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Abstract

Samples of TiO2 having different BET surface areas and different numbers of primary crystallites per secondary particle were prepared by
annealing amorphous TiO2 at different temperatures.

The photocatalytic activity of these TiOsamples was checked using the polymerisation of a trisacrylate as test reaction. Amorphous TiO
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s not able to initiate the polymerisation of the trisacrylate used. The maximum polymerisation rate as well as the monomer conve
n illumination time of 120 s increases with increasing number of primary crystallites per particle. That means it increases with
rain boundary area inside the secondary particles.
To get a better understanding of the photocatalytic properties the photoelectric primary processes in the TiO2 samples were investigat

sing measurements of the transient photoelectromotive force (Photo-EMF).
Amorphous TiO2 does not show any Photo-EMF signal. This means illumination does not generate mobile charge carriers. For th

n the case of amorphous TiO2 no photocatalytic activity may be expected.
The maximum Photo-EMF of TiO2 as a measure of the efficiency of charge separation increases with increasing number of

rystallites per particle. A direct correlation between the maximum Photo-EMFUmaxand the maximum rate of the acrylate photopolymerisa
max
p 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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. Introduction

In recent years, increasing attention has been paid to het-
rogeneous photocatalysis. Besides basic research some ap-
lications in purification of waste water and air were pre-
ented[1–7].

Most papers in the field of heterogeneous photocatalysis
eal with the degradation or mineralization of organic com-
ounds as halogenated compounds[8–12], dyes[13–18]or
olymers[19–21]. A smaller number of papers reports about
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photocatalytic syntheses of organic compounds[22,23], ini-
tiation of polymerisation[24–28] or the recovery of nobl
metals[29–31].

TiO2 which may exist in the crystalline modific
tions anatase and rutile or in an amorphous form is
most popular photocatalyst material. In[9,17,18,31–33],
it was shown that the photocatalytic activity of anat
is much higher than that of rutile or amorpho
TiO2. The photocatalytic activity of semicrystalli
TiO2 samples increases with increasing anatase co
[9].

Other structural properties like grain size, doping,
sorption of metal ions or deposition of metals influence
photocatalytic activity of a photoconducting material as w
[10,13,16,18,20,23,31,34].

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.03.006
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Generally, a heterogeneous photocatalytic reaction con-
sists of two steps: firstly due to illumination the generation,
diffusion, and recombination of charge carriers within the
catalyst material. These reactions were summarized as photo-
electric primary process. The second step is the charge trans-
fer through the catalyst surface and the succeeding chemical
transformation of the adsorbed reactant.

The photoelectric primary process may be very important
for the efficiency of the photocatalytic process. For that rea-
son the results of heterogeneous photocatalysis experiments
must be discussed both on the basis of the crystallographic
structure and the photoelectric properties of the catalyst mate-
rials. Until now only a few authors did combine preparative or
mechanistic investigations of heterogeneous photocatalytic
reactions with measurements of the photoelectric properties
of the same material used as photocatalyst[12,15,16,21,24].

In this paper, we report about the heterogeneous photo-
catalytic polymerisation of a trisacrylate ester using TiO2
samples as a catalyst having different numbers of primary
crystallites per particle as well as different BET surface ar-
eas. The samples were prepared by spray hydrolysis[38]. For
comparison the commercial photocatalyst P25 (Degussa AG)
as well as commercial anatase pigment produced by Merck
are investigated too.

The photoelectric primary processes in the TiO2 samples
are characterized using measurements of transient photoelec-
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tions of materials structures on their photoelectric properties
[35].

From the sign of a Photo-EMF signal the type of photo-
conductor can be deduced. Materials behave as n-type pho-
toconductors show Photo-EMF signals with positive sign. If
the signal shows a crossing point with the zero potential the
photoconductor type can be derived from the sign at the be-
ginning of the decay process.

The amount of the maximum Photo-EMFUmax upon illu-
mination is a measure of the efficiency of charge generation
and separation.

After illumination the Photo-EMF decreases due to re-
combination or chemical reactions of the charge carriers. For
the description of the Photo-EMF decay we use a biexponen-
tial rate law, see Eq.(1).

U(t) = U0
1 exp(−k1t) + U0

2 exp(−k2t) (1)

Per definition the process with the parametersU0
1 andk1 al-

ways is the faster decay process. That meansk1 > k2.
The cause of the biexponential decay behaviour of the

Photo-EMF is a generation of two partial Photo-EMFs de-
caying independently. The partial voltagesU0

1 andU0
2 are

the values of both Photo-EMFs at the beginning of their de-
cay process,k1 andk2 are their first order decay constants.
The sum ofU0

1 andU0
2 isUmax.
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romotive force (Photo-EMF). Combining photopolymer
ion and Photo-EMF measurements, we are able to de
trate the great importance of the photoelectric propertie
he heterogeneous photocatalytic reaction.

Because not widely used the Photo-EMF method sha
ntroduced briefly.

To perform Photo-EMF measurements the samp
rought into a capacitor. A laser flash (pulse duration 30

lluminates the sample through a transparent electrode
o the laser impulse at the surface of the sample electron−)
re excited from the valence band (VB) into the conduc
and (CB). They leave at the VB positive holes (h+). After

he laser flash both charge carriers move into the bulk of
oconductor along the direction of incident light driven
heir concentration gradient. A charge separation takes
t phase boundaries, structural defects and at chemical
ity or dopant sites if the electrons and holes have diffe
obility. Titanium dioxide is a n-type photoconductor. T
eans that the concentration of electrons is higher than
f the holes. With most semiconductor materials, also
obility of electrons is usually higher than that of holes.
result mainly electrons reach the bulk of the pigment.

patial charge separation creates a photo-induced po
hich can be measured as photoelectromotive force.
The transient photovoltage is measured contactles

ithout any external electric field as a function of the ti
or that reason the charge carrier concentration gra
ue to the gradient of light absorption and heterojunct
ithin the sample are the only driving forces for the Ph
MF generation. So this method is well suited for invest
l

In our previous work, we have shown that a genera
f a Photo-EMF in the subsurface region additional to
EMBER-EMF in the bulk causes the biexponential Ph
MF decay. Usually the trap concentration in the sur
nd subsurface regions are higher than in the bulk resu

n band bendings in the surface region. So additional to
EMBER Photo-EMF in the bulk a second one is gener

n the surface and subsurface region due to band bendin
oth Photo-EMFs are opposite directed the sum of them
how a zero potential passage. That means the biexp
ial Photo-EMF decay is a property of pure photoconduc
ccording to the findings of our previous works we are a

o assign the faster decay process (parametersU0
1, k1) to a

hoto-EMF in the subsurface region of the catalyst part
36,37]. That meansU0

1 represents a charge carrier amoun
he subsurface region,k1 is a measure of the recombinat
ate in the surface and subsurface region. The parameteU0

2
ndk2 represent the initial amount of charge carriers and
ecombination rate in the bulk of the sample.

In [21,36], the Photo-EMF method is described more
etail.

. Experimental

.1. Materials

Anatase pigment, titanium-tetraisopropoxide, dich
aleic acid anhydride, and 1,2-dichlorethane were purch

rom Merck Darmstadt.
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Table 1
Phase content, primary crystallite size, specific surface area and particle size of TiO2 samples nos. 1–6 used in this work

Sample no. TiO2 sample Phase Primary crystallite
size (nm)

BET surface
area (m2/g)

Particle size according
to BET (nm)

No. of primary crystallites
per particle

1 As prepared Amorphous 0 360 – –
2 350◦C/2 h Anatase 23 35.3 43 2
3 600◦C/2 h Anatase 30 5.9 261 9
4 450◦C/24 h + 600◦C/3 h Anatase 30 3.1 498 17
5 TiO2 (Merck) Anatase 49 8.8 186 4
6 Photocatalyst P25 75% Anatase +

25% Rutile
22 (Anatase)
33 (Rutile)

50 30 1

According to the supplier the anatase pigment contains up
to 0.005 wt.% Fe3+ and up to 0.002 wt.% Cr3+ as impurities.
The titanium-tetraisopropoxide has a purity larger than 98%,
the main impurity is isopropanole.

TiO2 photocatalyst P25 was purchased from Degussa AG.
The deliverer checked the purity of P25 by atomic absorption
spectroscopy: P25 contains up to 0.007 wt.% Fe3+ but no
other critical metal ions as impurity.

The polyvinyl-butyrale used as matrix for the Photo-EMF
measurements was produced by Wacker Burghausen. All ma-
terials were used as received without further purification.

The trisacrylate monomer used was purchased from Cray
Valley. Before use the inhibitors were removed by filtration
over Al2O3.

2.2. Preparation of the TiO2 samples

The TiO2 samples were prepared by spray hydrolysis
of titanium-tetraisopropoxide using a modified spray dryer
Büchi B-191 (B̈uchi GmbH). More details of the preparation
process are given in[38].

The as-prepared material (sample no. 1, seeTable 1) was
annealed at 350 or 600◦C for 2 h, respectively (samples nos.
2 and 3, respectively, seeTable 1). One TiO2 sample was
heated firstly for 24 h at 450◦C followed by 3 h heating at
6 ◦ e
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i
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2.5. X-ray diffraction

Powder X-ray diffraction (XRD) was used to determine
the crystal structure as well as the sizes of the primary crys-
tallites. The X-ray diffraction pattern were recorded in the
range of 2Θ between 20 and 70◦ using Cu K�1 irradiation
(STOE, StadiP MP).

2.6. EPR investigations

Q-band EPR spectra (BRUKER, 34.2 GHz) were recorded
at room temperature using TiO2 powder samples.

2.7. Photo-EMF measurements

Photo-EMF measurements were performed using pig-
ment polymer dispersion layers. To prepare samples for the
Photo-EMF measurements, 100 mg of TiO2 were dispersed
in 3 g of a solution of polyvinyl butyrale in 1,2-dichlorethane
(10 wt.%) using a one ball vibrating mill.1 The mixture was
cast on a glass slide (area, 47.6 cm2) and dried in a solvent
atmosphere. After 48 h the layer was removed from the glass
and dried for 8 h in vacuum at room temperature before use.

The layers had a thickness of about 60–80�m and a total
absorption in the UV range.
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00 C (sample no. 4, seeTable 1). For annealing a muffl
urnace was used. All annealing processes were carrie
n air.

.3. Morphology of the TiO2 samples

The morphology of the TiO2 samples was investigat
y scanning electron microscopy (SEM) using a LEO
Zeiss, Leica). For SEM investigations, gold was depos
n the powder samples.

.4. Specific surface area

The specific surface area of the TiO2 powders was de
ermined by N2 adsorption at 77 K (BET method) using
igh speed gas sorption analyzer (Quantachrome). The
pecific surfaces were used to calculate the average
le sizes assuming the existence of spherical particles w
onomodal size distribution.
Pieces having a diameter of 10 mm were cut from the
rs and brought into the Photo-EMF device.

The sample was illuminated by a single flash of a n
en laser PNL 100; Lasertechnik Berlin GmbH (wavelen
37 nm; pulse duration, 300 ps; power, 100 kW). The en
f the actinic light pulse was about 3× 1013 quanta per flas
t the sample’s place. The temperature of the sample an
mplifier was 25◦C.

All Photo-EMF signals and parameters presented her
he mean values of three measurements. Each measur
as performed using a new piece of the sample.
The Photo-EMF device is constructed like a capac

ith a transparent NESA glass as measuring electrode
grounded metal plate on the rear side of the sample

ransient Photo-EMF is measured contactless using ins
ng foils between the sample and the electrodes. No ext
lectric field is applied. For more details see[36].

1 Processing conditions: 30 min milling at room temperature.



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

2.8. Photopolymerisation

The light induced polymerisation of the trisacrylate 1is
used to investigate the photocatalytic activity of the TiO2
sample nos. 1–6, seeTable 1. The 6.5 mol% related to
monomer of the added electron acceptor dichloromaleic acid
anhydride 2will provide an electron/hole symmetry over a
long period of the photocatalytic initiation reaction.

The samples contained 5.5 wt.% of the respective TiO2
powder under investigation. For comparison the mixture was
also irradiated without any added TiO2 catalyst (curve 0, see
Fig. 4).

To disperse the TiO2 powder in the monomer the same
milling procedure as described in Section2.7was used.

The polymerisation experiments were performed using a
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2) < annelead at 600◦C/2 h (sample no. 3) < Merck anatase
(sample no. 5) < annealed at 450◦C/24 h + 600◦C/3 h (sam-
ple no. 4).

The TiO2 photocatalyst P25 (sample no. 6) exhibits an ad-
ditional peak at 2θ = 27.45◦ which is the (1 1 0) peak of the
rutile type. From the integral peak intensities the amounts
of anatase and rutile were calculated to 75 and 25%, respec-
tively, (seeTable 1).

Using the Scherrer equation and assuming a spherical
shape of the primary crystallites their mean size can be cal-
culated from the full line width at half-maximum height
(FWHM) of the (1 0 1) and the (1 1 0) XRD diffraction peak.
The results are shown inTable 1. The primary crystallite sizes
in the samples prepared by spray hydrolysis (sample nos. 2–4)
and in the photocatalyst P25 (sample no. 6) are similar, they
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lm of the pigment-monomer mixture,d= 20�m, and cas
ith a knifecoater.
The layers were illuminated with white light of a 100-

ercury high pressure lamp with an intensity of 90 mW/2

t the sample’s place. To avoid a direct excitation of the a
ate monomer all radiation below 350 nm was removed u

cut-off glass filter (Schott).
The relative concentration of double bonds was d

ined by real time infrared spectroscopy RT-FTIR wit
pectrometer “FTS6000” (Biorad) monitoring the absorp
and at 810 cm−1 (C C H wagging vibration) of the acryla
onomer as a function of the illumination time.
To exclude oxygen the sample chamber of the spect

ter was flushed with nitrogen 3 min before as well as du
he whole irradiation time.

The results of all polymerisation experiments prese
ere are mean values of three attempts.

. Results and discussion

.1. Structure of the samples

The TiO2 as prepared by spray hydrolysis (sample no
oes not show any X-ray diffraction peak indicating an am
hous material. The annealed materials (samples no. 2
ell as the sample produced by Merck (sample no. 5) s
X-ray diffraction peak at 2θ = 25.28◦ which is the (1 0 1

eak of the anatase type. The intensity of this peak incre
n the following order: annealed at 350◦C/2 h (sample no
re in the range between 20 and 30 nm. The annealing
erature has no noticeable influence on the primary cryst
ize. The TiO2 produced by Merck (sample no. 5) has lar
rimary crystallites (about 50 nm).

Additionally, Table 1shows the values for the spec
urface area of the samples and the particles size calc
rom that.

Annealing of the amorphous TiO2 leads to a dramatic d
rease of the specific surface area. This means small pa
gglomerate to larger ones. The average number of pri
rystallites per particle increase with increasing anne
emperature. That means samples annealed at higher te
tures contain more grain boundaries inside the seco
articles than samples annealed at lower temperatur
omparison to the self-prepared crystalline TiO2 samples
he specific surface area of the commercial photocat
25 is much higher, and one particle consists virtuall
ne primary crystallite in the simple morphological mo
sed here. Because the surface area of a photocatalys
n important role in the heterogeneous photocatalytic
ess, a higher photocatalytic activity may be expected fo
sample no. 6).

Fig. 1a shows the SEM micrograph of the TiO2 sample
repared by spray hydrolysis after annealing at 600◦C/2 h.
he micrograph shows the typical morphology for all s
repared, spray-hydrolysed TiO2 samples. This morpholog

s characterized by the existence of dented hollow sphe
he size range of 5–10�m. These hollow spheres, represe
ng the original droplets, are agglomerates of more or
mall primary particles (crystallites) as can be seen from
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Fig. 1. (a) SEM micrograph of a TiO2 sample prepared by spray hydrolysis and annealed at 600◦C/2 h (sample no. 3). (b) SEM micrograph of TiO2 produced
by Merck (sample no. 5). (c) SEM micrograph of the TiO2 photocatalyst P25 (sample no. 6).

BET surfaces,Table 1. Changing the annealing conditions
will influence the crystallite size.

Fig. 1b and c show SEM micrographs of the TiO2 sam-
ple nos. 5 and 6, respectively. The Merck product (Fig. 1b)
is characterized by crystallites sizing in the range far below
1�m. Fig. 1c reveals that the photocatalyst P25 also con-
sists of agglomerates (about 3�m in diameter) of smaller
particles.

To check if the samples contain paramagnetic impurities
solid state EPR measurements were performed.

The spectrum of the TiO2 Merck, sample no. 5, shows
two signals. Theirg factors 1.9993 and 1.9666, respectively,
correspond to signals typical for Fe3+ and Cr3+, see (Fig. 2).
The samples prepared by spray hydrolysis do not show any
impurity-like EPR signal. That means the contents of these
impurities are much lesser than in the TiO2 produced by
Merck.

This finding proofs a doping of the TiO2 Merck, no. 5, by
Fe3+ and Cr3+ ions.

To get more information about the doping level of
TiO2 Merck a X-ray fluorescence analysis was performed:
this sample contains 0.34 wt.% Al2O3, 0.22 wt.% SiO2,
0.57 wt.% P2O5, 0.1 wt.% K2O, 0.02 wt.% CaO, 0.14 wt.%
Cr2O3, 0.04 wt.% ZrO2 and 0.04 wt.% Nb2O5. This anal-
ysis shows that the supplier’s information about impurities

is incomplete. This TiO2 is a heavily doped material. For a
material like TiO2 Merck is known from literature that the
Fe3+ and Cr3+ ions occupy places in the Ti(IV) lattice if their
contents are below 1 wt.%[14–16].

Based on the results shown in this chapter, the TiO2 sam-
ples investigated in this work can be classified as follows:

(i) amorphous TiO2, undoped (sample no. 1);
(ii) pure anatase polymorph, undoped (sample nos. 2–4);

(iii) pure anatase polymorph, heavily doped and probably
partially coated by barrier layers (sample no. 5);

(iv) heterojunction of the TiO2 polymorphs anatase and ru-
tile (sample no. 6).

3.2. Photoelectric properties

Fig. 3shows the Photo-EMF signals of the different TiO2
sample nos. 1–6. The maximum valuesUmax and the kinetic
parameter of the Photo-EMF of the TiO2 samples investigated
are summarized inTable 2.

The results shown inFig. 3 andTable 2may be summa-
rized and discussed as follows.

The as-prepared amorphous TiO2, sample no. 1, does not
show any Photo-EMF signal. This means illumination of this
sample does not lead to charge carrier generation. For that
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Fig. 2. Solid state EPR spectrum of the TiO2 sample (Merck), no. 5.

Fig. 3. Photo-EMF signals of the TiO2 samples nos. 1–6: curve 1,
line at U= 0, as-prepared (amorphous) TiO2 (sample no.1); curve 2,
350◦C/2 h (sample no. 2); curve 3, 600◦C/2 h (sample no. 3); curve 4,
450◦C/24 h + 600◦C/3 h (sample no. 4); curve 5, TiO2 Merck (sample no.
5); curve 6, photocatalyst P25 (sample no. 6).

reason no photocatalytic activity may be expected although
the specific surface area is high.

The undoped anatase sample nos. 2–4, the doped
anatase sample Merck, no. 5, as well as the anatase-rutile-
heterostructure P25, no. 6, show Photo-EMF signals with

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 Section1. Zero 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, seeFig. 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 highestUmax value be-
cause the heterojunction between the anatase and rutile poly-
morph enhances the charge separation. The doped anatase
sample (Merck), no. 5, shows aUmax value which is much
smaller than that of the sample heated to 600◦C/2 h (sample
no. 3) although the particle sizes calculated from BET surface
area are comparable for both samples. The reasons for this

Table 2
Maximum valuesUmax and kinetic parameters of the Photo-EMF signals show

Curve no. inFig. 3 TiO2 sample Umax (mV)

1 As prepared (sample 1) 0
2 350◦C/2 h (sample 2) 3.2± 0.5
3 600◦C/2 h (sample 3) 26.8± 3.0
4 450◦C/24 h + 600◦C/3 h (sample 4) 52.2± 1.5
5 TiO2 (Merck) (sample 5) 20.2± 3.4
6 P25 (sample 6) 79.2± 2.2
n inFig. 3

U0
1 (V) U0

2 (V) k1 (s−1) k2 (s−1)

0 0 – –
0.901± 0.131 −0.898± 0.130 32.6± 0.6 32.4± 0.6
2.610± 1.887 −2.583± 1.884 42.9± 0.3 42.3± 0.3
5.520± 2.512 −5.468± 2.510 41.4± 0.2 40.9± 0.3
0.045± 0.005 −0.024± 0.006 63.9± 3.8 33.5± 4.2
8.424± 1.209 −8.345± 1.208 35.9± 1.7 35.7± 1.7
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difference are doping effects as well as fewer grain bound-
aries in the TiO2 (Merck). The Fe3+ and Cr3+ ions occupying
lattice places may act as recombination centres leading to an
enhanced annihilation of charge carriers.

Because the charge separation is an important primary
step in the heterogeneous photocatalytic process it may
be expected that the photocatalytic activity of the samples
increases with increasingUmax. For that reason it should
increase with increasing number of grain boundaries per
particle. The photocatalyst P25, no. 6., should show the
highest activity. The TiO2 (Merck) no. 5, as well as sample
no. 2 should show only low activity.

For all crystalline TiO2 samples the partial Photo-EMFs
U0

1 andU0
2 have opposite signs. In the most cases the amounts

of U0
1 andU0

2 are very similar. The amounts ofU0
1 andU0

2
change with the structure of the samples in the same direction
asUmax.

The Photo-EMF decay constantsk1 and k2 are relative
measures of the recombination rate and therefore for the
charge carrier lifetimes in the subsurface and in the bulk re-
gion of the photocatalyst particles, respectively.

In the undoped anatase samples (nos. 2–4) as well as in
the anatase-rutile heterostructure (no. 6) the values fork1 and
k2 are comparable butk1 andk2 are not equal, seeTable 2. If
k1 =k2 the Photo-EMF decay would be first order and no zero
passage should be observed. The very small differences in the
values ofk1 andk2 are sufficient to cause a signal showing a
zero passage.

Only for the doped anatase (Merck), no. 5, therek1 is no-
ticeable higher thank2. This means that here the photoelectric
properties of the subsurface region differ strong from that of
the bulk. The reason for this may arise from simple aging
or more probably from surface coating within the prepara-
tion procedure. But according to IR experiments an organic
coating can be excluded. So the coating must be an inorganic
material not detectable by IR spectroscopy. A SiO2 and/or
Al2O3 coating of TiO2 pigments which are used for paints
or as fillers for polymers is known to suppress their photo-
catalytic activities[20]. Indeed the presence of Al2O3 and
SiO2 can be proven by X-ray fluorescence analysis. Dop-
ing of TiO2 by Al3+, substituting Ti4+ renders TiO2 a p-type
semiconductor as proved for rutile by Yahia and others. But
our Photo-EMF results demonstrate, however, that the mate-
rial is n-type. This is another argument why Al2O3 in TiO2
Merck should cover the crystal surface as a partial coat.

A comparison of thek1 values shows that the value for
the doped anatase, no. 5, is highest one. This means, that in
TiO2 (Merck), no. 5, the surface recombination rate is faster
than in the other samples. But, for an effective photocatalytic
reaction a sufficient lifetime of charge carriers in the surface
and subsurface region is necessary. Thus, the doped TiO2
produced by Merck should show the lowest photocatalytic
activity.

It is shown that doping of anatase with Fe3+ or Cr3+ in
the concentration range between 0.1 and 10 mol% results in a
decrease of the charge carrier lifetimes,[14,16], and therefore

Fig. 4. Kinetics of the photopolymerisation of the acrylate 1pigmented
with 5.5 wt.% of the different TiO2 samples nos. 1–6 (solid lines): curve
1, as prepared (sample No. 1); curve 2, 350◦C/2 h (sample no. 2); curve 3,
600◦C/2 h (sample no. 3); curve 4, 450◦C/24 h + 600◦C/3 h (sample no. 4);
curve 5, TiO2 Merck (sample no. 5); curve 6, photocatalyst P25 (sample
no. 6); curve 0, acrylate mixture without any TiO2 photocatalyst, but in the
presence of the electron acceptor 2.

in an increasing Photo-EMF decay rate. The influence of Fe3+

or Cr3+ doping on the maximum Photo-EMFUmaxof TiO2 is
not discussed explicitely in[14,16]. But it may be expected
that doping influencesUmax too.

3.3. Photopolymerisation

Fig. 4shows the relative concentration of double bonds as
a function of the illumination time from samples containing
the acrylate 1, the electron acceptor 2and the TiO2 samples
mentioned. The kinetics of the blank sample is shown also.

The maximum polymerisation ratermax
P was determined

by differentiating the curves shown inFig. 4. Moreover
the conversion degree of double bonds after an illumination
time of 120 s, C120 s, was determined from the experimental
curves. The results are summarized inTable 3.

All in all the results shown inFig. 4andTable 3confirm
the hypotheses about the photocatalytic activities of the TiO2
samples stated in the Section3.2. The mixtures containing as-
prepared amorphous TiO2 (sample no. 1) polymerises slower
than the acrylate without TiO2. This means the as-prepared
TiO2 is not able to initiate the polymerisation by any own
photocatalytic activity. But it acts as an internal light filter
and hence inhibits partially the polymerisation.

The polymerisation rate of the sample containing the
d at of
a ,
s cted
f um
P

5
I

oped anatase (Merck), no. 5, is comparable with th
mixture without TiO2. That means the TiO2 (Merck), no. 5
hows no noticeable photocatalytic activity as it was expe
rom the Photo-EMF kinetics and the rather low maxim
hoto-EMF.
The poor photocatalytic activity of the TiO2 (Merck), no.

, is caused by the presence of Fe3+ and Cr3+ impurities.
n [14,16] was shown that doping TiO2 with Fe3+ or Cr3+
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Table 3
Maximum rate of the photopolymerisationrmax

p and double bond conversion after 120 s illumination C120sof the acrylate samples mentioned inFig. 4

Curve no. inFig. 4 Sample rmax
P /M0 (s−1) C120 s(%)

0 Without TiO2 (6.0± 0.3)×10−3 47.8± 2.4
1 As prepared (TiO2 sample no. 1) (4.2± 0.2)×10−3 40.7± 2.0
2 350◦C/2 h (TiO2 sample no. 2) (5.9± 0.3)×10−3 54.2± 2.7
3 600◦C/2 h (TiO2 sample no. 3) (6.6± 0.3)×10−3 59.4± 3.0
4 450◦C/24 h + 600◦C/3 h (TiO2 sample no. 4) (1.1± 0.1)×10−2 74.5± 3.7
5 TiO2 Merck (TiO2 sample no. 5) (5.8± 0.3)×10−3 58.5± 2.9
6 P25 (TiO2 sample no. 6) (5.7± 0.3)×10−2 68.1± 3.4

ions may decrease the rate of a photocatalytic dye degrada-
tion due to a shortening of the charge carrier lifetimes. So
it may be expected that doping with a combination of Fe3+

and Cr3+ also may decrease the photocatalytic activity of
TiO2.

The undoped anatase sample nos. 2–4 and the anatase-
rutile heterostructure, no. 6, will accelerate the polymerisa-
tion of the acrylate 1. The polymerisation rate as well as the
conversion after 120 s illumination increase with increasing
number of grain boundaries per secondary particle (see curves
2–4 inFig. 4).

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.

The results indicate comparable trends in the case of the
photopolymerisation as well as the photocatalytic degrada-
tion of organic compounds[9].

The polymerisation rate should increase with increasing
Umax because this is a measure of the charge separation and
it should increase with increasing BET surface area because
it is a surface reaction. But with the exception of sample no.
6Umax increases with decreasing BET surface area.

Fig. 5 shows the relation between the maximum Photo-
EMF Umax and the maximum polymerisation ratermax

P as
well as the conversion C120sof double bonds after 120 s illu-
mination.

F
d e
m

Fig. 5proofs that for the anatase samples the polymerisa-
tion rate increases only slightly with increasingUmax. This
is because the positive influence of an enhanced charge sep-
aration is partially compensated by the decrease of the BET
surface area. In the case of the anatase-rutile heterostructure,
sample no.6, a good charge separation due to the heterojunc-
tion is combined with a high BET surface area resulting in a
much higher polymerisation rate.

So the results show that the photoelectric properties as well
as the surface area of a photocatalyst material are important
for its photocatalytic activity.

4. Conclusions

The rate of the photopolymerisation of an ethoxylated
trisacrylate pigmented with TiO2 strongly depends on the
properties of the TiO2 particles. Amorphous TiO2 is not able
to initiate the photopolymerisation of the acrylate. In contrast
to this, in the presence of an anatase pigment a reasonable
ratermax

P of the photopolymerisation of the acrylate may be
observed. Using pure undoped anatase the photopolymeri-
sation rate of the acrylate increases with increasing average
number of grain boundaries per secondary particle because
grain boundaries enhance the charge separation. But with in-
creasing number of grain boundaries per secondary particle
t ositive
i risa-
t rface
a

g the
a at are
a com-
b

-
t eri-
s

on
l trons)
w hoto-
E of a
p

the
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o h in-
ig. 5. Dependence of the maximum photopolymerisation ratermax
P and the

ouble bond conversion C120s after an illumination time of 120 s on th
aximum Photo EMFUmax for the TiO2 photocatalysts nos. 1–6.
he BET surface area decreases. For that reason the p
nfluence of the grain boundaries on the photopolyme
ion rate is partially compensated by decreasing BET su
rea.

The highest polymerisation rate was observed usin
natase-rutile heterostructure P25. The reasons for th
n improved charge separation by the heterojunction in
ination with a large BET surface area.

Photo-EMF measurements of the TiO2 photocatalyst ma
erials allow an interpretation of the results of the polym
ation experiments.

A photocatalytic reaction is only possible if illuminati
eads to the generation of free charge carriers (hole/elec
ithin the catalyst. For that reason the occurance of a P
MF is a necessary condition for photocatalytic activity
igment.

A correlation between the maximum Photo-EMF and
crylate polymerisation rate of crystalline TiO2 pigments wa
bserved. Thus, the photocatalytic activity increases wit
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creasing over all efficiency of charge formation and separa-
tion.

Generally, our results show that besides the BET surface
area the photoelectric properties of the catalyst materials
govern the photocatalytic activities. Measurements of the
transient Photo-EMF are a useful tool to evaluate the photo-
catalytic activity of a material. For that reason photocatalytic
reactions always should be investigated in combination with
Photo-EMF measurements.
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