different F127/Ti molar percentages and annealed at

different temperatures

F127/Ti molar

percentage (%)

Annealing

temperature (�C)

BET surface

area (m2 g-1)

Average pore

size (nm)

No surfactant 450 110 5.9

0.25 450 128 7.9

0.50 450 165 10.5

0.75 450 147 9.6

1.00 450 149 10.0

No surfactant 550 54 8.5

0.50 550 101 12.0

No surfactant 650 12 25.6

0.50 650 57 15.1
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3.1.2 Effect of annealing temperature

To investigate the effect of annealing temperature on

structural characteristics of the mesoporous films, samples

with 0.50% F127/Ti were calcined at 550 and 650 �C.

Figure 5 shows the N2 adsorption isotherm plots of the

samples and Fig. 6 illustrates their pore size distributions.

The samples displayed type IV isotherms, but contained

different hysteresis patterns. The specific surface area of

the mesoporous and dense samples decreased with

increasing annealing temperature. The decreasing in spe-

cific surface area may be related to inter-crystallite

sintering or/and intra-cluster densification into larger

clusters [27]. Sintering leads to the elimination of small

Fig. 3 FE-SEM images of

mesoporous TiO2 films with

different F127/Ti molar

percentages: (a) no surfactant,

(b) 0.25; (c) 0.50%; (d) 0.75%;

(e) 1.00% films annealed at

450 �C
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inter-crystallite pores and resulting in an increase in pore

size and a decrease in the specific surface area. The higher

annealing temperature also caused significant broadening

of pore size distribution of the dense samples.

Figure 7 shows FE-SEM images of the TiO2 films

annealed at 550 and 650 �C. The film annealed at 550 �C

(Fig. 7a) displayed a denser morphology than when

annealed at 450 �C (Fig. 3c). At 650 �C, the size of the

secondary clusters was much larger and the clusters

undergoing further agglomeration. This demonstrates that

primary particle agglomeration and sintering of secondary

clusters becomes more profound with an increase in

annealing temperature.

XRD patterns of the mesoporous TiO2 films synthesized

at 0.50% F127/Ti and annealed at different temperatures

are shown in Fig. 8. Based on the peak intensity of anatase

and brookite, at 2h = 25.38� and 30.76�, respectively, the

anatase content of the samples was calculated according to

Eq. 1:

anataseð%Þ ¼ 100

1þ 4:029ðIbrookite=IanataseÞ
ð1Þ

where Ibrookite and Ianatase are the intensities of the corre-

sponding XRD signals.

The result indicated 72.8% of anatase was present in the

sample annealed at 450 �C. Upon increasing the annealing

temperature to 550 �C, the anatase peak intensity increased,

while the brookite peak decreased slightly. The percentage

of anatase in this sample increased to 83.0%. Increasing the

annealing temperature to 650 �C increased anatase peak

further, giving 88.4% of anatase in the sample.

3.2 Photoelectrochemical properties

3.2.1 Effect of surfactant concentration

Figure 9 shows the linear scan voltammograms obtained

from the dense film annealed at 450 �C in 0.1 M NaClO4

solution containing different oxalic acid concentrations.

Oxalic acid was selected as the model organic compound for

the photoelectrochemical studies as it is known to rapidly

oxidize to carbon dioxide under the experimental conditions

due to its simple molecular structure [5]. Figure 9 reveals
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that for all cases, the photocurrent increases linearly with

applied potential and is saturated at applied potentials of

more positive than -0.2 V (versus Ag/AgCl reference) and

is a typical I-E profile reported in previous studies [28–30].

The saturated photocurrent, Isph represents the maximum

photohole capture rate at the interface by oxalic acid and/or

water molecules (in the absence of oxalic acid) [31]. In the

absence of UV illumination, no significant current was

detected. The characteristics of the voltammograms

obtained from different electrodes listed in Table 1 were

qualitatively similar to that shown in Fig. 9. The saturated

photocurrent shifted to a higher value as the concentration of

oxalic acid increased.

Figure 10 shows the plot of saturated photocurrent as a

function of oxalic acid concentration. They indicate the Isph

increases linearly with oxalic acid concentration for all

electrodes investigated when the concentration level is

below 0.5 mM (see Fig. 10a). However, the dense TiO2

electrode (control sample) and the mesoporous electrodes

behaved differently at high concentration range. The Isph of

the dense TiO2 electrode leveled off at high concentrations,

while the photocurrents obtained for all mesoporous elec-

trodes continued to increase linearly (within a medium-

high concentration range 5–100 mM) but at a slower rate.

The linear Isph-concentration relationship obtained at the

low concentration range for all electrodes was due to the

system being under diffusion controlled conditions. Under

these conditions, the limiting saturated photocurrent (Isph)

can be expressed by a semi-empirical equation (Eq. 2),

provided all the organic molecules reaching the electrode
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surface are stoichiometrically mineralized and all photo-

electrons generated from the photocatalytic oxidation are

collected (100% photoelectron collection efficiency) [32]:

Isph ¼
nFADC

d
ð2Þ

where n is the number of electrons transferred for the

complete mineralization of an organic compound, F is the

Faraday constant, A is the effective surface area of the

electrode, D is the diffusion coefficient of the compound, d
is the thickness of the Nernst diffusion layer and C is the

bulk concentration of the compound.

Slopes of the linear curves (nFDA/d) obtained from Eq. 2

can be collectively used to represent the photoelectrocata-

lytic oxidation performance of the electrodes [32]. In

Fig. 10a the dense TiO2 electrode exhibited the highest

slope (52 lA mM-1) with the slopes obtained for the

mesoporous electrodes lower and varied with surfactant

concentration. The high slope obtained for the dense elec-

trode can be attributed to its compact structure giving

superior connectivity between the particles. This indicates

optimal structural characteristics are critical for high pho-

toelectron collection efficiency. The slopes obtained for the

mesoporous electrodes increased as the specific surface area

of the electrodes increased, which is in agreement with Eq.

2. A porous structure is favorable for heterogeneous pho-

tocatalysis reactions, as the large surface area facilitates

organic adsorption and promotes surface reactions. Reac-

tants and products are permitted to diffuse into and out of the

electrode surfaces swiftly during the photoelectrocatalytic

reactions due to the increase in surface reaction sites [18].

Deviation from the linear relationship at higher organic

concentrations can be attributed to the accumulation of

organic molecules and/or their intermediates on the surface

of the electrodes. The available photoholes are insufficient

to completely oxidize the organic molecules. At this con-

dition, photohole generation (light intensity) becomes the

limiting step of the overall reaction [32]. For the dense
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electrode, Isph reached a saturation level at high oxalic acid

concentrations, indicating the photoelectrocatalytic oxida-

tion of oxalic acid had reached its limiting point. Increasing

the amount of oxalic acid and its partial degraded inter-

mediates in the reaction zone did not further facilitate the

photohole capture process. Conversely, the monotonic

increase of Isph with organic concentration even at high

oxalic concentrations for the mesoporous electrodes sug-

gests that the organic compound and its partially-degraded

intermediates have not saturated the mesoporous surface

due to the enlarged surface area and porous nature of the

electrodes. Moreover, the enhancement in light harvesting

by the multiple scattering of the porous network [33] may

also contribute to the difference in Isph-concentration

profile.

3.2.2 Effect of annealing temperature

TiO2 films were annealed at temperatures higher than

450 �C to improve the inter-particle network and therefore

the connectivity between the grain particles. However,

several intrinsic changes to the structural properties of the

films also occurred during the annealing process. At higher

annealing temperatures, the crystallinity of the TiO2 parti-

cles improves and the number of defects is reduced [22, 23].

This results in a lower rate of photogenerated hole-electron

recombination [22, 23]. The amount of brookite also

decreased as the annealing temperature increased. A nega-

tive outcome of the higher annealing temperatures is the

decrease in film surface area due to the collapse of small

pores and the fusion of small crystallites into larger clusters.

Figure 11 shows the change in saturated photocurrent as

a function of oxalic acid concentration for TiO2 electrodes

prepared at 0.50% F127/Ti and annealed at 450, 550 and

650 �C. The Isph profiles exhibited by the mesoporous and

dense electrodes again differed from each other in a similar

way as described in Figure 10. In the low concentration

range (\0.1 mM), the Isph for all electrodes increased lin-

early with organic concentration. When the organic

concentration was greater than 3 mM, significant differ-

ences in the Isph profiles occurred. Over the concentration

range 3–50 mM, the Isph derived from oxalic acid oxidation

decreased in the order: dense TiO2 550 �C [ 0.50% F127/

Ti 550 �C [ dense TiO2 450 �C [ 0.50% F127/Ti

450 �C [ dense TiO2 650 �C [ 0.50% F127/Ti 650 �C.

As mentioned previously, Isph is controlled by electron

injection at the TiO2/solution interface as well as electron

transport in the semiconductor film. Within this concen-

tration range, the rate of electron transport inside the

mesoporous films cannot reach a level comparable to the

rate of photohole capture at TiO2/solution interface and the

observed photocurrent is limited by the electron transport

across the TiO2 film. This means the electron-hole

recombination rate resulting from poor connectivity is

outweighed by the surface electron injection rate and

restricts the photocurrent response of mesoporous films.

Films annealed at 550 �C had a higher Isph than films

annealed at 450 and 650 �C. Beside improved connectivity,

changes in crystal defect concentration might also be a

contributing factor. Polycrystalline TiO2 films have a

considerable number of structural defects which are present

as electron traps [5]. Photogenerated electrons have a

tendency to fill these traps before being drawn to the ITO.

The elimination of structural defects at higher annealing

temperatures may provide a more direct electron path to

the ITO and contribute to higher a Isph. However, at

650 �C, the decrease in surface area dominates causing the

drop in photocurrent response.

As the concentration of oxalic acid increased, the

apparent oxidation level of the TiO2 electrodes reversed in

the sequence of (from highest to lowest): 0.50% F127/

Ti 550 �C [ dense TiO2 550 �C [ 0.50% F127/Ti 450 �C

[ dense TiO2 450 �C [ 0.50% F127/Ti 650 �C [ dense
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Fig. 11 Saturated photocurrent as a function of oxalic acid concen-

tration for mesoporous TiO2 electrodes prepared using 0.50% F127/Ti

annealed at different temperatures: (a) at a lower organic concentra-

tion range (0.15 mM) and (b) at a higher concentration range

(150 mM). Saturated photocurrent taken at +0.3 V applied potential
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TiO2 650 �C. The lower surface area of dense films restricts

the photoelectrocatalysis reactions as the electrode surface

is more readily saturated with the organic compound and its

intermediates. This is reflected in the Isph profile showing the

photocurrents of all the dense films leveled off at high

organic concentrations. On the other hand, the larger surface

area of the mesoporous electrodes continues to allow

adsorption of organic species to further facilitate the surface

reactions. This rationalization is supported by the proposed

mechanism for oxidation of strongly adsorbed oxalic acid

molecules on TiO2 [5]. Under these conditions, the rate of

electron injection at the TiO2/solution interface is over-

whelmingly high and the high electron concentration

gradient begins to force the electron cross the film resulting

in a higher Isph. Although the specific surface area of 0.50%

F127/Ti 550 �C electrode was not as high as the 0.50%

F127/Ti 450 �C electrode, the net effect of the improved

interparticle connectivity, facilitates electron mobility

acrossed the film, providing the optimum photoelectrocat-

alytic activity. The selection of synthesis conditions to

provide optimum photoelectrocatalytic activity, however,

depends on the target organic reactant.

4 Conclusions

Mesoporous TiO2 electrodes were successfully prepared

via the sol–gel process by using a tri-block copolymer,

F127, as a structure-directing agent. The synthesized

electrodes were found to have larger specific surface areas

and higher porosities than the corresponding dense elec-

trodes. At an annealing temperature of 450 �C, the

oxidation aptitude of the dense electrode was superior to

those of mesoporous electrodes due to the poor interparti-

cle connection within the mesoporous TiO2 network,

leading to a high resistance to electron transport within the

porous network. When the mesoporous electrode was

annealed at 550 �C, the improved connectivity and

enlarged surface area outperformed the dense electrode at

high oxalic concentrations as the lower specific surface

area of dense electrode was readily saturated. However,

further increases in the annealing temperature to 650 �C

resulted in poor photocurrent response, as the decrease in

specific surface area was the dominant effect, outweighing

the beneficial effect of improved connectivity. It was

demonstrated that an optimal balance between mesoporous

structure, crystallinity and structure connectivity is the key

factor for photoelectrocatalytic performance. For the

present system, TiO2 mesoporous electrodes with an opti-

mum performance can be prepared at 0.50% F127/Ti and at

an annealing temperature of 550 �C.
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