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Abstract

Samples of Ti@ having different BET surface areas and different numbers of primary crystallites per secondary particle were prepared by
annealing amorphous Tt different temperatures.

The photocatalytic activity of these Ti@amples was checked using the polymerisation of a trisacrylate as test reaction. Amorphous TiO
is not able to initiate the polymerisation of the trisacrylate used. The maximum polymerisation rate as well as the monomer conversion after
an illumination time of 120 s increases with increasing number of primary crystallites per particle. That means it increases with increasing
grain boundary area inside the secondary particles.

To get a better understanding of the photocatalytic properties the photoelectric primary processes in Hanpi@s were investigated
using measurements of the transient photoelectromotive force (Photo-EMF).

Amorphous TiQ does not show any Photo-EMF signal. This means illumination does not generate mobile charge carriers. For this reason,
in the case of amorphous Tj@o photocatalytic activity may be expected.

The maximum Photo-EMF of TiQas a measure of the efficiency of charge separation increases with increasing number of primary
crystallites per particle. A direct correlation between the maximum Photo{EMFand the maximum rate of the acrylate photopolymerisation
rp @ shows that the photoelectric primary processes in the catalyst are of great importance for its photocatalytic activity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction photocatalytic syntheses of organic compoufa®s23], ini-
tiation of polymerisatiorf24—28] or the recovery of noble

In recent years, increasing attention has been paid to het-metals[29-31]
erogeneous photocatalysis. Besides basic research some ap- TiO2 which may exist in the crystalline modifica-
plications in purification of waste water and air were pre- tions anatase and rutile or in an amorphous form is the
sented1-7]. most popular photocatalyst material. [8,17,18,31-33]

Most papers in the field of heterogeneous photocatalysisit was shown that the photocatalytic activity of anatase
deal with the degradation or mineralization of organic com- is much higher than that of rutile or amorphous
pounds as halogenated compouftisl 2], dyes[13-18]or TiO,. The photocatalytic activity of semicrystalline
polymerg19-21] A smaller number of papers reports about TiO, samples increases with increasing anatase content
[9].

Other structural properties like grain size, doping, ad-
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Generally, a heterogeneous photocatalytic reaction con-tions of materials structures on their photoelectric properties
sists of two steps: firstly due to illumination the generation, [35].
diffusion, and recombination of charge carriers within the From the sign of a Photo-EMF signal the type of photo-
catalyst material. These reactions were summarized as photoeonductor can be deduced. Materials behave as n-type pho-
electric primary process. The second step is the charge transtoconductors show Photo-EMF signals with positive sign. If
fer through the catalyst surface and the succeeding chemicathe signal shows a crossing point with the zero potential the
transformation of the adsorbed reactant. photoconductor type can be derived from the sign at the be-
The photoelectric primary process may be very important ginning of the decay process.
for the efficiency of the photocatalytic process. For thatrea-  The amount of the maximum Photo-EM,ax upon illu-
son the results of heterogeneous photocatalysis experimentsnination is a measure of the efficiency of charge generation
must be discussed both on the basis of the crystallographicand separation.
structure and the photoelectric properties of the catalyst mate-  After illumination the Photo-EMF decreases due to re-
rials. Until now only a few authors did combine preparative or combination or chemical reactions of the charge carriers. For
mechanistic investigations of heterogeneous photocatalyticthe description of the Photo-EMF decay we use a biexponen-
reactions with measurements of the photoelectric propertiestial rate law, see Eq1).
of the same material used as photocatdli2{15,16,21,24]
In this paper, we report about the heterogeneous photo-U(t) = U9 exp(—kit) + U exp(—kar) (1)
catalytic polymerisation of a trisacrylate ester using JiO
samples as a catalyst having different numbers of primary Per definition the process with the parametéfsandk; al-
crystallites per particle as well as different BET surface ar- Ways is the faster decay process. That méansks.
eas. The Samp|es were prepared by spray hydrd%]slzor The cause of the biexponential decay behaviour of the
comparison the commercial photocatalyst P25 (Degussa AG)Photo-EMF is a generation of two partial Photo-EMFs de-
as well as commercial anatase pigment produced by Merckcaying independently. The partial voltagé§ and U3 are
are investigated too. the values of both Photo-EMFs at the beginning of their de-
The photoelectric primary processes in the T&amples cay processk; andky are their first order decay constants.
are characterized using measurements of transient photoelecThe sum ofU? andU3 is Umax.
tromotive force (Photo-EMF). Combining photopolymerisa- ~ In our previous work, we have shown that a generation
tion and Photo-EMF measurements, we are able to demon-of a Photo-EMF in the subsurface region additional to the
strate the great importance of the photoelectric properties for DEMBER-EMF in the bulk causes the biexponential Photo-

the heterogeneous photocatalytic reaction. EMF decay. Usually the trap concentration in the surface
Because not widely used the Photo-EMF method shall be and subsurface regions are higher than in the bulk resulting
introduced briefly. in band bendings in the surface region. So additional to the

To perform Photo-EMF measurements the sample is DEMBER Photo-EMF in the bulk a second one is generated

brought into a capacitor. A laser flash (pulse duration 300 ps) in the surface and subsurface region due to band bendings. If
illuminates the sample through a transparent electrode. Dueboth Photo-EMFs are opposite directed the sum of them may
to the laserimpulse at the surface of the sample electrons (e show a zero potential passage. That means the biexponen-
are excited from the valence band (VB) into the conduction tial Photo-EMF decay is a property of pure photoconductors.
band (CB). They leave at the VB positive holed)(hAfter According to the findings of our previous works we are able
the laser flash both charge carriers move into the bulk of pho-to assign the faster decay process (paramét@rs;) to a
toconductor along the direction of incident light driven by Photo-EMF in the subsurface region of the catalyst particles
their concentration gradient. A charge separation takes place/36,37} That mean#/{ represents a charge carrier amount in
at phase boundaries, structural defects and at chemical imputhe subsurface regiok is a measure of the recombination
rity or dopant sites if the electrons and holes have different rate in the surface and subsurface region. The paranefers
mobility. Titanium dioxide is a n-type photoconductor. This andkz representthe initial amount of charge carriers and their
means that the concentration of electrons is higher than that'ecombination rate in the bulk of the sample.
of the holes. With most semiconductor materials, also the  In [21,36] the Photo-EMF method is described more in
mobility of electrons is usually higher than that of holes. As detail.
a result mainly electrons reach the bulk of the pigment. The
spatial charge separation creates a photo-induced potential
which can be measured as photoelectromotive force. 2. Experimental

The transient photovoltage is measured contactless and
without any external electric field as a function of the time. 2.1. Materials
For that reason the charge carrier concentration gradient
due to the gradient of light absorption and heterojunctions  Anatase pigment, titanium-tetraisopropoxide, dichlor-
within the sample are the only driving forces for the Photo- maleic acid anhydride, and 1,2-dichlorethane were purchased
EMF generation. So this method is well suited for investiga- from Merck Darmstadt.
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Table 1
Phase content, primary crystallite size, specific surface area and particle size stfiples nos. 1-6 used in this work
Sample no. TiQ sample Phase Primary crystallite BET surface Particle size according No. of primary crystallites
size (nm) area (n3/g) to BET (hm) per particle
1 As prepared Amorphous 0 360 - -
2 350°C/2h Anatase 23 38 43 2
3 600°C/2h Anatase 30 5 261 9
4 450°C/24h+600C/3h  Anatase 30 2 498 17
5 TiO, (Merck) Anatase 49 8 186 4
6 Photocatalyst P25 75% Anatase + 22 (Anatase) 50 30 1
25% Rutile 33 (Rutile)

According to the supplier the anatase pigment contains up2.5. X-ray diffraction
to 0.005 wt.% F&" and up to 0.002 wt.% Gf as impurities.
The titanium-tetraisopropoxide has a purity larger than 98%, Powder X-ray diffraction (XRD) was used to determine
the main impurity is isopropanole. the crystal structure as well as the sizes of the primary crys-
TiO2 photocatalyst P25 was purchased from Degussa AG. tallites. The X-ray diffraction pattern were recorded in the
The deliverer checked the purity of P25 by atomic absorption range of & between 20 and 70using Cu kx; irradiation
spectroscopy: P25 contains up to 0.007 wt.%*Haut no (STOE, StadiP MP).
other critical metal ions as impurity.
The polyvinyl-butyrale used as matrix for the Photo-EMF 2.6. EPR investigations
measurements was produced by Wacker Burghausen. All ma-
terials were used as received without further purification. Q-band EPR spectra (BRUKER, 34.2 GHz) were recorded
The trisacrylate monomer used was purchased from Crayat room temperature using Tiowder samples.
Valley. Before use the inhibitors were removed by filtration

over AlOs. 2.7. Photo-EMF measurements

2.2. Preparation of the Ti@samples Photo-EMF measurements were performed using pig-
ment polymer dispersion layers. To prepare samples for the
The TiO, samples were prepared by spray hydrolysis Photo-EMF measurements, 100 mg of Fi@ere dispersed
of titanium-tetraisopropoxide using a modified spray dryer in 3 g of a solution of polyvinyl butyrale in 1,2-dichlorethane
Biichi B-191 (Bichi GmbH). More details of the preparation (10 wt.%) using a one ball vibrating mi The mixture was
process are given if38]. cast on a glass slide (area, 47.6%rand dried in a solvent
The as-prepared material (sample no. 1, &slge ) was atmosphere. After 48 h the layer was removed from the glass
annealed at 350 or 60C for 2 h, respectively (samples nos. and dried for 8 h in vacuum at room temperature before use.

2 and 3, respectively, sekable 1. One TiQ sample was The layers had a thickness of about 60480 and a total
heated firstly for 24 h at 45@C followed by 3h heating at ~ absorption in the UV range.

600°C (sample no. 4, seEable J). For annealing a muffle Pieces having a diameter of 10 mm were cut from the lay-
furnace was used. All annealing processes were carried ou€rs and brought into the Photo-EMF device.

in air. The sample was illuminated by a single flash of a nitro-

gen laser PNL 100; Lasertechnik Berlin GmbH (wavelength,
337 nm; pulse duration, 300 ps; power, 100 kW). The energy
of the actinic light pulse was about310' quanta per flash

at the sample’s place. The temperature of the sample and the

2.3. Morphology of the Ti@samples

The morphology of the Ti@ samples was investigated

by scanning electron microscopy (SEM) using a LEO 430 a@mplifier was 25C.
(Zeiss, Leica). For SEM investigations, gold was deposited All Photo-EMF signals and parameters presented here are
on the powder samples. the mean values of three measurements. Each measurement

was performed using a new piece of the sample.

The Photo-EMF device is constructed like a capacitor
with a transparent NESA glass as measuring electrode and
a grounded metal plate on the rear side of the sample. The
transient Photo-EMF is measured contactless using insulat-

Le?rr;nned zy N adsotr_ptlon a: 77K (BETtmf]thOd) U_Sl_'r?g SE'Ijng foils between the sample and the electrodes. No external
igh speed gas sorption analyzer (Quantachrome). The electric field is applied. For more details 486].

specific surfaces were used to calculate the average parti-
cle sizes assuming the existence of spherical particles with a
monomodal size distribution. 1 Processing conditions: 30 min milling at room temperature.

2.4. Specific surface area

The specific surface area of the Ti@owders was de-
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2.8. Photopolymerisation 2)<annelead at 600C/2 h (sample no. 3) <Merck anatase
(sample no. 5) <annealed at 480/24 h + 600 C/3 h (sam-
The light induced polymerisation of the trisacrylatésl ple no. 4).
used to investigate the photocatalytic activity of the FiO The TiG, photocatalyst P25 (sample no. 6) exhibits an ad-
sample nos. 1-6, se€able 1 The 6.5mol% related to  ditional peak at 2=27.45 which is the (110) peak of the
monomer of the added electron acceptor dichloromaleic acidrutile type. From the integral peak intensities the amounts
anhydride_2will provide an electron/hole symmetry over a of anatase and rutile were calculated to 75 and 25%, respec-

long period of the photocatalytic initiation reaction. tively, (seeTable J).
i
NOCH;CH)x~0—C—CH=CH,
P i
CH3—CH2—$—CHz—(OCHZCHz)y—O—C—CHZCHz xty+z =20 o Q
CH»
\ o)
(OCHCH,)z—0—C—CH=CH;
I al
o
1 2

The samples contained 5.5wt.% of the respective,TiO  Using the Scherrer equation and assuming a spherical
powder under investigation. For comparison the mixture was shape of the primary crystallites their mean size can be cal-
also irradiated without any added Ti©atalyst (curve 0, see  culated from the full line width at half-maximum height

Fig. 4). . _ (FWHM) of the (10 1) and the (11 0) XRD diffraction peak.
_To disperse the Ti@powder in the monomer the same  The results are shown Fable 1 The primary crystallite sizes
milling procedure as described in Sect®i7was used. inthe samples prepared by spray hydrolysis (sample nos. 2—4)

The polymerisation experiments were performed using a and in the photocatalyst P25 (sample no. 6) are similar, they
film of the pigment-monomer mixturel=20pm, and cast  are in the range between 20 and 30 nm. The annealing tem-
with a knifecoater. perature has no noticeable influence on the primary crystallite

The layers were illuminated with white light of a 100-W  sjze. The TiQ produced by Merck (sample no. 5) has larger
mercury high pressure lamp with an intensity of 90 mW/cm primary crystallites (about 50 nm).
atthe sample’s place. To avoid a direct excitation of the acry-  Additionally, Table 1shows the values for the specific
late monomer all radiation below 350 nm was removed using surface area of the samples and the particles size calculated
a cut-off glass filter (Schott). from that.

The relative concentration of double bonds was deter-  Annealing of the amorphous TiQeads to a dramatic de-
mined by real time infrared spectroscopy RT-FTIR with a crease of the specific surface area. This means small particles
spectrometer “FTS6000" (Biorad) monitoring the absorption agglomerate to larger ones. The average number of primary
band at 810 cm! (C=C-H wagging vibration) of the acrylate  crystallites per particle increase with increasing annealing
monomer as a function of the illumination time. temperature. That means samples annealed at higher temper-

To exclude oxygen the sample chamber of the spectrom- atyres contain more grain boundaries inside the secondary
eter was flushed with nitrogen 3 min before as well as during particles than samples annealed at lower temperatures. In

the whole irradiation time. _ comparison to the self-prepared crystalline Fi€amples,
The results of all polymerisation experiments presented the specific surface area of the commercial photocatalyst
here are mean values of three attempts. P25 is much higher, and one particle consists virtually of

one primary crystallite in the simple morphological model
used here. Because the surface area of a photocatalyst plays

3. Results and discussion an important role in the heterogeneous photocatalytic pro-
cess, ahigher photocatalytic activity may be expected for P25
3.1. Structure of the samples (sample no. 6).

Fig. 1a shows the SEM micrograph of the Ti®ample

The TiO, as prepared by spray hydrolysis (sample no. 1) prepared by spray hydrolysis after annealing at 60 h.
does not show any X-ray diffraction peak indicating an amor- The micrograph shows the typical morphology for all self-
phous material. The annealed materials (samples no. 2—4) aprepared, spray-hydrolysed Ti®amples. This morphology
well as the sample produced by Merck (sample no. 5) show is characterized by the existence of dented hollow spheres in
a X-ray diffraction peak at@=25.28 which is the (101) the size range of 5-30m. These hollow spheres, represent-
peak of the anatase type. The intensity of this peak increasedng the original droplets, are agglomerates of more or less
in the following order: annealed at 35G/2 h (sample no. ~ small primary particles (crystallites) as can be seen from the



C. Damm et al. / Journal of Photochemistry and Photobiology A: Chemistry 174 (2005) 171-179 175

GSRTIZ 1500V - —10um —i (b) V08005 20000x SE 31.05.1995 1um

(a)

Fig. 1. (a) SEM micrograph of a T#Dsample prepared by spray hydrolysis and annealed &t@®@th (sample no. 3). (b) SEM micrograph of TiProduced
by Merck (sample no. 5). (¢) SEM micrograph of the Fighotocatalyst P25 (sample no. 6).

BET surfacesTable 1 Changing the annealing conditions is incomplete. This Ti@is a heavily doped material. For a

will influence the crystallite size. material like TiQ Merck is known from literature that the
Fig. 1b and ¢ show SEM micrographs of the Ti®am- Fe3* and CP* ions occupy places in the Ti(IV) lattice if their

ple nos. 5 and 6, respectively. The Merck produrig( 1b) contents are below 1 wt.944-16}

is characterized by crystallites sizing in the range far below  Based on the results shown in this chapter, the; H&am-

1pm. Fig. 1c reveals that the photocatalyst P25 also con- ples investigated in this work can be classified as follows:

sists of agglomerates (aboupd in diameter) of smaller

particles. (i) amorphous Ti@, undoped (sample no. 1);
To check if the samples contain paramagnetic impurities (i) pure anatase polymorph, undoped (sample nos. 2—4);
solid state EPR measurements were performed. (iii) pure anatase polymorph, heavily doped and probably
The spectrum of the Ti@Merck, sample no. 5, shows  Partially coated by barrier layers (sample no. 5);
two signals. Theig factors 1.9993 and 1.9666, respectively, (IvV) heterojunction of the Ti@ polymorphs anatase and ru-
correspond to signals typical for Feand CE*, see Fig. 2). tile (sample no. 6).

The samples prepared by spray hydrolysis do not show any
impurity-like EPR signal. That means the contents of these 3.2. Photoelectric properties
impurities are much lesser than in the 3i@roduced by

Merck. Fig. 3shows the Photo-EMF signals of the different 3iO
This finding proofs a doping of the TgkMerck, no. 5, by sample nos. 1-6. The maximum valldgax and the kinetic
Fe** and CP* ions. parameter of the Photo-EMF of the Ti®@amples investigated

To get more information about the doping level of are summarized ifable 2
TiO2 Merck a X-ray fluorescence analysis was performed:  The results shown ifig. 3andTable 2may be summa-
this sample contains 0.34wt.% Ab3, 0.22wt.% SiQ, rized and discussed as follows.
0.57wt.% BOs, 0.1wt.% KO, 0.02wt.% CaO, 0.14 wt.% The as-prepared amorphous 3i@ample no. 1, does not
Cry03, 0.04wt.% ZrQ and 0.04wt.% NpOs. This anal- show any Photo-EMF signal. This means illumination of this
ysis shows that the supplier’s information about impurities sample does not lead to charge carrier generation. For that
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Fig. 2. Solid state EPR spectrum of the 3i€ample (Merck), no. 5.
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Fig. 3. Photo-EMF signals of the TiOsamples nos. 1-6: curve 1,
line at U=0, as-prepared (amorphous) pi@sample no.l); curve 2,
350°C/2h (sample no. 2); curve 3, 60G/2h (sample no. 3); curve 4,
450°C/24h + 600 C/3 h (sample no. 4); curve 5, T¥xMerck (sample no.

5); curve 6, photocatalyst P25 (sample no. 6).

zero passage starting with a positive sign. According to our
previous studies such signals are typical for n-type photocon-
ductors[36].

The cause for the zero passages in the Photo-EMF signals
are differences in the photoelectric properties of the subsur-
face and bulk region, see Secti@nZero passages in the
Photo-EMF signals can also be obtained by admixing a p-
type material to a n-type photoconductor. But undoped ru-
tile is also a n-type photoconductor. For that reason small
amounts of rutile in the anatase samples cannot be the reason
for the zero passages in the Photo-EMF signals. Moreover, in
that case the zero passage should be more pronounced in P25
than in the other samples because of its higher rutile content.
But this is not observed, séég. 3.

The maximum Photo-EMF which is a measure of the
efficiency of charge separation increases strongly with in-
creasing average number of primary crystallites per parti-
cle. That means grain boundaries inside the secondary par-
ticles favourite the charge separation. The anatase-rutile-
heterostructure P25, no. 6, shows the highksix value be-
cause the heterojunction between the anatase and rutile poly-

reason no photocatalytic activity may be expected although morph enhances the charge separation. The doped anatase

the specific surface area is high.

sample (Merck), no. 5, showsldnax value which is much

The undoped anatase sample nos. 2—4, the dopedsmaller than that of the sample heated to 8D h (sample
anatase sample Merck, no. 5, as well as the anatase-rutileno. 3) although the particle sizes calculated from BET surface
heterostructure P25, no. 6, show Photo-EMF signals with area are comparable for both samples. The reasons for this

Table 2

Maximum valuedJmax and kinetic parameters of the Photo-EMF signals showiidn3

Curve no. inFig. 3 TiO, sample Umax (MV) U (v) Ul (V) ki (s71) ko (s71)

1 As prepared (sample 1) 0 0 0 - -

2 350°C/2 h (sample 2) 3.2 05 0.901+0.131 —0.898+0.130 32.6:0.6 32.4+:0.6
3 600°C/2 h (sample 3) 26.& 3.0 2.610+1.887 —2.583+1.884 42.9-0.3 42.3+0.3
4 450°C/24 h+600C/3h (sample 4) 52215 5.520+2.512 —5.468+2.510 41.4-0.2 40.9+0.3
5 TiO; (Merck) (sample 5) 20.2 3.4 0.045+ 0.005 —0.024+0.006 63.9: 3.8 33.5+4.2
6 P25 (sample 6) 79.2 2.2 8.424+1.209 —8.345+1.208 35.9:1.7 35.41.7
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difference are doping effects as well as fewer grain bound- 10
aries in the TiQ (Merck). The F&" and CP* ions occupying '
lattice places may act as recombination centres leading to an.§ 0,94
enhanced annihilation of charge carriers. % 08
Because the charge separation is an important primary § !
step in the heterogeneous photocatalytic process it may 8 071
be expected that the photocatalytic activity of the samples g o,e; ]
increases with increasingmax. For that reason it should < : o
increase with increasing number of grain boundaries per 2 ©5 )
particle. The photocatalyst P25, no. 6., should show the 3 0,4_' 5
highest activity. The Ti@ (Merck) no. 5, as well as sample  © 1 s
no. 2 should show only low activity. 031 i
For all crystalline TiQ samples the partial Photo-EMFs 02 — —
Uf andUg have opposite signs. In the most cases the amounts 0 20 40 60 80 100 120
of U9 andUY are very similar. The amounts &f and U9 illumination time / s
;2‘3”96 with the structure of the samples inthe same dIreCtIUnFig. 4. Kinetics of the photopolymerisation of the acrylat@igmented
max-

. with 5.5wt.% of the different Ti@ samples nos. 1-6 (solid lines): curve
The Photo-EMF decay constarkts and ky are relative 1, as prepared (sample No. 1); curve 2, 362 h (sample no. 2); curve 3,

measures of the recombination rate and therefore for the600°C/2h (sample no. 3); curve 4, 45G/24 h+600C/3 h (sample no. 4);
charge carrier lifetimes in the subsurface and in the bulk re- curve 5, TiG Merck (sample no. 5); curve 6, photocatalyst P25 (sample
gion of the photocatalyst particles, respectively. no. 6); curve 0, acrylate mixture without any Ti@hotocatalyst, but in the
. presence of the electron acceptor 2

In the undoped anatase samples (nos. 2—4) as well as inf
the anatase-rutile heterostructure (no. 6) the valudg fand ) ) ) ]
ko are comparable b andk, are not equal, seEable 2 If inanincreasing Photo—EMF decayrate. The mfluer}ceif)*f Fe
k1 =kz the Photo-EMF decay would be first order and no zero ©F C'eer doping on the maximum Photo-EMFmax of TIO2 is
passage should be observed. The very small differences in thé'0t discussed explicitely ifi4,16] But it may be expected
values ofk; andk; are sufficient to cause a signal showing a that doping influencemax too.
zero passage.

Only for the doped anatase (Merck), no. 5, thierés no- 3.3. Photopolymerisation
ticeable higher thaky. This means that here the photoelectric
properties of the subsurface region differ strong from that of ~ Fig. 4shows the relative concentration of double bonds as
the bulk. The reason for this may arise from simple aging a function of the illumination time from samples containing
or more probably from surface coating within the prepara- the acrylate 1the electron acceptorénd the TiQ samples
tion procedure. But according to IR experiments an organic mentioned. The kinetics of the blank sample is shown also.
coating can be excluded. So the coating must be an inorganic  The maximum polymerisation raig'® was determined
material not detectable by IR spectroscopy. A S&nd/or by differentiating the curves shown iRig. 4. Moreover
Al,0O3 coating of TiQ pigments which are used for paints the conversion degree of double bonds after an illumination
or as fillers for polymers is known to suppress their photo- time of 120s, G205 Was determined from the experimental
catalytic activitieg[20]. Indeed the presence of A3 and curves. The results are summarizedable 3
SiO, can be proven by X-ray fluorescence analysis. Dop-  All in all the results shown ifFig. 4 andTable 3confirm
ing of TiO, by AI3*, substituting Tt* renders TiQ a p-type the hypotheses about the photocatalytic activities of the TiO
semiconductor as proved for rutile by Yahia and others. But samples stated in the Secti®r2. The mixtures containing as-
our Photo-EMF results demonstrate, however, that the mate-prepared amorphous Ti@sample no. 1) polymerises slower
rial is n-type. This is another argument why>8k in TiO» than the acrylate without Ti© This means the as-prepared
Merck should cover the crystal surface as a partial coat. TiO2 is not able to initiate the polymerisation by any own

A comparison of thek; values shows that the value for photocatalytic activity. But it acts as an internal light filter
the doped anatase, no. 5, is highest one. This means, that imnd hence inhibits partially the polymerisation.
TiO2 (Merck), no. 5, the surface recombination rate is faster ~ The polymerisation rate of the sample containing the
than in the other samples. But, for an effective photocatalytic doped anatase (Merck), no. 5, is comparable with that of
reaction a sufficient lifetime of charge carriers in the surface a mixture without TiQ. That means the TigXMerck), no. 5,
and subsurface region is necessary. Thus, the dopegl TiO shows no noticeable photocatalytic activity as it was expected
produced by Merck should show the lowest photocatalytic from the Photo-EMF kinetics and the rather low maximum
activity. Photo-EMF.

It is shown that doping of anatase with3eor Cr* in The poor photocatalytic activity of the TigMerck), no.
the concentration range between 0.1 and 10 mol% results in &, is caused by the presence offand CPF* impurities.
decrease of the charge carrier lifetindd, 16} and therefore  In [14,16] was shown that doping Twith Fe3* or CrR*
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Table 3

Maximum rate of the photopolymerisatiazg‘?ax and double bond conversion after 120 s illuminatiandsof the acrylate samples mentionedFiy. 4

Curve no. inFig. 4 Sample rB&Mg (s71) C1205(%)
0 Without TiO, (6.0£0.3)x10°3 47.8+2.4
1 As prepared (Ti@sample no. 1) (4.20.2)x10°3 40.7+2.0
2 350°C/2 h (TiO, sample no. 2) (5.90.3)x10°3 54.2+2.7
3 600°C/2 h (TiO, sample no. 3) (6.6:0.3)x10°3 59.4+ 3.0
4 450°C/24 h+ 600 C/3 h (TiO, sample no. 4) (1.£0.1)x 102 74.5+3.7
5 TiO, Merck (TiO; sample no. 5) (5.80.3)x10°3 58.5+2.9
6 P25 (TiG sample no. 6) (5.2 0.3)x102 68.1+ 3.4

ions may decrease the rate of a photocatalytic dye degrada- Fig. 5proofs that for the anatase samples the polymerisa-
tion due to a shortening of the charge carrier lifetimes. So tion rate increases only slightly with increasibdghax. This
it may be expected that doping with a combination of'Fe  is because the positive influence of an enhanced charge sep-
and CP* also may decrease the photocatalytic activity of aration is partially compensated by the decrease of the BET
TiOo. surface area. In the case of the anatase-rutile heterostructure,
The undoped anatase sample nos. 2—4 and the anatasesample no.6, a good charge separation due to the heterojunc-
rutile heterostructure, no. 6, will accelerate the polymerisa- tion is combined with a high BET surface area resulting in a
tion of the acrylate 1The polymerisation rate as well as the much higher polymerisation rate.
conversion after 120 s illumination increase with increasing  Sothe results show that the photoelectric properties as well
number of grain boundaries per secondary particle (see curvess the surface area of a photocatalyst material are important
2-4 inFig. 4). for its photocatalytic activity.
The highest polymerisation rate is observed for P25 due
to its anatase-rutile heterojunction enhancing the charge sep-
aration as well as its high BET surface area. 4. Conclusions
The results indicate comparable trends in the case of the
photopolymerisation as well as the photocatalytic degrada- The rate of the photopolymerisation of an ethoxylated
tion of organic compounds)]. trisacrylate pigmented with Ti©strongly depends on the
The polymerisation rate should increase with increasing properties of the Ti@particles. Amorphous Tigis not able
Umax because this is a measure of the charge separation andp initiate the photopolymerisation of the acrylate. In contrast
it should increase with increasing BET surface area becausdo this, in the presence of an anatase pigment a reasonable
itis a surface reaction. But with the exception of sample no. rater5* of the photopolymerisation of the acrylate may be
6 Umax increases with decreasing BET surface area. observed. Using pure undoped anatase the photopolymeri-
Fig. 5 shows the relation between the maximum Photo- sation rate of the acrylate increases with increasing average
EMF Umax and the maximum polymerisation ratf®* as number of grain boundaries per secondary particle because
well as the conversion 5gsof double bonds after 120sillu-  grain boundaries enhance the charge separation. But with in-
mination. creasing number of grain boundaries per secondary particle
the BET surface area decreases. For that reason the positive
influence of the grain boundaries on the photopolymerisa-
tion rate is partially compensated by decreasing BET surface
178 area.
17 The highest polymerisation rate was observed using the
anatase-rutile heterostructure P25. The reasons for that are
an improved charge separation by the heterojunction in com-
bination with a large BET surface area.
Photo-EMF measurements of the piphotocatalyst ma-
1s0 terials allow an interpretation of the results of the polymeri-
sation experiments.
A photocatalytic reaction is only possible if illumination
leads to the generation of free charge carriers (hole/electrons)
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0,00 ——— . : —3s5 within the catalyst. For that reason the occurance of a Photo-
0 20 40 60 80 EMF is a necessary condition for photocatalytic activity of a
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pigment.

Fig. 5. Dependence of the maximum photopolymerisationtéand the A correlation between the maximum Photo-EMF and the

double bond conversion iGus after an illumination time of 120s on the  acrylate polymerisation rate of Cry.Sta”"_']? 'Ei@'gments W?-S _
maximum Photo EMJmax for the TiO, photocatalysts nos. 1-6. observed. Thus, the photocatalytic activity increases with in-
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creasing over all efficiency of charge formation and separa- [8] S. Sakthivel, H. Kisch, Chem. Phys. Chem. 4 (2003) 487.
tion. [9] C.H. Cho, D.K. Kim, J. Am. Ceram. Soc. 86 (7) (2003) 1138.

Generally, our results show that besides the BET surface[10] W- Macyk, H. Kisch, Chem. Eur. J. 7 (9) (2001) 1862.

th hotoelectri i f th talvst terial [11] D.W. Bahnemann, Isr. J. Chem. 33 (1993) 115.

area the photoelectric properties or the catalyst matenals ;) 5| 5yprich, G. Israel, J. Inform. Rec. 24 (1998) 427.
govern the photocatalytic activities. Measurements of the [13] | m. Arabatzis, T. Stergiopoulos, M.C. Bernard, L. Labou, S.G. Neo-
transient Photo-EMF are a useful tool to evaluate the photo- phytides, P. Falares, Appl. Catal. B: Environ. 42 (2003) 187.
catalytic activity of a material. For that reason photocatalytic [14] C. Paulus, K. Wilke, H.D. Breuer, J. Inform. Rec. 24 (1998) 299.

reactions always should be investigated in combination with [15] K. Wilke, H.D. Breuer, J. Inform. Rec. 24 (1998) 309.
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