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Abstract

Time-resolved photoacoustic spectroscopy (TRPAS) has been employed to probe directly the trap state energetics of
photogenerated electrons in nanocrystalline colloidal titanium dioxide dispersed in aqueous solution. Deconvolution of
the photoacoustic signals obtained following bandgap excitation allowed for separation of components associated with
conduction band electron trapping, trapped electron—hole recombination, and a slower recombination step. The results
indicate that the lifetime of the electron—hole pair is on the order of 25 ns with about 60% of the trapped electrons
recombining on this time scale. The electron trapping sites were determined to lie, on average, 0.8 eV below the
conduction band edge. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Nanocrystalline titanium dioxide semiconduc-
tor systems with large effective surface areas, and
consequently, high densities of surface states have
been the subject of extensive investigation because
of their promise in photovoltaic [1-5], photocata-
Iytic [6,7], and battery applications [8]. The effi-
ciencies of these materials in photovoltaic and
photocatalytic applications depend strongly upon
the trapping and recombination energetics and
dynamics of photogenerated charge carriers, i.e.,
electrons and holes. We reasoned that if the per-
tinent trap state lifetimes exceeded ca. 10 ns, time-
resolved photoacoustic spectroscopy (TRPAS)
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might offer a particularly direct way of evaluating
their energetics. Briefly, TRPAS involves the rapid
deposition of energy into a system, generally via
pulsed laser excitation, and the subsequent release
of energy as heat that is detected as a pressure
wave by a piezoelectric transducer [9-11]. If the
heat release involves system relaxation through a
well-defined and thermally equilibrated interme-
diate state, and if the heat-release dynamics can be
appropriately deconvoluted, the enthalpy content
of the intermediate state, with respect to the
ground state, can be quantitatively evaluated.
For colloidal TiO,, electron traps can be rapidly
populated by several means including dye injec-
tion, pulse radiolysis, and bandgap excitation.
Here we have focused on the bandgap approach:
the absorption of a UV photon creates an
electron—hole pair by promoting an electron from
the valence band to the conduction band; the
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electron is then rapidly (<500 fs) [12,13] trapped at
a Ti*" surface site [14] (see Scheme 1). Hole trap-
ping takes place at surface OH™ sites [15-17] and is
known to occur on a much longer time scale,
presumably due to the larger effective mass of the
hole versus the electron [12,18]. It should be noted,
however, that Serpone et al. [19] have reported
that the transient spectrum of the trapped hole is
fully developed within 30 ps. It is generally ac-
cepted that at high electron-hole pair concentra-
tions the trapped electron recombines with a free
or trapped hole following second-order kinetics,
although the recombination rate constants re-
ported from different labs for differing TiO,
preparations disagree [12,18,20-22]. Additional
studies indicate that recombination reaction has
two components: a fast picosecond process and a
slower process occurring at times greater than 20
ns. The idea of dynamically distinct shallow and
deep-trapped states has been advanced to account
for the results [13,23]. For 12 nm diameter TiO,
particles, under conditions of low charge carrier
occupancy, Rothenberger et al. [18] report that the
electron—hole recombination process is first order
with an electron—hole pair lifetime of 30 + 15 ns —
a time scale compatible with TRPAS based on
piezoelectric detection of pressure waves in the
time domain. Recently, Stopper and Dohrmann
[24] published the results of time-resolved
photoacoustic measurements on 2.4 nm colloidal
TiO, particles in aqueous solution. Deconvolution
of the sample signal unveiled that about 88% of
the absorbed energy were released promptly
(within the time response of the instrument) while
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Scheme 1.

12% were stored for at least 2 ps. The latter was
attributed to the fast formation of long-lived
OH,,,, and OH, ., radicals in oxygenated aque-
ous solution of nanocrystalline TiO,. We focus
here, however, on processes occurring on a shorter
time scale in oxygen-free solutions — our interests
being trap state energetics, rather than radical
product formation.

We describe below the application of TRPAS to
the problem of electron trap state energies at the
colloidal TiO,/aqueous solution interface. It
should be noted that the energetics of electron trap
states of various TiO, electrodel/solution interfaces
have been evaluated by a variety of experimental
methodologies. For example, for n-type single-
crystal rutile electrodes, trap sites have been shown
by impedance measurements to lie 0.8 eV below
the conduction band edge [25]. For the (001)
surface of a highly doped n-type TiO, crystal, a
trap depth of 0.3 eV has been derived using scan-
ning tunneling microscopy [26]. For a nanocrys-
talline TiO, electrode consisting of sintered
anatase particles with an average diameter of 15
nm, the dependence of the charge accumulation
rate constant on the initially applied potential has
been used to infer the existence of an intraband
state about 0.7 eV below the conduction band edge
[27]. Subsequent spectroelectrochemical investiga-
tions of nanocrystalline TiO, electrodes prepared
from Degussa P25 particles indicated the presence
of traps at ca. 0.5-0.6 eV below the conduction
band edge [28]. Similar studies of electrode films
composed of small anatase particles showed that
traps are present at about 0.5 eV below the con-
duction band edge [29]. While these findings offer
very useful points of reference, none of the corre-
sponding methodologies is applicable to colloidal
semiconductor/solution interfaces. We find that
the photoacoustic technique can provide kinetic
and thermodynamic information on the transients
associated with the population and depopulation
of electron traps.

2. Experimental

Colloidal titanium dioxide (average particle size
ca. 5 nm) was prepared via the acidic hydrolysis of
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titanium isopropoxide (Aldrich) using published
methods [30]. The initially prepared solution was
then diluted with acidified water (pH=2) to
achieve a particle concentration of ca. 3 uM.
Samples were purged with solvent-saturated argon
prior to the experiments. All experiments were run
with unprotected sols at pH =2. The absorbances
of a reference compound, Na,CrO, (98%, Ald-
rich), and a sample were adjusted to identical
values (£3%) — generally about 0.3 at 355 nm. The
minor contribution of light scattering to the ex-
tinction spectrum of the nanocrystalline colloidal
TiO, solution was taken into account.

In the photoacoustic setup, sample excitation
was achieved by using the third harmonic of a Q-
switched mode-locked Nd:YAG laser (355 nm, 10
Hz) featuring a pulse width of 250 ps [31]. The
excitation beam was collimated and then passed
through a rectangular slit (0.3 x 5 mm). This
permitted transient lifetimes as brief as ca. 20 ns
and as long as roughly 1000 ns to be resolved. Part
of the beam was directed into a photodiode used as
an energy reference. Signal detection was accom-
plished using a 10 MHz piezoelectric transducer
(V111-RM, Panametrics) that was affixed to the
wall of a 1 cm quartz cuvette. Signals were am-
plified with a preamplifier (Panametrics, model
5670) interfaced to a LeCroy 9450 350 MHz os-
cilloscope connected to a PC. All experiments were
carried out with laser fluences that were sufficiently
low (ca. 15 pJ/pulse) to yield a zero-intercept linear
variation of the photoacoustic signal amplitude
with pulse energy. The signal amplitude was op-
erationally defined as the difference between the
first maximum and the first minimum of the ex-
perimental waveform. Sound Analysis version
1.31A software (Quantum Northwest, Spokane,
Washington) was utilized for data analysis.

3. Results and discussion

Fig. 1 shows an example of the photoacoustic
waveform obtained upon bandgap excitation of
the nanocrystalline TiO,/aqueous solution sample
at 24°C. The signal generated by the sodium
chromate reference solution is shown for com-
parison. A best-fit simulation curve and the cor-
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Fig. 1. Photoacoustic signals for the reference Na,CrO, (solid
line) and nanocrystalline colloidal TiO, sample (dashed line) in
aqueous solution at 24°C, together with a simulation curve
(dotted line).

responding residuals are also shown. From the
simulation via a standard deconvolution proce-
dure [32] were extracted the lifetime, 7;, and signal
amplitude, ¢,, corresponding to each of ith decay
processes following photon absorption. In this
analysis, the sample waveform was treated as a
convolution of the rapidly relaxing reference signal
(used as an instrument response function) and a
multiexponential decay that describes evolution of
the sample signal in time. In order for the reference
signal to be employed quantitatively, it is impor-
tant that the reference compound release all of its
excitation energy promptly in the form of heat
[10]. For the analysis here, the deconvolution of
the experimental sample waveforms yielded a two-
component fit with 7, always being less than 1 ns
and 1, being on the order of 25-30 ns. In addition,
signal deconvolution revealed that not all of the
excitation energy was released within the time
window accessible by deconvolution analysis;
some of it was stored in a longer-lived species. This
third component decayed sufficiently slowly (7 >
1000 ns) to be ignored in the deconvolution.

The fastest process revealed by deconvolution
analysis is attributed to conduction band electron
trapping, in agreement with the generally accepted
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concept of the prompt (hundreds of femtoseconds)
electron trapping process. Fixing this parameter at
any value between 1 fs and 1 ns produced similar
amplitude values. Consistent with the report by
Rothenberger et al. [18] we assign the second
component to recombination of the trapped elec-
tron and delocalized hole. The origin of the third
component is less clear, although its existence has
been documented previously [12,18]. One expla-
nation is that scavenging of either the electron or
the hole occurs — for example, by adventitious
impurities such as traces of dissolved oxygen or by
the solvent itself — leaving the remaining charge
orphaned on the particle until a second scavenging
event occurs. Under different conditions (air-sat-
urated solutions), Stopper and Dohrmann [24]
have noted in their photoacoustic work that
photogenerated holes may oxidize water and
trapped electrons may reduce dissolved oxygen to
yield, respectively, OH,,, and OH, . In any
case, we will focus the remainder of the analysis
and discussion on the process associated with 1.

From a knowledge of the laser energy, laser
beam geometry, and sample concentration we es-
timate that on average about 0.8 photons are ab-
sorbed per particle. Assuming that every absorbed
photon generates one electron—hole pair, 0.8 pairs
are created per colloidal particle. This value is
sufficiently small to satisfy the condition for simple
first-order charge recombination kinetics previ-
ously described by Rothenberger et al. [18]. In-
creasing the laser fluence in photoacoustic
experiments resulted in an inability to describe the
decay data satisfactorily with a two-component fit.
This was expected since sufficiently high laser flu-
ences will produce a large enough number of
charge carriers per particle to induce second-order
kinetics and an acceleration of the recombination
process [18]. This in turn yields recombination
rates that exceed the time resolution of the
photoacoustic setup.

TRPAS experiments involve measuring the
time-evolving pressure wave produced by the ex-
pansion or contraction of the medium as a result
of heat release via nonradiative excited state re-
laxation. In addition to the thermal changes,
sample pressure waves also contain contributions
from changes in reaction volume induced by the

chemical or structural changes in the system. The
separation of these two components can be ac-
complished by recognizing that the magnitude of
the thermal part of the signal, unlike the reaction
volume change component, depends on the ther-
moelastic properties of the medium — specifically,
the ratio C,p/f, where C, is the heat capacity, p the
mass density, and f is the thermal expansion co-
efficient of the solvent. In the experiments de-
scribed here, advantage was taken of the strong
temperature dependence of the thermal expansion
coefficient for water, and the desired terms were
separated on the basis of acoustic transient mea-
surements over the temperature range of 10-24°C.

To obtain the total enthalpy change, AH;, and
the reaction volume change, AV}, corresponding to
the ith excited state decay, the following equation
was employed [10]:

E;¢; = PrAHg; + Pr ;AVr ;i (%)
:AH’*AVZ‘(%) (1)

In the equation, E; is the excitation energy (337 kJ/
mole at 355 nm), and @g;, AHg;, and Alg; are the
quantum yield, the enthalpy and the volume
change for the ith step. Fig. 2 shows the decon-
voluted photoacoustic amplitudes as a function of
the thermoelastic properties of the solvent plotted
according to Eq. (1). The values obtained from the
linear fit intercepts and slopes are: AH; =90 kJ/
mole; AH, =154 klJ/mole; AV;=2.9 ml/mole;
AV> =-1.7 ml/mole. The AH, =90 kJ/mole value
represents the amount of heat released upon
trapping of the photogenerated electrons occur-
ring on the femtosecond time scale. Given this
information, the total enthalpy content of the
trapped states, i.e., both the short (25-30 ns) and
much longer-lived components, can be calculated
as follows:

E;, — AH,
g ’

where ¢, is the electron trapping efficiency. As-
suming ¢, is close to unity, AH,, = 247 kJ/mole or
2.5 eV relative to the valence band edge. Ignoring
entropic effects, this analysis indicates that electron

AH, = (2)
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Fig. 2. Deconvoluted photoacoustic amplitudes E; ¢, (open circles) and E; ¢, (filled circles) as a function of thermoelastic parameters
of the solvent (Cpp/B) (see Eq. (1)). The experimental temperatures from left to right are 24°C, 19°C, 16°C, 13°C, and 10°C.

trap sites lie, on average, about 0.8 eV below the
conduction band edge; this finding is consistent
with the electron trapping energy values obtained
earlier for the single-crystal rutile electrodes and
nanocrystalline TiO, films [25,27]. Using a value
of AH, =154 klJ/mole, which represents the heat
release corresponding to the faster electron—hole
recombination process, and assuming that all trap
sites have similar energies, we can estimate that
approximately 60% of the electrons recombine
on the 30 ns time scale, while 40% of the elec-
trons live longer than about 1 ps (the long-time
resolution limit of the experiment as currently
configured).

Photoacoustic experiments also report on vol-
ume changes (see Eq. (1)). AV} is associated with
the initial fast vibrational cooling/phonon relax-
ation, charge separation, and electron trapping
steps, while AV, describes the recombination pro-
cess. The reaction volume change is related to the
entropy change associated with a particular
photoinduced reaction process [33,34]. Although
quantitative conclusions on the entropy changes
cannot be drawn based on the AV values obtained,
qualitatively we can say that they have the same
sign. If the reaction volume changes are attributed
primarily to solvent electrostriction phenomena,
the combined cooling, charge separation, and
electron trapping steps are accompanied by a net
expansion of the solvent around the TiO, particle
and an entropy increase, while the charge recom-

bination step induces solvent contraction and an
entropy decrease.

Finally, we have recently found that the TRPAS
technique is also applicable to dye-sensitized reac-
tions at metal-oxide semiconductor/solution inter-
faces. We hope to report shortly on these studies.

4. Conclusions

The TRPAS has been applied to the electron
transfer reaction at the solid/liquid interface to
evaluate directly the trap state energetics of
photogenerated electrons in nanocrystalline col-
loidal titanium dioxide dispersed in aqueous so-
lution. The electron trapping sites have been
shown to be present at about 0.8 eV below the
conduction band edge. Deconvolution of photo-
acoustic signals indicated that approximately 60%
of trapped electron—hole pairs recombine on the
time scale of about 25 ns, while 40% of the elec-
trons live longer than about 1 ps.
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