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a b s t r a c t

High-energy ball milled nanocrystalline TiO2 (anatase) was analyzed by means of electrochemical
impedance spectroscopy in a temperature range from 473 K to 873 K and under reducing and oxidizing
atmospheres. The electrical properties are compared with the photocatalytic activity of the samples.
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. Introduction

Titania exists as three main polymorphs: rutile, anatase, and
rookite; rutile being the thermodynamically stable one at high
emperatures. The anatase structure is particularly known to be the

ost photocatalytically active one when irradiated with ultraviolet
ight [1].

Despite its wide use as a photocatalyst some of the catalytic
roperties of TiO2 are not well understood. In particular, the tem-
erature dependence of the catalytic activity for the photocatalytic
otal oxidation of hydrocarbon species in the gas phase suggests
hat titanium dioxide is reduced and oxidized under reaction condi-
ions (temperature from 298 K to 573 K and atmospheric pressure)

2,3]. At high temperatures the material loses its catalytic activ-
ty and becomes coloured, recovering its initial white colour under

ild oxidation. Although this fact indicates the formation of defects
colour centres) on the surface of the catalyst [4], most authors
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interpret the lost of activity as due to coke deposit [5–8] or adsorp-
tion processes on the TiO2 surface [9].

In previous papers [3,10], we discussed the hypothesis that
oxygen vacancies are the active sites in the catalytic cycle for photo-
catalyzed oxidation reaction with TiO2. Since the defects strongly
influence the electrical properties of the material, electrochemi-
cal impedance spectroscopy (EIS) [11] can be used to examine this
concept. In order to change the defect concentration, mechanical
attrition of the catalyst powder by high-energy ball milling [12,13]
was performed. Thus, the aim of the present work is to study the
influence of the generated defects on the activity (quantum yield)
of the catalyst material and on its electrical properties.

Previous works on the surface chemistry of TiO2 have proposed
O atoms/vacancies as the major diffusive species [14–17]. However,
a work done by Henderson [18] strongly suggests that titanium
interstitials are the major diffusive species in titanium dioxide.

A recent work by Wendt et al. [19] suggests that titanium inter-
stitials in the near-surface region provide the electronic charge

needed to enable surface reactions. Our results indicate that tita-
nium interstitials generated by high-energy ball milling are the
major diffusive species in titania and are responsible for an increase
in its photocatalytic performance, which is in agreement with the
works done by Henderson [18] and Wendt et al. [19].

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:r.amade@ub.edu
dx.doi.org/10.1016/j.jphotochem.2009.07.015
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. Experimental

Nanocrystalline anatase (Hombifine N, Sachtleben, titanium
ioxide 99.99%) with an average grain size of 12 nm was milled

n a high-energy ball mill (Spex 8000) for times between 30 min
nd 4 h. The milling process was done at room temperature in air,
ith alumina vials and a single alumina ball of 8 mm diameter and
mass of about 4 g. The ball-to-powder weight ratio was 2:1. Abra-

ion of the grinding tools lead to alumina contamination of the
amples between 1.5 and 0.1 weight percentage, depending on the
illing time. This amount of alumina is not high enough to sig-

ificantly change neither the conductivity nor the photocatalytic
roperties of the samples [11]. X-ray diffraction measurements
ere performed with a Philips X’Pert MPD system using Cu K�1

adiation (� = 0.154056 nm).

.1. Photocatalysis

The photocatalytic measurements were done by placing the
illed powders as a layer in a photoreactor. The residence time

istribution of the reactor equates to a continuous stirred tank reac-
or. The layer of catalyst is irradiated from a light source above
he reactor. A detailed description of the photoreactor and experi-

ental setup used for photocatalytic measurements can be found
lsewhere [20].

The absorption coefficient of the catalyst material was deter-
ined by means of diffuse reflectance spectroscopy using a

pectrophotometer DMC 25 (Carl Zeiss, Oberkochen). It was assured
hat the thickness of the catalyst probes was sufficient to avoid
he transmission of light, therefore the absorption coefficient ˛ (�)
ould be calculated from the diffuse remission coefficient ˇ (�), see
q. (1):

(�) = 1 − ˇ(�) (1)

he spectrum of the lamp I0 (�) (Philips HPA 1000/20) was
etermined using a photodiodearrayspectrometer (Dr. Gröbel UV-
lektronik, Ettlingen). The spectrum of the light absorbed from the
atalyst plate, Ia (�) [W/(m2 nm)], was calculated by multiplying
he values of ˛ (�) with I0 (�), see Fig. 1.

With the energy of a photon, EPhot = h�, wherein � denotes the
requency and h Planck’s constant, the moles of photons absorbed
er second and geometric surface area of the catalyst sample, I∗P

2
mol/(s m )], is calculated according to Eq. (2). NA denotes the Avo-
adro constant.

∗
P = 1

NA

∫ �=420 nm

�=300 nm

Ia(�)
EPhot(�)

d� [mol/(s m2) (2)

ig. 1. Spectrum of the lamp I0 (�), absorption coefficient of the catalyst mate-
ial ˛ (�) using nanocrystalline anatase (Hombifine N, Sachtleben, Duisburg) as an
xample and spectrum of the light absorbed by the catalyst sample Ia (�).
Fig. 2. Equivalent circuit used to describe the electrical response of the samples. Rb

and CPEb are the resistance and the constant phase element ascribed to the bulk,
and Rgb and CPEgb are the resistance and the constant phase element ascribed to the
grain boundaries.

The quantum yield regarding to a reactant i, Qi [%], which was
defined as the ratio of reaction rate and absorption rate of photons
of the catalyst sample is given by Eq. (3),

Q = rA

I∗P
× 100 (3)

wherein rA [mol/(s m2)] denotes the reaction rate per geometric
surface area under steady state conditions.

2.2. Impedance spectroscopy

The samples for impedance spectroscopy were prepared by
conventional room temperature compression at 1 GPa. With this
method pellets with a diameter of 8 mm and a thickness between
0.5 mm and 2 mm were obtained. The electrodes were prepared by
physical vapour deposition (PVD) of gold.

The impedance of the samples was measured with a HP
4192 A impedance analyzer. An alternating voltage of 100 mV was
applied in a frequency range from 5 Hz to 13 MHz. The samples
were measured in oxygen atmosphere (PO2 = 105 Pa) and vacuum
(PO2 = 102 Pa), and in a temperature range from room temperature
up to 973 K.

The impedance spectra were fitted with a non-linear least
squares fit (NLLSF) program (equivalent circuit [21]). Two overlap-
ping semicircles were observed for most of the samples. Since the
fastest polarization processes take place in the bulk [11], it was
assumed that the high-frequency arc corresponds to this part of
the material and the low frequency arc to the grain boundaries. The
equivalent circuit used to describe the electrical response of the
samples is shown in Fig. 2. Rb, Rgb are the resistances, and CPEb,
CPEgb are the constant phase elements (CPE) ascribed to the bulk
and the grain boundaries, respectively. Ideally, one should be able
to represent a material with a resistance R and a capacitance C in
parallel, which corresponds to a single relaxation time. However,
due to the non-ideality of the real world, the CPE is commonly used
to describe a system which due to inherent inhomogeneities cannot
be described by a simple RC circuit. The CPE is used when the semi-
circles are depressed, which indicates a distribution of relaxation
times [11].

The conductivities of the bulk and the grain boundaries can be
easily calculated from the results of the fitting process and the
dimensions of the samples. However, the conductivity calculated in
such a way is actually a volume-extensive conductivity [11], which
means that it depends on the conductivity of the bulk and the grain
boundaries, but also on the respective volume fraction in the sam-
ple. Since we do not know the volume fractions of the two regions
(bulk and grain boundaries) we will use the term conductivity to
refer to the volume-extensive conductivity of each region.

From the temperature dependence of the conductivity the acti-

vation energy of the conduction process was calculated using the
Arrhenius equation [22]:

�dc,iT = Ai exp

(
−EA,i

kT

)
(4)
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semicircles. The inset shows an Arrhenius plot of the bulk and grain
boundary regions. The arrow indicates the point obtained by fitting
the impedance spectrum with the equivalent circuit shown in Fig. 2.

Due to the low temperatures of the measurements and due to
the high overlap of the semicircles, the activation energies of the
ig. 3. XRD pattern of nanocrystalline anatase milled up to 4 h. Neither the formation
f a new phase nor a broadening of the lines with milling can be recognised. The slight
ecrease of the peak intensities with milling indicates the formation of amorphous
egions in the material.

here �dc,i is the direct current (dc) conductivity of region i (i = bulk
r grain boundaries), calculated from the fitting parameters and the
imensions of the sample. Ai is the pre-exponential factor of region

, and EA,i is the activation energy in region i. T is the temperature
nd k is the Boltzmann constant.

Further information can be extracted from the real part of the
c (alternate current) conductivity, which may be expressed by the
ower law [11,23,24].

′
i = �dc,i + Ap,iω

ni (5)

here � ′
i

is the real part of the conductivity, �dc,i has the same
eaning as in equation 4, Ap,i is a prefactor and ni an exponent
ith 0 < ni < 1.

Different values of n have been observed for different kinds of
aterials. In systems with carrier transport (e.g., electronic hop-

ing, movement of ions) [21] n takes values in the range 0.5 < n < 0.9.
or polymers and glasses above the glass transition temperature
alues of about 0.4 have been reported [25–27].

. Results

Fig. 3 shows the XRD patterns of the milled nanocrystalline sam-
les. The average crystallite size could be obtained via the Scherrer
quation:

0 = K�

ˇ cos �
(6)

here K = Scherrer constant, � = X-ray wavelength, ˇ = width of the
RD peak after corrections concerning instrumental broadening
nd � = diffraction angle. A constant particle size of about 10 nm
as obtained from the breadth of the peaks. Neither big changes in

he width and height of the lines nor the formation of new phases
an be recognised during milling. The influence of lattice imperfec-
ions (strain) on the line breadth is dominant in materials with large
rystallite sizes. For fine powders (crystallite sizes below 100 nm),
he line broadening is mainly dominated by the small grain sizes
ather than by the strain. The slight decrease in the intensity of the

ines with milling time indicates the formation of some amorphous
hase.

A surface area of about 200 m2 g−1 is obtained for all samples
rom BET-surface area measurements [28] which agrees with the
RD results.
tobiology A: Chemistry 207 (2009) 231–235 233

In a previous article [20] we reported on the characterization of
milled microcrystalline titania and found that the concentration of
Ti3+ interstitials increases with milling time. In the present work the
grain size of the milled nanocrystalline samples remained constant
with milling time, and therefore we expect that, since the mechan-
ical energy is not used to decrease the crystallite size, it is used to
generate more defects during the milling process.

3.1. Photocatalysis

The following reaction was used to analyze the photocatalytic
activity of TiO2:

C3H6 + (9/2)O2 → 3CO2 + 3H2O (7)

Fig. 4 shows the quantum yield of nanocrystalline anatase for
the total oxidation of propene at different oxygen partial pressures
versus milling time. A maximum is observed at around 45 min
depending on the partial pressure. Since the particle size remained
constant for all milling times (∼12 nm) and the catalytic processes
take place near the surface of the catalyst, the maximum can be
attributed to the generation of defects in this region.

3.2. Impedance spectroscopy

The activation energy in each region is independent of its vol-
ume fraction in the sample, and therefore we can compare their
values. On the contrary, the dc conductivity depends on the vol-
ume fraction of the region and therefore, we cannot compare the
conductivities of the grain boundaries and the bulk. However, we
can assume that the volume fraction of grain boundaries remains
more or less constant because the grain size does not change and
the density of the samples remained constant with milling time. In
that case, we can compare the conductivity of one of the two regions
after a certain milling time with the conductivity of the same region
at a different milling time, but not with a different region.

Fig. 5 shows a typical impedance spectrum with two overlapping
Fig. 4. Quantum yield of milled nanocrystalline anatase for the total oxidation of
propene at different oxygen partial pressures versus milling time [29]. The solid and
dashed lines are drawn to guide the eye.
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Fig. 5. Impedance spectrum of nanocrystalline anatase milled for 1 h, measured at
873 K in oxygen atmosphere. The inset shows an Arrhenius plot of the bulk and grain
boundary regions. The arrow indicates the point obtained by fitting the impedance
spectrum with the equivalent circuit shown in Fig. 2.
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ig. 6. Activation energies in oxygen atmosphere of the bulk and grain boundaries
f nanocrystalline anatase milled for different milling times.
onduction process in the grain boundaries and in the bulk have
arge error bars.

Figs. 6 and 7 show these activation energies found for the milled
anocrystalline samples in oxygen atmosphere and in vacuum,

ig. 7. Activation energies in vacuum of the bulk and grain boundaries of nanocrys-
alline anatase milled for different milling times.
Fig. 8. Variation of the dc conductivity with the milling time at T = 573 K and at
PO2 = 105 Pa (open symbols) and PO2 = 102 Pa (full symbols).

respectively. Some points for the grain boundary region are miss-
ing, this is due to the high overlapping of the semicircles. In some
cases they could not be separated and therefore the Arrhenius plots
had a too small number of points from which the activation energy
could not be calculated.

The results show a minimum in the activation energies at a
milling time of about 30 min for the measurements performed in
oxygen atmosphere. This value corresponds well with the milling
time where the maximum in the photocatalytic activity measure-
ments was found.

For the measurements performed in vacuum, the activation
energy of the grain boundary remains more or less constant around
1.3 eV, while that of the bulk decreases, starting at 1.3 eV, down to
about 0.6 eV.

Fig. 8 shows the dc conductivities of the bulk and the grain
boundaries in the two different atmospheres at 573 K. Although the
error bars are large, the differences between the conductivities are
large enough to consider the maximum at around 45 min milling
time as being reliable. Such a maximum in the conductivity can only
be explained by a change in the conduction mechanism or in the
structure of the grains. The values of n were found to be between
0.5 and 0.9, which indicates electron hopping or movement of ions
[24] (see Eq. (5)).

4. Discussion

Both the photocatalytic and impedance measurements show a
change of behaviour after a milling time of about 45 min. While the
quantum yield and the dc conductivity pass through a maximum
at this point, the activation energy in oxygen atmosphere reveals
a minimum around 0.6 eV. This value is close to the one found by
Hoshino et al. [29] (0.7 eV) for the diffusion of Ti3+ and Ti4+ intersti-
tials. The presence of Ti3+ was found to increase with milling time
and was reported in another paper by us [20]. For long milling times
the activation energy is close to 1.4 eV. The reduction reaction

TiTi + OO → Ti′Ti + V ··
O + e′ + 1

2 O2 (8)

was found to have an activation energy of 1.42 eV in a nanocrys-
talline anatase sample [30], where Ti′Ti corresponds to a Ti3+ ion in
a titanium site, V ··

O to a doubly ionized oxygen vacancy and the other
symbols have the usual meaning.

Therefore, for long milling times a reduction of the sample
might occur, while at shorter milling times the conduction of ions

(titanium interstitials) prevails. These results indicate a relation
between a highly defective structure with ionic conductivity and
a high photocatalytic activity. Consequently, the increase in the dc
conductivity can be ascribed to an increase of the defect concentra-
tion, which allows a faster movement of the ions (Ti3+ interstitials).
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t milling times longer than about 45 min these defects may coa-
esce [31] and form a new phase [32] with a lower conductivity
n the grain boundaries and a lower photocatalytic activity. This
upposed new phase was not observed from XRD measurements.
owever, it is possible that this phase consists of a thin layer in

he near-surface region of the grains and is therefore not seen with
RD. At long milling times, a reduction of the bulk takes place in
xygen atmosphere, which does not increase the photocatalytic
ctivity of the material, in accordance with the relation between
onic conduction and catalytic activity mentioned above. Therefore,
t long milling times there is a further reduction of the material that
ncreases the electronic conductivity and reduces the ionic conduc-
ivity. This effect is bigger in vacuum atmosphere than in oxygen
nd it reduces the photocatalytic activity of the material.

For that reason, the maximum found in the temperature depen-
ence of the photocatalytic activity [4] (see Section 1) is likely
elated to a high content of defects (oxygen vacancies and titanium
nterstitials) in the catalyst, and the decrease of the catalytic activity
t high temperatures is probably related to an excessive reduction
f the bulk, rather than to adsorption processes or coke deposit.

In vacuum the activation energy of the grain boundaries is about
.3 eV for all milling times, suggesting that the material has a dif-
erent conduction mechanism from that in oxygen atmosphere and
s already reduced at short milling times. On these conditions no
onic conduction takes place at the grain boundaries, and there-
ore, we would expect lower catalytic activity than in oxygen, as
orroborated by the results shown here.

. Conclusions

Impedance measurements on milled nanocrystalline titanium
ioxide samples have been used to characterize the electrical prop-
rties of the material in the grain boundaries and bulk regions. It
as been shown, that the defects formed during the milling pro-
ess alter the conductivity and the photocatalytic activity of the
amples, and play an important role during the catalytic processes.

higher number of defects, mainly Ti3+ interstitials, and a high
onic mobility has been related to a higher photocatalytic activity.

e propose that at a certain defect concentration (or after about
5 min of milling time) a phase transition takes place in the catalyst

eading to a reduction of the material and to a loss of its catalytical
roperties.
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