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Abstract

The present account describes how the water-splitting reaction on(PiQ5) and Pt/TiQ catalysts is traced by time-
resolved infrared (IR) absorption spectroscopy. The ac-coupled amplification of the IR signal allows detection of transient
absorbance-change as small as®l@ith a time-resolution of 50 ns. The TiGbr Pt/TiO, catalyst irradiated by a 355 nm
UV-pulse attime= 0 presents a transient IR absorption which monotonically increases in intensity with decreasing wavenum-
ber from 3000 to 1000 cr. Photogenerated electrons trapped in shallow mid-gap states are proposed to cause the absorption.
The decay kinetics of the electrons traced by monitoring the IR absorbance at 20bB@ansitive to vapor atmospheres.
The electrons recombine with the complementary holes along a multi-exponential rate law in the catalysts placed in a vacuum.
Dioxygen arriving from the gas-phase captures the electrons at delay time of 30s-f@l®bwing the UV irradiation. In the
presence of water vapor, holes in the Ti€atalyst are captured by an adsorbed reactant (probably hydroxyl species) within
2 s and the recombination is obstructed thereafter. The excess electrons cannot transfer to another adsorbate to be reduce
(probably proton) and hence reduce the catalyst itself. On the BtGa@lyst exposed to water, the electron transfer takes
place at 1Qus or later, following the hole transfer completed withip& The hole transfer on Pt/TiQs insensitive to
the pressure of water vapor whereas the rate of the electron transfer is enhanced with the increasing pressure at 1-10 Torr.
Transient response of an adsorbate vibration is also observed. The O—H stretching band of an adsorbed hydroxyl species at
3677 cnt! thermally shifted to the low-wavenumber side, when thesTeé@talyst is irradiated by the UV-pulse.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction cessively and competitively occur following the ex-
citation, i.e. trap and recombination of excited charge
A photocatalytic cycle of reactions is initiated by carriers (electrons and holes), carrier attachment to ad-
the photoinduced electronic excitation in a semicon- sorbed reactants, and reactions of the carrier-attached
ductor catalyst. A number of elementary steps suc- adsorbates to release products. The products further
react with other entities on the catalyst or in the
" Corresponding author. Tek+81-44-819-2094; ambie_znt phase_, when final prpducts are giyen via con-
fax: +81-44-819-2005. secutive reactions. Determining the kinetics of those
E-mail address: oni@net.ksp.or.jp (H. Onishi). individual reactions is demanded to promote more
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advancements in practical applications of photoin- tion on TiO, and Pt/TiQ catalysts by using the highly
duced functions such as the degradation of organic sensitive spectrometer.

pollutants[1], dye-sensitized solar cel[g], artificial

control of hydrophilicity [3], and water-splitting for

hydrogen evolutiorj4]. 2. Timeresolved IR spectrometer and catalysts
Time-resolved infrared (IR) absorption spec-
troscopy is a promising method for the kinetic anal- Fig. lillustrates our time-resolved IR spectrometer

ysis of the photocatalytic reactions. Photoexcited [7], which was made aftg]. Infrared light emitted
electrons exhibit an IR absorption monotonically from a MoSp source is focused on the sample plate
increased with decreasing wavenumkéi, while with ellipsoidal mirrors. Transmitted light is dispersed
vibrations of polyatomic adsorbates give peculiar ina grating monocrometer (JASCO) and the monocro-
bands on a spectrum. The formation and consump- matized IR output is transferred to electric signal in a
tion of the electrons, holes, reactants, intermediates, MCT detector (Kolmar). The response of the photo-
and products are thus to be traced simultaneously voltaic MCT detector determines the time-resolution
on a series of time-resolved IR spectra. Tamaru of the spectrometer to be 50 ns. The MCT output is am-
and coworkers originally demonstrated the ability of plified in ac-coupled amplifiers (NF Circuit and Stan-
this method in analyzing the kinetics of thermally ford Research Systems) and accumulated in a digital
catalyzed reactiong6]. It was, however, difficult oscilloscope (Lecroy) as a function of delay time.
to trace individual steps of a photocatalytic reac- The TiQ, and PUTIQ catalysts were prepared
tion by time-resolved IR spectroscopy. The quantity with TiO4, a standard Ti@ catalyst supplied by the
of photogenerated carriers and chemical species isCatalysis Society of Japaj®], generally known as
often limited far below the detection threshold of Degussa P-25. Platinum particles of 1 wt.% were pho-
standard Fourier-transform spectrometers —(10n todeposited from a pPtCl aqueous solution when
absorbance). desired. The catalyst powder was fixed on a £aF
We construct a time-resolved IR spectrometer with plate with a density of 2mgcnt. The plate was
an improved sensitivity to override the difficulty. Tran- placed in a stainless steel cell, in which the catalyst
sient absorbance-change as small af19detectable  was calcined at 573 K in a 20 Torr,@tmosphere for
over a wide range of wavenumber (4000-1000¢m hours prior to each measurement at 323 K.
with a time-resolution of 50 ns. The present account The catalyst on the plate was irradiated by the
describes what we found in the water-splitting reac- third harmonic light of a Q-switched Nd:YAG laser

SHG | THG —NM
Nd:YAG laser
IR source
monochromator cell
f=500 mm
MCT
¥ 355-nm light

ac-coupled amplifier

oscilloscope PC

Fig. 1. The diagram of the time-resolved IR absorption spectrometer for kinetic measurements on photocatalysts.
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(Spectron). The wavelength, time width, and en-
ergy of the pump pulse were 355nm, 10ns, and Ons

3-12mJpulsel. The diameter of the irradiated spot |0.002
on the plate was 6 mm. Transient absorbance-change 0

. ) 100
as small as 1 was detected by signal averaging ﬂ:w/
of 300 flashes at 0.1-1 Hz. The absorbance responses

(0]
observed as a function of delay time were translated § 0 10us
to transient absorption spectra at different time delays. ‘é M
(%]
g0
< 1ms

3. IR absorption by photoexcited electrons M/

0
When the TiQ catalyst was irradiated by the 100 ms
355nm (3.5eV) pulse, structureless IR absorption X20
temporarily appeared as shownHig. 2 [10] The ab- 0 : : ' '
sorbance monotonically strengthened with decreasing 3000 2000 1000
wavenumber from 3000 to 1000 cth extending be- Wavenumber / cm™!

yond the low-wavenumber limit of the spectrometer. Fig. 3. Transient IR absorption spectra of the PtATi€atalyst
Irradiation by 532nm (2.3eV) or 1064nm (1.2eV) iradiated by the 355nm pulse of 7mJ. Five spectra recorded
light of the same pulse energy brought no response. at delay times of 0, 100ns, 1, 1 and 100ms are displayed.
The electronic excitation across the band gap (3eV) ©Observed data and fitted curves are shown f{ain

caused the transient IR absorption. Transient ab-

sorption of a similar spectrum was observed on the three orders of magnitude. The fitted curves are shown
PUTIO, catalyst[7]. Fig. 3 shows transient spectra jn Fig. 3

obtained on Pt/Ti@at five time delays. The observed  Fig, 4jllustrates probable mechanisms of the IR ab-
absorbance-changegbs) curves are fitted to a sim-  sorption by electrons photoexcited in the conduction-

ple function of the wavenumber of IR lightwith a  pand (CB). Monotonic absorption of IR light is often
constantA,
_ ax—15
Aabs= Av ) conduction band (CB)
The fit is good in the entire range of time delays ex- _ f
amined, while the absorption intensity changes near (@) IR abso'pt'on.
Ous f (b) IR absorption
AEtrap-CB{ 1 tr;ﬁ\
81 e mid-gap state —
?
o -
> 1us UV excitation
(]
C 4 4
g 2 us
g | 5us
'8 10 us @ valence band (VB)
< 20 us
0 100 ps
3000 2500 2000 1500 1000
Wavenumber / cm-1 Fig. 4. Optical transitions of the electrons excited in Fiased
) ) ) ] ) ) catalysts. (a) The intra-conduction-band (CB) transition of a
Fig. 2. Transient IR absorption spectra of the Ficatalyst irradi- free electron, and (b) the trapped-electron excitation to the CB.

ated by the 355 nm pulse of 7mJ. Seven spectra recorded at deIayAEmjlp_CB represents the gap between the mid-gap state and the
times of 0, 1, 2, 5, 10, 20, and 198 are displayed fronfil0]. CB.
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observed on semiconductors and assigned to the op- Holes are created in the valence band (VB) comple-
tical transitions of charge carriers. Route (a) is the mentarily to the electrons. However, the free hole tran-
intra-CB transition of free electrons. Free electrons sition in the VB, or the hole transition from mid-gap
give absorption characterized by a monotonic spec- states to the VB is less probable to produce the IR
trum formulated inp~1-°, when the momentum re-  absorption observed. Adsorbed hydroxyl species are
quired for the intra-band transition is provided by thought to trap the holes and the energetic depth of
acoustic phonons,11]. Although the free electrons the trapped holes to the VB is reported to be 1.5eV
are trapped at mid-gap states within picosecdthég [13]. This energy gap is too large to be thermally over-
itis a reasonable assumption that a finite fraction of the ridden at 323 K. The direct optical transition from the
trapped-electrons are thermally excited to the CB. The 1.5 eV-deep states to the VB cannot absorb the mid-IR
thermal energKT at the sample temperature (323 K) is light, either.
0.03eV. This is comparable to the reported ionization ~ We thus propose that the electrons photoexcited and
energy of the trap state#\Eyap-cs, around 0.05eV  trapped in shallow mid-gap states can be quantified
[13]. by the monotonic absorption of IR light, though iden-
Another mechanism is the optical transition of the tifying the contribution of the possible transitions to
trapped-electrons to the CB, route (b). This is a paral- the observed absorption is difficult. The kinetics of the
lel process to the transition from a donor level to the electrons consumed in the recombination with holes
CB in a n-type semiconductofs]. In this scheme, the  or in the reactions with adsorbates is traced in the de-
energy of the absorbed photon is larger than the ioniza- cay of the IR absorption.
tion energy of the trap)Egap-cg. The intense absorp-
tion observed at 1000 cm suggests that the ioniza-
tion energy is less than 0.1eV in our catalysts, being 4. Electron—hole recombination kinetics
consistent to the reported value of 0.05E\3]. One
more possible mechanism that the excited electrons The photoexcited electrons and holes recombine in

scatter, not absorb, IR light is also pointed §l#]. the catalysts placed in a vacuufrig. 5 shows the
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Fig. 5. The decay curve of the monotonic IR absorption on P{Ti€diated by the 355nm pulse of 7mJ at tiree0. The transient
absorbance measured at 2000¢nis shown. Segments (a—d) present the results separately observed on time scales of 0-&s,0—-100
0-5ms, and 0-0.5s. Observed data and fitted curves are plotted as a function of time delay Hased on
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decay of the electrons in Pt/TiQtraced by the IR
absorbance at 2000crh The shape of the decay
curves was insensitive to the UV-pulse energy ranging
from 5 to 9 mJ. This strongly suggests the first-order
kinetics of the decay. The curves kig. 5 are hence
fitted to a multi-exponential function, and six life
times of 1x 1077, 2 x 107, 5x 1075, 9 x 1074,

1 x 1072, and 3x 10! s are obtained7]. To inter-
pret the first-order decay, electron—hole pair concen-
tration is assumed less than one pair per one;TiO
particle, and carrier transfer among BiQarticles is
ignored.

5. Reaction-induced decay kinetics of electrons

In the following sections, we focus on the reaction-
induced decay kinetics of the trapped-electrdétig. 6
shows the decay of the electron absorption of the,TiO
catalyst exposed to a 10 Torp@tmosphere. The de-

89

with dioxygen arriving from the gas-phase,

O+e — 0. (2)

The characteristic time of the reaction is estimated
at tens of microsecond by comparing the two curves
in Fig. 6. The order of the characteristic time is
consistent with previous reports on electron transfer
at TiO, surfaces[1]. The observed reactivity of the
trapped-electrons is reasonable, when they are local-
ized at Ti atoms exposed to the surface. Even if the
electrons are trapped at bulk sites inaccessible by
the oxygens, they are thermally excited to the CB as
proposed inSection 3and delocalized over the T{O
particle until captured.

A hole-capture reactant also affects the electron de-
cay curveFig. 7 presents water-induced decay kinet-
ics observed on the T By exposing to 10 Torr bO,
the electron decay is almost prohibited at delay times
of 2 s or later. This deceleration of the decay is as-
cribed to the quenching of the holes by water-induced

cay is accelerated in the presence of oxygen at time 5gsorbates. A reaction with a hydroxyl anion,

delays of 10-10@.s, while being independent of the
gas-phase composition at Og:5. The oxygen-induced
quench of the electrons is ascribed to the reaction
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<
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Time / us
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Fig. 6. The transient IR absorption intensity observed on,TiO
irradiated by the 355nm pulse of 7mJ at time0. Two response

OH™ +h' — OH°, @)
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Fig. 7. The transient IR absorption intensity observed on,TiO
irradiated by the 355 nm pulse of 7mJ at time0. Two response

curves were determined in the presence and absence of a 10 Torrcurves were determined in the presence and absence of a 10 Torr

O, atmosphere. The transient absorbance measured at 2080 cm
is plotted as a function of time delay of (a) O5 and (b) 0-90@.s
based or{10].

H,0 atmosphere. The transient absorbance measured at 2080 cm
is plotted as a function of time delay of (a) Ox5 and (b) 0-90Q.s
based or{10].
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is thought as the initial step of the photooxidation of 6. Water-splitting reaction on Pt/TiO»

water[1]. Holes to recombine with the electrons are

exhausted when reaction (3) is completed. Exposureto  Platinized TiQ is known as a photocatalyst for the
methanol vapof15,16}, a more effective hole-capture  stoichiometric water-splitting reaction. We expect that
reagent than water, caused a more serious obstructionboth the hole-capture step (3) and the electron-capture
of the recombination. The constant IR absorbance at step (4) of the reaction are traced on the IR decay
2ps or later indicates that water vapor cannot con- curve. Fig. 8 shows decay curves of Pt/TiOn the
sume the electrons remaining on the catalyst. This absence and presence of water vafid]. Expo-

agrees with the inability of the Pt-unloaded Bith sure to 10 Torr HO causes the hole-capture reaction
the water-splitting reaction. The reduction step of the and decelerates the decay at :s2on Pt/TiQ. The
splitting, water-affected curve ifig. 8(a)reproduces the curve
H* + e — 3H, )

- (a)
requires the addition of Pt. The excess electrons ac- g 107
cumulate in the catalyst and reducé™Tications. The 3 10 Torr HpO
TiO» catalyst changed from white to blue when irra- S 1073
diated by 355 nm pulses for several hours in the pres- §
ence of water, as a result. 1074 vacuum

These results demonstrate that the trapped-electrons
observed by IR absorption are reactive to adsorbates. A
hole-capture reaction as well as an electron-capture re-
action controls the decay of the electrons via the com- (0)
petition with the recombination reaction. On the other 2y
hand, previous studies on an n-CdSe single crystal 10 L\ vacuum
1073,

o 2 4
Time / us

[17] and TiQ particles[18] revealed that the adsorp-
tion of gas-phase reactants affects the recombination
via bending the bands. Photoluminescence (PL) inten- 10 Torr HO

sity on TiO, was diminished by the exposure t@ O o 400 800
gas[18]. Adsorbed dioxygen molecules capture elec- Time / us

trons regardless of UV irradiation to make a depletion
layer in the substrate. The space charge layer enhances
the intrinsic bend upward to the surface and promotes
efficient separation of photogenerated electrons and
holes. The PL via the radiative electron—hole recom-
bination is thereby suppressed. This scheme predicts
an increased population of the photoexcited electrons
in an oxygen atmosphere. Adsorbed water, an electron .
donor, relaxed the upward bend in Ti@nd increased 0 400 1000

the rate of recombinatiofi8]. In our Figs. 6 and 7 Time /a.u.

the exposure to oxygen or water vapor increases or Fig. 8. The transient IR absorption intensity observed on PHTiO

decreases the rate of electron decay being opposite tOradiated by the 355nm pulse of 7mJ at timed. Two response
the prediction of the band-bend picture. We propose curves were determined in the presence and absence of a 10 Torr
that the carrier separation driven by the bent band no H,0 atmosphere. The transient absorbance measured at 2060 cm
longer determines the decay kinetics at 50 ns or later IS Plotted as a function of time delay of (a) 0+5 and (b) 0-90Q.s

. from [10]. Numerically simulated decay curves of electrons and
when the electrons and h_OIes are localized at traps’holes are shown in (c). Curve a: total electron quantity in a vacuum,
whereas the bent band drives free electrons and freecyrve b: total electron quantity in a water vapor atmosphere, and

holes to separate in picoseconds. curve c: total hole quantity in the water atmosphere.

Aabsorbance

1 4 (c)

Amount of carriers
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of TiOy, shown inFig. 7(a) indicating that Rt parti- dez - h2] = —(ko + K} + kp[ea - ha)., (16)
cles do not affect reaction (3). The other important dr

feature of the water-induced curve of Pt/3i@ the d ]
enhanced decay at 10-9@8. Two curves obtained e1+e] /
in the presence and absence of water cross each other  dr = Ka(lew - hal + [e2 - hal) = kgles + ez,
at 200us. This makes a clear contrast to the decay a7)
on the TiQ catalyst shown irFig. 7. We ascribe the d[hy + ko) ) )
enhanced decay to the electron-capture reaction (4) — = ka([ex - h1] + [e2 - h2]) — ky[ha + h2],
activated by the Pt particles. (18)

A simple kinetic model qualitatively reproduces the
cross of the electron decay curves; the recombination where the large concentration oftfHand OH" is

reaction is represented with two components, assumed constanks’ and k4’ replaceks[H™] and
Ky ka[OH™].
e1-hi—hv andor A, ) Panel (c) ofFig. 8illustrates numerical solutions of
by the rate equations. The initial condition of the vari-
e2-ho—hv andor A. (6) ables is g1 - h1] = [e2 - ho] = 0.5 and p1] = [e2] =

[~1] = [h2] = O at time= 0. To simulate the decay

in the vacuum, the rate constants are sétat 0.01,

k2 = 0.0001, andk; = k, = 0. Curve a shows the to-

tal electron populationgfota)] = [e1-h1] +[e2 - ho] +

[e1] +[e2], as a double-exponential decay governed by

ki andko. Inthe presence of water, a rapid hole-capture

e1-hy+ H+£3>h1 4 %Hz, @) with k;, = 0.1 and a slow electron-capture wikh =
0.002 occur. Curve b presentgdi4] calculated on the

e1-hy andey-hy are Pt/TiQ particles which contain an
electron—hole pair. The pair ig;-h; (e2-hp) recom-
bines on the first-order law with a rate constingks).
The electron-capture reaction by a proton is explicitly
formulated as,

k3 1 water-affected constants. Curves a and b make a cross
chy +HTShy 4+ SH 8 - .
e2- Az +H" =2+ FH2, ®) and qualitatively reproduce the experimental obser-
kg vation in panel (b). The total concentrat'ion qf holes,
et H™=3Hs, O ol = [e1- hal + ez - hal + [ha] + [hz], is quicKly

Lk g reduced to zero as shown by curve c. The holes to
e2 +H"=3Ha, (10) recombine with the electrons are exhausted in the re-
actions with OH, and the remainder electrons react

with HT on a single-exponential kinetics determined

by k3'. Consequently, the magnitude of the rate con-
stants should follow the order,

wheree; (e2) andh; (hp) represent particles containing
an electron and a hole, respectively. The second-order
rate constantks, is fixed in the four reactions. The
hole-capture reaction by a hydroxyl anion,

ke ky > k1 > k3 > ko, (19)
e1-h1+ OH e 4+ OH°®, (112)
to reproduce the cross.
gz.h2+OH—ﬁ‘>g2+OHo’ (12) 'I.'h.e oxidati_on and reduction steps in the water-
splitting reaction are thereby distinguished along the
hi+ OH*EOH', (13) reaction time. Photogenerated holes quickly oxidize
water within 2us, whereas the electrons reduce wa-
ho + QH—E‘)OH-7 (14) ter at 10-90@ws. There are several possible reasons

for the hydroxyl oxidation preceding the proton reduc-
is similarly assumed. The rate constdat,is fixed for ~ tion. Holes in the VB of TiQ are thermodynamically
the four reactions. The following rate equations are helow the G/H,0 redox potential by 2 eV, while elec-
derived on the model, trons in the CB are above thetfH, potential only by
dles - h1] , , 0.1-0.2 eM1]. The large drop for the hole transfer fa-
—q = atkstkyler-hl. (13)  vors the oxidation step. The intrinsic upward bend of
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Fig. 9. The transient IR absorption intensity observed on Pi/Tifadiated by the 355 nm pulse of 7mJ at timed. The response curves
were measured in the presence of a water atmosphere at 0, 1, 5, or 10 Torr. The transient absorbance measured hti2@0tterd
as a function of time delay of (a) O¢% and (b) 0-90Q.s based orj19].

the VB can also drive holes to the surface and promote 7. O—H vibration on UV-irradiated TiO;
reaction (3). Proton migration from the Ti@ubstrate
to Pt particles may delay reaction (4). Infrared spectroscopy possesses an advantage of
The hole-capture reaction showed no pressure de-observing molecular vibrations, as mentioned in In-
pendence of water vapor. The electron decay curvestroduction. In this last section, the transient response
obtained at 1, 5, and 10 Torr of water vapor are iden- of O-H stretching bands is examing20]. Fig. 10
tical at 0-5us in Fig. 9 [19] This indicates that the  shows the transient IR spectra of the Zi@atalyst
adsorbates to capture the holes are saturated on theopumped by the 355nm pulse in a vacuum. The ab-
catalyst surface exposed to the 1TorpQH atmo- sorbance at 3696cm is decreased while that at
sphere, and supports the accepted proposal that hy-3654cm® is increased upon the UV irradiation.
droxyl anions react with the holes in the initial stage These features are recovered within 100 ms. The ab-
of the water-splitting reaction. On the other hand, sorption of the non-irradiated catalyst observed by
the electron-capture reaction observed at 1040 a standard FT-IR spectrometer (JASCO) is inserted
exhibits a positive dependence on the water pressure.in the figure for comparison. Bands at 3740, 3691,
The positive order suggests that physisorbed water 3677, 3664, and 3640 cm are of the O-H stretch-
species enhance in the electron-capture reaction. ing mode of different hydroxyl specig21,22] The
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Fig. 10. Transient IR absorption spectra of the hydroxyl species
on the TiQ catalyst irradiated by the 355nm pulse of 7mJ at
time = 0. Six spectra recorded at time delay of 1, 2, 5, 10, 20,
and 50 ms are displayed frof20]. The steady-state absorption of
the hydroxyl species observed by a FT-IR spectrometer is inserted
in the upper panel.
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sorption assigned to photogenerated electrons trapped
in shallow mid-gap states. The decay kinetics of the
electrons is sensitive to vapor atmospheres and traced
by monitoring the IR absorbance at 2000c€mThe
electrons recombine with the complementary holes
along a multi-exponential rate law in a vacuum. On
the PU/TIQ catalyst exposed to water vapor, photo-
generated holes react with an adsorbate to be oxidized
(probably hydroxyl species) within2s following the

UV irradiation, whereas photogenerated electrons are
transferred to another adsorbate to be reduced (prob-
ably proton) at 1Qus or later. The hole-capture step

is insensitive to the pressure of water vapor while the
rate of the electron-capture step is enhanced with the
increasing pressure. The O-H stretching band of an
adsorbed hydroxyl species at 3677 cmthermally
shifted to the low-wavenumber side, when the iO
catalyst is irradiated by the UV-pulse.

We believe that time-resolved IR absorption spec-
troscopy provides a general way of monitoring ex-
cited charge carries and chemical species relevant
to photocatalysis, because conduction-band electrons
absorb mid-IR light in a broad range of semiconduc-
tors [5]. Another advantage of this IR-based method
is freedom from scattering of probe light, which often
cause a problem in visible spectrometrypoh-sized
particles. Indeed, NaTafbased catalysts, which
achieve an excellent quantum efficiency (>50%) in

time-resolved spectra indicate that the UV irradiation the water-splitting reactiof23], present IR absorp-
temporarily affects some of the hydroxyl species. De- tion of a similar spectrun{24]. The spectrometer
tailed analysis of the transient spectra revealed that acombined with a liquid cell is capable of observing
temperature jump triggered by the irradiation causes Photochemical responses at piSolution interfaces
a small shift of the band at 3677 cth The hydroxyl ~ [25]. It is now ready to examine various photocat-
radical assumed in reaction (3) are absent in the spec-alysts including thin TiQ films useful in practical
tra. Its residence time or population may be beyond applications[26], multi-component oxides aimed at

the time-resolution or sensitivity of our spectrometer. Utilizing the full spectrum of the solar ligh27-29]
etc. The degradation of organic pollutants like al-

cohols, aldehydes, phenols, carboxylic acids, and

nitriles is another important object of future study.

Identification of short-lived reaction intermediates by
The present account describes how the water- their vibrations is highly demanded as a result of the

splitting reaction on the Ti® (P-25) and PUTiQ time-resolved IR spectrometry.

catalysts is traced by time-resolved IR absorption

spectroscopy. The ac-coupled amplification of the IR

signal allows detection of transient absorbance-change Acknowledgements

as small as 1 with a time-resolution of 50 ns. The
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8. Summary and prospects
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