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Abstract 

The excited state dynamics and interfacial electron transfer of an optically scattering TiO 2 powder suspension in alkaline 
water (pH = 10) with and without methyl viologen (MV 2 +) as an electron acceptor was examined by means of femtosecond 
diffuse reflectance absorption spectroscopy using a femtosecond white-light continuum as a probe pulse. The spectral 
analysis of broad transient absorption bands directly proved plural trapping sites of electrons with different electronic 
structure and surface electron transfer from photoexcited TiO 2 particles to adsorbed MV 2+ molecules in the few 
picoseconds to nanosecond timescale. © 1997 Elsevier Science B.V. 

1. Introduct ion 

Interfacial electron transfer plays a key role in the 
primary photochemical processes of  metal oxide- 
based catalysts such as TiO 2. The timescale of  the 
interfacial electron transfer and lifetime of  photogen- 
erated charge carriers in the catalysts determine the 
efficiency of  heterogeneous photochemical reactions 
[1]. The development in the preparation of  nanome- 
ter-sized semiconductor colloids allows us time-re- 
solved spectroscopic studies on their dynamics and 
kinetics using conventional pump-probe  techniques. 
Indeed, femtosecond and picosecond spectroscopic 
investigations on transparent aqueous TiO 2 colloids 
reveal the dynamics of  charge carrier trapping and 
the following recombination in the time region of 
less than several tens of  picoseconds [2-8], and the 
injection kinetics of  an electron to molecules in 
solution or adsorbed on the surface in the picosecond 

to sub-nanosecond time regime [9]. However, there 
are some experimental limitations for extending the 
ultrafast spectroscopic studies in general. First, TiO 2 
nanoparticles are soluble in water only over a low 
pH range, and it is necessary to employ a stabiliza- 
tion agent such as poly(vinyl alcohol) in experiments 
above pH 3. Second, TiO 2 systems utilized most 
frequently in photocatalytic applications are not 
transparent solutions but powder or opaque suspen- 
sions. Therefore, time-resolved diffuse reflectance 
spectroscopy [10-15], in which the nonspecular re- 
flected light of a probe beam is collected instead of 
the transmitted light, is considered to be fruitful for 
analyzing the dynamics of the various TiO 2 systems. 

For instance, Colombo and Bowman recently re- 
ported the hole ejection from TiO 2 powder (P-25, 
Degussa) to SCN in an opaque aqueous suspension 
using a femtosecond diffuse reflectance spectro- 
scopic technique [10]. In their experiments, however, 
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the wavelength of the probe beam was fixed at 620 
nm, then characterization of the charge carriers was 
not provided. In order to reveal the nature of the 
transient species responsible for electron transfer, 
spectral information on the species is important and 
necessary. Furthermore, although some time-re- 
solved spectroscopic studies on the dynamics and 
kinetics of the hole transfer from excited TiO 2 pow- 
der to molecules were reported [10,11], those on 
interracial electron transfer to adsorbed molecules 
have not been examined, as far as we know. 

In the present work, we have examined a TiO 2 
powder suspension of alkaline water (pH 10) in the 
presence of MV 2÷ as an electron acceptor by means 
of femtosecond diffuse reflectance absorption spec- 
troscopy using femtosecond white-light continuum 
as a probe beam. Spectral analysis of the broad 
transient absorption bands have directly proven a 
surface electron transfer from photoexcited TiO 2 
powder to adsorbed MV z + molecules in the picosec- 
ond timescale. New features of the electron trapping 
sites and the reactivity of surface sites are presented 
and discussed. 

2. Experimental 

Colloidal solutions of TiO 2 were prepared in a 
similar manner to the published synthetic method 
[16]. The mixture of 60 ml of Ti(OCH(CH3)z) 4 
(Wako) and 10 ml of 2-propanol (Nacalai Tesque) 
was added to 380 ml of distilled deionized water for 
longer than 10 min., while stirring vigorously. Within 
several minutes after the alkoxide addition, 3 ml of 
70% nitric acid was poured into the hydrolysis mix- 
ture, still stirring vigorously. The mixture was then 
stirred for 6 h at about 80°C, resulting in a stable and 
transparent TiO 2 colloidal solution. The transparency 
suggests that the diameter of the colloids is less than 
100 nm. After cooling of the acidic solution to room 
temperature, it was neutralized by NaOH, leading to 
the formation of white TiO: powder. It was soluble 
in acidic water ( <  pH 3), resulting in a clear solu- 
tion. This means that it is an aggregate of the 
nano-sized particles. The powder was washed by 
deionized water several times, and then dried under 
vacuum for several hours. The onset of optical ab- 
sorption of the TiO 2 powder is about 390 nm, which 

agrees with the 3.2 eV band gap of anatase TiO 2 
[17]. Samples were suspended in deionized water. 
The optically scattering TiO 2 suspension of pH 10 
was stirred to guarantee uniform distribution in the 
sample cell through the experiment. The pH value 
was adjusted by adding NaOH. MV 2+ dichloride 
salt (Tokyo Kasei) was purified by recrystallization 
from ethanol. 

The details of a fs diffuse reflectance spectro- 
scopic system have been reported elsewhere [15]. 
Briefly, an excitation light source consists of a cw 
self mode-locked Ti:sapphire laser (Mira 900 Basic, 
Coherent), pumped by an Ar ÷ laser (Innova 310, 
Coherent), and a Ti:sapphire regenerative amplifier 
system (TR70, Continuum) with a Q-switched 
Nd:YAG laser (Surelight I, Continuum). The funda- 
mental output from the regenerative amplifier (780 
nm, 3 -4  mJ/pulse,  170 fs FWHM, 10 Hz) was 
frequency doubled (390 nm) and used as an excita- 
tion light source. The residual of the fundamental 
output was focused into a quartz cell (1 cm path 
length) containing H 2 0  to generate a white-light 
continuum as a probe beam. The transient absorption 
intensity was displayed as percentage absorption 
given by 

% absorption = 100 X ( 1 - R / R o ) ,  

where R and R 0 represent the intensity of the dif- 
fuse reflected white-light continuum of a probe pulse 
with and without excitation, respectively. Typically, 
the spectral data were averaged over 300 measure- 
ments. 

3. Results and discussion 

Fig. 1 shows transient absorption spectra of the 
TiO 2 powder (1.5 g / 1 0  ml) dispersed in water of 
pH 10 with and without MV 2÷. Broad absorption 
spectra extending over the whole visible region were 
observed at 0 ps up to 6 ns after excitation without 
MV 2+. To our knowledge, any transient absorption 
spectra have not been reported for TiO 2 powder in 
the present early timescale, although there are con- 
siderable numbers of spectroscopic studies for the 
colloidal solution of TiO 2 nanoparticles. These data 
can be used for assignment of the present results, 
since the powder sample is considered to be an 
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Fig. I. Transient absorption spectra of the optically scattering 
TiO 2 powder (1.5 g /10  ml) dispersed in water of pH l0 without 
MV 2+ (dotted lines) and with MV 2+ (solid lines, [MV 2+ ]=  0.7 
tool/l). Excitation wavelength is 390 nm, and excitation intensity 
is about 3 mJ /cm 2. 

aggregation of TiO 2 nanoparticles. Trapped electrons 
of  a TiO 2 colloidal solution in the presence of  
poly(vinyl alcohol) as a hole scavenger show a broad 
absorption spectrum with a maximum around 500-  
650 nm, depending on the particle size and other 
conditions [8,17,18]. From the EPR measurement, 
the trapping sites are ascribed to surface Ti 4+ cen- 
ters near or at the surface [19]. A spectroscopic study 
on platinized TiO 2 referred a broad absorption band 
centered around 450 nm to be attributed to surface 
trapped holes [20]. Furthermore, it was recently 
demonstrated for acidic colloidal solution of TiO 2 
that photogenerated conduction band electrons are 
trapped in less than 1 ps [2-5]. In the present 
spectroscopic experiment on the TiO 2 powder, both 
the transient absorption spectral shape and its time 
profiles are similar to those of  the above solution. 
Then, we believe that the present experiment of the 
TiO 2 suspension reveals the dynamics of electron 
trapping near or at the surface followed by 
electron-hole recombination. Since the electronic 
spectrum with a maximum in the visible wavelength 
region is fully developed at 0.5 ps, electron trapping 
in the powder is inferred to take place in a few 
hundred femtoseconds. 

The peak of the transient absorption spectra of the 
sample without MV2+ immediately after excitation 
is located at about 500 nm, while after 5 ps up to 6 
ns it is shifted to about 600 rim. Moreover, time 
profiles of  transient absorption consist of  a rapid 
decay component with a time constant of a few ps 
and a slow decay one of several ns, as shown in Fig. 
2. The results mean that at least two kinds of trapped 
electrons or holes, whose recombination dynamics 
are quite different from each other, are generated. 
The similar conclusion was already provided for the 
powder sample by Colombo and Bowman [4,10]. 
However, it is notable that their conclusion is based 
on the transient absorption experiment with a fixed 
probe wavelength (620 nm), and that the different 
electronic nature of  these components have been 
confirmed by our ultrafast spectral measurements. 

By adding MV 2+ (about 0.7 M) to the TiO 2 
suspension, a build-up of  a new absorption band was 
clearly observed, as show in Fig. 1. The characteris- 
tic absorption band with a maximum at 605 nm is 
safely assigned to the band of  MV ÷ (Ama x = 605 
rim, e600 om= 11000 M -  l c m -  l) [21 ]. The time pro- 
files of  the transient absorptions at 600 and 450 nm 
are illustrated in Fig. 3. The risetime of  MV ÷ was 
estimated to be about 1.8 ns. It is well known that 
multi-photon excitation of  water with a violet ultra- 
short laser pulse leads to the generation of  aqueous 
solvated electrons, hence one possible formation pro- 
cess of  MV + is a scavenging of  the solvated electron 
by MV 2÷. Also the solvated electrons may be formed 
by a direct electron injection from the excited TiO 2 
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Fig. 2. Time profiles of the transient absorption of the optically 
scattering TiO 2 powder (1.5 g /10  ml) dispersed in water of pH 
l0 without MV 2+ observed at 450 nm (r-I) and 600 nm (11). 
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Fig. 3. Time profiles of the transient absorption of the optically 
scattering T i t  2 powder (1.5 g / 1 0  ml) dispersed in water of pH 
10 with MV2+: IMV 2+ ]=  0.7 mol/ l )  observed at 450 nm (©) 
and 600 nm ( 0 ) ,  and [MV 2+ ]=0.1  mol/1 observed at 450 nm 
(z~) and 600 nm (A). 

to water. However, the absorption band of  solvated 
electrons (Area x = 720 nm, •700 n m  = 18500 
M - l  c m - 1 )  [22] was not observed. We performed a 
similar transient absorption experiment on MgO (1.5 
g / 1 0  ml) suspension with MV 2÷ (about 0.7 M), 
where MgO is a light scattering material, but no 
apparent transient absorption signal was obtained. 
Then, the contribution of  solvated electrons to the 
MV ÷ formation process is considered to be negligi- 
ble in the present experiment. We examined the T i t  2 
sample with a lower concentration (about 0.1 M) of  
MV 2+, but the risetime was independent of  the 
concentration. On the other hand, the yield of  MV + 
at 5 ns was reduced to only 60% in spite of  about 
one-order difference of  the concentration of  MV 2÷. 
Therefore, it is concluded that the formation of  MV ÷ 
observed here is attributed to a reduction of  MV 2+ 
adsorbed on the surface by the trapped electron in 
the T i t  2 powder. 

In spite of  the clear observation of  the formation 
of  MV ÷, a new decay component of  trapped elec- 
trons corresponding to the interfacial electron trans- 
fer was not found in the observed wavelength region. 
This will be explained by the following two factors. 
One is the large difference in extinction coefficients 
between the trapped electrons of  T i t  2 and MV +. If  
the extinction coefficient of  the trapped electron at 
600 nm is similar to that of  acidic T i t  2 colloidal 
solution, namely about 1200 M -~ cm -~ [18], one 
finds that this value is ten times smaller than that of  
MV 2 +. The other is eventually ascribed to the inho- 

mogeneity of  the surface nature of  the T i t  2 powder; 
namely, only a part of  the long-lived electrons can 
react with adsorbed MV ÷ molecules and the tran- 
sient absorption spectrum at 6 ns in Fig. 1 is a 
superposition of  the MV ÷ band and the transient 
absorption spectrum of the T i t  2 powder at 6 ns. 

It is notable here that besides the electron transfer 
on a nanosecond time scale, a much taster reduction 
process of  MV 2+ was observed. In the transient 
absorption spectra of  Fig. 1, the absorption of MV ÷ 
is observed 10 ps after excitation and the amount is 
comparable to that at 100 ps. There was no signifi- 
cant difference in the transient spectra immediately 
after excitation with and without MV 2+, so MV 2÷ 
reduction by the short-lived electron with an absorp- 
tion peak at 500 nm may occur, competing, with the 
rapid (a few ps) charge recombination (see Fig. 2). 
The rate constant of  the electron transfer is estimated 
to be larger than 10 ~l s -1. An interesting feature of  
the fast reduction process is the pH effect on the rate 
constant. At pH 4, while the slow formation process 
of  MV ÷ disappeared completely, the fast one re- 
mained. The pH effect on the slow reduction process 
is in good agreement with early studies on the 
photoreduction of  MV 2÷ in a T i t  2 colloidal solu- 
tion ( [ M V  2+ ] = 10 -3  M )  by Duonghong et al. [23]. 
They showed that the rate constant of  the interfacial 
electron transfer increased by more than 3 orders of  
magnitude over a pH range from 3 to 8. One of  the 
explanations is that there exists a number of  different 
reaction sites, which can transfer an electron to the 
adsorbed MV 2÷ with different time constants, at the 
surface of  the T i t  2 particles. This may be related to 
the trapped electrons with the different lifetime and 
absorption maximum as described above. However, 
it is not yet clear at present whether this difference in 
the reactivity is caused by a reduction potential of  
the trapped electrons or by the adsorption manner of  
MV 2+ on the surface and the local environmental 
condition. Detailed studies on the rapid reduction of  
MV 2+ and the pH effect are now in progress and 
will be published elsewhere. 

It is shown here that the dynamics of  trapped 
electrons in the heterogeneous T i t  2 powder could 
be characterized not only by their decay dynamics 
but also by the absorption spectrum. The present 
result is the first clear experimental evidence of  the 
interracial electron transfer from photoexcited T i t  2 
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powder to adsorbed MV 2+ molecules in an opaque 
aqueous suspension in the time region from the 
sub-picosecond to nanosecond. A spectral analysis of 
the broad transient absorption spectra using fem- 
tosecond diffuse reflectance spectroscopy has been 
proven to be powerful for investigations on the 
surface dynamics of electron transfer and electron- 
hole recombination of the heterogeneous systems in 
the picosecond to nanosecond time region. 
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