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Abstract

Photoacoustic spectroscopy (PAS) is a technique to mea-
sure photoabsorption by measuring the intensity of sound
generated by the photoabsorption of chopped or modu-
lated, i.e., continual light by a sample, but not by measur-
ing the intensity of light reduced by the sample
photoabsorption as is in the ordinary photoabsorption
spectroscopy. Therefore, PAS is one of the best techniques
or even only sole one to measure photoabsorption by solid
materials such as particulate photocatalysts. Another fea-
ture of PAS is that photoirradiation of continuous light,
even at the same wavelength of continual light for
PA signal detection, does not give any influence on the

B. Ohtani (D<)
Institute for Catalysis, Hokkaido University, Sapporo, Japan
e-mail: ohtani@cat.hokudai.ac.jp

© Springer Nature Switzerland AG 2022

12

photoabsorption measurement. This enabled to develop
double-beam photoacoustic spectroscopy (DB-PAS), in
which two beams, wavelength-scanned modulated light
and continuous light which induces photoinduced reaction
or change of solid materials, are irradiated to a sample and
photoinduced change in photoabsorption of a system. In
reversed double-beam photoacoustic  spectroscopy
(RDB-PAS), wavelength-scanned continuous light and
monochromatic continual light are irradiated to follow
the change in photoabsorption at the wavelength of con-
tinual light induced by wavelength dependent photoin-
duced reaction.

Keywords

Photoacoustic spectroscopy - PAS - Double-beam
photoacoustic spectroscopy - DB-PAS - Reversed double-
beam photoacoustic spectroscopy + RDB-PAS - Energy-
resolved distribution of electron traps - ERDT -
Identification of metal-oxide powders - Degree of
coincidence of ERDT patterns

12.1 Photoacoustic Spectroscopy: Its

Principle and Characteristics

Photoacoustic (PA) spectroscopy is a kind of techniques to
measure photoabsorption by detecting sound generated by
continual photoabsorption of substances in any form, solid,
liquid, or gas. In PA spectroscopy, after a substance absorbs
light (or simply electromagnetic wave), i.e., be excited elec-
tronically, vibrationally, or rotationally by UV-visible light,
infrared light and microwave, respectively, the resultant
excited state releases energy to go back to the original ground
state. Since it can be assumed that the excitation energy is, at
least partly, released as heat, the substance itself is heated to
result in its volumetric expansion. When the irradiated light is
modulated (or chopped), a substance is heated continually
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Fig. 12.1 Schematic representation of photoacoustic spectroscopy
using modulated (upper) or chopped (lower) light for photoabsorbing
sample in a cell

and undergoes expansion-shrinkage cycles to generate sound
of frequency same as that of light modulation, which can
be detected by a microphone as schematically shown in
Fig. 12.1.

The principle of this PA spectroscopy has been reported
for the first time by Bell, Alexander Graham Bell, the inven-
tor of telephone, in the late nineteenth century [1] and later
several groups used this technique for measurement of photo-
absorption of materials [2, 3]. One of the characteristics of
this technique is that even solid (powder) materials can be
measured without modifications of original procedure and
setups for those solid samples, which is highly beneficial
considering the limitation of below-mentioned conventional
photoabsorption spectroscopy.

In the ordinary (conventional) photoabsorption spectros-
copy, intensity of incident light attenuated by a sample (/) is
measured to evaluate the extent of absorption by comparison
with the original incident-light intensity (/) as, absorption
(or extinction) = 1 — [ /I, as shown in Fig. 12.2. This
procedure can be applied to transparent, i.e., non-reflective
and non-diffusive (light-scattering), samples. However, for
the solid samples, there must be at least two problems. One is
the necessity of collection of all reflected and/or scattered
light by using, e.g., an integration sphere on the assumption
that the inner surface of an integration sphere does not absorb
light at all, and all the gathered light is introduced to a
detector without loss. The other problem is lack of a standard
which should reflect/scatter all the incident light without any
absorption, and again a given de-facto standard must be used
on the same assumption of no light absorption. Another
problem, commonly exists in the ordinary photoabsorption
spectroscopy, is that the extent of absorption must be calcu-
lated by subtraction, I, — I, the accuracy of which depends
strongly on the detection error of a used detector, and there-
fore the sensitivity for low absorption cannot be high. On the
other hand, PA signal is generated only when a sample
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Fig. 12.2 Schematic representation of ordinary photoabsorption spec-
troscopy in (a) transmission and (b) diffuse reflectance modes. (a)
Logarithmic decrease in light intensity by absorption at constant (e.g.,
30%) absorption at each thin layer. (b) Extinction (absorption and
scattering) measurement for solid samples requires a standard sample
which reflects incident light [4]

absorbs light even if incident light is scattered or reflected,
and thereby relatively high sensitivity is expected for PA
spectroscopy even if highly scattering sample, e.g., powder
samples, is used without any pretreatment. Another advan-
tage of PA spectroscopy compared with the conventional
spectroscopy is flexibility of wavelength region for measure-
ment; it is unnecessary to choose an appropriate detector
depending on the wavelength region, i.e., the detector is
always a microphone not depending on the range of light
(electromagnetic wave), e.g., microwave, infrared, visible, or
UV-range photoabsorption measurements.

Only one possible disadvantage of PA spectroscopy, the
present author thinks, is that PA measurement gives only
relative extent of photoabsorption. How much absolute
extent of incident light is absorbed cannot be obtained,
though detected PA intensity as sound can be assumed, in
principle, to be proportional to extent of absorption of inci-
dent light, absorption (/y — /) which is measured in conven-
tional spectroscopy, i.e.,

(PA signal intensity (arbitrary unit))
=fley.z ) (o= 1).

Possible parameters included in a function f are photo-
absorption coefficient, incident-light intensity (), efficiency
of heat release upon deexcitation, heat capacity and heat

(12.1)



12 Photoacoustic Spectroscopy

305

transfer rate of a sample, frequency of light-intensity modu-
lation, density (gas phase between a sample and a micro-
phone), viscosity of a medium and temperature of a medium,
sensitivity of a microphone, and magnitude of amplification
of signal in lock-in detection, but not limited to these param-
eters. For the compensation of light-intensity change, carbon
black is frequently used as a standard for visible light-range
PAS measurement by assuming complete absorption of inci-
dent light. Compared to the assumption of 100% reflection in
the diffuse-reflectance measurement, this assumption is
highly probable.

12.2 Instrumental Setups and Conditions

for Photoacoustic Spectroscopy

A schematic representation of conventional PAS setup is
shown in Fig. 12.3. The setup is composed of (i) light source,
(il)) monochromator, (iii) light chopper, (iv) cell equipped
with a microphone, (v) function generator, and (vi) lock-in
amplifier. Light chopper (iii) is a device with rotating plates
with holes to chop light beam, i.e., modulates light intensity
of light from a light source (i) monochromatized by a mono-
chromator (ii) in nearly rectangular wave. In principle, if the
output of a power source for a light source (i), e.g., xenon arc
lamps, can be modulated, a light chopper is unnecessary,
though the present author does not know such modulation
for xenon or mercury arc lamps. A function generator
(v) provides modulated signal (or output) to a chopper (iii)
as well as a lock-in amplifier (vi) as a reference. A PA cell
(iv) is equipped with a window through which a modulated-
light beam is introduced into closed space and a microphone
which provides a signal. This type of PAS cell has been
originally designed and reported by Toyoda’s group
[5-7]. A signal (sound) synchronized with the modulated

Modulated
light

Scanning
(80 Hz)

Fig. 12.3 A schematic representation of conventional photoacoustic
spectroscopy setup

light, i.e., of frequency same as that modulated light, from a
microphone is detected using a lock-in amplifier (vi).

As pointed out in Sect. 12.1, PA spectroscopy has, in
principle, no limitation of wavelength of light if the created
sound of light intensity-modulation frequency can be
detected by a microphone in a PA cell. In practice, visible
to ultraviolet (ca. 250-800 nm) or infrared (800-4000 cm ™)
light is used. For the quality of monochromatic light
depending on the width of slits equipped on a monochroma-
tor; the higher the intensity by opening slits is, the higher
becomes detected PA signal intensity, while the lower
becomes wavelength accuracy of obtained PA spectra.
When a PA spectrum is to be compared with that recorded
on an ordinary spectrometer, in which wavelength accuracy
is lower than 1 nm, slits on a monochromator should be rather
closed. However, photoabsorption of solid materials is gen-
erally structureless, i.e., no sharp peaks are included, and
high wavelength accuracy is unnecessary. Compared with
the above-mentioned parameters, selection of modulation
(chopping) frequency is highly important. For example, PA
signal intensity is significantly changed by modulation fre-
quency. It is also known that measured depth from the sample
surface is influenced by the frequency. Those frequency
effects may appear depending on the PA measurement con-
ditions, modulated-light wavelength, samples or a medium
between a sample and a microphone. Therefore, the best
condition must be determined by trial-and-error ways. Fortu-
nately, in the ordinary setups, modulation frequency is con-
trolled by a function generator and frequency can be flexibly
changed.

12.3 Single-Beam Photoacoustic
Spectroscopic Measurement of Titania
Photocatalyst Samples

Results of single-beam (SB) PAS measurement of several
commercial titanium (IV) oxide powder samples by the
author’s group are shown in Fig. 12.4a [8, 9]. In the mea-
surements, samples in a closed cell was irradiated under
ambient air atmosphere with wavelength-scanned monochro-
matic light extracted from the output of a 300-W Xenon lamp
using a grating-type monochromator and modulated by a
light chopper at 80 Hz. The PA signal was acquired by an
electret condenser microphone (ECM) buried in the cell,
amplified/monitored by a digital lock-in amplifier and nor-
malized (plotted in arbitrary unit) using a carbon black pow-
der as a reference to compensate wavelength-dependent light
intensity. For most of the titania samples, when the irradiation
light intensity was enough low, repeated SB-PAS measure-
ments did not cause any notable change in the spectra. The
detected and plotted PA signal corresponds to generation of
heat as a result of relaxation of photoexcited states,
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Fig. 12.4 (a) SB-PA and (b) diffuse reflectance spectra normalized at
maximum value of (curve a) Wako {amorphous}, (curve b) JRC-TIO-12
{A}, (curve c) Merck {A}, (curve d) Degussa P25 {A/R}, (curve e)
JRC-TIO-6 {R}, and (curve f) CR-EL {R/A}. A and R in braces denote
the predominant crystal phase, anatase or rutile. Measurements were
performed in the ambient air. (¢) Relation between L, for PAS and for
DRS. (Originally Fig. 1 in [8])

i.e., recombination of photoexcited electron-positive hole
pairs in the above-band gap wavelength (< ca. 400 nm)
region. The heat generated by their recombination is expected
to be proportional to photoabsorption, since photo-
luminescence from photoexcited pristine titania is negligible

at ambient temperature and chemical reaction by photoex-
cited electrons and positive holes might be slow and inde-
pendent of wavelength.

In order to be compared with the SB-PA spectra, ordinary
photoabsorption spectra were recorded on a photonic multi-
channel analyzer in diffuse reflectance (DR) mode as shown
in Fig. 12.4b for those titania samples, in which absorption
(1 — re1, where ry is diffuse reflectance of a sample relative
to that of a barium sulfate (BaSO,) standard) was plotted
against wavelength. Those DR spectra showed reasonable
resemblance with SB-PAS spectra shown in Fig. 12.4a since
both PA and DR spectra correspond to wavelength depen-
dence of photoabsorption of samples. Both PA and DR
spectra showed saturation at a shorter wavelength. The
saturation wavelength was dependent on the sample, but
the order of shift in the onset wavelength of each titania
sample seemed the same. In order to compare those two
kinds of spectra, the wavelength giving half intensity of
saturation, L, was calculated as a tentative measure of
the shift in these spectra and was plotted in Fig. 12.4c. As
is clearly seen, an almost linear relation was observed, and
this indicated that these two kinds of spectra are reflected by
the same phenomenon, i.e., photoabsorption.

Depending on the crystal structure of titania samples,
rutile, anatase, and amorphous, onset wavelengths were
shifted from ca. 420 to ca. 380 nm in both PA and DR spectra,
reflecting the bandgaps of 3.0 eV, 3.2 eV and larger, respec-
tively. The spectrum of anatase-rutile mixed Evonik (previ-
ously Degussa) P25 (Fig. 12.4d) showed an intermediate
character between those of single-phase rutile and anatase
samples. Even though both JRC-TIO-6 and CR-EL are rutile
(CR-EL contains a small percentage of anatase), an apprecia-
ble spectral difference between JRC-TIO-6 and CR-EL was
observed, probably due to the difference in their primary
particle sizes, ca. 15 nm and ca. 200 nm, respectively.
Those features appeared similarly in both SB-PA and DR
spectra, indicating that PA spectra can be used similarly to
ordinary DR spectra.

12.4 Double-Beam Photoacoustic
Spectroscopy for Titania Photocatalyst
Samples

As has been described in the preceding sections, PA signal is
created by continual photoabsorption due to intensity modu-
lation of irradiated light, which means that continuous light
irradiation does not give any influence on the PA measure-
ment. Therefore, even if continuous light of the wavelength
identical to that of modulated/chopped light for PA-signal
acquisition is irradiated to and absorbed by a sample, PA
measurement itself is not affected. When the overlapped
continuous light induces structural change to result in
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Fig. 12.5 A photo of a part of double-beam photoacoustic measure-
ment setup. (a) photoacoustic cell, (b) buried electret condenser micro-
phone, (c) quartz window, (d) bulbs for gas introduction, (e) fiber
coupler, and (f) battery for microphone

photoabsorption-property change in a sample, PA signal fol-
lows such change. Although PA spectroscopy using continual
and continuous light beams, or simply PA measurement
under continuous-light irradiation might have been reported
before the publication by the present author’s group, a term
“double-beam photoacoustic spectroscopy” was used for the
first time in our paper [8, 9].

Setup for double-beam photoacoustic spectroscopy
(DB-PAS) is built simply by combining a continuous-light
beam to modulated (chopped) light beam. For this purpose,
the author’s group use a fiber coupler which combine two
beams into one as is shown in Fig. 12.5. For continuous light
source, polychromatic or monochromatic light can be used.

The commercial titania samples were used again in the
DB-PAS measurements. They were categorized into two
groups, type-1 and type-2 on the basis of spectral behavior
observed in DB-PAS measurements. The first type-1-group
samples showed an upward shift of the PA spectrum at
>380 nm under simultaneous continuous UV irradiation,
i.e., DB-PAS measurement in ambient air conditions. The
upward-shifted almost flat spectrum was recovered to the
original spectrum in the dark after the measurement as
shown in Fig. 12.6 for JRC-TIO-11 sample. Visible light of
wavelength at >450 nm instead of continuous UV light
induced no such upward shift in the DB measurements,
indicating that the upward shift was caused by bandgap
excitation of titania. Since purging of ambient air by dry
nitrogen before the measurement enhanced the upward shift
and reduced the rate of recovery (color fading) in the dark,
suggesting that accumulation of photoexcited electrons,
which are possibly consumed by surface-adsorbed oxygen
as an electron acceptor, is attributable to the PA spectral shift

Fig. 12.6 PA spectra of JRC-TIO-11. (Curve a) SB spectrum measured
in ambient air. Final-state spectrum by repetition of DB measurements
(curve b) in ambient air and (curve c) under N, [8]

in the visible region. Another possible reason for difference
in DB-PA spectra under ambient air and dry nitrogen is
humidity in ambient air, but the fact that there was no appre-
ciable difference in DB-PA spectra taken under ambient air
and artificial air, mixture of dry nitrogen and oxygen revealed
that influence of humidity in ambient air on DB-PA spectra
could be neglected.

The above-mentioned upward shift of spectra of type-1
samples in DB-PAS measurements is accounted for by tita-
nium(IT) (Ti*")-species liberation under UV irradiation as a
counterpart of hole consumption presumably by residual
organic compounds adsorbed on the surface, as the presence
of such impurities acting as electron donors in titania samples
stored under ambient atmosphere has been proved. It has often
been observed the carbon-dioxide liberation from
UV-irradiated aqueous titania suspensions in the absence of
any additives under aerobic conditions and change of color
from white to gray of UV-irradiated titania suspensions under
deaerated conditions. These observations were interpreted by
the presence of electron-donating carbon-containing com-
pounds and accumulation of electrons in electron traps (ETs)
in the absence of oxygen as a scavenger of photoexcited and/or
trapped electrons. Such Ti*" accumulation in titania samples
has also been reported for titanias under UV irradiation [10-12]
or anodic polarization [13]. Thus, electron accumulation, i.e.,
trapping by ETs, proceeded for type-1 titania samples in
DB-PAS measurement. Therefore, it was also reasonable to
find that the upward shift was enhanced by the presence of hole
scavengers such as methanol vapor because electron accumu-
lation is promoted by effective hole consumption.

Among several type-1 samples, JRC-TIO-6 showed a little
different behavior in DB-PAS measurement. Although most of
the type-1 samples showed similar almost flat upward shifts
regardless of their chemical and physical properties,
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JRC-TIO-6 showed slightly different spectral behavior under
aerobic or partly aerobic conditions, i.e., its DB-PA spectra
taken under artificial-air conditions was almost the same as the
original PA spectrum, and upward shift, slightly higher at a
shorter wavelength range (450-500 nm), was observed when
air was diluted three times by argon, while under deaerated
conditions, almost flat upward shift was observed. These facts
suggest that JRC-TIO-6 has higher sensitivity to oxygen,
which retards accumulation of Ti** to give visible-light photo-
absorption, than those of the other type-1 samples, probably
due to its relatively high specific surface area (ca. 100 m? g~ ")
to hold large amount of oxygen on the surface.

The second type-2 group samples were composed of ana-
tase, without rutile crystallites, with relatively high specific
surface area (>250 m? g '), including, e.g., Hombikat
UV-100, JRC-TIO-7—10 or 12. SB- and DB-PA spectra of
JRC-TIO-12 as a representative type-2 sample is shown in
Fig. 12.7. General trends of type-2 samples were (a) PA signal
increase at 380—500 nm in repeated SB measurements under
aerobic conditions, but not under deaerated conditions, (b) this
band was also observed in subsequent DB-PAS measurements
and (c) the band was decreased in repeated DB-PAS measure-
ments to give finally a type-1-like flat shift observed under
deaerated conditions. Since the 380-500-nm band was grown
during UV-wavelength (<400 nm) scanning in SB-PAS mea-
surement, this PA signal was originated from bandgap excita-
tion in the presence of oxygen, i.e., the type-2 samples were
shown to be sensitive to ambient oxygen rather than the type-1
samples and to give PA band at 380-500 nm. An amorphous
titania sample (Wako Pure Chemical) also showed this
380-500 nm band mainly in subsequent DB-PAS measure-
ments, but not in the preceding SB-PAS measurement. Since
the bandgap of amorphous titania is estimated to be larger than

JRC-TIO-12
(Type 2)

¢ f-SB (amb-air)

b f-SB (N,)
e f-DB (amb-air)

0.1 d £-DB (N,)

PA intensity (arb. units)

a SB (Ny)

400

450 500
Wavelength (nm)

550

350 600

Fig. 12.7 PA spectra of JRC-TIO-12. (Curve a) Initial-state spectrum
by SB measurement under N,, final-state spectrum by repetition of SB
measurements (curve b) under N, and (curve ¢) in ambient air, final-state
spectrum by repetition of DB measurements (curve d) under N, and
(curve e) in ambient air [8]

that of anatase titania, i.e., amorphous titania absorbs light of
shorter wavelength compared with anatase, the observed slow
rate of the 380-500 nm band appearance in repeated SB-PAS
measurements is attributable to a smaller number of photons
absorbed during SB-PAS measurements.

For the assignment of the 380—500-nm band, there seem to
be two possibilities. One is photoabsorption of trapped holes,
which were produced by stabilization of positive holes in
certain states after electron transfer to an acceptor, such as
oxygen, on the titania surface. This was supported by the fact
that oxygen as an acceptor and methanol as a donor in the
PAS cell enhanced and reduce the band appearance, respec-
tively. It has been reported that similar transient absorption
peak at ca. 430 nm was observed in time-resolved spectro-
scopic studies on titania samples in the presence of electron
scavengers [14], while different results were also observed in
the other studies [12, 15] as these peaks and shapes of spectra
were much sensitive to surface conditions and kinds of elec-
tron donors/acceptors [12]. It has been elucidated that the
lifetime of these trapped holes was much shorter than that of
the present study.

Another possible assignment of the 380-500-nm band is
surface peroxy species. This is supported by the reports
claiming that similar 350-500-nm band appeared by treat-
ment of titania samples with aqueous hydrogen peroxide [16—
19]. It has been reported [18] that hydrogen-peroxide treat-
ment of type-1 samples, JRC-TIO-3 and JRC-TIO-5, induced
the development of photoabsorption at 380-500 nm. It
should be noted that for these type-1 samples such absorption
could not be observed in the DB-PAS measurements,
suggesting that type-1 samples produce less amount of
hydrogen peroxide by bandgap excitation. The 380—500-nm
photoabsorption was actually observed for a hydrogen
peroxide-treated type-2 sample, JRC-TIO-12, in its SB-PA
spectrum, and the band disappeared to give flat spectral shift
by subsequent repeated DB-PAS measurement, as shown in
Fig. 12.8. Thus, it is type-2 titania samples produce appre-
ciable amount of surface-adsorbed hydrogen peroxide and/or
surface peroxy species by UV-irradiation (bandgap excita-
tion) in the presence of surface-adsorbed oxygen, which
captures a photoexcited electron. Liberation of such peroxy
species on photoirradiated titania samples in the presence of
oxygen has been suggested [20, 21]. Although an alternative
hydrogen peroxide-formation mechanism by coupling of
hydroxyl radicals, i.e., through positive hole-oxidation pro-
cesses, is assumed, the fact that PA increase was negligibly
observed by repetition of the SB-PAS measurements under
nitrogen where hydroxyl radical-coupling reaction may pro-
ceed suggested the exclusion of hydroxyl radical-coupling
mechanism. Another mechanism of direct formation of tita-
nium peroxy species through the mechanism not including
oxygen, hydrogen peroxide, or hydroxyl radicals has been
proposed [22]. However, those mechanism not including
oxygen as a source of the peroxy species seems inconsistent



12 Photoacoustic Spectroscopy

309

JRC-TIO-12
after HyO, treatment

a i-SB (N)

d f-SB (amb-air)

PA intensity (arb.u.)

0.1} b £-DB (N,)
¢ i-SB (amb-air) NITRNITNLN
350 400 450 500 550 600
Wavelength (nm)

Fig. 12.8 PA spectra of JRC-TIO-12 after H,O, treatment. (Curve a)
Initial-state SB and (curve b) final-state DB spectrum under N,. (Curve
c) Initial-state SB and (curve d) final-state SB spectrum of untreated
sample under ambient air [8]

with the fact that the 380-500-nm photoabsorption
disappeared by subsequent repeated DB-PAS measurement
to be changed to flat shift (Ti** accumulation) of PA spectra.

Thus, DB-PA spectroscopy has revealed that titania sam-
ples undergo reduction to accumulate Ti>* species, trapped
electrons, under continuous UV irradiation, as well as surface
peroxy species (surface-adsorbed hydrogen peroxide) for
type-2 samples owing to contaminated oxygen on their sur-
face. The latter process could be neglected when enough
amount of electron donors to consume oxygen almost
entirely during DB-PAS measurements, and therefore almost
all the ETs seemed to be filled up by relatively long-time
DB-PAS measurements under methanol-saturated nitrogen
atmosphere. Figure 12.9 shows the relation between saturated
PA intensity in DB-PAS measurements and amount of Ti*"
evaluated by previously reported photochemical method in
which ETs in a sample is filled up by photoirradiation in the
presence of electron donors followed by electron transfer to
methyl viologen in a suspension [23]. When methanol-
saturated nitrogen was used, almost linear relation was
between them, suggesting that DB-PAS enables the evalua-
tion of total density of ETs in a sample and its absolute
amount can be determined by a calibration curve in the figure
for, at least, titania samples.

12.5 Reversed Double-Beam Photoacoustic
Spectroscopy for Titania Photocatalyst
Samples

As described in the preceding sections, PAS can show the
photoabsorption of solid materials such as photocatalyst
powders or thin films, and DB-PAS can detect the photoin-
duced change in photoabsorption of solid materials. In
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Fig. 12.9 Relation between the saturation limit of PA intensity (/53¢)
under (a) Ar + CH;0H and (b) O, + CH30H and density of Ti**,
Predominantly anatase (O), predominantly rutile (O), type-2 sample
(e), JRC-TIO-6 (). Numbers “1” and “2” in panel (a) show /53¢ in
repeated experiments which were operated to check the reproducibil-
ity [8]

principle, any change in photoabsorption can be detected by
DB-PAS, and one of the examples is detection of photo-
absorption by trapping photoexcited electrons and/or positive
holes by bandgap excitation of photocatalyst powders as
described above. In those measurement, the continuous (rel-
atively intense) light creates photoexcited electrons and pos-
itive holes, which are then trapped in certain electron/hole
trapping sites, and the modulated (chopped) light is used for
PA detection of photoabsorption due to trapped electrons/
holes. As a result, photoabsorption spectra of photoreaction
products is obtained by DB-PAS.

The electron traps (ETs) in titania photocatalyst powders
have been characterized before our publication on DB-PAS.
Total ET density, measured in the unit of pmol g, of several
commercial titania samples was estimated by photochemical
method using methyl viologen as an electron acceptor [23],
and DB-PAS could also be used for this total ET density as
described above. In the measurement procedure, an aqueous
suspension of a titania sample was UV photoirradiated in the
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presence of electron donors such as methanol or tri-
ethanolamine to make photoexcited electrons trapped in
ETs. In the photochemical method, it was also possible to
measure energy-resolved distribution of ETs (ERDT) by con-
trolling pH of a reaction mixture before electron transfer from
ETs to methyl-viologen molecules [23]. As an ERDT-
measurement technique, the photochemical method using
methyl viologen has at least three problems; (1) tedious pro-
cedure of pH titration under deaerated conditions, e.g., in a
glove box, (2) low resolution of energy of ETs due to the
limitation of precise pH control, and (3) limited energy range
since maximally 0—14 in the pH unit. Consequently, direct
measurement of photoabsorption by accumulation of elec-
trons in ETs, like DB-PAS, seems useful for ERDT measure-
ment. Although bandgap excitation is also used in DB-PAS,
accumulation of electron occurs randomly not depending on
the energy of ETs and thereby ERDT cannot be measured in
such operation mode.

Reversed double-beam photoacoustic spectroscopy
(RDB-PAS) has then been developed to measure ERDT
of photocatalyst powder samples, in which a continuous
light is wavelength scanned and a modulated light is
wavelength fixed, reversed to DB-PAS [24, 25]. Practical
setup of the original RDB-PA spectroscopy is shown in
Fig. 12.10. The measurement was performed under
methanol-saturated nitrogen which was introduced in a
cell containing a powder sample-loaded holder by passing
through it prior to measurement. Methanol was chosen as a
sole possible gaseous positive-hole scavenger, which is
used to avoid once accumulated electrons in ETs react
with positive holes left in VB and able to be introduced
in the cell. A UV quartz combiner light guide (Moritex
MWS5-1000S-UV3) was used to introduce two light
beams for pump and probe into the cell. The pump beam
was continuous monochromatic light from the xenon
lamp-monochromator (a Spectral Products CM110 1/8 m
grating monochromator with a Spectral Products ASB-XE-
175 xenon light source, same as those used in conventional
PAS and the above-mentioned DB-PAS measurements
shown in Fig. 12.1) and the probe beam was intensity-
modulated (80 Hz by an NF Corporation DF-1906 digital
function generator) light-emitting diode (LED) light
(Luxeon LXHL-ND98). RDB-PA spectra were recorded by
scanning the pump-beam wavelength from 650 nm to
350 (or 300 nm) with a 5-nm step, detecting PA signal
with 255-s waiting and 20-s acquisition times as a standard,
and plotting as a function of energy of pump light. Density
of ETs was calculated by differentiation of an obtained
RDB-PA spectrum and converted to that shown in the unit
of pmol g~' eV ™' (the part eV~ was introduced to make
integration of bars) using conversion coefficients for each
set of a measurement cell and a probe LED light with
reference to the results of chemical-titration ET-density

a Modulated light Continuous light

Scanned

Methanol saturated
argon atmosphere

Direct excitation

Fig. 12.10 (a) Schematic diagram and (b) principle of RDB-PAS
measurement [25]

measurement [23] and plotted as a function of energy
from valence-band top (VBT), in convenience, as a bar
graph with 0.05-eV pitch [24, 25].

Figure 12.11 shows the representative result of RDB-PAS
measurements. As depicted in Fig. 12.11b, PA-signal inten-
sity corresponding to the photoabsorption of a sample at
625 nm was first gradually and then steeply increased and
was then saturated at ca. 350 nm during the course of scan-
ning of the pump-light wavelength, reflecting the accumula-
tion of electrons from the low-energy (deeper) side to the
higher-energy (shallower) side and increase in photo-
absorption in the 450-650-nm visible-light wavelength
range as had been observed in the above-mentioned
DB-PAS. Saturation of the PA-signal intensity at the end of
pump light-wavelength scanning (350 nm) was commonly
observed for titania samples suggesting that all ETs in this
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sample having energy lower than ca. 3.5 eV, which is a little
higher than the conduction-band bottom (CBB; ca. 3.2 eV),
were filled up under the appropriate measurement conditions
with a sufficiently long waiting time, and electrons cannot be
accumulated in the conduction band. This RDB-PA spectrum
(Fig. 12.11b) is an integrated form of energy distribution of
ETs (ERDT) and, therefore, an ERDT pattern can be obtained
by differentiation of an RDB-PA spectrum from the lower
energy (longer wavelength) side as shown in Fig. 12.11c as a
function of energy from VBT, in which absolute ET density is
shown in the unit of pmol g ' eV~ as described above. The
reason why ETs are located also in the energy-range of CB
not limited to that in the bandgap has not yet been clarified.
One of the possible reasons is that the electronic transition to
ETs occurs not from VBT but a high DOS (density of states)
part of VB because of very low ET density and negligible
DOS at VBT. This is supported by the observed 0.1-0.2-eV
upward (higher-energy side) shift of ERDT obtained by
RDB-PAS compared with that measured by chemical
titration [25].

In the RDB-PAS measurement, a 625-nm red LED light
was used as a probe beam to avoid possible VB-ET transition
by this probe beam and photoabsorption by peroxide species
in the ca. 400-500-nm wavelength range. Actually, as is well
known, visible-light photoabsorption by titania samples is
negligibly small, i.e., below the detection limit of ordinary
photoabsorption spectroscopy, indicating that direct detection
of VB—ET electronic transition of negligible photoabsorption

coefficient cannot be measured by ordinary photoabsorption
spectroscopy. However, the VB-ET photoexcitation can be
driven in the actual measurement because the photo-
absorption coefficient is not zero and removing positive
holes in VB by the VB-ET transition make it possible to
accumulate electrons in ETs which are then measured by
PAS. If the waiting time, i.e., time for complete filling of
ETs at certain energy, is not sufficiently long, the left unfilled
ETs are filled at higher-energy pump beam and the
corresponding ERDT pattern may be shifted to higher-
energy side.

Since the PA signal, i.e., photoabsorption at the probe-
light wavelength, is originated from electrons in ETs, accu-
racy of ERDT patterns can be guaranteed only when
ET-filling electrons remain without transfer. In fact, if plati-
num (Pt)-loaded titania samples were used, almost no
increase in PA intensity was observed due to possible effi-
cient electron transfer from electron-filled ETs in titania to Pt
to induce hydrogen evolution on the Pt surface; in overall,
titania-photocatalyzed methanol dehydrogenation proceeds
during the measurement. This also indicates that titania ETs
are located predominantly on the surface or within a distance
sufficiently short from the surface-deposited Pt. Actually, the
total density of ETs of various commercial titania samples
were increased along with their specific surface area [24, 25].

12.6 ERDT/CBB Patterns as a Fingerprint
of Metal-Oxide Samples

Figure 12.12 shows the representative result of RDB-PAS
measurements for commercial titania samples. In those mea-
surements, ordinary PA spectra corresponding to photo-
absorption spectra were also obtained using the same PA
cell with different photoirradiation mode and bandgap energy

Wavelength (nm)
350 400 450 500 550 600 650
’;,\ 3 T T T T 1
EAN\N a
£z [\
8 l \n\\“\u_.._.
g
0 ) Sl EL i ipesessessansnced
= = b
m 2 04F
2 8 02F
=
:\ 0 & T
T ¢
22200
5T
= 20100 -
= o
Mg
=% (1} L " L L i F_ . Y.
~ 35 33 3.1 29 27 25 23 21 19

3.4 CB é‘ CB CB CB CB
£ 32 E
L B B e
= 3.0 5-, .........
m F—‘
; 2.8 |:r_|
(g 2.6, b
8 24| <97> <74> [ <152> <29> <98>
2 22 TIO-1 ST-157 ST-F4 ST-G2 TIO-3
e 79m2g !l [81m2g ! [520m2g! | 4m2g! 147 m2 g
2.0 A A A+r atR R

Energy from VBT (eV)

Fig. 12.11 (a) PA spectrum, (b) RDB-PA spectrum, and (¢) differen-
tiated spectrum of (b) for a commercially available titania sample
(JRC-TIO-1)
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Fig. 12.12 Representative ERDT/CBB patterns of anatase, rutile, and
mixed phase titania powders. Each bar shows subtotal ET density in the
0.05-eV energy range [25]
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of each sample was calculated from the absorption-edge
wavelength. Since bandgap energy is a difference CBB and
VBT, the calculated bandgap corresponds to energy of CBB
in reference to VBT, and thereby CBB can be shown in an
ERDT pattern with the same energy scale. It seemed that the
CBB position depends only on the bulk structure, i.e., crys-
talline phase, of titania samples, anatase, rutile, and the
others. This suggest that CBB position may reflect bulk
structure of samples. ERDT patterns were, on the other
hand, different with each other even if the crystalline phase
was the same. As described in the preceding section, the total
ET density is increased with specific surface area of samples
and thereby the most ETs are located on the surface,
suggesting that ERDT pattern and total ET density may
reflect surface structure and surface (bulk) size of samples,
respectively. Consequently, it is possible to claim that ERDT/
CBB patterns can be fingerprints of samples which possess
ETs reflecting three fundamental structural properties of
solids, bulk structure, surface structure, and surface (bulk)
size. Identification of solid materials, especially metal-oxide
powders, but not limited to photocatalysts, using their ERDT/
CBB patterns as fingerprints has been proposed [24, 26, 27].

12.7 Photoacoustic Spectroscopy as Useful
Tool for Solid Materials: Conclusive
Remarks

As described above, photoacoustic spectroscopy (PAS) has
been used successfully in the studies of photocatalysis as a
useful tool to measure photoabsorption by solid photocatalyst
materials. PAS and DB-PAS provide spectroscopic features
of original photocatalysts and those under bandgap excita-
tion, respectively, i.e., wavelength-dependent photo-
absorption. Using those techniques, time-dependent change
in photoabsorption [28, 29], total density of ETs [30, 31], and
reaction heat [32] have been studied. On the other hand,
RDB-PAS gives information on wavelength-dependent pho-
toinduced change in photoabsorption, an action spectrum, by
accumulation of electrons in ETs. The group of the present
author is developing a novel technique, double-scan double-
beam photoacoustic spectroscopy (DS-DB-PAS), i.e., RDB-
PAS with wavelength-scanning probe beam to record energy-
dependent spectra of electron-filled ETs; both photo-
absorption and action spectra are measured at the same time.

In those photoacoustic measurements, laboratory-made
instrumental setups have been used, since no commercial
products are available. This might be a barrier to prohibit
making PAS and PAS-based techniques popular. However,
PAS requires no large-scale instruments, but an essentially
simple and small devices. The present author hopes the
researchers in the field of material sciences, not limited to

that of photocatalysis, use PAS and PAS-based techniques
and welcomes collaboration works and technology transfers.
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