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Abstract

The transient absorption properties of 3i@anocrystalline anatase powder samples calcinated at different temperatures were studied by
femtosecond diffuse reflectance spectroscopy. The measurements were performea@gueius suspensions in the presence and absence
of thiocyanate ions, SCN Transient absorption decay behaviour of theJfjfarticles was independent of calcination temperature. Both
the shapes of the transient absorption spectra and the decay kinetics were practically the same for all the samples. The multiexponential
global fitting analysis applied to the transient absorption data of the/$ICN~ system revealed the spectra and the lifetimes of the
transient species. After the hole transfer from F10 SCN- the consecutive formation of a weekly coupled dimeric thiocyanate radical
anion,(SCN- - - SCN)*~, and its structural stabilization to (SCM) were observed with time constants of a few picoseconds and few tens
to hundreds of picoseconds, respectively. The time constants were dependent on the calcination temperature phitiel€gbeing the
faster the lower was the calcination temperature. Also the relative amounts of the f@@Wd. - SCN)*~ and (SCN)*~ were dependent
on the calcination temperature of the Bi@mples. The extent of the initial fast hole transfer reaction correlated with the calcination
temperature being the more intensive the lower was the calcination temperature. On the other hand, relatively mgre \(&@Nprmed
at longer timescales the higher was the calcination temperature.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction rier trapping, recombination, and charge transfer processes
in femtosecond and picosecond time-ranges. First measure-
TiO, is one of the most promising semiconductor pho- ments were performed in colloidal TiOsolutions using
tocatalysts and a lot of research has been done concerningransmittance-mode optical alignmg@t12]. Femtosecond
its applications toward solar energy conversion and environ- diffuse reflectance spectroscopy, in which diffuse reflected
mental cleanul-8]. Charge carrier dynamics on the sur- light from the sample is used as a probe light, has been
face of a metal oxide based catalyst plays a key role in pho-applied to study the charge carrier dynamics of theTiO
tochemical processes. Lifetimes of photogenerated chargepowder system§l3—20]
carriers on TiQ and rates of the charge transfer processes Photocatalytic oxidation of the thiocyanate ion, SCN
between TiQ and a molecule adsorbed on its surface are by photoexcited TiQ is one of the systems involving the
considered to be important factors affecting the efficiency charge transfer process. The final reaction product of the
of heterogenous photochemical reactions. SCN~ oxidation is a dimeric thiocyanate radical anion,
The time-resolved absorption spectroscopy has been(SCN)*~, which has a characteristic absorption band
used for investigation of the dynamics of the charge carri- around 480 nni22,23] The flash photolysis spectroscopy
ers[1,7]. Recently time-resolved pump-probe spectroscopy [21,24-26] and recently the femtosecond pump-probe
measurements have revealed the kinetics of the charge carspectroscopy{12,14,18] have been applied to study the
TiO2/SCN- systems, both in colloiddl12,21,25-26]and
mpondmg author. Tels 358-3-3115-2631: particulate systemfgl4,18,24] Furube.et al[18] have re-
fax: +358-3-3115-2108. ported results on the femtosecond diffuse reflectance spec-
E-mail addressmiia.salmi@tut.fi (M. Salmi). troscopy of an interfacial hole transfer dynamics from the
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photoexcited TiQ to the surface adsorbed SCNn aque- Table 1

ous suspension. The observed rise components at 480 nmThe physical properties of the Tipowder samples

with lifetimes less than 1ps, few picoseconds and Ssev- sample Calcination Specific surface Primary particle
eral hundreds picoseconds, were ascribed to the fast hole temperature’C)  area (Rg~})?  size (nm§
transfer, subsequent structure stabilization of the formed L81 300°C 300 217 8
(SCNY*~, and slow hole transfer, respectively. The fast L81450°C 450 104 11

and slow hole transfers were considered to be due to sur--81 550°C 550 59 17

face trapped, or non-thermalized holes, and deeply tra|opedL81 650°C 650 46 24
holes, respectively. Yang and Tanja®] reported on a fem- ~ L135300°C 300 197 9
tosecond study of charge carrier dynamics atzI8TN- 'jgg gggg ggg 152; ig
interface in colloidal solutions. The rate of the hole transfer | 135 g50oc 650 a1 26

from the TG, colloid _Was reported to b? comparable to 8@Measured by the BET method §Nas adsorbate) using a Quan-
that of the hole trapping, which was estimated to be less tachrome Monosorb apparatus.

than 50fs. The rise time of few picoseconds was ascribed P Analysed by X-ray powder diffraction measurements.

to a formation of the weakly coupled dimeric radical anion,

(SCN---SCN)*~. The further structural change, resulting into the distilled water (100 g dni$). Suspensions were then
in the formation of stable (SCHY~, was observed in a  diluted with water or 2M KSCN water solution to final con-
timescale of 100-150 ps. The proposed reaction scheme foicentrations of 50 g dm? TiO2 and 1M KSCN. The pH of

the oxidation of SCN on TiO, surface was thufl2,18} the suspensions were adjusted to a value of 1 by using the
ht-:'_ 4 SCN- — SCN (1) aqueous HCI solution. Samples were allowed to equilibrate

overnight. For the time-resolved diffuse reflectance mea-
SCN* + SCN™ — (SCN--.-SCN)*~ (2 surements, the samples were placed on a quartz cell (1cm
(SCN--- SCN)*~ — (SCN),*" 3) path length) and stirred with a magnetic stirrer to maintain

uniformity throughout the experiment.
where I indicates the trapped hole.

The photocatalytic activity strongly depends on the phys- 2.3. Time-resolved diffuse reflectance spectroscopy
ical properties of the Ti@ particles e.g. crystal structures,
particle sizes, surface areas, surface hydroxyls, defects, and Femtosecond to picosecond time-resolved absorption
impurities[3]. The charge carrier dynamics on the %i€ur- spectra were measured using the pump-probe technique.
face are influenced by these factors and thus it is crucial to The set-up is reported elsewhd®¥]. Geometry of the de-
study the ultrafast charge carrier dynamics of differently pre- tection part was modified for a diffuse reflectance mode. The
pared TiQ photocatalysts particles. Only few reports, how- femtosecond pulses of the Ti:sapphire laser were amplified
ever, have been published concerning this sulpjé;16,17] by a multipass amplifier (CDP-Avesta, Moscow, Russia)
The aim of the present work is to study the charge carrier pumped by a second harmonic of the Nd:YAG Q-switched
dynamics of the Ti@ particles calcinated at different tem-  laser (Solar Tll, model LF114, Minsk, Belorussia). The am-
peratures in the presence and absence of SGBNmeans  plified pulse energy varied from 0.4 to 0.5mJ and the pulse
of the femtosecond diffuse reflectance spectroscopic mea-repetition rate was 10 Hz. The second harmonic (400 nm)
surements. The relation of the time-resolved spectroscopicwas used to excite the sample (pump beam). The remaining
results to the nature of the particles will be discussed. In ad- part of the light at main harmonic was focused into a quartz
dition, the kinetics of different steps of the SCMxidation cell (0.5cm path length) containing water to generate a
on the TiGQ surface is described. white-light continuum (probe beam). The continuum was
collimated by a lens and then split into two beams. The first
beam was used as a probe beam for the transient diffuse re-

2. Experimental flectance measurements and it was focused on the same spot
of the sample as the excitation beam. The second beam was
2.1. Samples used as a reference beam; it was focused on a non-excited

area of the sample. The probe and the reference beams
Two series of TiQ nanocrystalline anatase powder sam- were collected by a lens and directed onto an input slit of a
ples calcinated at different temperatures, supplied by Kemiramonochromator (Solar, Minsk, Belorussia) coupled with a
Pigments Oy (Pori, Finland), were examined. The physical cooled CCD detector (Pl 1100330, Princeton Instruments,

properties of the samples are presentediahle 1 USA). Each beam produced one stripe on the CCD image.
The stripes were used to calculate intensity spectra for the
2.2. Sample preparation signal,lsig(\), and referencées(\), pulses. The wavelength

range 460-680 nm was studied. The ratio of the intensities,
A sample preparation procedure, similar to that reported a(L) = Isig(A)/Iref (1), was typically within 0.8-1.3. The
by Furube et al[18], was used. Powder samples were added ratio was recorded before each measurement and was used
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for the correction of the measured signals. For a single mea-460-680 nm. Multiexponential global fittings were applied
surement, the CCD shutter was open for a period of 1 s andto transient absorption decay curves at different wavelengths
spectra of 10 pulses were averaged at once in the detectof27]:

Usually five measurements were performed and averaged to _¢

improve the signal-to-noise ratio. Intensities and shapes of D(, 1) = ag(A) + Zai (1) exp (—) ®)
the reference spectra were checked and variations of more K

than 10% were not accepted. Time-resolved spectra werewhere t; represent the lifetimes and &; (1) the corresponding
measured with a delay line moving in 200fs steps for the pre-exponentia factors.

first 2 ps period and then increasing the time steps at longer Three-exponential fittings gave reasonably good results
delays. The whole time-range of interest (200 fs—1 ns) was for al the samples. The obtained transient absorption com-
measured with 40-60 spectra. Transient absorption intensityponent spectra for the nanocrystalline anatase powder sam-

was displayed as percentage absorption given by: ples L81 and L 135, calcinated at 300 and 650 °C, are shown

R in Fig. 1. The lifetime of the first component is on the lower

percentage absorptica 100 x (1 — R—) 4) limit of the time-resolution (about 1 ps) of the measurement
0

system, and the lifetime of the third component is on the up-
whereR andRy represent intensities of the diffuse reflected per limit of the monitoring time-range (<1 ns). The normal-
white-light continuum with and without excitation, respec- ized transient absorption decay curves for the sample L81,
tively. Time resolution of the system due to the diffuse re- calcinated at 300, 450 and 650°C, are shown in Fig. 2.
flectance method was not better thanl ps.

3.2. Character of photogenerated charge carriers

3. Results and discussion Broad transient absorptions covering the monitoring
wavelength range 460-680nm were observed in the ab-
3.1. Transient absorptions of T¥&uspensions sence of KSCN for al the samples (Fig. 1). The trapping of
the conduction band electrons and the valence band holes

Transient absorption spectra of the Jifowder samples  at shallow or deep trapping sites is reported to occur in
in water suspensions were recorded at the wavelength rangdess than few hundred femtoseconds and the absorptions
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Fig. 1. Transient absorption component spectra of TiO, agueous suspension (50gdm—3) at pH=1: (A) L81 300°C; (B) L81 650°C; and (C) L135
300°C; (D) L135 650°C. (®) First component, (CJ) second component, and () third component.
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Fig. 2. Normalized transient absorption decay curves of TiO, agqueous
suspension (50gdm~3) at pH =1, monitoring wavelength 550nm. (4)
L81 300°C, ([J) L81 450°C, (H) L81 650°C).

from the sub-picosecond to nanosecond timescales are
ascribed to shalowly trapped and deeply trapped holes
and/or electrons, respectively [9,11-13,17]. With regard to
the previously published results, the first component is as-
cribed to the shallowly trapped holes and/or electrons and
the following components are considered to arise from the
electrons and/or holes trapped at different energetic states
(e.g. deeply trapped holes and/or electrons).

3.3. Correlation of the transient absorption spectra and
decay kinetics with the calcination temperature

Serpone et a. [10] reported that the decay times of the
fast components decrease as the particle size increases. In
addition, Ohtani et al. [16] reported that the calcination re-
duces the recombination rate of the electrons and holes. The
reduced recombination rate was attributed to the reduced
density of the surface crystal defects, which can act as re-
combination centers, and disappear with the increase in the
calcination temperature.

In the present study, no essentia differences were, how-
ever, observed in the decay dynamics of the particles calci-
nated at different temperatures. The shapes of the spectra,
the relative amplitudes and the lifetimes of the components
were about the same (Fig. 1). The similar decay kineticsis
clearly seenin Fig. 2, where the normalized decay curvesfor
the samples calcinated at different temperatures coincide.

3.4. Transient absorption measurements of2TiO
suspensions in the presence of SCN

Transient absorptions of the TiO, powder samples in the
presence of KSCN were measured in water suspensions at
pH 1. Multiexponential global fittings were applied to the
transient absorption decay curves at different wavelengths.
Three-exponentid fittings gave reasonably good results for
all the samples. Transient absorption component spectraand
the time-resolved spectra at different times of the nanocrys-
talline anatase powder sample L81, calcinated at 300, 450

Table 2

The first and the second lifetimes for the measurements of the TiO,
powder samples in water suspensions (50gdm~3) in the presence of
KSCN (1M) at pH 1

Sample 71 (ps) 72 (P9
L81 300°C 21 76
L81 450°C 27 140
L81 550°C 43 130
L81 650°C 40 220
L135 300°C 22 92
L135 450°C 26 130
L135 550°C 25 160
L135 650°C 35 140

and 650°C, are shown in Fig. 3. The spectrawere basically
the same for the L 135 series of samples (results not shown).
The lifetimes of the first two components are summarized in
Table 2 (the lifetime of the third component is longer than
1nsfor all the samples).

3.5. Mechanism and kinetics of the oxidation of SGih
the TiG surface

At pH 1 the TiO; surface is positively charged and the
SCN~ ions are adsorbed efficiently on its surface by elec-
trostetic attractive forces. The association constant for the
adsorption of SCN~ on the TiO, surface has been reported
to be 350 M1 in the acetonitrile solution [21]. Thus consid-
ering the experimental conditions, 50gdm—2 TiO, and 1M
KSCN at pH 1, the adsorption sites should be amost fully
occupied.

Transient absorption component spectra of the TiO» pow-
der suspensions in the presence of SCN™ are shown in
Fig. 3A, C and E. Because neither the adsorbed SCN™ ions
nor the SCN* radicals, formed after the hole transfer, do
not absorb the light at the monitoring wavelength range the
rate of the hole transfer could not be determined. The third
component with the maximum around 500 nm and the life-
time much longer than the monitoring time-range (1 ns) ev-
idently represents the spectrum of (SCN)»°*~. The spectrum
is dightly shifted to the longer wavelength range as com-
pared to the maximum value 480 nm reported in the litera-
ture [23]. The spectral shift is due to the absorption of the
excited TiO2 having an influence on the spectrum as some
holes and electrons remain unrecombined at this timescale.

To discover the kinetics of the reaction, spectra of the
intermediate states were calculated. As the lifetimes of the
three components are not close to each other one can se-
lect delay times at which the transient absorption spectrum
is dominated by one intermediate state. The spectrum of the
first intermediate state of the sample is the spectrum im-
mediately after the excitation and can be calculated using
t = Opsin the Eq. (5). It represents the spectrum of the
excited TiOg, since the formation time of the second inter-
mediate state is a few picoseconds and thus it cannot con-
siderably affect the spectrum. The spectrum of the second
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Fig. 3. Transient absorption component spectra of TiO, agueous suspension (50gdm~3) in the presence of KSCN (1M) a pH=1 (A, C and E) and
spectraat + = 0ps, 20ps and 1ns (B, D and F): (A, B) L81 300°C; (C, D) L81 450°C; (E, F) L81 650°C. () First component, (CJ) second component,

(M) third component.

intermediate state, formed with the time constant of a few
picoseconds, can be obtained as time-resolved spectrum at
t = 20ps. At that delay time the second intermediate state
is completely formed, but the following process, with atime
constant of a few hundred picoseconds, have no effect on
it. Correspondingly, the spectrum of the third intermediate
state was calculated using ¢+ = 1nsin the Eqg. (5). At that
time the first and the second intermediate states have totally
decayed. The resulting spectrafor the intermediate states of
the L81 samples calculated from the corresponding compo-
nent spectra (Fig. 3A, C and E) are shown in Fig. 3B, D and
F. First of al, asalready pointed out the spectrum at r = Ops
represents the spectrum of the exited TiO,. Secondly, the
spectrum at + = 1ns represent the spectrum of (SCN)*~
(with some contribution of the deeply trapped holes and/or
electrons). The spectrum at + = 20ps is shifted by 20nm
to the longer wavelengths as compared to the spectrum of
(SCN)2°*~. Since deeply trapped holes and/or electrons (co-

existing in time with SCN~ oxidation products) have broad
spectra with the maximum at the red region (Fig. 1), the
spectrum at + = 20ps is attributed to the weakly coupled
dimeric thiocyanate radical anion, (SCN - - - SCN)* ™. Itsex-
istence in reaction scheme has been proposed previously
by Yang et al. [12] and Furube et al. [18]. Thus, the life-
times of a few picoseconds correspond to the formation of
(SCN--- SCN)*~. Then, the following structural stabiliza-
tion yields (SCN)2*~ in a few tens to hundreds of picosec-
onds depending on the calcination temperature. The possi-
ble reaction scheme for the oxidation of SCN~ on the TiO»
surface is presented in Scheme 1.

3.6. The effect of the calcination temperature on the SCN

oxidation

One effect of the increase in the calcination temperature
is the decrease in the surface area. Thus the lower is the
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h'y+ + SCN' & (+SCN')
> SCN' ’“—; (SCN--SCN)”~ ﬁ; (SCN),”
ka | ka ke | Je7
h'y + SCN v v v
SCN’ SCN’ SCN’

Scheme 1. Oxidation of SCN~ on the TiO, surface, hyf. and hg represent
shallowly and deeply trapped holes, respectively.

calcination temperature the higher is the amount of the ad-
sorbed SCN™. Thus the amount of the formed thiocyanate
oxidation products can be expected to be higher. Thisis seen
in the results as the negative value of a few picoseconds
component at 500 nm increases with the decrease in calci-
nation temperature (Fig. 3A, C and E), indicating that the
amount of (SCN---SCN)*~ formed in first few picosec-
onds is higher at low calcination temperatures.

The time constant of afew picoseconds and the time con-
stant of afew hundred picoseconds increase when the calci-
nation temperature isincreased (Table 2). It is also observed
for the samples calcinated at high and moderate tempera-
tures, that the intensity of the absorption of (SCN),*~ at
t = Insrelativeto that of (SCN---SCN)*~ at ¢t = 20psis
higher than for the samples calcinated at 300°C (Fig. 3B, D
and F). Thisindicatesthat therelative yield of the (SCN)2*~
radicals increases with the increase in the calcination tem-
perature.

The simplest interpretation for the faster formation times,
when the calcination temperature is low, is that the rate
constants of the formation of the (SCN---SCN)*~ and
(SCN),*~ statesare higher (k3 and ks in Scheme 1). The ob-
servable time constants are comprised, however, not only of
the rates of the formation but also the rates of the other reac-
tion steps e.g. disappearance of the reactants by other path-
ways. The observed time constant of afew picosecondsis a
combination of at least two intrinsic rates: the formation of
(SCN - - - SCN)*~ (therate constant k3 in Scheme 1) and the
relaxation of its precursor, SCN*®, by, say, accepting €~ from
TiO, particle (the rate constant k4 in Scheme 1). If the re-
laxation rate of SCN*® does not interfere with the other rates,
the first observed time constant is t1 = (k3 + k4) 1. Corre-
spondingly, the time constant of afew hundred picoseconds
is determined by the rate of the structural stabilization of
(SCN---SCN)*~ to form (SCN)2*~ (the rate constant ks
in Scheme 1), and the rate of its degradation to SCN~ (the
rate constant ks in Scheme 1). As follows the faster forma-
tion times can indicate not necessarily the faster formation
of the product, but also the faster relaxation of the reactant
(by a side chain reaction) and as the result a less quantita-
tive transformation of the precursors to the final oxidation
products.

The increase in the relative amplitudes of (SCN)2°*~
compared to (SCN - -- SCN)*~ with the increase in calci-
nation temperature was observed. This also indicates the
more quantitative transformation of (SCN---SCN)*~ to

(SCN)2*~ for the particles calcinated at the higher temper-
atures, which can be well explained by the decrease of the
side chain reaction (the rate constant ks in Scheme 1). An-
other factor which can contribute to this observation, and
also to the longer time constants with the higher calcination
temperatures, is the possible generation of new (SCN)2*~
through reaction of SCN™ with the deeply trapped holes,
still present after several picoseconds of excitation (the rate
constant ky in Scheme 1). The data are not sufficient to
substantiate involvement of the deeply trapped holes to the
overall reaction.

With regard to the discussion above, the TiO; particles
calcinated at the different temperatures show different reac-
tivity to SCN~. The amount of thefast holetransfer to SCN~
is higher for the particles calcinated at the low temperatures
since the adsorbed amount of the SCN~ ions is higher. On
the other hand, the relative amount of the (SCN)2°*~ formed
during the time between few picosecondsto 1 nscompared to
the amount of the initially formed (SCN - -- SCN)*~ in few
picoseconds is higher for the samples calcinated at the high
temperatures. As discussed above this is caused by either
the more quantitative transformation of (SCN---SCN)®*~
to (SCN)2*~ or the dlow hole transfer of the deeply trapped
holes to SCN~. This improvement is due to the change of
the surface or bulk properties of TiO, caused by calcination
e.g. increase in crystallinity and decrease of defects at high
calcination temperatures.

4. Conclusion

The calcination of the TiO, particles at high temperatures
increases the crystallinity, decreases the surface and bulk
defects, and decreases the surface area of the particles. In
the present study, the effect of the calcination temperature
on the transient absorption properties of the TiO» particles
has been examined.

The surface and bulk defects are generally considered to
be as recombination centers for the photogenerated holes
and electrons of the semiconductor particles. Thus the elec-
tron/hole recombination time was suspected to depend on
the calcination temperature. In our study the calcination of
the TiO2 samples at different temperatures had, however, no
effect on electron/hole decay dynamics.

The multiexponential global fitting analysiswasappliedto
the transient absorption data of the TiO2/SCN™ system. The
resulting transient absorption component spectra reveaed
the spectra and the time constants of the two thiocyanate
oxidation products: the weakly coupled dimeric thiocyanate
radical anion (SCN---SCN)*® and its rearrangement prod-
uct, the stable (SCN),* .

The intensities of the component spectra, corresponding
to the formation of (SCN-.-SCN)*~ and (SCN);*~, and
the corresponding time constants depended on the calcina-
tion temperature. It was observed that the amount of the
initial fast hole transfer from TiO2 to SCN™ was higher
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for the samples calcinated at the low temperatures, but the
subsequent reactions leading to the final oxidation product
(SCN)2*~ were more quantitative for the particles calci-
nated at the high temperatures. It is also possible that, for
the particles calcinated at the high temperatures, the deeply
trapped holes are transferred to SCN~. Thus the calcination
affected the activity of the TiO, particles to oxidize SCN™
by many ways:. the increased cal cination temperature is ben-
eficial in the sense that the defects of the particles are re-
duced. This is likely responsible for the more quantitative
transformation of the initial SCN~ oxidation products to the
final products and the possible slow hole transfer. The high
calcination temperature is, however, detrimental in the sense
that the surface area is reduced and thus the amount of the
SCN~ ions capable to oxidative reaction is also low.
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