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An acrylate polymerisation initiated by iron doped titanium dioxide
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Abstract

Fe3+ ion doped anatase samples with homogenously distributed Fe3+ ions within the TiO2 particles were prepared using a sol–gel technique
followed by a thermal treatment of the resulting powders.

The photocatalytic initiation of the polymerisation of an ethoxylated trisacrylate was investigated as a function of the Fe3+ content of TiO2

pigment grains. The polymerisation rate slightly increases with increasing Fe3+ content of the TiO2 in the concentration range from 0.1 to 1 mol%
Fe3+. Maximum polymerisation rate rmax

p is observed at 1 mol% Fe3+ followed by decreasing rates at increasing Fe3+ contents. A TiO2 sample
containing 10 mol% Fe3+ does not show any photocatalytic activity.

For the polymerisation the heterogeneous photocatalytic formation of initiating radicals is essential. Thus the results of the photopolymerisation
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xperiments may be explained on the basis of the charge carrier lifetime in the surface/subsurface region and the UV–vis absorption properties of
he samples: Photo-EMF investigations reveal that Fe3+ doping decreases the charge carrier lifetime in the surface region of TiO2 from about 23 ms
or the undoped material down to about 1.5 ms for samples containing 3 mol% or more Fe3+ indicating a very fast capturing of photochemically
roduced electrons by Fe3+. For homogeneously distributed Fe3+ contents ranging up to 1 mol% this detrimental effect of Fe3+ doping may be
ompensated by an improvement of light absorption properties of the TiO2 crystallites in the visible range. At higher Fe3+ concentrations XRD
morphous Fe2O3- or iron-rich TiO2-phases are formed at the grain boundaries. These iron-rich phases act as light filters, so reducing the light
bsorption by the photocatalytically active TiO2 crystallites. These amorphous phases should not show any photocatalytic activity.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The heterogeneous photocatalysis is an actual research field.
irst applications in the degradation of organic air and water
ollutants were proposed [1–7].

Because of its good photocatalytic activity, high photostabil-
ty and no toxicity the anatase polymorph of TiO2 is the mostly
sed photocatalyst material. One disadvantage of this material
s its high band gap energy of 3.2 eV [8]. This means the long
avelength absorption edge of TiO2 amounts to about 390 nm.
o the whole visible light spectrum cannot be exploited con-
ning the efficiency of heterogeneous photocatalytic reactions.
uch effort was done to overcome this problem. One way to do

his may be a spectral sensitisation of TiO2 by dyes like pery-
ene derivatives [9], phthalocyanines [9–11], porphyrines [12]

∗ Tel.: +49 9131 85 27748; fax: +49 9131 85 28321.
E-mail address: Cornelia.damm@ww.uni-erlangen.de.

or Ru(II)-complexes [8,13,14]. But the long-term stability of
sensitised TiO2 photocatalysts may be limited by self degrada-
tion of the sensitising dyes on the catalyst surface. Moreover the
dyes cover partially the TiO2 surface lowering the photoactivity
in the UV range by light absorption.

For that reason doping TiO2 by coloured transition metal
ions may be a good alternative to dye sensitisation. A plenty of
papers deal with doping effects on the photocatalytic activity of
TiO2. Some important examples should be discussed here: in
[15] it was shown that doping TiO2 by metal ions with a valence
higher than 4+ increases the photoactivity of TiO2. Contrary to
that finding in [16] was reported that doping TiO2 by metal ions
with a valence of 3+ or 5+ has a detrimental effect on the photo-
catalytic activity of TiO2. A systematic study of doping effects
was performed using 21 different metal ions [17]. There could
be shown that the energy level and the d-electron configuration
of the metal ions govern the activity of TiO2.

Possible sensitisation effects of coloured metal ions were not
discussed.

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Often the results are controversial showing that the influence
of metal ions on the photocatalytic activity of TiO2 is not well
understood in detail.

An important feature is the distribution of the dopant within
the TiO2 grains.

One reason for the poor reproducibility of the results may
cause from differences in the distribution of dopings due to dif-
ferent preparation methods. In [18] it was shown that doping
only the inner part of TiO2 particles by Mo6+ enhances its pho-
tocatalytic activity. A homogenous distribution of Mo6+ or a
surface doping lowers the activity of TiO2 [18]. The results are
explained on the basis of heterojunctions favouring a separa-
tion of electron/hole pairs. But the synergistic and antagonistic
effects are not understood completely.

An investigation of the photoelectric properties of the cata-
lyst materials in combination with photocatalytic activity tests
may be a valuable tool to get a better understanding of dop-
ing effects. But only a few researchers combine photocatalytic
investigations with Photo-EMF measurements using the same
photocatalyst material [19,20,21]. In [19,20] it was shown that
doping TiO2 by Mo5+, Cr3+ or Fe3+ leads to a strong decrease
of the charge carrier lifetime in the surface region because
the dopants occupy lattice places and act there as recombina-
tion centres. This finding can explain the detrimental effect of
these dopants on the photocatalytic activity of TiO2 observed in
[19,20]. On the other hand it may be expected that an inhomoge-
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Fig. 1. Shape of the Photo-EMF signals of the investigated TiO2 samples.

separation takes place at phase boundaries, structural defects
and at chemical impurity or dopant sites if the electrons and
holes have different mobilities. Titanium dioxide behaves like
an n-type photoconductor. This means that the mobility of elec-
trons is higher than that of the holes. As a result mainly electrons
will reach the bulk of the pigment. The spatial charge separa-
tion creates a photo-induced potential which can be measured
as Photo-electromotive force (Photo-EMF).

This transient photovoltage is measured contactless and with-
out any external electric field as a function of the time. For
that reason the charge carrier concentration gradient due to the
gradient of light absorption and heterojunctions within the sam-
ple are the only driving forces for the Photo-EMF generation.
So this method is well suited for investigations concerning the
influence of materials structures on their photoelectric properties
[27].

The samples investigated in this work show Photo-EMF sig-
nals as shown in Fig. 1.

The Photo-EMF signals of the samples investigated start with
a positive sign and show a zero potential passage, see Fig. 1. Such
signals are typical for n-type photoconductors.

The amount of the maximum Photo-EMF Umax upon illu-
mination is a measure of the efficiency of charge generation
and separation in competition to deactivation processes due to
recombination or chemical reactions of the charge carriers. For
the description of the Photo-EMF decay a biexponential rate law
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eous distribution of dopants can create heterojunctions which
ay favour the charge separation.
The goal of this work is the investigation of the influence

f doping TiO2 by Fe3+ ions on its photoelectric properties
nd on the photocatalytic activity. The photopolymerisation of
n ethoxylated trisacrylate is used as a test reaction to check
he photocatalytic activity because up to now little is known
bout heterogen photocatalytic polymerisations [21–26]. The
fficiency of heterogeneous photocatalytic reactions mostly is
ather low. For that reason reaction times of some hours are
ften necessary to observe the kinetics of heterogeneous pho-
ocatalytic reactions. In the case of polymerisations the photo-
atalytic initiation effect is amplified by the subsequent chain
rowth. Thus a photocatalytic initiated polymerisation reac-
ion proceeds during minutes making such a reaction to a high
hroughput method for checking the activity of photocatalyst

aterials.
Photo-EMF measurements are used to investigate the photo-

lectric primary processes in the photocatalyst materials. This
ethod was chosen because the mechanisms of Photo-EMF

eneration and of the formation of charge carriers in the het-
rogenous photocatalysis are the same.

To perform Photo-EMF measurements the sample is brought
nto a capacitor. A laser flash (pulse duration 300 ps) illumi-
ates the sample through a transparent NESA glass electrode.
ue to the laser impulse at the surface of the sample electrons

e−) are excited from the valence band (VB) into the conduc-
ion band (CB) creating electron/hole pairs. According to the
bsorption coefficient of the actinic light both charge carriers
ove into the bulk of photoconductor along the direction of

ncident light driven by their concentration gradient. A charge
s used:

(t) = U0
1 exp(−k1t) + U0

2 exp(−k2t) (1)

s per definition the process with the parameters U0
1 and k1

lways is the faster decay process. That means k1 > k2.
The cause of the biexponential decay behaviour of the Photo-

MF is a generation of two partial Photo-EMFs decaying inde-
endently. The partial voltages U0

1 and U0
2 are the values of both

hoto-EMFs at the beginning of their decay process with k1 and
2 as their first order decay constants. The sum of U0

1 and U0
2 is

max.
In a previous work was shown that a generation of a Photo-

MF in the subsurface region additional to the DEMBER-EMF
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in the bulk causes the biexponential Photo-EMF decay. Usu-
ally the trap concentration in the surface and subsurface regions
are higher than in the bulk resulting in band bendings near the
subsurface region. So additional to the DEMBER Photo-EMF
in the bulk a second one is generated in the surface/subsurface
region due to band bendings. If both Photo-EMFs are opposite
directed the sum of them may show a zero potential passage.
That means the biexponential Photo-EMF decay is a property
of pure photoconductors. According to the findings of our pre-
vious works we are able to assign the faster decay process
(parameters U0

1 , k1) to a Photo-EMF in the subsurface region
of the catalyst particles [27,28]. That means U0

1 represents a
charge carrier amount in the subsurface region, k1 is a measure
of the recombination rate in the surface/subsurface region. So
the charge carrier lifetime in the surface region τCC which is
essential for heterogeneous photocatalysis can be derived from
k1: τCC = 1/k1.

In [28] the Photo-EMF method is described more in detail.

2. Experimental

2.1. Materials

Titanium-tetraisopropoxide, dichlormaleic acid anhydride,
Fe(NO3)3·9H2O, ethyl acetoacetate, methanol and 1,2-
dichlorethane were purchased from Merck Co., Darmstadt.
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2.3. Scanning electron microscopy (SEM)

The morphology of the TiO2 samples was investigated by
scanning electron microscopy (SEM) using a LEO 430 (Zeiss,
Leica). For SEM investigations, gold was deposited on the pow-
der samples.

2.4. Specific surface area

The specific surface area of the TiO2 powders was deter-
mined by N2 adsorption at 77 K (BET method) using a high
speed gas sorption analyzer (Quantachrome). The BET specific
surfaces were used to calculate the average particle sizes assum-
ing the existence of spherical particles with a monomodal size
distribution.

2.5. X-ray diffraction

Powder X-ray diffraction (XRD) was used to check the crystal
structure as well as to determine the sizes of the primary crystal-
lites. The X-ray diffraction patterns were recorded in the range
of 2Θ between 20◦ and 70◦ using Cu K�1 irradiation (X’Pert
Pro MPD, Philips).

2.6. Diffuse reflection spectroscopy
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The titanium-tetraisopropoxide has a purity higher than 98%,
he main impurity is iso-propanol. The methanol has a purity
igher than 99.5% and contains water as impurity.

According to the supplier the Fe(NO3)3·9H2O contains up to
.0005 wt.% Cl−, up to 0.005 wt.% PO4

3−, up to 0.005 wt.%
O4

2−, up to 0.005 wt.% Ca2+, up to 0.005 wt.% Cu2+, up
o 0.005 wt.% K+, up to 0.001 wt.% Mg2+, up to 0.02 wt.%

n2+, up to 0.005 wt.% Na+, up to 0.001 wt.% Pb2+ and up
o 0.001 wt.% Zn2+.

The polyvinyl butyrale used as matrix for the Photo-EMF
easurements was produced by Wacker Burghausen. All mate-

ials were used as received without further purification.
The trisacrylate monomer used was purchased from Cray

alley and contains hydroquinone monomethyl ether as sta-
iliser. Before use the stabiliser was removed by filtration over
l2O3.

.2. Preparation of the TiO2 samples

The preparation procedure was similar to that described in
19].

The TiO2 samples were prepared by acidic hydrolysis of
0.01 M solution of titanium-tetraisopropoxide in methanol

ontaining the required amount of Fe(NO3)3·9H2O. A 0.01 M
olution of ethyl acetoacetate in methanol was used as stabiliser.
he mixture was stirred 24 h at room temperature. It did not
ecome turbid during this time. After evaporating the solvent an
morphous TiO2 powder was received. The powder was dried at
10 ◦C/3 h. To produce the photocatalytic active anatase poly-
orph the TiO2 samples were annealed at 450 ◦C/24 h in air

sing a muffle furnace.
Diffuse reflection spectra were recorded on pressed powders
n the wavelength range between 200 and 800 nm using an UV-
401 PC (Shimadzu). BaSO4 was used as a white standard.
rom the reflection spectra the absorption was calculated by

he Kubelka–Munk method.

.7. Photo-EMF measurements

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

The layers had a thickness of about 60–80 �m and a total
bsorption in the UV range.

Pieces having a diameter of 10 mm were cut from the layers
nd brought into the Photo-EMF device.

The sample was illuminated by a single flash of a nitro-
en laser PNL 100; Lasertechnik Berlin GmbH (wavelength:
37 nm, pulse duration: 300 ps, power: 100 kW). The energy of
he actinic light pulse was about 3 × 1013 quanta per flash at the
ample’s place. The temperature of the sample and the amplifier
as 25 ◦C.
All Photo-EMF signals and parameters presented here are

he mean values of three measurements. Each measurement was
erformed using a new piece of the sample.

1 Processing conditions: 30 min milling at room temperature.
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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 insulating foils between the
sample and the electrodes. No external electric field is applied.
For more details see [28].

2.8. Photopolymerisation

The light induced polymerisation of the trisacrylate (1) is used
to investigate the photocatalytic activity of the TiO2 samples.
6.5 mol% related to monomer of the added electron acceptor
dichloromaleic acid anhydride (2) will provide an electron/hole
symmetry over a long period of the photocatalytic initiation reac-
tion.

The samples contained 5.5 wt.% of the respective TiO2 pow-
der under investigation. For comparison the mixture was also
irradiated without any added TiO2 catalyst (see dotted lines
Fig. 4a and b).

To disperse the TiO2 powder in the monomer the same milling
procedure as described in Section 2.7 was used.

The polymerisation experiments were performed using a film
of the pigment–monomer mixture, d = 20 �m, and cast with a
knifecoater.

The layers were illuminated with white light of a 100-W
mercury high pressure lamp with an intensity of 90 mW/cm2 at
the sample’s place. To avoid a direct excitation of the acrylate
monomer all radiation below 350 nm was removed using a cut-
off glass filter (Schott).

The relative concentration of double bonds was determined
by real time infrared spectroscopy RT-FTIR with a spectrom-
eter “FTS6000” (Biorad) monitoring the absorption band at
810 cm−1 (C C H wagging vibration) of the acrylate monomer
as a function of the illumination time.

To exclude oxygen the sample chamber of the spectrometer
was flushed with nitrogen 3 min before as well as during the
whole irradiation time.

The results of all polymerisation experiments presented here
are mean values of three attempts.

3. Results and discussion

3.1. Morphology of the TiO2 samples

Figs. 2a and b and 3a and b, respectively, show the morphol-
ogy of an undoped TiO2 powder and a TiO2 powder doped by
10 mol% Fe3+, respectively. The morphology of the other doped
TiO2 samples is similar (not shown).

(a) su
Fig. 2. SEM micrograph of an undoped TiO2 powder sample:
Fig. 3. SEM micrograph of a TiO2 powder sample doped by 10 mol% Fe3+
rvey, magnification 1:1000; (b) detail, magnification 1:10,000.
: (a) survey, magnification 1:1000; (b) detail, magnification 1:10,000.
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Table 1
Influence of the Fe3+ content in TiO2 on the primary crystallite sizes, on the specific surface area and particle size calculated from it and on the average number of
primary crystallites per particle

Fe3+ in TiO2 (mol%) Primary crystallite
size (nm)

Specific surface
area (m2 g−1)

Particle size according to the
specific surface area (�m)

No. of primary crystallites
per particle

0 20 1.5 1.3 65
0.1 20 1.6 1.2 60
0.5 20 1.7 1.1 55
1 18 0.9 2.7 150
3 16 1.4 1.4 88
5 15 1.0 2.3 153

10 8 0.6 6.0 750

According to Figs. 2a and b and 3a and b, the TiO2 parti-
cles are irregular shaped. The doping has no noticeable influ-
ence on the particle shape. The samples contain large particles
having sizes between 10 and 20 �m leading to a rather low
specific surface area of the samples. Besides the large parti-
cles there are finer ones having sizes below 1 �m. The amount
of small particles in the undoped sample is higher than in the
doped one reflecting also in the values of specific surface areas,
see Table 1.

The results of static laser light scattering experiments indicate
a rather broad particle size distribution in all samples inves-
tigated: in all cases the most frequent particle size is around
10 �m. But about 5 vol.% of the particles have sizes in the range
from 0.1 to 1 �m.

Any heterogeneous photocatalytic reaction is a surface pro-
cess. Because the surface to bulk ratio of smaller particles is
much higher than that of larger ones, it can be expected that
the particles having size below 1 �m contribute strongly to the
activity of the sample. In our previous work it was shown that
in the presence of small TiO2 particles a higher polymerisation
rate is observed than in the presence of larger ones [30].

XRD investigations give information about the crystal struc-
ture of the samples: all samples show a diffraction peak at
2Θ = 25.28◦ which is the (1 0 1) peak of the anatase polymorph.
No peak could be detected at 2Θ = 27.45◦. That means all TiO2
samples investigated in this work do not contain any rutile poly-
m
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Under the assumption that the primary TiO2 crystallites have
a spherical shape, after correction the instrument broadening
using single-crystal silicon as standard, from the peak width at
half maximum height (FWHM) of the (1 0 1) diffraction peak the
size of the primary anatase crystallites was calculated using the
Scherrer equation, see Table 1. For Fe3+ contents below 1 mol%
the primary crystallite size amounting to 20 nm is not affected
by doping. That means if all Fe3+ ions occupy lattice places, the
growth of the primary anatase crystallites is not disturbed by
doping.

For iron contents higher than 1 mol% the primary crystallite
size decreases with increasing iron concentration, that means
it decreases with increasing amount of Fe3+ outside of lattice
places. This finding shows that an increasing number of Fe3+

ions not situated at lattice places hinder the growth of the primary
anatase crystallites. As a consequence TiO2 samples containing
more than 1 mol% Fe3+ should have more grain boundaries per
particle than that with lower Fe3+ contents, and the internal area
of grain boundaries per particle should increase with increasing
content of Fe3+ ions. Because only 1 mol% of Fe3+ is soluble
in the TiO2 lattice, it can be concluded that the grain bound-
ary regions are Fe2O3 phases. Because grain boundaries may
influence charge separation or recombination, the photoelectric
properties and hence the photocatalytic activity of the TiO2 sam-
ples should be affected by Fe3+ doping.
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The doped TiO2 samples also do not show any additional

RD peak. This is true even for the sample containing 10 mol%
e3+, indicating that no detectable amounts of crystalline Fe2O3
r FeTiO3 were formed.

This result is in agreement with the literature [19] because
he preparation method used is known to form homogeneous
istribution of Fe3+ in the TiO2. For Fe3+ contents smaller than
mol% the Fe3+ ions occupy places in the Ti4+ lattice related to

he comparable radii of Fe3+ and Ti4+ [19,29]. So no separate
ron phase is formed. For Fe3+ contents higher than 1 mol%
ormation of Fe2O3 phases is discussed in [19].

The absorption spectra of TiO2 samples doped by 3, 5 or
0 mol% Fe3+ show a shoulder around 500 nm (see Fig. 7) indi-
ating the formation of Fe2O3. This finding in combination with
he XRD results shows that the Fe2O3 phases must be amor-
hous or their crystallinity must be below the detection limit of
RD.
.2. Photopolymerisation

In photopolymerisation experiments the relative monomer
oncentration was recorded as a function of the illumination
ime. From the resulting kinetic curves the illumination time
30% necessary to achieve a monomer conversion of 30% was
etermined. Moreover the curves were differentiated and then
he maximum polymerisation rate rmax

p was calculated.
The results are shown in Fig. 4a and b.
The dotted lines in Fig. 4a and b visualize the polymerisation

arameters rmax
p and t30% of the acrylate without TiO2 but in

he presence of the electron acceptor and may serve as reference
ines to judge if a TiO2 sample initiates a photopolymerisation
r not.

With the exception of the sample doped by 10 mol% Fe3+ all
iO2 samples accelerate the polymerisation of the acrylate by

heir photocatalytic activity although their specific surface area
s rather low. The content of Fe3+ ions within the TiO2 particles
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Fig. 4. (a) Influence of the Fe3+ content in TiO2 on the maximum photopolymerisation rate rmax
p of the acrylate 1. The dotted line visualizes the photopolymerisation

rate of the acrylate without TiO2. (b) Illumination time necessary to achieve a monomer conversion of 30% t30% in dependence on the Fe3+ content in TiO2. The
dotted line visualizes the t30% value for a reference sample without TiO2.

affects strongly the polymerisation rate of the acrylate monomer.
For Fe3+ contents below 1 mol% the maximum polymerisation
rate increases with growing Fe3+ content in TiO2. In the presence
of TiO2 containing 1 mol% Fe3+ the highest polymerisation rate
is observed, it is more than three times higher in comparison to
the reference sample without TiO2. If the content of Fe3+ ions
in TiO2 is larger than 1 mol% the maximum photopolymerisa-
tion rate of the acrylate decreases with increasing Fe3+ content.
TiO2 containing 10 mol% Fe3+ is not able to accelerate the pho-
topolymerisation of the acrylate used. This sample may act as an
internal light filter. For that reason the sample containing TiO2
doped by 10 mol% Fe3+ polymerises slower than the reference
system.

The reaction time which is necessary to achieve a monomer
conversion of 30% t30% is a parameter describing an obvious
conversion rate. In this parameter the polymerisation rate and
the induction period are included. A small value for t30% impli-
cates a high monomer conversion rate. A monomer conversion
of 30% was chosen because at this stage the viscosity increase
also influencing the polymerisation kinetics is sufficient low.
The total monomer conversion after illumination of 120 s was
approximately 70%.

The values for t30% depend on the Fe3+ content in TiO2 in a
similar manner like rmax

p , see Fig. 4b. At 1 mol% Fe3+ in TiO2
t30% shows a minimum, indicating maximum conversion rate. If
the TiO contains more than 1 mol% Fe3+, then t increases
w
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o
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t
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thermodynamics of the redox processes between the illuminated
(doped) TiO2, the acrylate 1 (abbreviated as monomer M) and
the electron acceptor 2 (abbreviated as A) (Fig. 5) the following
mechanism of polymerisation is suggested:

• photoelectric primary processes (investigated by Photo-EMF
measurements):

TiO2 + hν (λ < 390 nm) → TiO2 + e− + h+ (a)

TiO2/Fe3+ + hν (λ = 495 nm) → TiO2/Fe2+ + h+ (b)

Fe3+ + e− → Fe2+ (c)

• photocatalytic formation of initiating radicals:

M + h+ → M•+ → M• + H+ (d)

A + e− → A•− (e)

A•− + H+ → A• (f)

F
T
r

2 30%
ith growing content of Fe3+. That means the conversion rate
ecreases. For the TiO2 sample doped by 10 mol% Fe3+ the value
f t30% is even larger than that for the reference sample because
his sample is not able to accelerate a photopolymerisation of
he acrylate.

In [21] it was shown that the redox reaction between the illu-
inated photocatalyst pigment and the monomer is essential

or starting a polymerisation. This was further confirmed by the
nding that in the absence of the electron acceptor 2 no notice-
ble polymerisation of the acrylate 1 is observed because the
harge symmetry in the TiO2 is not fulfilled. Thus based on the
ig. 5. Energy level diagram for the photoredox reactions between the doped
iO2, the acrylate 1 and the electron acceptor 2 leading to a formation of initiating
adical species.
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• chain growth:

M• or A• + nM → (M)nM• or (M)nA• (g)

According to (a) illumination of TiO2 with wavelengths shorter
than 390 nm leads to a formation of electrons (e−) in the conduc-
tion band and holes (h+) in the valence band. TiO2 doped with
Fe3+ exploits the visible light too, leading to the production of
additional h+ in the valence band by process (b). Moreover Fe3+

can act as an electron trap which shortens their lifetime accord-
ing to (c).

The h+ in the valence band of TiO2 can oxidize the monomer
to a radical cation (d). The radical cation can donate a proton
(H+) to hydroxyl groups on the surface of TiO2 leading to a
formation of a monomer radical.

The TiO2 is not able to transfer electrons (e−) from its
conduction band to the monomer. Thus for keeping charge sym-
metry in TiO2 an electron acceptor is necessary. The product of
the e− transfer from the TiO2 to the electron acceptor is a radi-
cal anion, see process (e). The radical anion can accept a proton
from hydroxyl groups on the TiO2 surface leading to a radical,
see process (f). The radicals of the monomer and the electron
acceptor can start the chain growth according to (g).

The chain termination occurs by radical combination or by
disproportionation.

In a previous work [21] for a photocatalytic acrylate poly-
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tion. The same should be true for heterogeneous photocatalytic
initiators.

Moreover, an increased radical recombination caused by a
high radical density should reflect in a decrease of the molec-
ular mass of the photopolymer. But in [34] it was shown that
an acrylate photopolymer prepared by heterogeneous photo-
catalytic polymerisation even has a higher molar mass than a
photopolymer of the same monomer formed by homogenous
initiation.

All these findings discussed above show that the radical den-
sity formed by the TiO2 photocatalysts is far below the range in
which an enhanced radical recombination can be expected.

3.3. Charge carrier lifetime

The rate constant k1 of the surface Photo-EMF was calculated
by fitting the measured Photo-EMF signals of the TiO2 samples
using Eq. (1). From k1 the charge carrier lifetime in the surface
region was calculated: τCC = 1/k1.

In Fig. 6 left axis the values of τCC are plotted as a function
of the Fe3+ content in TiO2.

The charge carrier lifetime in the surface region from undoped
TiO2 amounts to about 23 ms. Doping TiO2 by Fe3+ ions lowers
the charge carrier lifetime, see Fig. 6. This finding confirms the
results shown in [19].
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erisation the following rate law was found:

P = −d[M]

dt
= kbrutto[M][I]1/2 (2)

his rate law is accordance with the theory of radicalic poly-
erisations.
The chain growth rate as well as the start rate contribute to

he brutto polymerisation constant kbrutto. The chain growth rate
epends on the monomer only; the start rate on the charge trans-
er velocity.

The monomer and its initial concentration are always the
ame. Thus differences in the polymerisation rate between the
amples investigated are governed by different initiator concen-
rations [I] and different start rates. The initiator I are the radicals
ormed by charge transfer processes between the monomer, the
lectron acceptor and the photoexcited TiO2. That means the
nitiator concentration increases with the photocatalytic activity
f the TiO2. If the TiO2 would be very active, the density of
adicals formed by the TiO2 could become so high that a radical
ecombination would be favoured. In that case the activity of
iO2 would not be reflected in the polymerisation rate.

However, using the methyl viologen method it was shown,
hat the quantum yield of radical formation of the TiO2 samples
nvestigated is in the range of 10−3. This is about two orders of

agnitude lower compared to molecular photoinitiators [31,32].
hus under illumination molecular photoinitiators generate a
igher radical concentration than heterogeneous photocatalysts.
ut in [33] it was shown that, if the absorbed light intensity is the

ame for every photoinitiator, even for molecular photoinitiators
he maximum rate of an acrylate photopolymerisation increases
ith the square root of the quantum yield of the radical forma-
The charge carrier lifetime decreases continuously with
ncreasing content of Fe3+ in TiO2.

If the Fe3+ content in TiO2 reaches 3 mol% the charge car-
ier lifetime decreases to a minimum value of about 1.5 ms. In
iO2 doped by 1 mol% Fe3+ the charge carrier lifetime amounts
bout 18 ms which should be sufficient long for heterogeneous
hotocatalysis.

The results show that Fe3+ ions occupying places in the TiO2
attice as well as grain boundaries enhance the electron/hole
ecombination.

This result is opposite to findings for pure TiO2 shown in
ur previous work [30]: in pure TiO2 grain boundaries do not
horten the charge carrier lifetime but they favour the charge
eparation.

ig. 6. Influence of the Fe3+ content in TiO2 on the charge carrier lifetime τCC

left axis) and on the relative integral absorption (right axis).
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Fig. 7. Normalized absorption spectra of undoped and iron doped TiO2 powders.

The different properties of the grain boundary regions in pure
and Fe3+ doped TiO2 may be explained by their compositions:
in pure TiO2 the composition in the grain boundary regions and
in the crystallites should be comparable. In contrast to that in
heavily Fe3+ doped TiO2 Fe3+ ions are enriched in the grain
boundary regions.

A comparison of both results shows, that grain boundaries
can act as charge separation or as recombination centres. The
composition of the grain boundary regions governs their prop-
erties. So only from the morphology of a catalyst material no
conclusions about its photocatalytic activity can be drawn.

3.4. Light absorption properties

The absorption spectra of the TiO2 powders calculated from
their diffuse reflection spectra were normalized (Fig. 7).

The normalized spectra were integrated in the wavelength
range between 350 nm and the long wavelength absorption edge
of the samples. The values for the integral absorption of the
doped TiO2 samples were referred to that of the undoped one.
The relative integral absorption is a qualitative measure of the
improvement of the light absorption due to doping TiO2 by Fe3+.

According to Fig. 6 (right axis) the relative integral absorption
increases with increasing content of Fe3+ ions in TiO2. It must
be taken into account that for TiO2 samples containing more
than 1 mol% of Fe3+ ions the iron-rich grain boundary regions
c
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a
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and the electron acceptor by the photocatalytic activity of the
TiO2.

For a high photocatalytic activity a good light exploitation, an
efficient charge separation and a sufficient charge carrier lifetime
in the surface region of the photocatalyst material are essential
preconditions.

The absorption in the wavelength range above 350 nm and
with that the exploitation of the light used in polymerisation
experiments increases nearly proportional to the content of Fe3+

ions in TiO2.
The charge carrier lifetime is shortened due to doping TiO2

by Fe3+ from about 23 ms for the undoped material to 1.5 ms
for TiO2 doped by 3 mol% of Fe3+. So the positive effect
by improving the absorption feature is partially compensated
by a decreased charge carrier lifetime. The sample containing
1 mol% Fe3+ absorbs the light sufficiently and the charge car-
rier lifetime in the surface region is long enough. So this sample
shows the highest activity.

In the concentration range from 3 to 10 mol% of Fe3+ the
charge carrier lifetime does not depend on the Fe3+ content in
TiO2. Nevertheless the photocatalytic activity of the TiO2 sam-
ples decreases down to a completely inactivation with increasing
content of Fe3+ ions although the light absorption is improved.
The crystallites as well as the grain boundary regions in which
the Fe3+ ions are enriched contribute to the integral light absorp-
tion. For Fe3+ contents larger than 1 mol% the contribution
o
g
t
b
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l

l
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ontribute noticeable to the integral absorption.

. Conclusions

The ability of TiO2 to accelerate a photopolymerisation of the
crylate 1 by its photocatalytic activity is affected by doping by
e3+ ions. Fe3+ concentrations between 0.1 and 3 mol% improve

he photocatalytic activity of TiO2. Larger contents of Fe3+ ions
re detrimental. A TiO2 sample containing 10 mol% Fe3+ ions
oes not show any photocatalytic activity.

Based on the thermodynamics of charge transfer a mechanism
f the polymerisation process was suggested. The mechanism
nvolves the formation of initiating radicals from the monomer
f iron-rich phases in the grain boundary regions to the inte-
ral absorption increases with the Fe3+ concentration. From
he experimental findings it can be concluded that the grain
oundaries in which the Fe3+ ions are enriched do not show
ny photocatalytic activity but act as a light filter and disturb the
ight absorption by the photocatalytic active TiO2 crystallites.

The morphology of the samples affects the charge carrier
ifetime: in literature [19] is discussed that Fe3+ ions on Ti4+ lat-
ice places act as recombination centres. The findings presented
n this work confirm this. For Fe3+ contents above 1 mol% not
ll Fe3+ ions occupy lattices places. In this concentration range
decrease of the anatase primary crystallite size was observed.
onsequently in the concentration range above 1 mol% Fe3+ the
rain boundary area per particle increases with increasing Fe3+

ontent. In the concentration range from 1 to 3 mol% Fe3+ a fur-
her decrease of the charge carrier lifetime was observed. From
his result it can be concluded that grain boundaries within the
iO2 particles are also effective recombination centres.

All in all the results presented in this work show that only a
ombination of photocatalytic activity tests, investigations of the
hotoelectric primary processes in the photocatalyst materials
y Photo-EMF measurements and morphology studies can lead
o a better understanding of doping effects on the photocatalytic
ctivity.
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