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Abstract

The Influence of crystal structure and surface coating on the photoelectric properties of TiO2 pigments was studied
using the transient photo-EMF. Amorphous TiO2 did not show any photo-EMF signal showing that it is not a photo-

conductor. The crystalline TiO2 modifications, anatase and rutile, behave like n-type photoconductors. In comparison
to rutile, the maximum photo-EMF of anatase was significantly larger. While the photo-EMF signal of the rutile
changed under repetitive laser flash exposure, the signal of anatase did not depend on number of flashes. This shows

that only rutile contains a small amount of very deep traps. So in rutile a small part of charge carriers live longer than
in anatase. Coating anatase with the photoelectrically inert Ba(OH)2�nH2O or BaCO3 reduced the photo-EMF signal.
The epitaxial coating of rutile with SiO2 and Al2O3 resulted in a complex photo-EMF signal that displayed two nega-

tive maximum voltages. Such behaviour suggests that heterojunctions may exist in the substrate.
# 2002 Published by Elsevier Science Ltd.
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1. Introduction

TiO2 is used in photovoltaic cells [1–8] and as a
photocatalyst for the degradation of water pollu-
tants [9–18]; both applications require the efficient
photogeneration of charge in the TiO2 particles.
The synthetic route and the prehistory of any

TiO2 pigment may determine its photoelectric
properties and its suitability for photoelectric
applications. That is due to differences in the
structure of the pigments.

The aim of this work was to determine the
influence of the crystal structure and surface coat-
ing of TiO2 pigments on their photoelectric prop-
erties. For this transient photo-EMF (PEMF)
studies were carried out.
In contrast to time of flight measurements or

photovoltaic investigations [19–21] PEMF does
not require contact between the sample and the
electrodes and works without any external electric
field. The method, which is well established for
inorganic [10] and for organic photoconductors
[22], characterizes the natural behaviour of pho-
togenerated charge carriers.
Fig. 1 shows the principle of PEMF generation.

After flash illumination, the gradient of the light
absorption creates a concentration gradient of
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electron hole pairs. The gradient represents the
driving force for the diffusion of the charge car-
riers into the bulk material. An internal electric
field arises due to the different mobilities of the
electrons and holes (�h 6¼�e), which can be mea-
sured externally as a transient photo-electromotive
force (PEMF) or Dember voltage [23]. The type of
photoconduction (n- or p-type) may be deduced
from the sign of the PEMF.

1.1. PEMF kinetics

PEMF decay is caused by charge carrier recom-
bination. Many photoconductors show PEMF
signals having a crossing point within the decay

process. Common kinetics does not correspond to
such traces and so a biexponential rate law with
two different partial PEMFs U1

0 and U2
0 [Eq. (1)] is

used to describe all types of PEMF signals [22]:

U tð Þ ¼ U 0
1 �exp �k1tð Þ þU0

2 �exp �k2tð Þ ð1Þ

UMAX ¼ U0
1 þU 0

2 ð2Þ

The process with the higher decay constant
(k1>k2) is referred to a ‘‘1’’ (parameters U1

0, k1),
the PEMF maximum UMAX should be the sum of
both partial PEMF’s U1

0 and U2
0 [see Eq. (2)].

The biexponential decay behaviour of the PEMF
may be determined by different photoelectric

Fig. 1. Principle of the transient PEMF generation represented by a n-type photoconductor single crystal (�e>�h).
	CEXC: charge

carrier distribution immediately after the flash (at t=0), ~EE: internal electric field, dx: distance between the charge centres; MAXCCC:

charge carrier distribution at the beginning of the decay process at t=tMAX, here should be UffiUMAX.
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properties of the subsurface region and the bulk of
a given substrate [22]. In this way, the PEMF rate
constants, k1 and k2, should respond to each
change of charge carrier concentration both in the
subsurface and in the bulk of a given photo-
conductor. It has been shown [22] that k1 may be
assigned to a PEMF in the subsurface region of a
photoconductor.

2. Experimental

2.1. Preparation of TiO2 pigments

Amorphous TiO2 was prepared by the spray
hydrolysis of titanium tetraisopropoxide [24]. It
was converted into the anatase and rutile forms by
heating to 600 and 1100 	C, respectively.
The two crystal modifications were confirmed

by X-ray diffraction: then, as prepared, amor-
phous TiO2 does not show any diffraction pattern
whereas the product heated to 600 	C shows a
diffraction peak at 2�=25.33	 which is character-
istic for anatase. Heating to 1100 	C leads to a
diffraction peak at 2�=27.42	 which is typical for
rutile [24].
The anatase was coated with Ba(OH)2�nH2O as

well as with BaCO3 according to the method
described in [25].
Rutile pigment which had been epitaxial coated

with Al2O3 and SiO2 was purchased from Kronos.

2.2. Sample preparation for PEMF measurements

PEMF measurements were carried out on pig-
ment polymer dispersion films using polyvinyl
butyrale (PVB) as binder. One-hundred milli-
grams of pigment were mixed with 3 g of a solu-
tion of PVB (10%) in 1,2-Dichlorethane. The
mixture has been treated by ultrasound ‘‘Sonorex
TK 52 H’’ (Bandelin, Germany) for 30 min. A
glass plate (A=27 cm2) was coated with the
resulting pigment dispersion. After air drying the
layer was removed from the glass support. The
layers had a thickness of 60–80 mm and total
absorbancy in UV range. More details about the
preparation of the dispersion films are given
elsewhere [22].

2.3. PEMF device

The PEMF device is constructed like a capacitor
with the sample as dielectric. Insulating foils
between sample and electrodes prevent any galva-
nic contact. No charge injection occurs from the
electrodes into the sample. In all cases, the PEMF
measurements were carried out without any exter-
nal electric field and so the natural behaviour of
the charge carriers was measured. Details about
the device and the PEMF-measurement procedure
are described elsewhere [22]. Flash illumination
was carried out using a nitrogen laser ‘‘PNL 100’’
(LTB, Germany) at a wavelength of 337 nm
(about 3�1013 quanta per flash). All PEMF mea-
surements were carried out under air at normal
pressure and at 25 	C.

3. Results and discussion

3.1. Influence of crystal structure

Fig. 2(a and b) show the PEMF signals of TiO2

samples having different crystal structures,
Fig. 2(a) shows the PEMF generation and Fig. 2b
the PEMF decay. The parameters of the PEMF
decay are summarized in Table 1.
The results shown in Fig. 2(a and b) and Table 1

reveal that: amorphous TiO2 does not show any
PEMF showing that it is no photoconductor.
Anatase and rutile display PEMF signals which
are initially positive (see Fig. 2b), such signals
being typical of n-type photoconductors. In the
case of anatase, the value of UMAX was three times
higher than that of rutile. This means that in ana-
tase the efficiency of charge separation under flash
illumination is much higher than in rutile.

3.2. Sampling effects

The PEMF signals discussed above are the
results of a single flash excitation. The influence of
repeated illumination on PEMF generation (sam-
pling effects) was determined using a time distance
between two flashes of 120 s.
Fig. 3(a and b) show: that the PEMF of anatase

was independent on the number of flashes and the
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positive PEMF of rutile decreases with increasing
flash number. After the 10th flash a signal with a
negative sign was observed.
According to the trap concept [26] these results

may be explained as follows. In the case of ana-
tase, all photogenerated charge carriers were

annihilated by recombination within 120 s after
the flash. Thus, in the traps, there are no residual
charges during the subsequent flash. In contrast to
anatase, rutile seems to contain a small amount of
very deep traps, so that in rutile some charges live
longer than 120 s. The charge carriers remaining

Fig. 2. (a) PEMF generation process in TiO2 samples having different crystal structures, dashed line: anatase, solid line: rutile, line at

zero potential: amorphous TiO2. (b) PEMF decay process in TiO2 samples having different crystal structures, dashed line: anatase,

solid line: rutile, line at zero potential: amorphous TiO2.
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Table 1

Influence of crystal structure on maximum voltage UMAX and on the PEMF decay parameters of TiO2 pigments

Structure Umax (mV) U1
0 (V) U2

0 (V) k1 (s
�1) k2 (s

�1)

Amorphous 0 0 0 – –

Anatase 152.0�2.1 9.473�0.027 �9.321�0.026 43.6�0.2 42.8�0.1

Rutile 54.0�0.4 5.696�2.374 �5.642�2.374 43.0�0.7 42.6�0.5

Fig. 3. (a) PEMF generation in anatase in dependence on number of laser flashes. (b) PEMF generation in rutile in dependence on

number of laser flashes.

C. Damm et al. / Dyes and Pigments 56 (2003) 151–157 155



in deep traps may influence the diffusion of the
charge carriers generated by the subsequent flash.
This results in changes both in the form and the
size of the PEMF signal.

3.3. Influence of surface coating

Table 2 shows the parameters of the PEMF
decay of coated anatase samples in comparison to
an uncoated one.
The coating of anatase with Ba(OH)2�nH2O

resulted in a strong reduction in the maximum
PEMF UMAX, also the rate constant k1 increased
strongly. Anatase coated with BaCO3 showed no
PEMF although the thicknesses of the
Ba(OH)2�nH2O and BaCO3 layers was nearly the
same [25].
Pure Ba(OH)2�nH2O or BaCO3 do not show

any PEMF signal under comparable conditions

[25], because they are photoelectric inert com-
pounds.
The Ba-compounds in the core–shell-systems

reduce the PEMF of anatase because they absorb
the exciting light. In comparison to
Ba(OH)2�nH2O, the BaCO3 should absorb radia-
tion of 337 nm more strongly, resulting in the
completely disappearence of the PEMF of ana-
tase.
The marked increase of the decay constant k1,

due to coating with Ba(OH)2�nH2O, shows that
the surface recombination rate increases. The rea-
son for this may be a change in the surface poten-
tial of anatase.
Fig. 4 shows the PEMF signal of rutile epitaxial

coated with Al2O3 and SiO2. The signal depicted
in Fig. 4 is complex in that it shows two maximum
voltages each with a negative sign. Such kind of
signal, which cannot be described by Eq. (1), hints

Table 2

Influence of coating with photoelectric inert Ba-compounds on the PEMF decay parameters of anatase

Coating Umax (mV) U1
0 (V) U2

0 (V) k1 (s
�1) k2 (s

�1)

Nil 152.0�2.1 9.473�0.027 �9.321�0.026 43.6�0.2 42.8�0.1

BaCO3 0 0 0 – –

Ba(OH)2�nH2O 10.6�2.3 (1.21�0.13)�10�2 (�3.08�0.32)�10�3 128.6�6.4 27.8�1.4

Fig. 4. PEMF signal of a rutile pigment epitaxial coated with Al2O3 and SiO2.
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at the presence of heterojunctions within the sam-
ple. As a consequence, space charges within the
sample due to strong differences in the photoelectric
properties of core and shell regions may influence
the diffusion of photogenerated charge carriers.
Further investigation of these phenomena is in
progress.

4. Conclusions

The PEMF parameters of TiO2 pigments may
be affected by changes in the crystal structure or
surface coating:

Amorphous TiO2 does not show any PEMF
signal, anatase and rutile behave like n-type
photoconductors. In anatase, charge separation
is more effective in comparison to rutile, so that
anatase pigments show a higher photocatalytic
activity than rutile.
Coating anatase with photoelectric inert Ba-
compounds reduce the PEMF due to absorp-
tion of the exciting light by the Ba-compounds.
Thus, the photocatalytic activity of anatase may
be suppressed by coating.
Rutile pigment which has been epitaxial coated
with Al2O3 and SiO2 shows a complex PEMF
transient that suggests the presence of hetero-
junctions in the substrate.

The results show that the PEMF method is able
to detect structural influences on the photoelectric
properties of pigments proving that it should be
well suited for the characterization of TiO2 pig-
ments with respect to their application as photo-
catalysts or in solar cells.
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