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This account is a review of the research on the characteristics of adsorbed water molecules and the photocatalytic
reaction sites of incorporated organic molecules on various TiO, photocatalysts in powder and film forms by means of
'"HNMR spectroscopy. The adsorbed water can be categorized into four distinctively different water species: i) rigid
water species with restricted mobility near the solid surface; ii) less mobile water molecules in the intermediate water
layer; iii) relatively mobile water molecules in the outer water layer; iv) very loosely adsorbed water molecules which
exchange slowly with gaseous water molecules in air. The temperature dependence of the NMR signal of a small quan-
tity of ethanol molecules incorporated in TiO, suggests that the actual photocatalytic reaction site can be these adsorbed
water regions. The surface conversion of hydrophilic properties of TiO, films induced by photoirradiation is well reflect-
ed in the NMR signal change. The enhancement of water molecularly adsorbed on TiO, films is evidently detected on
UV irradiation; this phenomenon has been difficult to elucidate so far with alternative spectroscopic techniques.

Among the various semiconductor materials, titanium diox-
ide is one of the most widely studied metal oxides.!:> Since the
discovery of photoinduced water splitting on TiO, electrodes
in 1972, a number of studies on photocatalysis by TiO, have
focused on the enhancement of the photocatalytic efficiency,
related to energy renewal and energy storage.*® However,
the recognition of the prominent properties like chemical inert-
ness, photoinduced highly hydrophilic surface, and non-toxic-
ity and high oxidation power for the degradation of hazardous
contaminants in air and water, have opened up wider applica-
tions of TiO, in various fields, such as environmental cleanup,
phototherapy, solar cells, antifogging, and self-cleaning of
mirrors and glasses.”~!0

As illustrated in Scheme 1, irradiation of TiO, by UV light
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Scheme 1. Reaction mechanism for photocatalytic degrada-
tion of organic substrates.

with photon energy higher than its band gap generates excited-
state electrons and holes at conduction band and valence band,
respectively. These electrons and holes can initiate various re-
dox reactions at the metal oxide surface. In the presence of O,
and H,O, the electrons and holes generate various active oxy-
gen species. Organic molecules incorporated into the TiO,
photocatalytic systems are decomposed through the direct ox-
idization by the photogenerated holes.!! Thus, TiO, has the
potential to oxidize a wide range of environmentally hazardous
organic contaminants such as dioxins into harmless com-
pounds such as CO, and H,O.

The industrial demand to develop various types of TiO,
photocatalysts has promoted the research on TiO, surface
structures at the microscopic level, because the better under-
standing the physical and chemical properties of the surfaces
allows scientists to reveal the relation between surface struc-
ture and chemical reactivity. In recent years, one of the most
active research subjects is the development of TiO, photocata-
lysts which exhibit enough activity not only under ultraviolet
(UV) irradiation but also under visible or solar light irradia-
tion.'? For this purpose, a number of studies on the character-
ization of the surfaces of TiO, nano-particles and of various
TiO;-based photocatalytic molecular systems have been car-
ried out.!?

Powders of titanium dioxide characterized by a high specific
surface area are prepared using one of two basic methods:
combustion of TiCly in the hydrogen/oxygen flame or hydrol-
ysis of titanium sulfate. The different preparation methods of
samples results in different crystal defect structures and sur-
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face morphologies. Surface defects and surface-adsorbed spe-
cies have been known to significantly influence the electronic
structure and the geometric structure of TiO, and in turn to
alter its chemical reactivity.'*

In the atmosphere the surface of TiO, usually adsorbs water
molecules dissociatively to form surface hydroxyls, on which
further H,O molecules are physisorbed through hydrogen
bonding. The functions of TiO, would be affected by the exer-
tion of the active species produced through the reactions of
photogenerated electrons and holes with adsorbed water or hy-
droxyl groups on TiO,. For the better understanding of the var-
ious functions of TiO,, the properties of adsorbed water have
been extensively investigated with a number of spectroscopic
techniques.'>

According to previous work the anatase surface con-
sists predominantly of the most dense (001) plane, with admix-
tures of (010) and (100) planes having about the same struc-
ture. The Ti atoms in these planes are pentacoordinated with
respect to oxygen. There are two types of oxygen atoms on
each of the (001), (010), and (100) planes of the TiO, surface.
Oxygen atoms of the first type are coordinated to Ti atoms and
have a formal charge —2/3, assuming that all the bonds in
TiO, are purely ionic. They are located 41 pm above the
(001) plane. The oxygen atoms of the second type, located
41 pm below the (001) plane, are three-coordinated to Ti atoms
and are neutral. For (010) and (100) planes, all oxygen atoms
are located in the plane. Dissociation of H,O molecules over a
TiO, surface results in the formation of OH groups with the
formal charges of —1/3 and 1/3 on the OH protons respective-
ly. The existence of two types of OH groups on the anatase
surface was confirmed by IR data with two stretching bands.*
The band at 3675 cm™! was attributed to the adjacent OH
groups interacting via weak hydrogen bonds, while the band
at 3715 cm™! could be attributed to OH groups attached to
Ti atoms.

It has been long believed that oxygen defects or Ti** are re-
quired for hydration on TiO, surfaces, since the low-defect-
density surface is entirely inert toward H,O adsorption at room
temperature, but ion bombardment and generation of Ti*t in
an oxygen-deficient lattice creates a surface at which molecu-
lar water can adsorb.**~* However, recent experimental results
revealed that this is not necessarily the case. Ti** sites at oxy-
gen vacancies on TiO,(110) are active for water dissociation,
whereas Ti*" sites on TiO,(100) provide no additional reactiv-
ity for water dissociation?>**! and Ti** sites on Ti,O3 sur-
face do not promote water dissociation.>>* Thus since an
electronic defect does not necessarily ensure water dissocia-
tion, it has been proposed that the geometric arrangement of
cations and anions, as well as their general ability to bind
water and receive protons, respectively are the key factors in
water dissociation activity on an oxide.”> Recent STM data
revealed that water dissociates at room temperature on
TiO,(110) step edges, resulting in terminal OH groups at
Ti** step sites.> These OH groups at step sites do not appear
to diffuse at room temperature. On the other hand, most of the
cation sites on the terraces are unoccupied after water exposure
at room temperature.

'"HNMR spectroscopy has been utilized as one of the most
effective techniques to investigate water adsorbed on solid
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surfaces.”®’! The primary advantage of NMR measurements
is their quantitative nature. Results often provide information
which is unattainable by other spectroscopic techniques.
Among the stable nuclei, the proton is the most sensitive nu-
cleus feasible for NMR detection. Therefore, early NMR stud-
ies on surfaces were carried out mainly by "HNMR spectros-
copy. Information on surface OH groups and their interactions
with adsorbed molecules has been obtained by the analysis of
line shape and relaxation times, which provide information on
the geometrical arrangement of the protons and on their mo-
tion.®*7! However, the technique met with limited success
since the large width of the resonance lines due to dipolar in-
teractions between magnetic nuclei made the identification of
the individual protons and the measurement of their chemical
shifts difficult. The development of NMR spectrometers with
high magnetic fields and the line-narrowing techniques made
it possible to obtain high resolution NMR spectra of solid cat-
alysts and adsorbed species at very low coverage. Thus, quan-
titative information on molecular adsorption in catalytic sys-
tems and the electronic state of the surface active site became
obtainable.

With the use of magic angle spinning (MAS) of the samples
to narrow NMR lines, '"H NMR signals of different surface OH
groups bound to certain sites on various catalysts can often be
resolved, and an accurate measurement of their chemical shifts
becomes possible. Recently, Mastikhin et al. have reviewed the
application of 'HNMR studies of a variety of heterogeneous
catalysts.’” They recorded the "HMASNMR spectra of TiO,
anatase samples obtained from different preparations and de-
hydrated in vacuum at 523 and 773 K. The high resolution
"HNMR spectra presented several resonance lines of chemi-
cally inequivalent OH groups, depending on the method of
preparation and the dehydration temperature. Two main peaks
at 6.4 and 2.3 ppm were assigned to the positively charged
more acidic protons located on bridged O atoms, and to the
more basic H atoms bound to the terminal oxygen, respective-
ly. The other resonance lines were assigned to OH groups
bonded to species such as Si, Cl, and S which were contained
as impurities in the samples. The acidic OH groups in the
hydrated titanium dioxide were reported to be stable in air
up to the temperature of 773 K.%

Much of the "HNMR research on metal oxides focuses
on hydroxyl groups or chemisorbed water molecules which
adsorb dissociatively on the solid surface after the elimination
of physisorbed water molecules because they are closely
related to the characteristics of solid surface. However, there
have not been many reports so far on the water physisorbed
on TiO; studied by 'HNMR.%3%7 In the practical applications,
TiO, photocatalysts are used under the aerobic conditions in
the presence of physisorbed water. Therefore, it is important
as well to characterize these water molecules and to elucidate
the role which they play in the actual photocatalytic process
for the enhancement of the photocatalytic efficiency on
practical usage. To clarify the role of the physisorbed
water in the practical photocatalytic reactions, we have been
investigating the water molecules adsorbed on the various
TiO, photocatalysts of different properties by taking advan-
tages of the high sensitivity and quantitative nature of
'"HNMR.
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Adsorbed Water on TiO, Powders

'"THMASNMR spectra of anatase abundant TiO, powders
present a relatively sharp single peak at 295 K, whose line
width is several hundreds of Hz at half peak height. The spectra
appear to be less informative as compared to those composed of
well-resolved resonance lines. There are several conventional
strategies to investigate the characteristics of water molecules
adsorbed on solid surfaces by 'HNMR spectroscopy. One of
the most popular methods is the measurements of relaxation
times, that is, longitudinal relaxation time (77) and transverse
relaxation time (75).°*7! When relaxation times of protons
are determined by the inter- and intra-proton—proton dipolar in-
teractions, the relaxation times are described as functions of the
interacting proton—proton distances and correlation times,’>’?
which provide information on the structure and the nature of
molecular motions. This strategy is widely exploited in the var-
ious fields to determine molecular structures and orientations; a
number of researchers are nowadays focusing on the determina-
tion of three dimensional structures of large biological mole-
cules such as proteins and nucleic acids not only with 'H NMR
but also with the combination of '*C and "N NMR’+7 using
highly sophisticated pulse techniques.”® The application of this
method to the adsorbed water molecules on photocatalysts is
attractive. However, the analysis would not be straightforward
because the structures of water molecules would not be unique
and the correlation times must be inhomogeneous for hetero-
geneous systems like TiO, photocatalysts.

Another method that is often employed is to detect signal
changes at a low temperature below 273 K. This method aims
to differentiate the weakly and strongly bonded water mole-
cules in the water/solid interface by lowering the temperature.
The strongly bonded water does not freeze at all in the exam-
ined temperature range, while the weakly bonded water freezes
mostly at a temperature several degrees lower than 273 K. The
strongly bonded water molecules are involved in the formation
of adsorption complexes with the charged and polar functional
groups of the solid surface and are influenced by perturbations
from the interface. On the other hand, the weakly bonded wa-
ter molecules would be localized near the hydrophobic region
on the surface.%6:67.77-7°

From the dependence of the intensity of the 'H NMR signal
of perturbed water molecules on the temperature, Bogillo et al.
determined the average thickness of the interface water layer
and the total change in water free energy at a water/solid in-
terface in the aqueous and deuterochloroform suspensions of
TiO, rutile and this sample modified by sequential coating
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with amorphous Al,O3 and Si0,.°%%7 They deduced that the
excess Gibbs energy of water at the water/solid interface
and the thickness of the adsorbed water layer increase on the
surface modification. The thickness of the water layer perturb-
ed by the modified rutile surface ranges up to 20 nm; the thick-
ness decreases on going from aqueous to deuterochloroform
suspensions. They concluded that the polarization property
of the solid particles is responsible for the long-range forces
in rutile and its modified form in aqueous suspensions. Thus,
they froze bulk water to extract information on the thermo-
dynamic characteristics of adsorbed water. However, with this
method it would be difficult to get the information about the
physisorbed water weakly adsorbed on the solid surface, since
these water molecules are considered to exchange relatively
rapidly with bulk water molecules.

Enriquez et al. measured the "HNMR spectra of TiO, of
anatase with different water contents at 100 K.%3%* By calculat-
ing the shape functions they presented the distribution of the
protons between water molecules and surface OH groups and
the distances between OH groups. The water molecules equiv-
alent to half of the number of the OH groups are attached to
these OH groups by hydrogen bonds. There are two types of
OH groups at the surface in equal numbers. One is bound to
Ti atoms with a negative charge and another is lattice-bicoordi-
nated to Ti atoms with a positive charge. Each positive OH
group is supposed to hydrogen bond a water molecule. On de-
hydration, water molecules are eliminated and the condensation
of OH groups occurs between neighboring groups with oppo-
site charges, resulting in maintaining the charge equilibrium.

Contrary to the low temperature experiments as stated
above, we employed different strategies.’® By raising the tem-
perature, we observed the variation of the water signals of
TiO, powder samples directly under atmospheric conditions
and attempted to characterize the physisorbed water by mea-
suring line width, chemical shifts, and peak intensities. This
approach is straightforward, and could be successfully applied
for the detection of different kinds of water molecules adsorb-
ed on solid metal oxide surfaces. Firstly, we applied this
approach to six different commercially available anatase
abundant TiO, powders, i.e. Degussa P25 (Japan Aerosil),
Hombikat UV-100 (Sachtleben Chemie), ST-O1 (Ishihara
Techno), F4 (Showa Titanium), AMT-100, and AMT-600
(Tayca). The peak area of the proton NMR signals increases
corresponding to the surface area of the individual TiO, pow-
ders.* The amounts of adsorbed water per unit surface area are
almost the same for the six examined photocatalysts, as shown
in Table 1, implying that the thickness of the overall adsorbed

Table 1. The Relative Intensities of 'HNMR Signals and Physical Properties of TiO, Photocatalysts6-38

. NMR Anatase Pr.imary BET surface Peak intensity/
TiO, intensity component particle size area surface area
/% /nm /m?g~!
P25 1.0 80 32 49 7.0
F4 1.2 90 28 56 7.3
AMT-600 1.2 100 30 50 8.1
AMT-100 6.3 100 6 260 8.4
ST-01 7.0 100 7 320 7.5
UV-100 8.7 100 10 270 11.0
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Fig. . '"HMASNMR spectra of TiO, powder (ST-01)
measured at 500 MHz with spinning rate of 12.6 kHz at
(a) 295 K and (b) 0.5 h, (c) 1 h, (d) 2 h, and (e) 4 h after
the temperature was raised to 358 K.3°

water layer observed by NMR is almost the same for these
six TiO,.

The TiO, powders are packed into NMR sample tubes in
contact with the air through a small hole and the spectral
changes have been examined on increase of the temperature
up to 358 K under flowing dry air. Figure 1 shows the typical
change of the water signal of the examined TiO, powders at
358 K. The resonance line becomes broader and shifts slightly
with time as volatile water molecules vaporize and are evacu-
ated through the small hole. The intensity gradually decreased
to about 30% of the initial value after 4 h. When the temper-
ature is reverted to 295 K, this signal becomes even broader
due to the reduced mobility, which is about 3 times that of be-
fore the temperature increase. This broad signal is attributed to
the highly immobilized water molecules near the solid surface
region, which remained in the photocatalytic system after the
vaporization of the volatile water molecules. Although before
the temperature increase sharp and broad water signals overlap
and cannot be distinguished, the rigid water could be detected
after the vaporization of the mobile water. The reduced water
signal recovers gradually in ambient conditions, as water
molecules in the air re-adsorb on the solid surface. The signal
intensity recovers almost completely within 20 h for P25,
while it takes much longer (about 1 month) for ST-01 whose
surface area is about six times larger than that of P25
(Table 1). Thus, the peak which appears to be a single signal
turned out to consist of various signals with different line
widths and chemical shifts, corresponding to the water mole-
cules of different dynamic structures. These results indicate
that the adsorbed water regions are quite complex.

The peak area presents a characteristic time profile at 358 K
as shown in Fig. 2; it decreases by 40-50% in the first 10 min,
and in the following 2 h decreases further about 20%. The re-
mained 30% of the peak barely changes even after another 2 h.
This means that about 50% of the water molecules are very
mobile and easy to volatilize, 20% are less mobile and harder
to volatilize, and the rest (about 30%) are highly stabilized wa-
ter molecules. The highly stabilized water signals disappear af-
ter the thermal treatment of the sample at 423 K, as shown in
Fig. 3, indicating that the observed water signals can be ascrib-
ed to the physisorbed water molecules but not to titanol, be-
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Fig. 2. (A) Time profiles of the relative peak area (the ratio
of peak area to that measured at 295 K) of 'HNMR sig-
nals of TiO, powders measured at 358 K. (HM: UV-100,
@: ST-01, A: AMT-100, A: AMT-600, @: F4, and @:
P25).
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Fig. 3. 'HMASNMR spectra of TiO, powder (ST-01)
measured at 500 MHz with spinning rate of 12.6 kHz at
(a) 295 K before calcinations, (b) after calcinations at
423 K for 2 h. NMR measurements were performed just
after the calcinations.

Adsor bed water layers

-Ti -O-Ti -O -Ti-O-

Fig. 4. Plausible structure of water layers I, II, and III at the
idealized TiO, surface deduced from the "HNMR obser-
vations.

cause chemisorbed water molecules (titanol) are not eliminat-
ed at this temperature.'* The NMR observations are well con-
sistent with the results of the thermogravimetry measurements
for P25 and UV100, in which the decrease of weight at 358 K
is about 50 to 70% of that at 423 K, when temperature is raised
10 degree per minutes.®? Thus, the water region consists of
three distinctly different water species represented by three
layers, as illustrated in Fig. 4; (I) the layer with highly immo-
bilized water near the solid surface, (II) the intermediate layer
consisting of relatively mobile water, and (III) the outermost
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layer with the most mobile (volatile) water. The ratio of the
water content in each layer would be 3(I):2(II):5(IIT). This
three layer model would be supported by the observations by
temperature-programmed desorption (TPD) spectra measured
after adsorbing water molecules on TiO, powders of anatase
at 140 K under ultrahigh vacuum conditions.?” The spectra
presented water desorptions at about 200 and 300 K. Two
H,O peaks at 200 K were assigned to desorption from islands
of molecular H,O. One peak was nonsaturating and assigned
to multilayers, whereas another peak appeared as the higher-
temperature shoulder was assigned to the monolayer. These
two peaks might correspond to the water species in layers
IIT and IT observed by '"HNMR. The TPD peak at 300 K
was interpreted as water molecules bound to the surface
through hydrogen bonds to surface oxygen anions, which
might correspond to the water species in layer I observed by
'"HNMR. The time profiles of peak areas per unit surface area
at 358 K for six photocatalysts agreed with each other and are
well correlated with those of relative intensities, ensuring also
that the thickness of the three layers does not differ significant-
ly among the six photocatalysts.*®

From the weight difference of the TiO, powder sample be-
fore the temperature increase and after the sample was kept at
358 K for 4 h, the number of water molecules could be roughly
estimated to be 4.8 x 10, 3.2 x 10", and 8.0 x 10" mole-
cules/cm? for layers I, II, and III, respectively. Finnei et al.
estimated the concentration of H,O coordinated to the surface
of a pre-dried TiO, film of anatase to be 5 x 10'* molecules/
cm?, which corresponds to an initial coordination of H,O spe-
cies to 65% of the available Ti** sites at the preferentially ex-
posed anatase (101) surface. The concentration decreased to
0.65 x 10" molecules/cm? over the temperature range from
300 to 423 K.*! On the other hand, for the TiO, of rutile, on
the basis of the TPD observation, Henderson estimated the ex-
posure at which the first layer saturated on the (1 x 1) surface
of the (100) facet to be about 7.5 x 10'* molecules/cm?.3> Be-
cause this exposure is approximately equivalent to the surface
number density of five coordinate Ti%** sites on the (1 x 1) sur-
face (7.36 x 10'* molecules/cm?), he suggested that water
molecules in the first layer bind these sites.

The line widths of '"H NMR signal of TiO, become broader
with time at 358 K, as the less-mobile broader water signals
successively appear; these widths show notable differences
among the six photocatalysts. These results suggest that the na-
ture of the molecular motion and structures of water molecules
are different in the inner layers, particularly in layer I. The
line widths become broader in the order of ST-01 < UV-
100 < P25 < AMT-100, AMT-600, and F4. Provided that
the line width (spin—spin relaxation rate) is determined pre-
dominantly by dipole—dipole interactions between protons,
the water molecules in layer I for ST-01, UV-100, and P25
would be in more mobile states as compared to those for the
other three TiO,. Water molecules interact with ionic surfaces
by various types of forces and are capable of self-association
and organization of long-range order on solid surfaces. The
molecular motions of water in adsorbed layers and the degree
of dissociation likewise depend on the nature of the underlying
surface.

The time profiles of chemical shifts measured at 358 K for
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Fig. 5. Time profiles of chemical shifts of 'HNMR signals
of TiO, powders measured at 358 K. (l: UV-100, ®: ST-
01, A: AMT-100, A: AMT-600, @: F4, and @: P25). The
chemical shifts measured at 295 K are plotted at time 0.

six TiO, photocatalysts are shown in Fig. 5. Chemical shifts
are referred to DSS (sodium 2,2-dimethyl-2-silapentane-5-sul-
fonate) as an external reference. The values at time O indicate
the chemical shifts measured at 295 K, which correspond to
those of the mobile water molecules in layer III that are dom-
inant before the temperature increase. Because the chemical
shift differences among the six different photocatalysts at
295 K are small (within 0.5 ppm (6.2-5.7 ppm)), the chemical
environments of the water molecules in the outermost layer
(III) are considered to be similar among the six photocatalysts.
When temperature is increased to 385 K, the longer the time
after the temperature increase, the more diverse the chemical
shift difference becomes. The chemical shifts of the broad wa-
ter signals observed 2 h after the temperature increase corre-
spond to the water molecules in layer I. For UV-100, AMT-
600, and ST-01, the broad water signals appear in the lower
field, whereas for F4, AMT-600, and P25, such signals appear
in the higher field from those at 295 K. Thus, the fact that the
chemical shifts and line widths of the water molecules near the
solid surface are characteristic for the six photocatalysts with
different properties indicates that the structure, mobility, and
chemical environment of the water molecules in layer I are
considerably diverse, reflecting the differences in the electron-
ic and geometric structures of the underlying surface of indi-
vidual photocatalysts.

The adsorbed water would be stabilized by various forces,
in particular by hydrogen bonds, to form water associates. A
hydrogen bond exerts a large influence on the 'HNMR chemi-
cal shift and gives rise to a low-field shift of the resonance
lines. As expected, the signals of adsorbed water molecules ap-
pear in the range from 6.5 to 5.4 ppm, which is lower than the
location of liquid water (4.8 ppm at 295 K). Because the water
molecules in layer I are considered to take more rigid struc-
tures that are stabilized by stronger hydrogen bonds than those
in layers II and III, the water signals in layer I are expected to
appear at lower field than those in layer III. However, as illus-
trated in Fig. 5, for the three photocatalysts (P25, F4, and
AMT-600) the water signals in layer I appear in a higher field
than those in layer III. This fact suggests the existence of more
favorable factors that affect the chemical shifts other than
hydrogen bonding.
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Six different photocatalytic samples used in the present
study were fabricated by the original preparation procedure de-
veloped by each supplier, which leads to the different crystal
defect structures and surface morphologies. Surface defects
and surface-adsorbed species affect significantly the electronic
and geometric characteristics of TiO, surface and alter the
chemical reactivity. Proton chemical shifts for the water mole-
cules interacting with various types of surface sites must differ
to some extent. The most important interacting sites would be
surface hydroxyl groups. The interactions are mainly the for-
mation of the hydrogen bond network between water mole-
cules and surface hydroxyl groups. From the temperature
dependence of IR spectra of the TiO, film of anatase, Finnie
et al. reported that the terminally bound hydroxyl species ob-
served at 3730 cm™! are obscured by broadening and red shift-
ing on H bonding with coordinated H,O whereas it grows in
intensity on the dehydration of the surface. In contrast, bridg-
ing hydroxyl species, which appear at 3670 cm™!, do not
undergo H-bonding interactions with H,O. Above 373 K, the
concentration of bridging hydroxyls is reduced by heating,
but it is replenished by the dissociative absorption of H,O
on cooling to 398 K, when the molecular absorption of H,O
begins.*! As stated above, for the 'HMASNMR spectra of
anatase TiO, samples the peaks, at 6.4 and 2.3 ppm were at-
tributed to the positively charged acidic protons located on
bridged O atoms, and to the basic H atoms bound to the termi-
nal oxygen, respectively.?’” As illustrated in Fig. 6, the protons
of water molecules in layer I undergoing chemical exchange
with surface hydroxyl groups would shift to some extent, de-
pending on the exchange rate and the amount of the surface
hydroxyl groups. The high-field chemical shift of water signals
in layer I observed for P25, F4, and AMT-600 might indicate
the existence of the more-abundant basic H atoms bound to the
terminal oxygen. Actually, one can find in Table 2 the correla-
tion between the chemical shifts of water signals in layer I and
the isoelectronic points measured for the individual photocata-
lysts, which are indicative of surface acidity.’® The water
peaks in layer I for TiO, with higher isoelectronic points in-
cline to appear in the higher field. Thus, besides the hydrogen
bonding, the acidity of the solid surface, which is intimately
related to the photocatalytic activity, is apparently the major
factor contributing to the observed chemical shift in layer I.
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Fig. 6. Chemical shifts of "HNMR signals and pK values
of surface OH of TiO, powders.
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Table 2. The Chemical Shift of "HNMR Signals Measured
at 358 K and Isoelectronic Points of TiO, Photocatalysts’®

Chemical shift? Isoelectronic point

Ti0; /ppm /pH
P25 54 41
F4 5.8 —
AMT-600 5.7 5.0
AMT-100 6.3 5.4
ST-01 6.1 5.9
UV-100 6.4 _

a) Chemical shift measured 4 h after temperature increase to
358 K.

Photocatalytic Reaction Site

TiO, photocatalytic degradation of a variety of environmen-
tally hazardous organic compounds has been extensively in-
vestigated.!> Most investigations have been performed for
the chemical species directly adsorbed on the surface after
the evacuation of adsorbed water,’!:81-87 assuming that the
photoinduced reactions occur directly on the solid surface.
However, it should be mentioned that in practical applications
photocatalysts are utilized under aerobic conditions in the
presence of adsorbed water, and photocatalysis can take place
in adsorbed water regions. As stated above, the adsorbed water
region consists of three water layers. Then, how are the organ-
ic pollutants incorporated into the photocatalytic systems in
the presence of adsorbed water to be photo decomposed? In
this section, we will discuss the adsorption and photodecompo-
sition of pollutants in the presence of adsorbed water based on
the experimental results observed by solid-state "HNMR spec-
troscopy.**

Degussa P25 powder is used as TiO, photocatalyst and etha-
nol is employed as a model substrate of organic pollutants. As
stated in the previous section, 'HMASNMR spectrum of P25
measured at the spinning rate of 12.6 kHz presents a single sig-
nal. Owing to this rapid rotation, when a small quantity of
ethanol (170 nmol) is loaded onto the top of the NMR sample
tube containing 25 mg of TiO, powder at 295 K, ethanol mole-
cules rapidly diffuse in 30 min in the powder and give a small
peak at 0.99 ppm with a line width of 750 Hz ascribed to meth-
yl (-CHj3) protons of ethanol, as shown in Fig. 7. Methylene
(—CH;) and OH signals of ethanol are not observed due to
the overlap with the adsorbed water signal of TiO,. With in-
creasing temperature up to 358 K, the ethanol peak becomes
sharper (line width, 240 Hz at 358 K), most probably due to
the gained mobility, but the peak area and chemical shift bare-
ly change within the temperature range studied. Taking ac-
count of the chemical shift and the relatively sharp line width,
one can attribute the peak to the ethanol molecules in the ad-
sorbed water region but not to those directly adsorbed on the
surface of metal oxide.

On the other hand, the adsorbed water peak shows similar
temperature dependence to that in the absence of ethanol and
the intensity becomes 40% of that at 295 K on keeping the
temperature at 358 K for a long enough time (more than 2
h), as stated in the previous section. On reversion of the tem-
perature to 295 K, ethanol presents still a peak with the same
line width and intensity as that before the temperature in-
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Fig. 7. '"HMASNMR spectra of TiO, powder (Degussa
P25) on addition of ethanol of (170 nmol) measured at
500 MHz with spinning rate of 12.6 kHz at 295 K (a),
358 K (b), 295 K (c) (just after the temperature was de-
creased back to 295 K), and 295 K (d) (after the sample
was kept at room temperature for 1 month).3*

crease, while the water peak is three times broader due to the
evaporation of volatile water molecules in layers II and III.
This means that the ethanol molecules incorporated in the pho-
tocatalytic system do not vaporize even at 358 K, but are firm-
ly captured in the physisorbed water region, although a sub-
stantial amount of the adsorbed water molecules vaporize.
The reduced water signal recovers almost completely in 20 h
to present the same spectral feature as that before the temper-
ature increase. On the other hand, ethanol keeps the same line
shape even after 1 month (Fig. 7d).

In homogeneous liquid systems, ethanol molecules vaporize
at lower temperature than water molecules. On the contrary, in
this case physisorbed water molecules volatilize more easily
than ethanol molecules, indicating that a small quantity of
ethanol molecules are highly stabilized in the heterogeneous
photocatalytic systems. This observation suggests that hydro-
gen bonding of ethanol with water molecules should be strong-
er than that among water molecules.

Then what happens when excess amounts of ethanol mole-
cules are incorporated in the photocatalytic systems? Figure 8a
shows the "HNMR spectrum of P25 powder saturated with
ethanol molecules, which is packed in a 3-mm glass NMR
sample tube and measured without magic angle spinning. In
spite of the measurement without magic angle spinning, sharp
and intensified water and the methylene (—CH,, 3.67 ppm) and
methyl (-CHj3, 1.0 ppm) signals of ethanol can be observed,
indicating that ethanol molecules adsorb on the solid surface
are in fairly mobile states. The OH signal of ethanol overlaps
with the water signal. When the sample is heated at 423 K for
an hour, two very broad peaks are observed (Fig. 8b). As stated
above, in the absence of ethanol the water peak disappears
completely at 423 K. Therefore, these broad peaks could be as-
cribed to CH, and CHj originating from the ethanol molecule
by taking account of the relative signal intensity of 2:3. On
keeping this sample at room temperature under atmospheric
conditions for more than several hours, with the recovery of
the signal from physisorbed water that re-adsorbed on the sur-
face of metal oxide from the air, relatively sharp ethanol sig-
nals gradually appear although the final intensity is reduced
substantially. This signal remains unchanged in the photocata-
lytic system even after 1 month as shown in Fig. 8c. If one
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Fig. 8. 'HNMR spectra of TiO, Degussa P25 with ethanol
measured at 295 K. P25 was suspended in ethanol solution
and vacuum-dried at room temperature. The sample was
packed in a 3-mm glass tube and measured without rota-
tion (a) before calcination, (b) after calcination at 423 K
for 1 h in an electric furnace, and (c) after sample (b)
was kept at room temperature for 1 month.3

takes account of the sharp line width, one can conclude that
ethanol molecules locate obviously in the physisorbed water
regions in a mobile state. At 423 K physisorbed water mole-
cules and most of the ethanol molecules vaporized. However,
the ethanol molecules that reach the solid surface react with
the surface titanols to form ethoxide, which gives rise to two
resonance lines of OCH, and CH; with remarkable line broad-
ening due to the restricted mobility. The amount of surface ti-
tanols is about 50 times smaller than that of physisorbed wa-
ter.88 Since the available amount of titanol is quite small, most
of the ethanol molecules would vaporize. With the recovery of
the water layers, the ethoxide would be hydrolyzed to form
ethanol molecules that migrate back to the physisorbed water
layer and give sharp NMR signals with reduced intensity.
Thus, when large amounts of ethanol molecules are incorporat-
ed in the photocatalytic systems, a part of the ethanol mole-
cules may interact with titanol on the solid surface to form eth-
oxide. In this case photo decomposition would take place di-
rectly on the solid surface. However, the present experimental
facts imply that a small amount of ethanol would stay more
preferably in the physisorbed water layers with high water con-
tent rather than near the solid surface region of the TiO, pho-
tocatalysts at room temperature in atmospheric conditions. Af-
ter this sample is irradiated by UV for 1 h, only a water peak is
observed, resulting from the complete decomposition of etha-
nol into H,O and CO,.

The above observations are summarized in Fig. 9. At room
temperature, the incorporated ethanol molecules are stabilized
by the hydrogen bonds with water molecules in the physi-
sorbed water layers, where both ethanol and water molecules
are fairly mobile. On UV irradiation the ethanol molecules
in this state are oxidized by the photogenerated active species
to water and CO;. The concentration of the chemical species
incorporated into the photocatalyst as a pollutant would be
quite low. Industrial gas emissions often contain contaminants
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Fig. 9. Schematic illustration of the photocatalytic TiO,
surface. (a) TiO, surface with water. (b) Ethanol mole-
cules loaded preferably stay in the mobile physisorbed wa-
ter layers. (c) On increasing temperature up to 423 K, wa-
ter molecules in the inner phase would be replaced succes-
sively by ethanol and the ethanol molecules reaching the
solid surface react with titanols to form ethoxide. At room
temperature, the powder gradually readsorbs water mole-
cules in the air and the ethoxide is hydrolyzed to ethanol,
which returns to state (b). (d) Photocatalytic reactions of
ethanol under atmospheric conditions take place in this
state of the reactant, which decomposes to CO, and water
via several intermediate species.>*

in low concentrations (<100 ppm) and flow at high rates, and
under these conditions ethanol can be oxidized photocatalyti-
cally mainly in the mobile physisorbed water layers. Since
the physisorbed water region consists of layers where water
molecules take different structures and mobility, the mecha-
nism of the interaction of ethanol with water molecules in each
layer must be complicated.

The Adsorbed Water on TiO, Films

A number of photocatalytic studies have been concerned
with TiO, powders due to the large specific surface area.'*
However, the development of films with high photocatalytic
activity has become important since the discovery of the intri-
guing properties of conversion between less hydrophilic and
more hydrophilic character upon UV light irradiation. A sur-
face coated with a transparent nanoparticulate TiO, film is
originally less hydrophilic and water beads spread on the sur-
face, resulting in fogging of a glass surface. However, after ir-
radiation with UV light, the surface becomes highly hydrophil-
ic, water wets the surface, and glass with an irradiated coating
remains clear in a high humidity environment. The surface,
however, gradually reverts to its originally less hydrophilic
condition in the dark. The highly hydrophilic property opened
new applications of TiO, coatings such as anti-fogging and
self-cleaning. For example, TiO,-coated side mirrors of auto-
mobiles would give a clear view even on a rainy day, and
stains adsorbed on TiO,-coated wall tiles can be easily washed
off by rainwater.

Although some plausible mechanisms have been proposed
for this phenomenon, it has not yet been completely under-
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stood. It was reported that the high hydrophilicity of TiO,
surfaces caused by UV irradiation arose from the dissociative
adsorption of water on the photoinduced oxygen defects of
TiO, surfaces to form surface hydroxyl groups.®=7 From
the results of XPS, FT-IR, and the electrochemical experi-
ments, the following mechanism has been proposed:”’ the
photogenerated holes diffuse to the TiO, surface and are trap-
ped at a lattice oxygen, which weakens the binding energy be-
tween the Ti and the lattice oxygen. A water molecule inter-
rupts this bond to form new hydroxyl groups. In the dark, these
hydroxyl groups gradually desorb from the surface in the form
of H,O, or H,O + O,. The hydroxyl groups produced by UV
irradiation are thermodynamically less stable as compared to
the hydroxyl groups bound to oxygen vacancies, which was
suggested based on the results that the desorption temperature
for the former is lower than that for the latter. Hence recon-
struction from the stable hydroxyl groups to the thermodynam-
ically metastable hydroxyl groups increases the surface energy
of the TiO,, leading to the hydrophilic conversion.’’ This
mechanism may be supported by the experimental results that
either the ultrasonic treatment or the wet rubbing treatment
caused the removal of such OH groups, making the highly
hydrophilic surface change to the less hydrophilic state imme-
diately.3-%

On the other hand, it has been demonstrated that the highly
hydrophilic surface must be achieved by the degradation of
adsorbed organic species on the surface through the oxidation
process by the photogenerated holes.”® Recently, White et al.
demonstrated that TPD spectra of H,O dosed on clean TiO,
(110) surfaces exhibit wetting behavior either in the presence
or the absence of surface oxygen vacancies and the associated
surface-exposed Ti** cations. When covered with trimethyl
acetate (TMA), water TPD spectra exhibit non-wetting behav-
ior, but by irradiation with UV light in the presence of O,
TMA is removed to restore the wetting behavior of the
surface.” However, by taking account of the experimental re-
sults that sonication converts the photoproduced hydrophilic
surface back to the original less hydrophilic surface within
several minutes, and that strontium titanate (SrTiO3), with al-
most the same photocatalytic oxidation power as TiO,, exhib-
its no hydrophilic conversion on UV irradiation,’® some other
conversion mechanism seem to exist besides the degradation
of adsorbed organic species on the surface. Although the
mechanism is still controversial, in order to improve this prom-
inent property and to develop new applications, the establish-
ment of suitable and reliable methods for the quantitative
evaluation of the hydrophilic conversion properties must be
established.

Recently, we observed proton NMR signals of adsorbed wa-
ter on TiO, film and found that the signals disappeared on UV
irradiation in a closed system and recovered after the introduc-
tion of air but with a different spectral feature, possibly due to
the photoinduced change of the TiO, surface environments.?
In this review, we report recent "THNMR studies on water
molecules adsorbed on TiO, film of anatase related to photo-
induced surface conversion in an open system.?

The TiO,; film was prepared on SiO,-coated soda-lime glass
with a conventional Ar ion sputtering method employed for
actual practical applications. The crystal structure of the film



A. Y. Nosaka et al.

I:III

FII

(@)(b)(c)

1
20 10 0 -10 20 ppm

Fig. 10. '"HNMR spectra measured at 800 MHz at 294 K:
(a) an empty NMR sample tube, (b) substrate plates, and
(c) TiO;, film plates. Chemical shifts are referred to DSS
as an external standard.

is anatase with the thickness of SiO; and TiO, layers of 64 and
180 nm, respectively. '"HNMR observation of water signals
adsorbed on TiO, thin film is rather difficult as compared to
those for TiO, powders. The main problem arises from the
much smaller quantity of water molecules which can be placed
in a NMR sample tube in the form of thin films. In addition,
the film sample can not be rotated with magic angle spinning.
Due to the poor signal to noise ratio, the quantitative detection
of 'lHNMR signals of adsorbed water on a single film plate
placed in a NMR sample tube is seriously disturbed by proton
signals arising from probe background, a glass NMR sample
tube and a substrate glass plate. Therefore, one should be cau-
tious about the interpretation of the spectra. The background
signal of the NMR probe can be eliminated by subtracting
the spectrum measured without a sample tube from the spectra
of the sample. As shown in Fig. 10, the NMR glass sample
tube (empty tube) presents water signals adsorbed on the glass
materials. The spectrum consists of two sharp peaks (FIII and
FII) and one broad peak (FI). On placing two substrate glass
plates in the sample tube, a substantial increase in the signal
intensities of peaks FI and FII is observed. When two TiO,
film plates are placed in the sample tube, a further increase
in intensities in peaks FI and FII is observed. Two plates are
placed in a 5 mm o.d. glass sample tube so as to direct the
TiO,-coated surface of the plates back to back.

Although distinctive discrimination of the water peaks
among a NMR glass tube, substrates and TiO; films is difficult,
Figure 10 obviously indicates that substantially larger amounts
of water molecules are adsorbed on the TiO, film surface, which
contribute to the enhancement of water signals FI and FII.

The line widths at a half-peak height of FI-FIII are about 13
kHz, 600 Hz, and 120 Hz, respectively. These three NMR
peaks indicate the presence of three distinct H,O species.
The spectral feature of TiO, thin film is clearly different from
"HNMR spectra of TiO, powder, which present a single reso-
nance line. As shown in Fig. 11, the sharpest peak FIII is read-
ily suppressed by N, gas flow as compared to peaks FII and FI.
Therefore, FIII corresponds to the most mobile water species
located in the most outer phase of the photocatalysts, which
exchanges slowly with gaseous water molecules in the space
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Fig. 11. "HNMR spectra measured at 800 MHz at 294 K
(A) with a cap, and under N, flow (B) for 5 min, and
(C) for 1 h. Chemical shifts are referred to DSS as an
external standard.

of a NMR sample tube. Because powder samples are packed
in the ZrO, sample tube without any vacant space in the
sample tube and measured with contacting dry flowing air,
FIII would be too small to be observed.

Provided that the line width is determined predominantly by
the spin—spin relaxation rate of water proton, the mobility of
the three different water species could be roughly estimated
from the line widths. Taking into account the trend that the line
width becomes sharper with an increase of mobility, we see
that the molecular mobility of water would be higher in the or-
der of FIII > FII > FI. The mobility of FIII would be roughly
estimated to be several times larger than that of FII and about
two orders of magnitude larger than that of FI. Peak FIII de-
creases in intensity upon becoming somewhat broader when
substrate plates and TiO, film plates are placed in a sample
tube. This phenomenon could be attributed to the change in
magnetic inhomogeneity caused by placing the sample plates
in the tube, because the sharpest signal is the most sensitive
to the magnetic inhomogeneity. No further change is observed
in the NMR probe without photoirradiation. The water species
of FII that are several times less mobile than those of FIII
would be located in a rather inner position, and might corre-
spond to water species in layers II and III for powder. The
most immobile rigid water species of FI would correspond to
those near the TiO, solid surface. The obvious difference in
the signal feature between FI and the water species in layer I
near the solid surface could be ascribed to the differences of
the underlying surface structures. The surface of the thin film
is more heterogeneous and must contain more defects or va-
cancies due to the preparation procedure of ion sputtering. This
causes more diverse chemical environments of the water mole-
cules near the solid surface resulting in a broad distribution of
water signals with broad line widths like FI.

For the IR measurements of a TiO, film of anatase under
flowing dry air, Finnie et al. observed two types of coordinated
H,O species on the TiO, surface.*! The first species at 3696
and 3573 cm™! (non-H-bonded and H-bonded, respectively)
is relatively loosely held and is rapidly desorbed from the sur-
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Fig. 12. '"HNMR spectra of TiO, film plates measured at
800 MHz at 294 K: (A) (c) before and (d) just after 30
min UV irradiation in air; (B) (c) before (same as (c) in
(A)) and (e) 2 h (stored in the dark) after 30 min UV irra-
diation in air.*> Chemical shifts are referred to DSS as an
external standard.

face with mild heating, which would correspond to FII. The
second water species with bands at 3634 and 3474 cm™!
(non-H-bonded and H-bonded, respectively) is bound more
strongly, and its concentration decreases slowly to below the
detection limit with heating at 398 K, which is considered to
correspond to FIL.

As described above, a TiO, surface becomes highly hydro-
philic on UV light irradiation and gradually reverts to the orig-
inally less hydrophilic state in the dark.3*7 The TiO, film pre-
pared in the present study shows a water contact angle of 6.5°
before UV irradiation. After 30 min UV irradiation, water
droplets spread out on the film, resulting in a contact angle
of 0°. And the contact angle reverts to 4.7° after the sample
is kept in the dark for 2 h.

The hydrophilic conversions are quite well correlated with
the changes of the NMR signal intensities. When the sample
is UV irradiated outside the NMR probe in air (without a
cap of the sample tube) for 30 min, a substantial amount of in-
crease in the intensities of peaks FII and FIII is observed for
TiO, film plates (Figs. 12A(d) and 13). From the difference
spectrum between the spectra before and after UV irradiation
(Fig. 13), although slight, an increase in the intensity in peak
FI can also be observed. When the sample is kept in the dark
for 2 h in air, the signal intensities of peaks FI-III revert to the
initial state. Peak FIII reverts completely to the initial state in 2
h whereas peak FII presents a different signal shape and the
signal intensity reduces slightly (Fig. 12B). Because the line
shape of peak FII of the substrate plates is affected by UV ir-
radiation for some reason (data are not shown), one can not
conclude whether the signal change of peak FII after UV irra-
diation arises from the photoinduced effect on the substrate
glass or from the chemical environmental change around the
physisorbed water near the TiO, surface resulting from the
photoinduced surface structural change.”” However, for the
substrate glass plates, on UV irradiation, peaks FI and FIII
are not affected and no signal enhancement is observed for

Fig. 13. Difference spectrum between the spectra before
and just after 30 min UV irradiation measured at 800
MHz at 294 K (subtraction of (c) from (d) in Fig. 12A).%

all the peaks. Therefore, this enhancement must be specific
to the TiO, film. These results are highly reproducible.

In the previous studies for the TiO, film piece, changes of
the spectral features of the water peak corresponding to peak
FI were clearly detected before and after UV irradiation in a
closed system, these could be ascribed to the photoinduced
structural change.® In the present films, as shown in Fig. 13,
the signal shapes of peak FI differ also before and after UV ir-
radiation, reflecting the structural change of the solid surface,
although the change is not so clearly detected as in the previ-
ous study because of the poor signal-to-noise ratio.

The characteristics of adsorbed water and surface hydroxyl
groups have been extensively studied and related to the surface
characteristics of TiO, by TPD and infrared reflection absorp-
tion spectroscopy (IRAS).!®212432 The photoinduced hydro-
philic surface of TiO, becomes less hydrophilic in an O, atmo-
sphere in the dark. It was confirmed by XPS studies that, on
UV irradiation in air, the total amount of the surface hydroxyl
groups increased, but the amount of the surface hydroxyl
groups bound to oxygen vacancy was found to decrease with
TPD experiments.”” Therefore, it was suggested that UV irra-
diation should increase the amount of water, which could not
be observed in the TPD experiments.”’ Actually, the results
of the TPD observation that started from the lower temperature
indicated that a substantial amount of water molecules were
desorbed from the TiO, surface below room temperature under
vacuum.?? In addition, the photoadsorption of gaseous water
on TiO, surfaces was also reported by surface-enhanced infra-
red absorption spectroscopy (SEIRAS).?’

The fact that the water photoadsorbed on TiO, was removed
easily by O, suggested that the photoadsorption of water
should be rather weak.

The increase of the molecularly adsorbed water on UV irra-
diation is clearly evidenced by NMR study that shows the en-
hancement of intensities of FIIL.3 The fact that the chemical
shift of FIII is unchanged before and after UV irradiation evi-
dently indicates that the adsorption of this water occurs molec-
ularly but not dissociatively. Three kinds of water species rep-
resented by FI-FIII might exchange among three different
states slowly on the NMR time scale. The strong interaction
among different kinds of hydroxyl groups is also indicated
by SEIRAS measurements.?’ Several plausible factors respon-
sible for the photoinduced hydrophilicity on TiO, films have
been proposed as stated above.¥~°7 Although the photoinduced
structural change on the TiO, surface has not been completely
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elucidated, it must be one of the most important factors. The
photoinduced change of the TiO, surface environments (struc-
tures) would cause the change of the binding states of the sur-
face hydroxyl groups and/or the change of the structures of
water associates in the inner layer near the solid surface, result-
ing in the enhancement of the hydrophilicity. This change
would lead to the successive enhancement of the water con-
tents of the intermediate and the outer layers, resulting in the
observed large enhancement of NMR peaks FIII and FII, be-
cause water molecules are considered to exchange slowly
among the three water states.

Conclusion

The investigation of properties of water molecules adsorbed
on anatase-abundant TiO, in powder and film forms by
'"HNMR spectroscopy revealed that the physisorbed water re-
gion is categorized by four distinctively different states, com-
prising 1) rigid water species with restricted mobility near the
solid surface, ii) less mobile water molecules in the intermedi-
ate water layer, iii) relatively mobile water molecules in the
outer water layer, iv) very loosely adsorbed water molecules
which exchange slowly with gaseous water molecules in air.
The thickness of the water layers i)—iii) for anatase-abundant
TiO, powders is found to be almost the same, although they
possess different physical properties such as primary particle
size, crystal size, crystal form, and BET surface area. For pow-
der, the number of water molecules contained in states i),
ii), and iii) could be roughly estimated to be 4.8 x 104,
3.2 x 10", and 8.0 x 10 molecules/cmz. The water mole-
cules in the innermost layer are quite sensitively influenced
by the surface environment of the individual photocatalysts.

It has been demonstrated that ethanol molecules in practical
conditions as contaminants are firmly captured in mobile phys-
isorbed water layers to be photodecomposed to CO, and water
after photoillumination. This fact suggests that the actual pho-
tocatalytic oxidation of organic compounds of low concentra-
tion, along with that for most of the environmental pollutants,
can be favored in the physisorbed water region rather than on
the solid surface.

The conversion of wettability induced by photo irradiation
is well reflected in the NMR signal change. The enhancement
of the signal intensity of water molecularly adsorbed on TiO,
films could be observed on UV irradiation by 'HNMR spec-
troscopy; such enhancement has been difficult to elucidate so
far with alternative spectroscopic techniques.

Thus, '"HNMR spectroscopy could provide novel as well as
complementary information on the characteristics of adsorbed
water and adsorbed species, although it has not been extensive-
ly applied to photocatalytic systems so far.
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