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a b s t r a c t

Titanium dioxide nanopowders were prepared by mechanochemical synthesis in a high-energy ball mill
using TiOSO4·xH2O and Na2CO3 followed by annealing in the temperature range 200–800 ◦C. The UVA
photonic efficiency of radical processes on synthesized TiO2 powders was determined by in situ EPR
spectroscopy, using, as indicators, the N-oxide spin trapping agents (5,5-dimethyl-1-pyrroline N-oxide
and 5-(diisopropoxy-phosphoryl)-5-methyl-1-pyrroline N-oxide) or the radical cation of 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonate, ABTS•+). The results obtained by monitoring the photoinduced
ccasion of his 70th birthday.

eywords:
itanium dioxide
echanochemical synthesis

PR spectroscopy

generation of hydroxyl radical spin adducts correlated with those found by the investigation of the pho-
toreduction of ABTS•+. The presence of iron and chromium ions, which were evidenced in samples milled
in steel, decreased the photonic efficiency of radical processes. The presence of a sulfate salt matrix during
the annealing process distinctly inhibits the transformation of anatase to rutile. The highest photocat-
alytic activity was shown by anatase samples which were prepared by milling in corundum and annealed
at 700 ◦C. They were composed of crystallites with a mean size of 25–30 nm and well developed crystal
pin trapping
bsorption and scattering

faces.

. Introduction

The photoinduced heterogeneous processes on titanium dioxide
urfaces attract substantial attention of multidisciplinary research
ue to their potential large-scale applications in the remediation of
olluted water, soil and air [1–3], in unconventional organic syn-
hesis [4–6], and in the preparation of self-cleaning surfaces [7–9].
he character and surface properties of titania nanocrystals strongly
nfluence the physico-chemical behaviour of synthesized materials
pon irradiation [10–12]. Electron paramagnetic resonance (EPR)

pectroscopy is a valuable tool for monitoring the radical-producing
apacity of TiO2 upon UVA irradiation as well for the study of para-
agnetic transition metal ions within the titania matrix [13–15].

ecently, the effect of size and shape of nanocrystalline TiO2 on

Abbreviations: ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
iammonium salt; DIPPMPO, 5-(diisopropoxy-phosphoryl)-5-methyl-1-pyrroline
-oxide; DMPO, 5,5-dimethyl-1-pyrroline N-oxide; DPPH, 1,1-diphenyl-2-
icrylhydrazyl; EDX, energy dispersive X-ray spectroscopy; Ebg, band-gap
nergy; EPR, electron paramagnetic resonance; POBN, �-(4-pyridyl-1-
xide)-N-tert-butylnitrone; SW, magnetic field sweep width; TEMPOL,
-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl; UV/vis, ultraviolet/visible; XRD,
-ray diffraction; TEM, transmission electron microscopy.
∗ Corresponding author. Tel.: +421 2 5932 5666; fax: +421 2 5292 6032.

E-mail address: vlasta.brezova@stuba.sk (V. Brezová).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.06.006
© 2009 Elsevier B.V. All rights reserved.

photogenerated charges was investigated by EPR spectroscopy at
temperatures below 80 K, evidencing the formation of paramag-
netic species assigned to electrons (e−) trapped at lattice titanium
within the bulk (Ti(III)latt) and holes (h+) trapped at oxygen atoms
on the nanocrystal surface [16]. Detailed analysis of the EPR spec-
tra of charge carriers generated upon UV exposure of mixed-phase
TiO2 at 10 K (holes trapped at O− lattice; electrons trapped at Ti(III)
and O2

−) revealed correlation between TiO2 particle size/shape
and photoactivity [17]. EPR investigations of super-oxide radical
anions on titanium dioxide P25 (Aeroxide®, Evonik Degussa, Ger-
many) confirmed their stabilization specifically at anion vacancy
sites, and these stabilized radicals possess higher chemical and
photochemical reactivity comparing to surface super-oxide radi-
cals bound at non-vacancy sites [18]. In oxygenated aqueous media
the irradiation of TiO2 particles at room temperature resulted in the
generation of short-lived reactive oxygen species (•OH, •OOH/O2

•−,
1O2) [19–23]. The photo-produced reactive radical intermediates
may be studied by cw-EPR spectroscopy using the spin trapping
agents (DMPO, DIPPMPO, POBN) or by the termination of semi-
stable free radicals added into photoactive heterogeneous TiO2

systems (TEMPOL, DPPH, ABTS•+) [19–24].

The mechanochemical synthesis, using high-energy ball milling
with subsequent thermal activation, is a promising way for
producing photoactive titanium dioxide nanopowders, where mod-
ifications of the chemical precursors, alterations of the milling

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:vlasta.brezova@stuba.sk
dx.doi.org/10.1016/j.jphotochem.2009.06.006
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onditions, the presence of salt matrices and variations in the
nnealing temperature permit the preparation of titania nanoma-
erials with the required structure and particle size [25–30]. Until
ecently only preliminary studies of their photocatalytic activity
ave been reported [25,26].

Our investigation is focused on the characterization of the struc-
ure, optical properties and photoactivity of titania nanopowders

echanochemically synthesized under different experimental con-
itions.

. Experimental

.1. Chemicals and reagents

Titanium dioxide powder samples were prepared by
echanochemical synthesis using TiOSO4·xH2O (Riedel de Haen)

nd Na2CO3 (Lachema, Czech Republic) as starting reactants. The
eaction was performed in a high-energy ball mill using stainless
teel (series SSM, steel salt matrix, and S, steel) or corundum jars
series CSM, corundum salt matrix), respectively [26,27]. The final
roducts in series SSM and CSM were obtained by annealing the
illed powders in the temperature range 200–800 ◦C and subse-

uent washing out of the water-soluble byproduct Na2SO4·xH2O.
he annealing process of powders synthesized in series S was per-
ormed without a salt matrix, which was washed out immediately
fter milling. A summary of the samples investigated is given in
able 1. The commercial photoactive titanium dioxide Aeroxide®

25 was kindly provided by Evonik Degussa (Germany). The TiO2
tock suspensions (1 × 10−3 g cm−3) were prepared by sonication
n distilled water.

The spin trapping agent, 5,5-dimethyl-1-pyrroline N-oxide
DMPO; Aldrich) was distilled before application. 5-(Diisopropoxy-
hosphoryl)-5-methyl-1-pyrroline N-oxide (DIPPMPO; Alexis®

iochemicals) was used without purification. The concentration
f photogenerated adducts was determined using aqueous solu-
ions of 4-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl (TEMPOL;
ldrich) as calibration standards.

Radical cation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-
ulfonate) diammonium salt (ABTS; Sigma) was prepared by

issolving 17.2 mg of ABTS and 3.3 mg of K2S2O8 (Aldrich) in 5 mL
f distilled water as described in Ref. [24]. The prepared solutions
f ABTS•+ were diluted immediately before measurements, to
btain the optimal concentration for photoinduced EPR and UV/vis
xperiments (30 �M).

able 1
hase composition, anatase crystallite size, absorption and scattering coefficient at � = 36
nd annealed at different temperatures. The samples are designated by a capital letter an

iO2 sample Annealing temperature (◦C) Phase composition anatase/rutile Me

25 25 Amorph.
200 200 Amorph.
300 300 Low crystallinity ∼
400 400 –
500 500 62/38
600 600 54/46
700 700 51/49
800 800 17/83 ∼1
SM300 300 100/a ∼
SM400 400 100/a

SM500 500 95/5
SM600 600 93/7
SM300 300 100/0
SM400 400 100/0
SM500 500 100/0
SM600 600 100/0
SM700 700 100/0
25 – 80/20

a Small admixture of rutile phase detected in powder XRD pattern.
otobiology A: Chemistry 206 (2009) 177–187

2.2. Methods and apparatus

2.2.1. X-ray powder diffraction and TEM study
The prepared powders were characterized by X-ray powder

diffraction using a Philips PW 1050 diffractometer and Cu-K� radi-
ation. The size of the anatase nanocrystallites was calculated from
the full width at half maximum height of the 101 XRD diffraction
of anatase according to Scherrer’s equation [28]. The anatase/rutile
ratio was calculated according to Ref. [31].

Transmission electron microscopy (TEM) was performed on a
TEM JEOL 2000FX device working at accelerating voltages of 160
and 200 kV. The powder samples were dispersed using ultrasound.
A small amount of powder was mixed with ethanol and subjected
to vigorous ultrasound stirring for 10 min. Subsequently a drop of
strongly diluted ethanol suspension was deposited onto the TEM
Cu-grid, which was previously covered with a holey carbon film.
After drying in air the samples were examined by TEM.

2.2.2. EPR measurements of powder titania samples
The homogenized TiO2 powders (15–30 mg) were placed in pre-

cise glass EPR capillaries (50 �L; Magnettech, Germany) to produce
samples with identical dimensions (column height 4.6 ± 0.2 cm).
The sample was then inserted into a standard TE102 (ER 4102 ST)
rectangular cavity of an EMX X-band EPR spectrometer (Bruker, Ger-
many) and the EPR spectrum was recorded at 100 or 298 K under
air without UVA exposure, consequently no photogenerated param-
agnetic species were formed and observed in EPR spectra of titania
powders. Temperature control was achieved using a Bruker temper-
ature control unit ER 4111 VT. The concentration of surface-Fe(III)
ions in titania powders was calculated from the double integral
intensity of the paramagnetic signal characterized by geff = 4.3 using
a secondary standard Cr(III) in MgO (99.5 �g Cr(III) in 1 g MgO; Mag-
nettech, Germany). The WIN EPR program (Bruker, Germany) was
used for experimental EPR spectra acquisition and manipulation.

2.2.3. UV/vis experiments
UV/visible spectra of titania aqueous suspensions in the wave-

length interval 240–600 nm were recorded using a UV-3600 UV/vis
spectrometer (Shimadzu, Japan) with a large integrating sphere

assembly with a transmittance measurement accessory (1 cm
square quartz cell). TiO2 suspensions with low concentrations
(1 × 10−5–1 × 10−4 g cm−3) were used in the UV/vis experiments.
The freshly prepared titania suspensions were sonicated for 1 min
(Ultrasonic Compact Cleaner TESON 1, Tesla, Slovak Republic), and

5 nm, and band-gap energy of titania powders prepared by milling in various jars
d a number, characterizing the synthesis series and the annealing temperature.

an crystallite size of anatase (nm) ε�
abs

(cm2 g−1) ε�
scat (cm2 g−1) Ebg (eV)

– 750 7 100 –
– 1800 3 700 –
2 250 5 600 3.24

12 1600 5 600 3.25
15 1000 14 000 3.2
28 6000 4 000 3.05
68 2300 13 000 3.06
40 2000 9 000 3.01

2 300 2 600 –
15 1100 2 400 –
17 300 1 400 3.21
22 3000 3 300 3.25

3 30 2 800 3.26
7 400 2 500 3.25

15 330 3 600 3.20
29 2300 2 100 3.25
37 3000 11 000 3.27
23 1400 37 000 3.18
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hen UV/vis spectra were measured in duplicate. The values of
bsorption and scattering coefficients at the given wavelengths
�� = 5 nm) were evaluated from the experimental data by a least-
quares minimization procedure using the Kubelka-Munk model of
iffuse reflectance and transmission in accord with Refs. [32,33].

.2.4. EPR in situ photochemical experiments
The suspensions of TiO2 containing spin trapping agents (DMPO

nd DIPPMPO) or radical cation ABTS•+ were prepared immedi-
tely before the EPR measurements. The stock TiO2 suspension was
omogenized in an ultrasonic bath for 1 min before the addition of
he spin trap and dilution to a final concentration of 5 × 10−4 g cm−3.
he suspensions were then carefully mixed by a slight air stream
nd immediately transferred to a small quartz flat cell (WG 808-
, Wilmad-LabGlass, USA; optical cell length 0.045 cm) optimized

or the TE102 cavity. The samples were irradiated at 295 K directly
n the EPR resonator, and EPR spectra were recorded in situ.
s an irradiation source an HPA 400/30S lamp (400 W, Philips)
as used, emitting radiation mainly between 300 and 400 nm

�max = 365 nm). The irradiance of the UVA lamp, 2.65 mW cm−2,
ithin the EPR cavity was determined using a UV Light Meter UV-

40, Lutron (Lutron Ltd., UK). A Pyrex glass filter (thickness of 1 mm)
as used to eliminate radiation wavelengths below 300 nm. The
rst spectrum in the time-evolution was measured without radi-
tion, and subsequently, upon continuous irradiation ten spectra
ere recorded. (Each EPR spectrum represents an accumulation of

hree scans (DMPO or DIPPMPO) or two scans (ABTS•+) measured
ith a 22 s sweep time.) The concentration of spin-adducts was

valuated from double-integrated EPR spectra using the calibration
urve obtained by EPR spectra of TEMPOL.

Typical EPR spectrometer settings in a standard photochemi-
al experiment were: microwave frequency, 9.44 GHz; microwave
ower, 10.03 mW; center field, 335.6 mT; sweep width, 8–10 mT;
ain, 2 × 105–1 × 106; modulation amplitude, 0.1–0.2 mT; scan,
0.97 s; time delay, 1.03 s; time constant, 20.48 or 40.96 ms; num-
er of scans, 3 or 2. The g-values were determined with an
ncertainty of ±0.0001 by simultaneous measurement of a ref-
rence standard containing DPPH. The simulations of EPR spectra
ere carried out using the WIN EPR and SimFonia standard pro-

rams (Bruker), and the fitting of experimental spectra by the
imulations were obtained by a least-squares minimization pro-
edure using the Scientist program (MicroMath).

.2.5. Steady-state photochemical experiments
Photochemical experiments with the radical cation ABTS•+ were

arried out at room temperature (295 K) under air. The freshly
repared TiO2 suspensions or solutions containing ABTS•+ (initial
oncentration of 30 �M) were irradiated in a standard quartz UV/vis
ell (1 cm) with a focused light beam from an HPA source. The UV/vis
pectra were recorded using a large integrating sphere assembly
ith a transmittance measurement accessory (UV-3600, Shimadzu,

apan), using as a reference an analogous TiO2 suspension, or dis-
illed water, respectively.

. Results and discussion

.1. Synthesis of the nanopowders

All of the samples investigated were prepared by mechanochem-

cal synthesis from TiOSO4·xH2O and Na2CO3 according to the
reviously described procedure [26,27]. After milling in a high-
nergy planetary mill, amorphous precursors of titania were
ormed. The nanocrystalline TiO2 products were formed in an
nnealing step at temperatures in the range of 300–800 ◦C. The
otobiology A: Chemistry 206 (2009) 177–187 179

overall reaction can be described by the following chemical Eq. (1):

TiOSO4 · xH2O + Na2CO3 → TiO2 + Na2SO4 · xH2O + CO2 (1)

In the mechanochemical synthesis the contamination by milling
elements plays a highly important role on the properties of the
obtained product. We prepared samples by milling in stainless steel
jars, using chromium–steel balls (series SSM and S), and by milling
in corundum jars with corundum balls (series CSM).

The samples of series S were annealed without a salt matrix (the
Na2SO4·xH2O byproduct was washed out prior to the annealing pro-
cess). In this case the as-milled sample and the powder annealed at
200 ◦C are amorphous (Table 1). The fact that in the XRD pattern
of the as-milled product the diffractions of TiOSO4·xH2O disap-
peared and peaks of Na2SO4·10 H2O can be recognized allows us
to assume that the as-milled product of mechanochemical reaction
contains of amorphous TiO2 [27]. The most intensive diffraction 101
of anatase is resolved in XRD diffractogram of the sample annealed
at 300 ◦C. It is highly broadened, which indicates that the size of
the crystallites is very small. A rise in the annealing temperature
leads to an increase of rutile content, and rutile prevails in the
powder synthesized at 800 ◦C. The higher temperatures also induce
growth of anatase nanoparticles (Table 1). It is well known that the
presence of a salt matrix during the annealing of the precursors
allows one to improve control over the characteristics of the prod-
ucts of mechanochemical synthesis [25–27]. Therefore we studied
the influence of a sulfate salt matrix on the formation of anatase
in reaction (1). The samples in the series SSM were annealed in
a Na2SO4 salt matrix, since water-soluble sulfate was washed out
only after the annealing process. In the samples in the SSM series,
which were heated in the range of 300–600 ◦C, the content of rutile
admixture is very small. The presence of the sulfate salt matrix evi-
dently inhibits the rutilization of the sample. This is in accordance
with the fact that sulfate ions bound on the surface of nanocrys-
talline TiO2 inhibit the transformation of anatase to rutile [34,35].
The increase of the size of anatase nanocrystallites with rising tem-
perature in the range of 300–600 ◦C has in series SSM is similar in
character as in series S (Table 1).

In order to avoid the contamination of synthesized nanopowders
with transition metals from milling tools, which can act detrimen-
tally on photoinduced activity as centers for charge recombination
[26], we prepared a series of samples by milling in corundum jars
and using corundum balls (series CSM). Since in series SSM a ben-
eficial influence of sulfate ions on the formation of anatase was
observed, all samples milled in corundum were annealed in the
presence of a sulfate salt matrix. In samples milled in corundum
and annealed in the temperature range of 300–700 ◦C the anatase
crystalline phase is evidenced by XRD. Evidently also in this case
the rutilization reaction is strongly inhibited by the presence of
sulfate anions in the salt matrix during the annealing reaction. The
size of anatase nanocrystallites increases with rising temperature
(Table 1).

In all of the above cases if the samples were annealed at tempera-
tures ≥300 ◦C, crystalline anatase or rutile phases were identified by
XRD. The growth of the crystals in the heating process leads consec-
utively to consumption of the amorphous TiO2 precursor. Therefore
it can be expected that especially in samples annealed at lower
temperatures, in which small titania nanocrystals were detected by
XRD, a significant amount of amorphous titania is present. A similar
process was observed in titania prepared by the sol–gel technique
or under hydrothermal conditions [36,37].
3.2. TEM study of samples

The preliminary result of our studies of photoinduced activity
showed that the samples milled in corundum show a higher initial
rate of hydroxyl radical adduct formation (•DMPO-OH) than those
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ig. 1. TEM images of nanopowders milled in corundum (series CSM). (a) Seeded as-
d) 700 ◦C.

illed in steel [26]. Since the aim of our paper was to study the
nfluence of structure on photoinduced activity, only the samples

illed in corundum (series CSM) were studied in detail with TEM
icroscopy. The as-milled non-annealed amorphous product con-

ists of irregularly shaped particles with sizes ranging from 50 to
00 nm (Fig. 1a). The TEM images are consistent with the forma-
ion of fine nanocrystallite aggregates upon calcination at 300 and
00 ◦C, respectively. The beginning of disaggregation of the origi-
al particles had been found in the agglomerate surface layers upon
nnealing at 400 ◦C. The majority of nanocrystallites assembled in
he aggregates have a size of approximately 3 nm upon annealing at
00 ◦C. The heat treatment at 400 ◦C did not affect the crystallite size
ubstantially compared with those annealed at 300 ◦C; the mean
imension of nanocrystallites was about 4–12 nm, with maximum
t 6 nm (Fig. 1b).

Calcination at 500 ◦C leads to samples which consist predom-
nantly of separated, rounded, spherical-like anatase nanocrystal-
ites with mean diameters ranging from 7 to 25 nm; however most
anocrystals show a size of 13 nm (Fig. 1c).

The size and morphology of the nanocrystals obtained by the
otal breakdown of the as-milled amorphous TiO2 powder after
eating at 600 and 700 ◦C can be seen in Fig. 1d. It was estab-

ished that the average crystallite size was in the range of 25–30 nm
pon annealing at 600 and 700 ◦C, respectively. The prelimi-
ary isometric nanocrystallites, evolved by annealing at 500 ◦C,
rew markedly upon heat treatment at 600 ◦C; however, their
aceting occurred predominantly during calcination at a temper-
ture of 700 ◦C (Fig. 1d). For the range of annealing temperatures
00–700 ◦C the size of the nanocrystallites calculated from the
idth of XRD diffraction is in good agreement with the crystallite

ize determined from TEM observation.

.3. EPR spectra of powder titania samples

The utilization of steel jars for the mechanochemically induced

eactions caused contamination of synthesized titania samples
ith transition metal ions originating from the oxidation of stain-

ess steel elements (e.g., iron, chromium, nickel) [15,36–39]. Fig. 2
hows the EPR spectra of TiO2 powders prepared in series S mea-
ured at 100 and 298 K. EPR spectra of samples S200–S600 annealed
powder; anatase nanocrystallites evolved upon annealing at (b) 400 ◦C; (c) 500 ◦C;

in the temperature range 200–600 ◦C are characterized by sharp
spectral component at magnetic field 150 mT (geff ∼ 4.3) and over-
lapping broad signals at 300 mT (geff ∼ 2.2) and 335 mT (geff ∼ 2.0).
The EPR signal at geff ∼ 4.3, which is significantly temperature
dependent (see Fig. 2a and b), was previously attributed to the
surface-Fe(III) ions dispersed on the surface of the titania nanopar-
ticles, representing isolated Fe(III) ions in a distorted tetrahedral
coordination [38–42]. The EPR signal at geff ∼ 2.0 was attributed in
the literature to bulk-Fe(III) centers [38–42], Fe(III) ions in octa-
hedral symmetry of anatase structure [43], or chromium ions in
various oxidation states [44–47]. The broad spectral component at
geff ∼ 2.2 was assigned to iron oxide aggregates, considered to be
a close association of Fe(III) ions [48]. Consequently its linewidth
monitored in EPR spectra can be affected by magnetic exchange
coupling of interacting Fe(III) ions [42]. The EPR signals observed in
the low temperature spectra of samples S700 and S800 (Fig. 2a) are
compatible with paramagnetic signals assigned to Fe(III) or Cr(III)
ions occupying cation sites vacated by Ti(IV) ions in a rutile matrix
[39,40,44,49]. In this case the higher annealing temperature led to
the incorporation of transition metal ions into the crystal structure
of titania and the Fe(III) and Cr(III) ions are well separated in the
lattice. Narrow signals from the EPR fine structure can be observed.

The determination of surface-Fe(III) concentration summarized
in Fig. 3 shows that mechanochemical synthesis leads to products
in which some contamination from the milling media remain on
the surface of the obtained crystallites as the presence of surface-
Fe(III) was evidenced in all TiO2 samples milled in steel (35–7 ppm
in series S, 45–20 ppm in series SSM). On the other hand, the
transition metal ion surface concentration was negligible when
the mechanochemical synthesis was performed in corundum jars
(<3 ppm of surface-Fe(III) in series CSM).

3.4. UV/vis spectra of synthesized TiO2 samples

The spectrophotometrically monitored extinction in hetero-

geneous titanium dioxide aqueous suspensions represents a
combination of absorption and scattering caused by particles
[32,33,50–55]:

E� = ˇ�cl = (ε�
abs + ε�

scat)cl (2)
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ig. 2. EPR spectra of synthesized TiO2 powders (S25–S800) annealed at specified te
as attributed to surface-Fe(III) ions).

here E� is the extinction at a given wavelength �; ˇ� is the extinc-
ion coefficient (cm2 g−1); ε�

abs, ε�
scat are absorption and scattering

oefficients, respectively (cm2 g−1); c is the titanium dioxide con-
entration (g cm−3); l is the optical path length (cm).

The band-gap energies of TiO2 polymorphs (anatase,
bg = 3.2 eV; rutile, Ebg = 3.02 eV) predetermine TiO2 absorp-
ion of UV radiation only; consequently, the extinction observed in
he visible region originates from scattering on titanium dioxide
articles [32,33]. In samples S600–S800 the higher annealing

emperatures (600–800 ◦C) lead to rising rutile content, which
s manifested by the lower values of Ebg compared to S-series
amples annealed in the temperature range 300–500 ◦C (Table 1).

Fig. 4 shows the experimental extinction spectra obtained for
he TiO2 samples synthesized in series CSM, in comparison to P25
atures measured at: (a) 100 K; (b) 298 K. (EPR signal marked with ‘*’ having geff = 4.3

Aeroxide®. The experimental data demonstrated that the tempera-
ture of post-milled annealing influences the optical properties of
mechanochemically synthesized titania, since samples annealed
below 700 ◦C (CSM300–CSM600) revealed a lower extinction than
sample CSM700 (Fig. 4).

However, the highest extinction in the wavelength interval
240–400 nm was found for suspensions of P25 Aeroxide®, and data
observed here for wavelengths � > 410 nm are in a good agreement
with Rayleigh scattering on P25 particles (extinction = k × �−4) as

has been described by Vione et al. [32]. Previously, the high extinc-
tion of Aeroxide® P25 in the wavelength interval 300–400 nm has
been attributed to a substantial scattering phenomenon, and the
values of the P25 scattering coefficients published for this spectral
region were larger than 40 000 cm2 g−1 [50].
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ig. 3. Concentration of surface-Fe(III) ions in mechanochemically synthesized TiO2

amples evaluated from EPR spectra recorded at 100 K (series CSM was milled using
orundum, series SSM and S using stainless steel balls and jars, respectively).

In our investigation, the extinction spectra of titanium dioxide
uspensions measured at various loadings were used to compute
�
abs and ε�

scat in accordance with the Kubelka-Munk model of diffuse
eflectance and transmission [32,33]. The values of absorption and
cattering coefficients were evaluated at individual wavelengths
� = 240–600 nm; with �� = 5 nm). Fig. 5 shows the experimental
xtinction data found at � = 365 nm for the CSM series and P25,

long with their fitting to the theoretical Kubelka-Munk model
32,33]. The obtained values of ε�

abs and ε�
scat were used to con-

truct the absorption and scattering spectra, i.e., ε�
abs = f (�), ε�

scat =
(�), of all TiO2 samples investigated in the wavelength interval

ig. 4. UV/vis spectra, measured in aqueous suspensions, of titania samples CSM300,
SM500, CSM600, CSM700 and Aeroxide® P25 (TiO2 concentration 5 × 10−5 g cm−3).

Fig. 5. The dependence of extinction at � = 365 nm upon the product of cell
length and TiO2 concentration (l × cTiO2

) obtained for titanium dioxide samples: (�)
Aeroxide® P25; (�) CSM300; (�) CSM400; (�) CSM500; (∗) CSM600; (�) CSM700.
The symbols represent experimental data and the dotted lines were calculated by
a least-squares minimization procedure using the Kubelka-Munk absorption and

scattering model. (b) The calculated absorption spectrum of the CSM700 sample.
The inset shows the dependence of (ε�

abs
h�)1/2 on the photon energy (in eV) used in

the evaluation of the TiO2 band-gap energy (Ebg).

240–600 nm. Fig. 5b shows the calculated absorption spectrum of
the CSM700 sample, along with a plot representing the dependence
of (ε�

abs h�)1/2 on photon energy with respect to indirect transi-
tions, suitable for the evaluation of the TiO2 band-gap energy (inset
in Fig. 5b). The absorption edge of synthesized TiO2 samples was
calculated using Eq. (3) [56–59]:

ε�
absh� = A(h� − Ebg)m (3)
where A is constant; m is 1/2 or 2 for direct or indirect transitions,
respectively.

The linear segment in the dependence of (ε�
abs h�)1/2 on photon

energy (h�) evidences the existence of allowed indirect transitions
[56–59]. The values of Ebg were evaluated from the point of inter-
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Fig. 6. Experimental (black line) and simulated (red line) EPR spectra obtained in
the aerated irradiated TiO2 suspensions in the presence of spin trapping agents: (a)
DMPO; (b) DIPPMPO. (TiO2 concentration 5 × 10−4 g cm−3, initial spin trap concen-
trations c0,DMPO = 0.025 M; c0,DIPPMPO = 0.01 M.) Simulation spectra were calculated
using spin Hamiltonian parameters corresponding to addition of hydroxyl radi-
cal, i.e., •DMPO-OH (aN = 1.495 mT, a�

H = 1.472 mT; g = 2.0057) and •DIPPMPO-OH
V. Brezová et al. / Journal of Photochemistry a

ection of the linear dependence with photon energy axis assuming
�
abs = 0 (inset in Fig. 5b).

The spectral data found for mechanochemically synthesized
itania confirmed a significant effect of post-milling annealing tem-
erature on the absorption/scattering coefficients at � = 365 nm
Table 1). Most likely, the absorption and scattering phenomena
re determined by the actual size of titania clusters in the suspen-
ion which are affected by the particle size of the nanopowders and
heir ability to generate aggregates in aqueous media [60]. It should
e noted here that the values obtained in our experiments for P25
eroxide®, i.e., the absorption coefficient value ε365

abs = 1100 cm2 g−1

nd ε365
scat = 37 000 cm2 g−1, are in good agreement with previously

ublished results [32,50].

.5. Photoinduced activity of mechanochemically synthesized
iO2 powders

.5.1. In situ EPR spin trapping experiments
The photoinduced formation of reactive oxygen-centered free

adicals in the aerated TiO2 aqueous suspensions was investigated
sing an EPR spin trapping technique, a suitable method for indi-
ect detection of short-lived radicals [61]. Upon UVA irradiation of
erated TiO2 suspensions in the presence of DMPO, typical four-
ine EPR spectra were monitored (Fig. 6a), which are characterized
y the spin Hamiltonian parameters aN = 1.495 mT, a�

H = 1.472 mT;
= 2.0057, and are representative of the hydroxyl radical added to
MPO (•DMPO-OH). The formation of hydroxyl radical spin adducts
as also evidenced using DIPPMPO, as the characteristic EPR spec-

rum of hydroxyl radical adduct (•DIPPMPO-OH; aN = 1.407 mT,
�
H = 1.320 mT, aP = 4.665; g = 2.0058) was observed upon photoex-
itation of TiO2 in aqueous media (Fig. 6b).

The experimental sets of EPR spectra, monitored in situ upon
ontinuous irradiation of aerated TiO2 suspensions as well as TiO2-
ree solution in the presence of DMPO or DIPPMPO, are shown in
ig. 7. The relative integral intensities of the •DMPO-OH adduct
ere calculated by double-integration of the individual experi-
ental spectra, and the adduct concentrations upon UVA exposure
ere determined. The obtained dependencies of •DMPO-OH con-

entration upon irradiation time (tirr) were fitted by a non-linear
east-squares method to the formal kinetic models (first-order or
onsecutive first-order kinetics when a decrease of •DMPO-OH con-
entration upon irradiation was observed), and the initial rate of
hotoinduced •DMPO-OH formation was calculated (4):

in(•DMPO-OH) =
(

dc(•DMPO-OH)
dtirr

)
tirr→0

(4)

Under the given experimental conditions of monitoring the pho-
oinduced radical processes by an in situ EPR technique, the TiO2
uspensions were irradiated in an EPR flat cell with a very low
ptical path length of 0.045 cm. Consequently, the calculation of
hotonic yield considering the UVA photons flux absorbed by tita-
ia [62], were approximated in our computations with photonic
fficiency taking into account the incident UVA photon flux in accor-
ance with Ref. [63].

The values of Rin(•DMPO-OH) served as a basis for the compu-
ation of the UVA photonic efficiency of •DMPO-OH formation for
ll synthesized TiO2 samples (5):

UVA = Rin

�UVA
inc

(5)
here �UVA
inc represents the incident UVA photon flux

1.8 × 10−8 Einstein s−1).
The paramagnetic signal of •DMPO-OH adduct may be produced

irectly by the addition of photoproduced hydroxyl radicals; how-
ver, we cannot exclude alternative mechanisms without direct
(aN = 1.407 mT, a�
H = 1.320 mT, aP = 4.665; g = 2.0058). (For interpretation of the ref-

erences to colour in this figure legend, the reader is referred to the web version of
the article.)

hydroxyl radical formation [24,63]. Previously, Nosaka et al. inves-
tigated hydroxyl radical formation in TiO2 suspensions using EPR
spectroscopy (DMPO spin trapping technique, spin probe assay
with termination of nitroxide radicals), or fluorescence intensity
measurements (specific hydroxyterephthalic acid formation via
•OH radicals), assuming an incident light flux in the calculation of
“apparent quantum efficiency” [63]. The results pointed to the for-
mation of •DMPO-OH adducts via different mechanisms (i.e., direct
hydroxyl radical addition or trapped holes oxidation) as the fluo-
rescence quantum efficiency, corresponding to the direct reaction

of hydroxyl radicals with terephthalic acid, was significantly lower
than those found by spin trapping or spin probe techniques [63].

Fig. 8a summarizes the values of UVA photonic efficiency of
•DMPO-OH formation for all the investigated TiO2 samples. The
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ighest ability to produce •DMPO-OH spin adducts upon UVA irra-
iation was found for sample CSM700, exceeding the value found
or Aeroxide® P25.

.5.2. Photoinduced reduction of the radical cation ABTS•+

An alternative assay to determine the photoinduced activity of
ynthesized titania samples consists of photoinduced termination
f the paramagnetic radical cation ABTS•+ (inset in Fig. 8b), mon-
toring in situ the decrease of EPR signal intensity of ABTS•+ upon
ontinuous irradiation of titanium dioxide suspensions [24]. The
onitored decrease in ABTS•+ concentration was described by for-
al first-order kinetics, allowing extraction of the initial rate of
BTS•+ termination, Rin(ABTS•+). Recently, our UV/vis experiments
onfirmed that the process of ABTS•+ radical cation termination
n Aeroxide® P25 suspensions is coupled with its reduction to the
arent diamagnetic compound ABTS by electrons photogenerated
pon TiO2 excitation [24]. The photoinduced electron transfer was
lso confirmed here as the UV/vis spectra showed a decrease of the
BTS•+ selective absorption bands at 735 and 415 nm, and simulta-
eous growth of the ABTS absorption at 340 nm, with an isosbestic
oint at 368 nm, in good correlation with the reduction of the rad-

cal cation ABTS•+ to ABTS as shown Fig. 9a. On the other hand,
rradiation of TiO2-free homogeneous solution of ABTS•+ caused
nly a 5% decrease of the radical cation concentration after a 600-s
xposure (Fig. 9b). The values of UVA photonic efficiency of ABTS•+

eduction calculated using Eq. (5) (Fig. 8b), are approximately 10
imes higher than the photonic efficiencies found using •DMPO-OH
Fig. 8a), and prove that radical cation ABTS•+ behaves as an effec-
ive electron-scavenger under the given experimental conditions.
e assume that in the photoinduced reduction of ABTS•+, the sur-
ace properties of synthesized titania powders play an important
ole, influencing the adsorption of radical cations on the surface.
linear correlation was observed between UVA photonic efficien-

ies found via paramagnetic species •DMPO-OH and ABTS•+ with

ig. 7. The sets of individual EPR spectra monitored upon continuous irradiation of aera
TiO2 concentration 5 × 10−4 g cm−3, c0,DMPO = 0.025 M; c0,DIPPMPO = 0.01 M). (a) TiO2-free sy
otobiology A: Chemistry 206 (2009) 177–187

correlation coefficient r = 0.927 at a 95% confidence level shown in
Fig. 8c.

Colón et al. showed that the sulfation of TiO2 under mild con-
ditions remarkably increases its photocatalytic properties after
annealing at 700 ◦C [35]. In a later paper [64] they ascribed this
effect to the formation of oxygen vacancies in the process of anneal-
ing and the formation of a highly defect surface. This would explain
the enhancement of catalytic activity by improvement of charge
separation on surface. In our investigations the sulfate precursor
was used for the synthesis of nanocrystalline TiO2. The sample
series SSM and CSM were even heated in presence of a sulfate
matrix. It is possible that, among other factors, the effect of TiO2 sur-
face interaction with sulfates could be responsible for the effective
radical formation on the nanopowders under investigation. How-
ever, the detailed description of this effect would require further
studies.

The mechanochemical synthesis always leads to some contami-
nation of the product surface by milling elements. Different results
on the effect of iron ion doping on the photoinduced activity of
titanium dioxide have been reported previously [65,66]. Obviously
the effect of iron doping depends on the method of synthesis,
which crucially influences the structure of nanoparticles. Accord-
ing to [67,68] the effect of iron doping in TiO2 crucially depends on
its concentration. At low concentration iron alleviates the forma-
tion of hole and electron traps, reduces the h+/e− recombination
and consequently increases the photoactivity. On the other hand at
higher doping levels iron can act as a recombination centre for elec-
tron/hole pairs resulting in decreased photocatalytic activity. The
values of photonic efficiencies found in our study evidence that the

surface-Fe(III) ions in the concentration range below 50 ppm exhibit
only a partial effect on the photoactivity of mechanochemically
synthesized titania powders considering the complex phenomena
of heterogeneous photoprocesses. The phase composition of pre-
pared titania was remarkably influenced by presence of iron but the

ted TiO2 suspensions in the presence of spin trapping agents DMPO and DIPPMPO
stem; (b) Aeroxide® P25; (c) CSM600; (d) CSM700.
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Fig. 8. The values of UVA photonic efficiency of photoinduced processes using
mechanochemically synthesized TiO2 samples and Aeroxide® P25: (a) •DMPO-OH
formation; (b) ABTS•+ reduction (inset shows the EPR spectrum of ABTS•+ over
10 mT magnetic field sweep); (c) the linear relationship at a 95% confidence level
(confidence bands marked with dotted lines) between UVA photonic efficiency of
•DMPO-OH formation and UVA photonic efficiency of ABTS•+ reduction (© S; � SSM;
� CSM; ∗ P25).

Fig. 9. Changes in the UV/vis spectra measured upon irradiation of radical cation
ABTS•+ (c0,ABTS

•+ = 30 �M) in: (a) titanium dioxide CSM500 aqueous suspensions
(TiO2 concentration 1 × 10−4 g cm−3); (b) TiO2-free solution. The insets represent
decline of absorbance at � = 735 nm characteristic for ABTS•+ (the UV/vis spectra

were recorded using a large integrating sphere assembly with transmittance mea-
surement accessory using as reference analogous TiO2 suspension or distilled water,
respectively).

character of annealing temperature dependence of photoactivity
was similar in all series of samples. Among the iron-containing sam-
ples the series S, with higher content of rutile, exhibits improved
photoactivity compared with the series SSM which has a lower
rutile content. This could be ascribed to the enhancement of pho-
tocatalytic activity by “antenna effect” [69]—the interphase charge
transfer in two phase anatase/rutile system. It has been reported
that alumina admixture up to 4 wt% increases the photocatalytic
activity of titania [70]. In the samples milled in corundum the

contamination of products with alumina from milling tools was
below the detection limit of EDX (<0.1 wt%). The above results
allow us to conclude that, in mechanochemically prepared titania
nanopowders with low impurity levels, the prevailing influence on
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he photocatalytic activity is the TiO2 crystal structure and size and
hape of crystallites.

. Conclusions

Solvent-free mechanochemical synthesis in a high-energy ball
ill with subsequent annealing of the as-milled samples represents
promising technique for the preparation of titania nanopow-

ers with various structures and photoactivities. The production of
natase TiO2 materials with high photoactivity requires the elim-
nation of transition metal ion contamination during the milling
rocedure. Under given experimental conditions the iron ions
robably act as radical recombination centers and decrease the effi-
iency of monitored photoinduced radical processes. In addition,
he presence of iron and chromium ions also increases the content
f rutile allotrope in the mechanochemically synthesized titania
owders.

The samples with high photocatalytic activity were prepared by
illing the TiOSO4·xH2O and Na2CO3 precursors in corundum and

ubsequent annealing of the amorphous product in the presence of
sulfate salt matrix at temperatures in the range of 600–700 ◦C. At
00 ◦C well faceted anatase nanocrystals with a size between 25 and
0 nm are formed. Generally it is accepted that the faceting of the
anocrystals is one of the crucial factors improving the photocat-
lytic activity of anatase [37,71]. The rise of annealing temperature
rom 600 to 700 ◦C caused only negligible enlargement of crystals,
owever, a remarkable improvement of faceting occurred. It allows
s to assume that the well-developed faceting of our samples pre-
ared on corundum and annealed at 700 ◦C remarkably improves
he photoactivity as monitored by EPR. The results obtained in the
tudy of photoinduced formation of hydroxyl radical spin adducts
sing an EPR spin trapping technique show a linear correlation with
hose found by photoinduced reduction of the paramagnetic radical
ation ABTS•+ in aerated TiO2 aqueous suspensions.
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