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ABSTRACT: Heterogeneous photocatalysis is vital in solving
energy and environmental issues that this society is confronted
with. Although photocatalysts are often operated in the
presence of water, it has not been yet clarified how the
interaction with water itself affects charge dynamics in
photocatalysts. Using water-coverage-controlled steady and
transient infrared absorption spectroscopy and large-model
(∼800 atoms) ab initio calculations, we clarify that water
enhances hole trapping at the surface of TiO2 nanospheres but
not of well-faceted nanoparticles. This water-assisted effect
unique to the nanospheres originates from water adsorption as a ligand at a low-coordinated Ti−OH site or through robust
hydrogen bonding directly to the terminal OH at the highly curved nanosphere surface. Thus, the interaction with water at the
surface of nanospheres can promote photocatalytic reactions of both oxidation and reduction by elongating photogenerated
carrier lifetimes. This morphology-dependent water-assisted effect provides a novel and rational basis for designing and
engineering nanophotocatalyst morphology to improve photocatalytic performances.

■ INTRODUCTION

Heterogeneous photocatalysis is versatile: it decomposes
pollutants in air and water, kills microbes, and even has great
potential for producing hydrogen out of water with sustainable
sunlight. The photocatalytic reactions in these applications are
driven by electrons and holes generated by photoexcitation
across the band gap of semiconductor particles. Extensive
studies on heterogeneous photocatalysis in the past have
revealed that one of the biggest obstacles to improving photon
energy conversion efficiency is an effective loss channel of
photogenerated carriers by rapid electron−hole recombination.
However, there is still a fundamental open question: it is not
yet clear how water is involved in the photocarrier dynamics at
the surface of photocatalysts, although they are usually operated
in an aqueous or wet environment. The rate-determining
process in photocatalysis is the oxidation of molecules at the
photocatalysts surface, where long-living trapped photogen-
erated holes play a crucial role. Moreover, hole trapping enables
electrons to live longer, which also promotes reduction
reactions such as hydrogen evolution in water splitting.
Therefore, the understanding at a molecular level of the role
played by water in the key process of hole trapping is of

paramount importance for an effective design of high
performance photocatalysts.
TiO2 has been a prototype material to study the mechanism

of heterogeneous photocatalysis.1−5 Trapped carriers in TiO2
nanoparticles have been intensively investigated with several
experimental techniques. Electron paramagnetic resonance
(EPR) studies6−9 have clarified that photogenerated electrons
are trapped as Ti3+ species, while holes are trapped at the
surface of nanoparticles as O− species. However, the application
of EPR spectroscopy is mostly limited to low temperature.
Transient absorption spectroscopy has been applied in a wide
time scale and wavelength range.10−21 In particular, it is well-
known that photogenerated electrons in the conduction band
and in shallow trap states reveal a Drude-like broad absorption
band in the mid infrared.16,21 Trapped carriers have been also
investigated theoretically, although most of the calculations
were done using slab-type models of anatase TiO2, mimicking a
single-crystal surface.22,23 In-gap states originating from extra
electrons or holes have been confirmed when proper self-
interaction corrected methods (hybrid functionals) are used for
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density functional theory (DFT) calculations.24,25 The
calculations suggest that two-coordinated bridging oxygen,
O2c, is the primary candidate for surface hole trapping. EPR7

and time-resolved FTIR in the second to minute time scale21

showed that water adsorbates stabilize surface trapped holes
and retard the charge recombination rate. However, the role of
interfacing water in charge trapping dynamics is still
unclear.26,27

Despite intensive research in the past, we confront serious
problems for exploring the carrier trapping mechanism in
heterogeneous photocatalysis. The problems are related to two
serious gaps between fundamental and application oriented
studies: the material and pressure gaps. On the one hand, a
tremendous material gap originates from the fact that
nanoparticles used in realistic photocatalytic reactions have
various sizes, shapes, and morphologies. In particular, highly
curved surfaces were reported to more strongly bind chemical
species and, in general, to present an enhanced reactivity.28,29

For these reasons, besides better known nanospheres or
nanorods, novel roundish nanobjects are currently attracting a
lot of attention.30−32 Numerous calculations on slabs of a single
crystal provide little information on the hole trapping
mechanism at the surface of realistic nanoparticles. On the
other hand, most of the experimental studies have been
performed either in an ultrahigh vacuum or in an aqueous
environment. There is a sizable pressure gap between the two
experimental conditions.
To fill the two gaps, both experimentally and theoretically,

we have tackled this complex problem through a two-
dimensional systematic approach: on one side, we have
investigated TiO2 nanoparticles with distinctly different
morphologies (roundish nanocrystallites and well-faceted
nanocrystallites of decahedral and octahedral anatase particles),
and, on the other, we have gradually increased the water
coverage in a controlled manner. Hybrid DFT calculations were
run on very large model systems of ∼800 atoms to be as close
as possible to experimental conditions. Here, we demonstrate
that a surface OH group at the curved surface of nanosphere
effectively traps a hole in contrast to an OH group at the flat
surface of faceted nanocrystallite, and this trapping ability is
further enhanced by adsorption of an additional water
molecule.

■ MATERIALS AND METHODS
Samples. Experiments were performed with three kinds of anatase

TiO2 nanoparticles. As the faceted particles, we used decahedral
anatase particle (DAP) and octahedral anatase particle (OAP)
prepared by gas-phase reaction and hydrothermal reaction, respec-
tively.33,34 As the roundish anatase particles without well-developed
flat facets, we used commercially available ST-01 of Ishihara Sangyo
that has been used as a standard sample in comparison regarding
photocatalytic activity and in studies of the mechanism of photo-
catalysis of anatase TiO2 nanoparticles.35−37 The structure and
morphology of nanoparticles were observed with transmission electron
microscopy (JEM-ARM200F/JEOL) and X-ray diffraction (mini-
flex600/Rigaku). The surface area and the absolute amount of water
adsorption were determined with volumetric analysis (BELSORP-
miniII/BeL JAPAN). Impurities of all of the samples were below the
detection limit of X-ray photoelectron spectroscopy (<1%).
TAS and DRIFTS Measurements. The light source for transient

absorption (TA) spectroscopy was a fs-Ti:sapphire laser with a
regenerative amplifier (Spitfire, Spectra Physics, 800 nm, 170 fs)38 that
generated pump pulses at 400 nm and probe pulses at 4000 nm.
DRIFT spectra of the TiO2 nanoparticles were measured by an FTIR
spectrometer (FT-IR7000M/Varian) equipped with a mercury

cadmium telluride (MCT) detector. The background for the IR
measurements was taken with Si powder in a diffuse reflectance mode.
The intensity of IR absorption was estimated by the Kubelka−Munk
equation.

Computational Methods. All density functional theory (DFT)
calculations were performed with the CRYSTAL1439 code, where the
Kohn−Sham orbitals are expanded in Gaussian localized basis
functions, employing the B3LYP40,41 hybrid functional. The models
for the faceted (NC) and spherical (NS) nanoparticles (Figure 3) were
carved from bulk anatase and saturated with H atoms to obtain
chemically stable systems with stoichiometries of (TiO2)260·6H2O and
(TiO2)223·18H2O, respectively.42 To determine a stable minimum
energy structure for NS, a global optimization procedure (simulated
annealing) by means of the computational efficient density functional
tight-binding method (DFTB)43−45 was carried out before a final
optimization run with DFT-B3LYP. It is common practice to describe
flat anatase facets with slab models. In this work, the recourse to a 1 ×
3 and a 4 × 2 slab supercell, with a thickness of three and four atomic
trilayers, for the (101) and (001) facets, respectively, was limited to
the calculation of (i) the vibrational frequencies of water adsorbates
and (ii) the hole states for the (001). For all other calculations, the
faceted nanoparticle model (NC) was employed. A Monkhorst−Pack
k-point grid was used to sample the Brillouin zone: 2 × 2 × 1 for the
(101) surface and 1 × 2 × 1 for the (001) surface. Harmonic
frequencies have been calculated by numerical differentiation of the
gradient vector, using a “two-point” formula, and rescaled according to
the experimental symmetric stretching mode of gas water.46 Further
computational details are given in Supporting Information section 2.

■ RESULTS AND DISCUSSION

Titania Nanoparticles. Experiments were performed with
three different types of anatase-TiO2 nanoparticles: decahedral
anatase particles (DAPs),33 octahedral anatase particles
(OAPs),34 and commercially available anatase nanoparticles
(ST-01 of Ishihara Sangyo). The crystal structures of these
samples were confirmed to be anatase by X-ray diffraction
(XRD) (Figure S1). The morphologies of the nanocrystallites
were investigated with high-resolution transmission electron
microscopy (TEM) (Figure 1). Figure 1a shows a TEM image
of DAPs recorded with an electron beam at an incident
direction perpendicular to [001] axis; two facets of (101) and
(001) were observed in the TEM image of DAPs. OAPs
(Figure 1b) show predominantly (101) facets that are
thermodynamically most stable. Thus, DAPs and OAPs are
well faceted with flat surfaces with low-Miller indices. In
contrast, the primary nanoparticles of ST-01 (Figure 1c) are
roundish with patches of curved nanosurfaces, hardly showing
well-developed flat facets; thus, the surfaces of ST-01 are highly
defective and have a large density of low-coordinated sites. The
surface areas of the nanoparticles were determined by nitrogen
adsorption isotherms at 77 K: 14.7, 230, and 260 m2 g−1 for
DAP, OAP, and ST-01, respectively.

Transient Absorption Time Profiles. The dynamics of
carriers photogenerated in the anatase-TiO2 samples were
investigated by measuring time-profiles of transient absorption
(TA). The samples were excited with near-ultraviolet pump
light at 400 nm (3.1 eV) and probed with mid-infrared probe
light at 4000 nm. The pump photon energy is close to the band
edge of anatase titania. Photogenerated electrons in the
conduction band and in shallow traps have a characteristic
absorption band extending from near-IR to mid-IR.16,47 Thus,
we can monitor photoelectrons with the IR probe. Figure 1d
shows the time profiles of TA as a function of water vapor
pressure P in the range of 10−2 < P < 102 Pa. The TA time
profiles are composed of a fast (τ = 0.2−3 ps) and a slow (τ =
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90−120 ps) decay component. The intensity and the TA decay
features of DAP and OAP did not change with P. In contrast,
the TA intensity of the slow decay component for ST-01, in
particular, significantly increased with P, while the decay
features were not sensitive to P. These trends are apparent in
Figure 1e where the intensities of the slower decay component
are plotted against P.
Photoholes in anatase titania nanoparticles are trapped much

faster than photoelectrons;14,48 while the trapping of photo-
generated electrons in anatase TiO2 colloidal nanoparticles
takes place on a time scale of 260 fs, hole trapping takes place
in less than 50 fs.14 This indicates that hole transport from the
core to the surface of a nanoparticle is very fast. If hole
transport is accelerated due to stabilization of hole at the
surface, the loss of electron via electron−hole recombination in

the core will decrease. Therefore, the increase in the TA
intensity of ST-01 at 4000 nm with increasing P implies that
water adsorption enhances the hole trapping ability at the
surface of ST-01 nanoparticles.49 Here, we refer to this
phenomenon as the water-assisted effect on hole trapping.
Note that this effect is reversible in terms of water vapor
pressure; thus, no permanent changes in photocatalyst are
responsible for this effect. An important question is why the
hole trapping probability of ST-01 is strongly enhanced by
water adsorption in contrast to DAP and OAP that do not
show any enhancement of hole trapping with water adsorption.

DRIFT Spectra. To gain a molecular level insight into the
peculiar water-assisted effect, we have measured diffuse
reflectance infrared Fourier transform (DRIFT) spectra as a
function of water vapor pressure. Figure 2a shows the

Kubelka−Munk plots of DRIFT spectra I(P) at P ≈ 0.01 Pa
where the intensity is normalized at each of the peak of the
hydrogen-bonded OH stretching band. All three titania samples
show three prominent absorption bands at 1500−1700, 2600−
3650, and 3600−3750 cm−1, which are assignable to H−O−H
bending, hydrogen-bonded OH-stretching, and free OH-
stretching bands, respectively. Here, we refer to free OH as
OH groups of surface hydroxyl or water adsorbate that are not
involved in H-bonding. The H−O−H bending band is derived
from molecularly adsorbed water, while the latter two bands are
contributed from molecularly adsorbed water and surface
hydroxyls. The adsorbates responsible for the DRIFT spectra at
P ≈ 0.01 Pa are strongly adsorbed species,49 which we call
hereafter the A0 species. In fact, some of the species were not
completely eliminated by heating the samples to 600 K (Figure
S2). Analyzing the temperature dependence of adsorbate
coverage under an adsorption−desorption equilibrium49 at

Figure 1. TEM images and time profiles of transient absorption
anatase-TiO2 nanoparticles. (a) TEM images of DAP, (b) OAP, and
(c) ST-01. (d) Time profiles of transient absorption of DAP, OAP,
and ST-01 nanoparticles excited with 400 nm pump and probed by
4000 nm probe light at various water vapor pressures. Intensities are
normalized at zero delay. (e) Intensities of the slower decay
component in the transient absorption profiles as a function of
water vapor pressure. Intensities of each sample are normalized at its
lowest water vapor pressure.

Figure 2. DRIFT spectra of the TiO2 nanoparticles. (a) ST-01 (red),
OAP (cyan), and DAP (purple), at P ≈ 10−2 Pa, where the intensity is
normalized at each peak of the hydrogen-bonded OH-stretching band.
(b) Peak normalized difference spectra between 102 and 10−2 Pa.
(inset) Enlarged view of the difference spectra in the free OH-
stretching band region.
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0.01 Pa, we estimated that the adsorption energies of the
species are in the range of 1.0−1.9 eV (Figure S2). The most
striking difference in the spectra of these samples is that the
hydrogen-bonded OH-stretching band of ST-01 is remarkably
red-shifted from those of DAP and OAP, peaking at ∼3100
cm−1 (Figure 2a).
Both the bending band and the hydrogen-bonded OH-

stretching band of three samples monotonically grow with
increasing water vapor pressure (Figure S3). At P = 100 Pa, the
surfaces of these samples are covered with 1 monolayer (ML)
of additionally adsorbed water molecules. The difference
spectra between 100 and 0.01 Pa are depicted in Figure 2b,
where the intensity is normalized at each of the peaks of the
hydrogen-bonded OH stretching band. The spectral changes
are reversible in terms of water vapor pressure, indicating that
the adsorbate responsible for the difference spectra is
molecularly adsorbed water. The adsorption energy estimated
from pressure dependence is ∼0.7 eV. We refer to the water

adsorbate responsible for the difference spectra as the A1
species. In this pressure range, two spectral features character-
istic to ST-01 are noteworthy in comparison with DAP and
OAP. First, the A1 species on ST-01 nanoparticles also shows
the OH-stretching band below ∼3100 cm−1 as in the A0
species. Second, some part of the free OH-stretching band
around 3680 cm−1 of ST-01 is depleted upon water adsorption,
while such a depletion in the free OH band does not occur in
DAP and OAP where an additional water molecule would
supply a free OH band with similar frequency (Figure 2b and
Figure S4). These findings suggest that surface species with a
free OH band on ST-01 nanoparticles are converted to ones
showing the significantly red-shifted OH-stretching band below
∼3100 cm−1 by hydrogen bonding with additional water.
Because these changes associated with water adsorption occur
on the surface of ST-01 but not on those of DAP and OAP, this
type of conversion is a key to understanding the mechanism of
the water-assisted effect. To elucidate how the observed

Figure 3. Vibrational structures of water and hydroxyl adsorbates on anatase TiO2 nanoparticle models. (a) Space-filling representation of the
faceted (TiO2)260·6H2O and (b) spherical (TiO2)223·18H2O anatase TiO2 nanoparticle models. O and H atoms are shown in white, and Ti atoms are
colored according to their coordination pattern: black for Ti6c, green for Ti5c, red for Ti4c, and magenta and cyan for Ti3c−OH and Ti4c−OH,
respectively. (c) Comparison between the normalized experimental infrared spectrum of DAP at 0.01 and 100 Pa and the theoretical scaled
frequencies of bending and OH stretching for water adsorbates on the (001) and (101) anatase surface facets. (d) Comparison between the
normalized experimental infrared spectrum of ST-01 at 0.01 and 100 Pa and the theoretical scaled frequencies of bending and OH stretching for
water adsorbates on the spherical anatase nanoparticle model. Black arrows in (c) and (d) highlight the red-shift effect caused by H-bonded water
(from red to blue lines) for some selected water adsorbates as depicted in (e,f) on the (001) facet of DAP and in (g,h) on the spherical anatase
nanoparticle. The adsorption site and the next-neighboring atoms are evidenced by larger spheres: Ti atoms are colored with the color code
mentioned above, H atoms are shown in white, lattice and OH O atoms are in red, and water O atoms are in blue. Relevant H-bonds are represented
by thin blue lines, and distances are in angstroms.
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spectral features are related to the effect of water adsorption on
hole trapping ability, we have conducted DFT calculations
using faceted and spherical anatase TiO2 nanoparticles.
Vibrational Frequency Analysis. We simulated faceted

nanoparticles (DAP and OAP) with the model shown in Figure
3a, while roundish ST-01 nanoparticles having patches of
curved nanosurfaces with a spherical nanoparticle are shown in
Figure 3b. Some very strongly bound water is present on the
surface in the dissociated form to saturate very low-coordinated
sites, resulting in terminal OH groups on Ti4c (both in a and b)
and Ti3c (only in b), leading to fully stoichiometric systems: (a)
(TiO2)260·6H2O (798 atoms) and (b) (TiO2)223·18H2O (723
atoms). We consider this as intrinsic water.
As a next step, we investigate how any additional water

would bind to the surface of these nanoparticles. On the faceted
ones, water predominantly adsorbs molecularly on the Ti5c on
the (101) facets (by −0.91 eV), with very few water molecules
dissociating on the Ti4c at the corners of the truncated
bipyramid (red in Figure 3a), with a binding energy of −1.39
eV. Dissociative water adsorption also takes place on the (001)
facet of DAP, resulting in two surface hydroxyls (Figure 3e),
with a binding energy of −2.68 eV. On the spherical ones, a
more complex scenario is observed (Figure S5). Water is found
to favorably dissociate on Ti3c−OH and Ti4c sites (binding
energy from −1.1 to −2.0 eV) and to bind molecularly to Ti4c−
OH and Ti5c sites (binding energy from −0.6 to −0.9 eV).
However, it is noteworthy that because some Ti5c sites (missing
an axial O atom) present a coordination sphere42,50 different
from that on regular (101) anatase surface (missing an
equatorial O), water dissociation is found to be favored.
Finally, further water may bind through H-bonding, either to
Ti−OH groups, to Ti−OH2, or to surface bridging O atoms
(binding energy in the range between −0.5 and −0.7 eV).
The various types of water binding modes on nanospheres

can be associated with A0 and A1 families experimentally
observed at low water pressure (0.01 Pa, Figure 2a) and at
higher water pressure (100 Pa), based on the computed binding
energy (BE) value (Supporting Information section 3): |BE| >
0.7 eV for A0 family and 0.7 eV ≥ |BE| > 0.5 eV for A1 family,
respectively.
The calculated vibrational frequencies of several OH and

H2O species, dissociatively and molecularly bound on nano-
particle surfaces, are reported in Figure 3c and d for the faceted
and round nanoparticles, respectively (Figure S6). The
calculated transitions very well fit the experimental spectra
observed at 0.01 and 100 Pa of ST-01 and DAP. The frequency
of free OH stretching is sensitive to the coordination number of
the binding surface Ti ion and the O−Ti−OH torsional angle
(Figure S7).
It is noteworthy that large red-shifts are computed when

relatively strong H-bonding takes place, either with surface O
atoms or with additional water molecules on the surface of
nanosphere. In particular, after H-bonding with additional
water, the stretching frequencies of free terminal OH at low
coordination sites around 3680 cm−1 shift to values below 3100
cm−1 (Figure 3d), in excellent agreement with the difference IR
spectrum in Figure 2b. Those characterized by the large red-
shifts in the OH stretching frequency are represented by ball-
and-stick models before and after H-bonding with an additional
water molecule, in Figure 3g and h, respectively, where the
curved surface provides the local structures around terminal
OHs that allow one to align the OH···O(H2) bond almost
linearly, which strengthens this hydrogen bond. A correlation

between H-bond distance and red-shift extent is well-known
and shown for the present study in Figure S8. Note that OH
groups can only form a strong H-bond with additional water
molecules because of the short Ti−OH bond that does not
allow for large flexibility for forming H-bond with other distant
surface hydroxyl groups, contrary to the case of Ti−OH2. In
contrast, although free OHs exist on a (001) facet of DAP as a
result of dissociative adsorption of water (Figure 3e), the red-
shift in the OH stretching frequency upon water coordination
(Figure 3f) is much smaller than those observed for
nanospheres (see Figure 3c) because the faceted surface forces
the OH···O(H2) bond to be bent, which weakens the hydrogen
bond. Thus, calculations show that the OH species whose
frequency is significantly red-shifted by H-bonding with
additional water only exists on nanospheres.

Hole Trapping Mechanism. Excitation of TiO2 nano-
particles with light induces the formation of excitons, typically,
one per nanoparticle. If the electron−hole pair does not
recombine and there is sufficient thermal energy to overcome
the tiny exciton binding energy, the electron and hole separate.
There is a preference for the hole to travel from the bulk to the
surface, and we have found that the best surface-trapping site is
a bridging O2c ion.50 Free OH species are very poor hole
trapping sites. Therefore, in vacuum conditions, where only
very strongly bound water and surface hydroxyl are present,
holes are expected to be trapped at O2c sites, in the cases of
both faceted and spherical nanoparticles.
At increasing water partial pressure, the water-assisted hole

trapping effect is not observed for faceted nanoparticles (Figure
1e). There are several reasons for that. First, on Ti5c ions at
(101) facets, water does not dissociate but only adsorbs as
molecular species (Figure S9). The latter are not capable of
hole trapping, and not even hole-induced water dissociation
occurs because this process was found to be endothermic by
0.32 eV (Figure S10), in line with a previous study.26 Second,
molecularly adsorbed water on (101) facets in aqueous
environment was shown to inhibit hole trapping by O2c centers
because they accept H-bonds from water.26 Thus, the absence
in the water-assisted effect implies that hole trapping ability of
O2c is compensated by subsurface O3c. Third, water can be
dissociatively adsorbed on (001) facets widely distributed on
DAP surface. We modeled water dissociation on Ti5c, as
previously observed,51,52 by forming two OH groups (Figure
3e). Hole trapping at such OH species requires breaking of the
H-bond between them. For this reason, they are not good
trapping sites, being less stable by +0.34 eV with respect to hole
trapped on a (001) surface O2c. The effect of additional H-
bonded water is even more detrimental, increasing the energy
instability to +0.42 eV (Figure S11c and d).
Differently from faceted, the water-assisted effect is observed

on roundish ST-01 by the increase in the TA intensity of slow
component. In the following, we will explain why. First, water
dissociates on Ti3c, Ti4c, and some Ti5c sites (missing an axial
O) on nanosphere. Strongly bound isolated OH groups are
thus formed on the surface (A0 species), which are capable of
hole trapping, although they are worse than O2c surface sites
(by +0.50 eV). Yet, here the role of additional water (A1
species) comes into play: additional water assists the process of
hole trapping on OH species and improves it, resulting in a
larger hole trapping energy.
A clue that OH species are involved in the underlying

mechanism for the water-assisted effect on ST-01 comes from
the difference spectrum in Figure 2b, where a depletion in the
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free OH band and an increase in the H-bonded one are
observed. As shown in Figure 4a, calculations proved that water
may assist hole trapping both (i) by coordinating as an
additional ligand to the low-coordinated Ti ion in the Ti3c−OH
or Ti4c−OH trapping species and (ii) by binding to the OH
trapping species through quite strong H-bonding, which is
responsible for a large red-shift in the OH stretching frequency.
Water coordination as an additional ligand to complete the

coordination sphere of a Ti3c−OH was found to enable its hole
trapping ability, and in the case of a Ti4c−OH to enhance it by
−0.36 eV. The reason is that the water ligand brings further
electronic charge to the Ti ion, resulting in a more electron-rich
OH species (3a1 of water → dx2−y2 of Ti → O 2p of OH) and
thus a better hole trap. This is evidenced also by a shift in
energy of the empty (hole) state in the gap by +0.46 eV
(compare Figure 4b with c), indicating a hole stabilization: the
higher is the hole state, the better is the trapping.
A strong H-bonding of water to the OH group favors hole

trapping by about −0.15 eV, by forming a bonding state
between the σ OH of the Ti−OH species and the 3a1 molecular
orbital of H2O (brown lobes in Figure 4d); this causes electron
transfer from H2O to OH through the H-bond and an evident
elongation of the O−H bond length by 0.06 Å. By comparing
the projected density of states (PDOS) in Figure 4d with that
in Figure 4c, we notice that the H-bonded water stabilizes the
OH states (red projections in the range of energy between
−15/−16 eV) at the bottom or below the valence band. The
PDOS clearly shows the position of the empty hole (h+) state
in the gap, and that is fully localized on the O 2p state (red
projection is almost fully covering the hole peak). Therefore,
the electron transfer through the strong H-bonding with the
additional water molecule accompanied by the elongation of
terminal OH bond stabilizes and localizes the hole on the O
atom of terminal OH.
Regarding the effect of a strong H-bond with additional

water described above, we must consider another aspect to
induce successful water-assisted hole trapping. This second
crucial factor becomes clear if we compare a surface hydroxyl
on a nanosphere with one on a DAP (001) facet (Figure 5). A
surface hydroxyl forms a flexible H-bond network including an
additional water molecule that is highly affected by hole
trapping at OH. Going from the neutral to the hole trapped
charged system, that is, from left to right of Figure 5 (b,c for
nanosphere and d,e for (001) surface), two opposite effects
clearly emerge: in the case of nanospheres (blue curve in Figure
5a), we observe an enhanced stabilization of the system upon
hole trapping as a consequence of the strengthening of the H-
bond network (see shorter distances in Figure 5c with respect
to Figure 5b); whereas, in the case of DAP, we observe a
reduced stabilization by water as a consequence of a reduced
number of H-bonds. The neutral state of the terminal OH is
stabilized through H-bonds with the neighboring OH and the
additional water. Upon hole trapping, the terminal OH can no
longer donate charge to the neighboring OH, thus breaking the
H-bond, but making a stronger and more directional H-bond
with the additional water molecule. This lifts the water
molecule from the surface with no possibility of establishing
H-bonds with O2c sites. Thus, a significant difference between
spherical and faceted nanocrystallites is in the local structures
around low-coordinated Ti−OH sites provided only by the
curved surface of nanospheres, where an additional water
molecule can form robust H-bonds to both the terminal OH
and substrate O2c in the neutral state, and their robustness is

Figure 4. Enhancement of hole trapping at surface hydroxyls by
hydrogen bonding with water. (a) Schematic representation of the
water adsorption on TiO2 nanospheres. For low coverages (A0), water
dissociatively adsorbs on low coordinated Ti sites (Tilow−c) creating
OH groups, which are not good trapping sites. At higher coverages
(A1) water assists the hole trapping process by first coordinating as a
ligand to the Ti low-coordinated sites and then by H-bonding to the
OH species and to the surface O atoms. (b) Simulated total (black)
and projected (red and blue) density of states of the spherical anatase
nanoparticle with an excess hole in the Ti4c−OH site and (c) in the
same site with an additional ligand water molecule, and (d) with both
an additional ligand and H-bonded water molecules. Dashed red lines
are traced in correspondence to the hole state in (b) and (c) and in
correspondence of the OH bonding states in (c) and (d). Energy shifts
are in eV. In the insets on the right of (b, c) and (d), the 3D spin
density (in green), representing the OH radical formed upon hole
trapping, is given with an isovalue of 0.01 au. In the left insets of (c)
and (d) the alpha OH bonding state is represented with a |Ψ|2 3D plot
(in orange) with an isovalue of 0.005 au. Next-neighboring atoms are
evidenced by larger spheres: Ti atoms are colored in cyan, H atoms in
white, lattice and OH O atoms in red, water O atoms in blue. Relevant
H-bonds are represented by thin blue lines.
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further enhanced in the charged state. Consequently, we learn
that for spherical nanoparticles there is a positive overall
structural reorganization energy following hole trapping, in
contrast with a negative effect in the case of the (001) surface of
faceted nanocrystallites. Therefore, the curved surface not only
provides low-coordinated Ti−OH sites but also the local
surrounding structures suitable for the robust H-bonds around
them.

■ CONCLUSIONS
This combined experimental and theoretical study provides a
comprehensive picture of the hole trapping mechanism at the
surface of anatase TiO2 nanoparticles of different shape
(faceted vs spherical) and in the presence of gradually
increasing water adsorbates: water adsorbates enhance the
hole trapping ability of spherical nanoparticles, but do not
influence that of faceted ones. The models used for the hybrid
DFT calculations are very large (∼800 atoms) to be as close as
possible to experiments. Hydroxyl groups on low-coordinated
Ti sites (Ti4c−OH and Ti3c−OH), resulting from water
dissociation, are abundant on spherical nanoparticles, whereas
they are very scarce on faceted surfaces. Moreover, the curved
surface of nanospherical particles can provide a local
surrounding structure to the terminal OH where robust H-
bonds are created with additional water adsorbates, resulting in
substantially red-shifted OH stretching bands. The first shell of
water coordination is found to play a crucial role in enhancing
the trapping ability either by binding as a ligand to the low-
coordinated Ti site or by hydrogen bonding directly to the

trapping OH (Figure 4a). The fact that the hole trapping ability
of the low-coordinated Ti−OH sites is triggered by interactions
with water molecules proves that they are active species in
realistic aqueous operation conditions. Consequently, the
morphology-dependent water-assisted hole trapping effect
clarified by the current study not only leads to a molecular-
level understanding of water oxidation with metal oxides, but
also provides a new insight into the strategy of surface
engineering for high performance photocatalysts.
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