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Abstract

The transient absorption properties of Fifarticles were studied by femtosecond transient absorption spectroscopy. For the transition
metal (Cr and/or Fe)-doped samples the transient absorption spectra were observed to shift to the shorter wavelengths with the time while fc
the non-doped sample the position of the absorptions did not change. The spectral shifts were the highest for the sample doped by both (
and Fe. The transient absorption spectra right after excitation had a broad absorption band with the flat top in 550—-650 nm region, whereas
1 ns delay the maximum of the transient absorption shifted to 510-530 nm area for Cr- and Fe-doped samples. The observed new absorpti
bands were attributed to the trapped holes. For comparison, activity measurements for the same samples were performed in photocataly
reactor system. Doping reduced the photocatalytic activity of the samples. This can be interpreted in favour of the importance of the hot anc
shallow trapped holes for the photocatalytic activity, which gains another relaxation channel of trapping by the doping transition metals.
Published by Elsevier B.V.
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1. Introduction mental and enhancive effects of transition metal ion dop-
ing have been reportdd,10—16] The comparison between
The use of TiQ as a photocatalyst has been widely studied the reported results is difficult since in addition to different
in the past decades and a lot of research has been done for thpreparation methods of the doped samples, the experimental
development of highly active photocatalytic materjals5]. conditions for the determination of photoreactivity have been
TiO7 has relatively large band-gap energy and thus it utilizes varying.
only a small fraction of the solar spectrum. For anatase the Charge carrier dynamics are one of the important factors
band-gap energy Bng=3.23 eV and for rutildyg = 3.00 eV affecting the photocatalytic activity of the TiOparticles.
[6], thus the wavelengths shorter than 380 and 410 nm areOnly few reports, however, have been published concerning
needed for the excitation. To extend the photoresponse intothe effect of doping on charge carrier dynam|it8,11,17]
the visible part of the spectrum a doping of Bi@ith tran- Choi etal[10] studied the role of metal ion dopants on charge
sition metals have been employgf]. Metal ions can also  carrier recombination in Ti@colloids by flash photolysis
serve as charge trapping sites and thus reduce electron—holepectroscopy. Type of the dopant and its concentration were
recombination rat¢8,9]. The effect of doping on the activ- reported to affect the transient absorption signals, which were
ity depends on many factors, e.g. the method of doping, andattributed to the trapped electrons. The photocatalytic activ-
the type and the concentration of a doppfjt Both detri- ity of the doped samples was observed to correlate with the
amount of the photogenerated charge carriers that survived
* Corresponding author. Tel.: +358 3 31152631 fax: +358 3 31152108 €COMbination over the nano- to microsecond time domain.
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were extended up to 50 ms for¥e, V4*-, Mo®*- and Ri#*- and thus obtaining information on primary femto—picosecond

doped TiQ while the non-doped and b and AR*-doped carrier relaxation processes. To our knowledge this is the first

TiO, had signal decays in microsecond timescale. Ikeda etreporton doping effect of Fe and Cr carried outin awide spec-

al.[11] have employed femtosecond pump-probe diffuse re- trum range in the femtosecond time domain. In addition, the

flectance spectroscopy to study photoresponses at 620 nm ophotocatalytic activity of the same samples was studied in a

TiO, powders doped with various transition metals (V, Cr, Fe, photocatalytic reactor system using acetaldehyde and toluene

Co, Cu, Mo and W). The signals were fitted to the second or- s model compounds. The relation of the time-resolved spec-

der kinetics and the rates were considered to represent the retroscopic results to the nature and the photocatalytic activity

combination rates of the photogenerated electrons and holesof the particles is discussed.

The recombination rates of the doped samples were shown to

be faster than that of the non-doped sample and to increase

with the amount of the dopant. The observed recombination 2. Experimental

rates were also compared to the measured photocatalytic ac-

tivities for the degradation of some model compounds and 2.1. Samples

the correlation was found between the low recombination

rate and the high photocatalytic activity. Furube et[&F] TiO2 nanocrystalline anatase powder samples doped by

have measured transient absorption spectra of Pt-loaded TiO Cr, Fe or both Cr and Fe were supplied by Kemira Pig-

powder and were able to show the migration of electrons in ments Oy (Pori, Finland). The samples were precipitated

TiO3 to Pt in few picoseconds. from TiOSQy solution according to the previously described
The aim of the present work is to study the effect of the method (series Aj18] and doped by the wet-impregnation

doping on charge carrier dynamics of Tifarticles by dop- method. Two doping concentrations were used, 0.2 and 0.4%.

ing it by Cr or Fe or both Cr and Fe. This was fulfilled em- However, the results were virtually the same for these concen-

ploying femtosecond absorption pump-probe spectroscopytrations, therefore only data obtained for 0.2% samples are

Table 1

The physical properties of the Ti(owder samples

Sample Specific surface afgan? g~1) Content of CP (mgkg™1) Content of F& (mgkg™1)
TiO2 207 6 <25

TiO2/Cr 228 2100 <25

TiOy/Fe 192 7 2100

TiO,/Cr-Fe 221 2100 2100

a Measured by the BET method §Ms adsorbate) using a Quantachrome Monosorb apparatus.
b Measured by graphite furnace atomic absorption spectrofotometry (GFAAS).
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Fig. 1. Schematic diagram of a flow-type reactor employed to carry out the photocatalytic degradation of gaseous acetaldehyde and toluene.
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reported in this paper. The physical properties of the samples 3
are presented imable 1

For the spectroscopic measurements the, Tilths were
prepared on glass substrates by mixing 400 mg i@~vder
with 1 ml 1-butanol, spreading resulting particle suspension
onto the glass substrate and smoothing it with a glass rod
using adhesive tape as a border. The films were dried in air.
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2.2. Spectroscopic study

2.4 T T T T
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Absorption spectra of the TiOfilms were recorded on Wavelength / nm

a Shimadzu UV-2501PC. Femtosecond to picosecond time-

resolved absorption spectra were measured using the pumpFig. 2. Absorption spectra of the doped and non-doped pivder samples
probe technique. The set-up is reported elsew[idk The measured on films.

excitation wavelength was 390 nm (second harmonic of the

Ti:sapphire laser) and the spectra were recorded in the wavethe semi-transparent samples. As the absorption level is about
length range 460—680 nm using white-light continuum. Time the same at 800 nm for all the samples one can conclude that

resolution of the instrument was about 300 fs (FWHM). the thicknesses of the films are roughly the same. Doping with
Fe seems notto have any considerable effect on the absorption
2.3. Photocatalytic reactor experiments because both the non-doped sample and the Fe-doped sample

show absorptions typical to anatase particles (band edge at
The photocatalytic degradation of acetaldehyde and 384 nm)[6]. Doping with chromium causes the absorption to

toluene was analysed using a flow-type reactor as SchematShift towards the visible region and the absorption band edge
ically shown inFig. 1 The irradiation source was 300W starts atabout 500 nm. The absorption spectra of the samples
Xe-lamp (Thermo Oriel Instruments, Stratford, USA). A doped by Crorboth Cr and Fe were identical, thus Fe dopants
filter was used to cut off the wavelengths below 385nm. did not affect the absorption in the latter case as well. Due to
The experiments were started by opening the removablethe high scattering property of the samples a small spectrum
bottom part and adjusting the water level in the reac- difference between the different samples cannot be observed
tor to 10 00Q+ 1000 ppm. The sample in a Petri dish was and the actual shape of the absorptions cannot be concluded.
placed in the bottom part of the reactor and the system The spectra could be measured in the reflectance mode but
was closed. One microliter 25% acetaldehyde—water mix- this method was unavailable for the study.
ture and 0.2.1 toluene were injected through the sample in-
jection valve to the reactor. The system was allowed to sta- 3.2, Transient absorptions of Tidilms
bilize for few minutes and then illuminated. The irradiated
system was continuously running through the reactor ves-  Transient absorption signals of the TBidilms were
sel and FT-IR spectrophotometer at a flow rate of 25Thls  recorded at the wavelength range 460-680 nm and were used
The system was programmed to monitor the concentrationsto generate transient absorption decay curves in the same
of water (monitoring wavelength range 3200-3401¢jn range. Multiexponential global fittings were applied to the

carbon dioxide (2200-2350crk), carbon monoxide  transient absorption decay curves at different wavelengths
(2030-2200 cm?), acetaldehyde (2609-2918ch) and [19]:

toluene (2950-3149 cnt). After each experiment the sys-

tem was flushed by synthetic air. D(t.2) = ao(A) + Y _ ai(2) exp(~t/7;) (1)
wheret; represent the lifetimes argj(1) the correspond-

3. Results and discussion ing pre-exponential factors. The fitting program has also
accounted for the instrument response function (using de-

3.1. Steady-state absorption convolution routine), and the group velocity dispersion. This

extended the time resolution of the system and allowed us

The absorption spectra of the prepared films of the samplesto calculate dispersion compensated spectra at short delay
are shown irFig. 2 times.

The spectra were measured for two reasons: to controlthe  Three-exponential fittings gave reasonably good results
quality of the films and to determine the absorption edges for all the samples. The obtained transient absorption compo-
of the samples. The absorption is at the level of about 2.5 atnent spectra for the non-doped and doped samples are shown
the wavelength area from 400/500 nm to 800 nm. Ti0es in Fig. 3A, C, E and G. The differential time-resolved spectra
not absorb at these wavelengths, thus the high “backgroundat delay time$=0 ps, 5 ps and 1 ns were calculated using Eq.
absorption”is due to scattering and reflection of the lightfrom (1) and are shown ifrig. 3B, D, F and H.
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Fig. 3. Transient absorption component spectra ofTilins (A, C, E and G) and differential time-resolved spectre=d, 5 ps and 1 ns (B, D, F and H): (A,
B) TiOy; (C, D) TiOx/Cr; (E, F) TiG/Fe; (G, H) TiG/Cr—Fe. The intensities of the spectra ats ps and 1 ns are multiplied by 5 and 10 (B, D, F and H),
respectively. Lifetimes of the components are indicated (A, C, E and G).

For all the samples a fast decay (200-300fs), a picosec-3.3. Character of photogenerated charge carriers
ond relaxation (14-25 ps) and along-lived component (>1 ns)
were observed. The fast decay component was at the limit of ~ The trapping of the conduction band electrons and valence
the instrument time resolution, and comparison of the decay band holes at shallow or deep trapping sites are reported to
time constants is hardly possible. However, this was domi- occur in less than few hundred femtoseconds and the ob-
nating component for all the samples and de-convolution fit served transient absorption immediately after the excitation
procedure tend to account for as fast as 100fs relaxation.is generally attributed to the charge carriers electrons and/or
Therefore, the spectrum calculated ferO ps delay should  holes already trapped to different energy st§2€s21] The
give a reasonable figure for the processes which are slowerfast relaxation observed for the studied samples is in agree-
than 100 fs. Noticeably, the spectra calculated 00 ps de- ment with the previous observations of the trapping dynamics
lay (Fig. 3B, D, F and H) are virtually identical for all the of hot and shallow trapped carriers. Therefore, the transient
samples, whereas at longer delay times a considerable dif-absorption spectrum &t 0 ps can be attributed to hot and/or
ference in the shape and amplitude of the spectra can beshallow carriers. Although the limit in time resolution does
seen. not allow us to distinguish between the hot and shallow traps,
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the spectra at=0 ps are virtually identical for all the sam-
ples which indicates that at very short delay time the doping
of the samples has no yet effect. However, after fast relax-
ation (<300fs), when the carriers are trapped at deeper trap-
ping sites, the spectra of the samples have clearly different
shapes. Thisis apparently due to the doping effect, and can be
analysed considering the change in the shape of the transient 0.2
absorption spectra.

In the nanosecond flash photolysis experiments, the tran-
sient absorption spectra of the trapped holes and electrons
has been observed through hole- or electron-scavenging re-
actiong22,23] The maximum absorption has been observed
for the trapped holes as a broad band in the blue part of the
spectrum at 475 nrf22] or 520 nm[23] and for the trapped

——TiO,/Cr

A Absorbance

—m—TiOy/Fe

—%—Ti0,/Cr-Fe

A Absorbance
%

electrons in the red part of the spectrum at 65088 or SZ j:gf

770 nm[23] depending the experimental conditions. In the 02 4 ' e

femtosecond transient absorption spectroscopy experiments,  (B) — Dok

an absorption band around 520 nm was observed immedi- i B

ately after the band-gap excitation for the nanosized anatase 1.6

TiO, colloidal particles and it was regarded as an absorption g 141

of shallowly trapped holef21]. In this study, the shapes of g 127

the spectra for the non-doped and doped samples were dif- g ”‘;: ——Tio,

ferent. In order to see the differences in the shapes of the ;‘ 0.6 4 —O—TiOW/Cr

transient absorption spectra normalized spectra (intensity at 0.4 —m—TiOy/Fe

680 nm adjusted to 1) of different samples at certain times 0.2 1 ~——TiOy/Cr-Fe

are presented one upon the otheFig. 4. e * : * d

At t=0ps the shapes of the spectra of all the samples W 2 = i ﬁ(?n = ™

Wavelength / nm

are practically identicalKig. 4A). Also the intensities of

the spgctra at=0ps are _abo,Ut the same for all the sam- Fig. 4. Normalized (at 680 nm) transient absorption spectra of the studied
ples Fig. 3. The absorption is higher at long wavelength  tio, yowder films at=0ps (A).t=5 ps (B) and = 1 ns (C).
area than at short wavelength area but no distinct absorption
bands are observed. Compared to the spectra presented in thelative intensities of the components the normalized tran-
literature for the trapped electrons and trapped holes the firstsient absorption decay curves of the samples at the mon-
intermediate state is attributed to the absorption of electronsitoring wavelengths 480 and 680 nm are showrFig. 5.
or both the electrons and holes (hot or shallowly trapped). At the monitoring wavelength 680 nm the decay curves are
At t=5ps and 1ns clear differences are observed be-the same for all the samples. According to literature the ab-
tween the transient absorption spectra of the different sam-sorption at this wavelength represent mainly the absorption
ples Fig. 4B and C). The absorption of the non-doped sample of the trapped electron®2,23] At the monitoring wave-
stays the same during the measured time range while the ablength 480 nm differences are observed between the parti-
sorption maxima of the spectra of the doped samples shift cles doped by different metals. The absorption at this wave-
to the shorter wavelengths with time. &t 5 ps the absorp-  length depicts (in addition of the absorption of the trapped
tion maxima of the Cr- and Fe-doped samples are at 560 nmelectrons) the absorption of the trapped holes. The order
and the absorption maximum of the Cr—Fe-doped sample isof the increase in the relative amplitudes of the absorp-
at 530 nm Fig. 4B and C). The absorption of the Cr-doped tions after the initial fast decay at 480 nm were found to be
sample stays the same during the time range from 5 ps to 1 nsTiO2/Cr—Fe > TiQ/Fe > TiG,/Cr > TiO,. Thus, it seems that
whereas for the Fe- and Fe—Cr-doped samples the absorptiomelatively larger amounts of the trapped holes are formed for
still shifts to shorter wavelengths andtat1 ns they are at  the doped particles as already was concluded based on the
540 and 520 nm, respectivelif. 4C). The absorption max-  shapes of the spectrgif. 4). For the iron-doped Ti@parti-
imum at 520 nm corresponds to the absorption maximum of cles trapping of both the electrons and the holes &t Bites
the trapped holeR2,23] Thus, the spectral shift of the ab- has been reported previoud§)]. Trapping of the holes at
sorption to shorter wavelengths is considered to be due toCr3* sites has been proposed for the chromium-doped TiO
the existence of relatively larger amount of the trapped holes sampleg24]. Since the observed absorption for the Fe- and
compared to the trapped electrons at timescales longer tharCr—Fe-doped samplestat 1 ns corresponds to the absorption
0.3 ps. reported inthe literature for the trapped holes, we propose that
The relative amplitudes of the spectra at different delay it is caused by the trapping of the electrons by Fe (and prob-
times are different for the different samples. To compare the ably also by Cr in latter) which reduces the electron—-hole re-



M. Salmi et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 8-14 13

Table 2
Rate constants of Tipowder samples for acetaldehyde and toluene degradation
Sample CQ Acetaldehyde Toluene

k2 (x101%moldm3s71) R R (x104s1) R K (x104s1) R
TiO2 5.59 0.99 3.88 1.00 5.27 1.00
TiO2/Cr 0.36 0.99 0.23 0.82 0.42 1.00
TiOy/Fe 2.21 0.97 1.42 1.00 2.04 1.00
TiO2/Cr-Fe 0.68 0.79 0.83 0.96 0.47 1.00

a Zero-order rate constant.
b First-order rate constant.

combination. The trapping of the electrons by Cr can explain monitored as a function of time of irradiation. The results of
the shiftin the absorption in the Cr-doped samples though thethe acetaldehyde and toluene degradations were fitted to the
observed shift is not large. In the research of Ikeda ¢14]. first order kinetics and the formation of G@ the zero order
the charge carrier dynamics of various doped Ji§@amples kinetics. The rate constants and the correlation coefficients
were studied by observing the transient absorption at 620 nm.of the fittings are presented rable 2

At this wavelength the decays were attributed to the recom- It can be seen fromTable 2 that the doping re-
bination of electrons and holes. In the present study at a wideduces the activity. The activity decreased in the order
spectrum range we have shown that the transient absorptionliO, > TiOs/Fe > TiG,/Cr—Fe > TiQ/Cr. The doping of the
decays of the doped samples are more complex functions ofsamples by Cr or Cr and Fe eliminates the activity of the
the trapping and the recombination of electrons and/or holes.samples almost totally while some activity was remained af-
Doping introduces some imbalance in the electron—hole re- ter doping with iron. Comparing this with the results obtained

combination as compared to the non-doped particles. by using the time resolved spectroscopy one can notice that
the decrease in activity is accompanied with the shift of the
3.4. Degradation of acetaldehyde and toluene transient absorption to the shorter wavelengths. The latter

happens in subpicosecond time domain and was attributed to

A comparison of the photocatalytic activities of the sam- trapping of the hot and shallow trapped carriers by doping
ples was conducted by degrading acetaldehyde—toluene mix Metals. This is an ad_dltlonal trapping chann_el_for_the hot and
ture in a photocatalytic reactor system. The disappearanceshallow trapped carriers, which reduces their lifetime. There-

crucial importance of the hot and/or shallow trapped carri-

ers for the photocatalytic activity of Tiparticles. This is
1 in accordance with the previously reported results of the im-

: * TI02 8 TIO2/Cr ® TIO2/Fe X TiO2/Cr-Fe portance of the subpicosecond hot and/or shallow trapped
hole transfer in photocatalytic oxidation of thiocyanate ion,
SCN~, on TiO, surface[21,25,26] Also the accurate de-
termination of the hot/shallow trapped carrier lifetimes was
impossible in frame of this study and most probably requires
the time resolution better than 100 fs.

Similar experiments were carried out with two times
‘ : ‘ higher doping of the particles. However, no essential dif-
5 ferences in transient absorption responses were observed. It
seems that 0.2% doping concentration is already high enough
L for efficient trapping of the hot and shallow trapped carriers.

*Ti02 o TiO2/Cr m TiO2/Fe x TiO2/Cr-Fe

Normalized absorbance

4. Conclusion

In the present study the effect of transition metal doping
(Crand/or Fe) on the transient absorption properties 0p TiO
particles has been studied. The femtosecond spectroscopic
results indicate that a relatively larger amount of the trapped
holes are formed in the doped samples. This can be explained
Fig. 5. Normalized transient absorption decay curves of non-doped and by trapping Of_ electrons by Fe and/or Cr. The photocatalytic
metal-doped Ti@ powders at monitoring wavelengths 480nm (A) and f€actor experiments revealed that the activities of the doped
680 nm (B). samples were considerably lower than the activity of the non-

=
n

10 15 20
Time / ps
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doped sample. Thus, it seems that though the amount of thg14] A. Di Paola, E. Gara-Lopez, S. lkeda, G. MaicB. Ohtani, L.

trapped holes increases by doping it does not enhance the

activity of the samples.
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