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Abstract The advantage of using particulate layers in

water and air cleaning is in the combination of two

important features in photocatalysis: high surface area of

powder particles and immobilization of photocatalyst. The

present paper deals with the preparation of particulate TiO2

layers using three different techniques: sedimentation,

electrophoresis and dip-coating and different particulate

photocatalyst namely P25 (Degussa) and anatase Ti1 and

Ti2 of Czech production. Photocatalytic activity was tested

using an aqueous solution of a model azo-dye Acid Orange

7. It was found that the method of preparation has not a

significant impact on the photocatalytic properties of

resulting layer. Surprisingly the immobilized powder with

the lowest surface area and crystal size around 170 nm

exhibit the best photocatalytic performance.

Keywords Titanium dioxide � Immobilization �
Particulate film � Photoactivity � Acid Orange 7

1 Introduction

Specific surface area is often considered as an important

factor in photocatalysis. It is due to the fact that holes and

electrons react with water and oxygen, respectively, both

adsorbed at photocatalyst particle surface. Using of small

particles (few tens nanometres) containing suspension leads

to high specific surface available for photocatalytic reac-

tions. But this approach is linked to the problem with sep-

aration of photocatalyst and solution. Separation of

photocatalyst particles can be achieved by filtration or

sedimentation but this increases the technological and

economical demand of whole purification process. The

deposition of photocatalyst particles seems to be suitable

solution of this problem. There are many ways of TiO2 film

preparation. In this work we concentrated to the preparation

of porous, particulate, photocatalytically active layers, their

characterization and photocatalytic activity determination.

So far the most photoactive particulate films were pre-

pared from powder P25 (Degussa) by either sedimentation

[1] or by electrophoresis [2]. Sedimentation is a process

where photocatalyst particles are deposited on the support

from suspension (usually 5–10 g/dm3) using gravitation

[1, 3–7]. Sometimes suspension is slightly acidified (e.g.,

nitric acid). After some time of sedimentation the rest of

suspension is removed and support with particulate layer is

dried. Electrophoresis technique is based on the migration of

positively charged titanium dioxide particles in applied

electric field to negatively charged support. Most widely

used is suspension in methanol [2, 7–9] due to the sup-

pression of hydrogen and oxygen evolution at high potential

(10 V). Spraying is a technique based on the deposition of

photocatalyst suspension in the form of small drops on a

suitable support. Other possible technique is dip-coating

from particle suspension which is often used for the prepa-

ration of sol–gel layers. This technique seems to be suitable

for deposition of very thin films of uniform distribution.

Generally layers of particulate photocatalyst deposited

using the above mentioned techniques have bad adhesion

to the support. This can be improved by thermal annealing
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at 300 �C which has proved to have no effect on surface

area [10]. Further increase in temperature then leads to the

partial sintering and improved electrical contact among

particles resulting in an increase in IPCE [11].

Very often the type of powder catalyst together with the

technique of particles deposition has a crucial effect on the

properties of particulate films [7]. Therefore, the present

paper deals with the preparation of particulate TiO2 layers

using different techniques (sedimentation, electrophoresis

and dip-coating) and different powder photocatalyst,

namely P25 (Degussa), anatase Ti1 and Ti2 of Czech

production.

Photocatalytic properties were determined using mono-

azo dye Acid Orange 7 (AO7) as a model compound. AO7,

a sodium salt of (2-hydroxy-1-naphtylazo) benzensul-

phonic acid has several advantages. It has absorption band

with a maximum at 485 nm (with extinction coefficient

e = 21,400 M-1 cm-1) [12] and absorption minimum at

irradiation wavelengths around 350 nm. Therefore, AO7

absorbs only a small part of the emitted radiation while the

majority of it is absorbed by the photocatalyst. Moreover,

none of the stable degradation intermediates of AO7

absorbs at wavelengths longer than 300 nm. That is why

the absorption spectroscopy method can be used for precise

determination of the concentration changes of AO7 during

the whole photocatalytic degradation process [13, 14].

The aim of the present work was the comparison of

photocatalytic behaviour of three commercial photocatalyst

in either suspended and immobilized form using azo dye

Acid Orange 7 with particular interest to the method of

immobilization.

2 Experimental

2.1 Film Preparation

All TiO2 layers were deposited on conducting glass

substrates: F:SnO2 (Solems, France), sheet resistivity:

10 Ohms/square. Layers were prepared by sedimentation

and dip-coating from aqueous suspension and by electro-

phoresis from methanol suspension. Sedimentation was

performed by placing of small amount of aqueous catalyst

suspension on the substrate and following drying (water

removal). In the present case the different layer thickness

was achieved using constant volume (2 ml) of varying

concentration from 0.05 to 0.5 g dm-3 for surface area

10 cm2. Electrophoretic layers were prepared by applying a

constant voltage (-10 V vs. a counter electrode of stainless

steel) and varying electrophoresis time (5, 10, 20, 30 s)

using powder catalyst suspended in methanol at a slurry

concentration of 10 g dm-3. For dip-coating technique the

different amount of photocatalyst deposited was achieved

by the concentration in the suspension and by the number

of coating. Deposited layers were after drying at laboratory

condition heated at 300 �C for 30 min. From the weight

gain of samples after deposition the amount of catalyst in

the film was calculated.

2.2 Characterization of Photocatalyst Layers

The surface morphology of layers was observed by SEM

(Hitachi S4700). The crystalline phases in prepared layers

were determined by X-ray diffraction using of Seifert XRD

3000 P diffractometer. Crystalline size was calculated from

the Scherrer equation [15] using the X-ray diffraction peak

at 2H = 25.3 (anatase). Specific surface area of powder

photocatalysts were determined by nitrogen adsorption–

desorption isotherms and calculated by the BET method

[16].

2.3 Photocatalytic Activity Measurement

As a photoreactor magnetically stirred rectangular cell

from optical glass was used. Temperature was kept con-

stant at value 20 �C using thermostat. Samples with cata-

lyst layer were irradiated by UV light fluorescent tubes

Sylvania Lynx CFS 11 W BL350. These tubes emit irra-

diation in the wavelength range from 320 to 390 nm with

maximum at 355 nm. Initial concentration of AO7 was

1.0 9 10-5 mol/l, irradiated area and reactor volume was

1.5 cm2 and 30 ml, respectively. Using UV–VIS spec-

troscopy the concentration of AO7 was measured in regular

intervals during irradiation.

3 Results and Discussion

3.1 Powder Catalysts

At first the photocatalytic activity of original powder

photocatalysts was compared in aqueous suspension.

Powder characterization was performed by SEM, XRD and

BET and is summarised in Table 1. Agglomerate size was

estimated from SEM images and for P25 and Ti1 it is very

similar while for Ti2 it is lower. On the other side

Table 1 Summarised properties of investigated powder

photocatalysts

TiO2 Agglomerate

size/nm (SEM)

Crystalline

size/nm (XRD)

Surface

area/m2 g-1 (BET)

Degussa P25 200–300 28 (anatase) 50

Anatase Ti 1 300 169 10

Anatase Ti 2 100–200 9 250
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crystalline size is for each photocatalyst rather different

and well corresponds to measured BET surface area. It

means that aggregates of P25 and Ti2, observed by SEM,

are porous and consist of approximately 10–20 particles

while agglomerates of Ti1 are non-porous and in fact

consist of 1–2 particles.

The photocatalytic degradation of AO7 in the suspen-

sions of three photocatalysts is shown in Fig. 1. The Ti2

photocatalyst has the smallest photocatalytic activity

despite its highest surface area. But ultrasonic treatment of

Ti2 suspension before photocatalytic degradation mea-

surement leads to an increase of photocatalytic activity

about 200% (50% higher than P25). The reason of this is

breaking of agglomerates and subsequent utilisation of

high surface area for photocatalytic reaction but still the

photocatalytic activity does not correspond to it’s surface

area. From Fig. 1 we can also see that photocatalyst Ti1

has a similar photoactivity as P25 even its surface area is

five times lower. It can be therefore concluded that unlike

catalysis high surface area of TiO2 material is not the

crucial parameter for the assessment of photocatalytic

activity. Similarly in our previous work we observed that

TiO2 photocatalyst with 5-times higher surface area then

P25 exhibits even 2-times lower photoactivity [10].

Recently an interesting paper has been published [17] in

which a correlation between photocatalytic activities and

structural and physical properties of TiO2 powders was

provided. The correlation was performed for 5 reaction, 35

samples and 5 parameters. Although the large coefficients

for BET were expected (since large area is advantageous to

adsorb reaction substrate) only large positive coefficient

was observed for dehydrogenation of methanol in deaer-

ated aqueous solution. For other systems it was either

negative or very small. This further confirms that there is

not a straight forward relation between photoactivity and

surface area.

3.2 Method of Film Immobilization

Due to the much higher application potential in our further

work we concentrate on immobilized layers. First of all

three techniques of layer preparation were used (namely

sedimentation, electrophoresis and dip-coating) and P25

films of various content of TiO2 (and of course layer

thickness) were prepared.

The further step was the determination of the amount of

absorbed light at maximum emission wavelength of used

UV light source. There is a general meaning that the light

scattering in suspensions disallows a sufficiently precise

determination of the light intensity that is really absorbed

by the photocatalyst. However, we found that comple-

mentary measurements of both transmission and reflection

spectra using an integrating sphere performed with a set of

particulate films of different thicknesses allow the estima-

tion of true absorption spectra (Fig. 2) with only a very

small deviations.

The course of AO7 photodegradation on sedimented

P25 layers of various TiO2 amounts is shown in Fig. 3. It

can be seen that during the first 60 min of irradiation the

concentration decreases linearly with time and thus the

initial degradation rate Ri (mol s-1 m-2) were calculated

from the slope (dc/dt)t=60 min. Azo dye AO7 has been

recently used as a model dye for tests of immobilized

photocatalysts [18–20]. Similarly as in the present work the

observed kinetics was zero order for either particulate [21]

or transparent sol–gel TiO2 film [20].

Figure 4 shows the values of Ri for layers prepared by

various methods as a function of amount of photocatalyst.

We can see that the crucial parameter is the amount of

deposited photocatalyst while the applied procedure of the

layer deposition had practically no effect on the resulting

photocatalytic activity and all the data fit the same curve.

This finding can be further supported by the observed
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Fig. 1 Photocatalytic degradation of AO7 in suspensions of photo-

catalysts, initial concentration of AO7 was 2.5 9 10-5 M
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Fig. 2 Calculated absorption spectra of TiO2 particulate layers of

various thickness (prepared by sedimentation) based on complemen-

tary measurements of transmission and reflection spectra using

integrating sphere

162 M. Zlámal et al.

123



morphology of prepared films (Fig. 5). The only small

difference can be seen, sedimentation and dip-coating leads

to rather smooth surface while layers prepared by electro-

phoresis have higher roughness.

The dependence of 1-T355 (representing the amount of

absorbed light) on the amount of immobilized photocata-

lyst is shown also in Fig. 4. It can be seen that absorbed

light increases up to 0.5 mg cm2 and than it is almost

constant. The shape is similar as that of degradation rate Ri.

This means, not surprisingly, that for the degradation rate

the crucial parameter is the amount of absorbed light. The

optimal amount of P25 photocatalyst is in the range 0.3–

0.5 mg/cm2 which corresponds to the hypothetical dense

layer of thickness 0.6–1.25 lm. This is higher than the

reported thickness of 0.44 lm associated with the forma-

tion of a monolayer of aggregated P25 particles [4]. There

is a possible reason for the difference. In the present work

the irradiation was from the solution/TiO2 interface while

in the work of Mills and Wang [4] irradiation was from

substrate/TiO2 interface.

The similar effect of the photocatalyst amount but in

suspension was obtained by Vione et al. [22] who inves-

tigated the dependence of photoactivity on the TiO2 pho-

tocatalyst concentration. For P25 suspension above

0.5 g dm-3 there is no increase in photoactivity while for

Wackherr TiO2 due to the lower scattering of radiation

photoactivity increases up to 2 g dm-3.

3.3 Comparison of Different Catalysts

When we compare sedimentation, dip coating and elec-

trophoresis, first one was quite simple and quick, but dip

coating is complex method needing repetition of dipping

and drying to obtain layer with sufficient thickness. Elec-

trophoretic technique than requires the conductive support.

For that reasons we used only sedimentation method for

further layers preparations.

Morphology of layers prepared by sedimentation

(0.5 mg/cm2) from various photocatalyst is shown in

Fig. 6. The differences in surface roughness due to the

unequal agglomerate size of individual photocatalyst

materials can be seen. From cross-sections in Fig. 6 we can

estimate the thickness of particular layers. It can be seen

that for photocatalyst P25 the thickness is around 5 lm.

Calculated porosity (using density of TiO2) is *0.75 and

this means that volume of pores is about 75%. For the other

two catalysts the thicknesss cannot be easily determined
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Fig. 3 Photodegradation of AO7 on sedimented P25 layers of various

TiO2 amounts (mg cm-2), initial concentration of AO7 was
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due to not sufficient adhesion of particulate layer to the

substrate.

Similarly as for P25 layers, complementary measure-

ment of both transmission and reflection spectra using an

integrating sphere gives true absorption spectra for partic-

ulate films consisting of three different powder photocat-

alyst of constant TiO2 amount (0.5 mg/cm2) (Fig. 7). It is

clearly visible that P25 films absorb significantly higher

amount of light than the films of the other two catalysts.

We can further see that the absorbance in the visible part is

not zero due to the light scattering and is significant

especially for film consisting of Ti1 particles. The reason is

in the much higher particle size of this powder (see

Table 1). Separation of light absorption from light scat-

tering in TiO2 particulate layers has to be performed and

the values of 1-T at 355 nm is calculated.

The comparison of photodegradation efficiency of the

prepared photocatalyst layers is shown in Fig. 8. In all

cases the suspension was ultrasonically pretreated before

the layer preparation. From the slope of concentration

dependence during the first 30 min of irradiation the deg-

radation rate of AO7 was calculated and shown in Table 2.

It has to be mentioned that the most frequently used dye

for photoactivity test on photocatalytic surfaces is methy-

lene blue (MB). Even this dye was found inappropriate for

photoactivity assesment in visible wavelength range (see

Fig. 6 SEM top view and cross view of a P25, b Tit1 and c Tit2 photocatalyst prepared by sedimentation process, amount of TiO2 0.5 mg/cm2
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e.g., [23]) in the case of UV light MB is frequently used

and is also involved in the ISO standards in Japan (JISR

1703-2) and Germany (DIN test method 52980). Recently

the degradation of MB has been re-examined as a method

to characterize the photocatalytic activity of TiO2 coatings

[24]. Similarly as MB dye AO7 can be used as a model dye

for photoactivity determination in UVA region. It could be

supported by the obtained correlation between dyes AO7,

MB and Resazurin/Resofurin system [20].

We can see that the effect of ultrasonic pretreatment of

suspension before layer preparation is much higher for

photocatalyst Ti2 (about 100%) than for photocatalysts Ti1

and P25 where it was almost negligible. Similarly the

effect of ultrasonic pretreatment on the photodegradation

rate of AO7 on P25 and Ti1 in suspensions was also almost

negligible. Nevertheless the effect of ultrasonic pretreat-

ment of Ti2 suspension on the degradation rate in sus-

pension (Fig. 1) is much higher (increase about 200 %).

This means that ultrasonic pretreatment of Ti2 suspension

results in breakage of agglomerates but during subsequent

layer formation partial re-agglomeration of photocatalyst

particles takes place.

4 Conclusion

It was shown that the technique of TiO2 immobilization

does not have a significant effect on photoactivity, the

crucial parameter is the amount of deposited TiO2. From

the comparison of the various photocatalytic particles it

results that the choice of the best photocatalyst depends

on whether the photocatalytic degradation rate is mea-

sured in suspension or on immobilized particulate layer.

In the case of photocatalytic degradation in suspension

photocatalyst Ti2 with the highest surface area is the most

effective, but in the case of photocatalytic degradation on

immobilized layers, photocatalyst Ti1 exhibits the highest

photocatalytic activity. From UV–VIS spectroscopy it

results that even the layer of P25 absorbs higher amount

of UV light than other photocatalyst layers the particulate

layer prepared from powder with the highest crystalline

size and smallest surface area posses the best photocata-

lytic properties.
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