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The behavior of water molecules on the surfaces of the TiO2 nanowire grown in [001] direction has been
investigated by combining theoretical calculations and experiments. Calculated UV–visible absorption
spectra reproduce the main features of the experimental spectra. Computations predict that a photoex-
citation followed by a sequence of relaxation events results in photoluminescence across the gap. TiO2

nanowires in vacuum and aqueous environment exhibit different dynamics of photo-excited charge car-
riers. In water, computed relaxation of electrons (holes) is approximately 2 (4) times faster compared
with vacuum environment. Faster relaxation of holes vs. electrons and specific spatial localization of
holes result to formation of long lived charge transfer excitation with positive charge at the surface of
the nanowire. Comparison of relaxation process in TiO2/water interfaces focusing on different surfaces
and nanostructures has potential in identifying structural characteristics of TiO2 materials important
for efficient photo-electrochemical water splitting.

� 2016 Elsevier B.V. All rights reserved.
There is an active search of optimal structures providing highest
efficiency of photo-activated water splitting half-reactions

2Hþ þ 2e� !cat1 H2 and 2H2O !cat2 4Hþ þ 4e� þ O2. An increase of effi-
ciencies of reducing catalyst cat1 and oxidation catalyst cat2 are
achieved by choice of appropriate material composition and spatial
confinement regime. In this Letter, we test the suitability of one-
dimensional (1D) metaloxide semiconductors nanostructures for
the role of oxidation catalyst cat2. Understanding the mechanisms
of water adsorption at the surface of such nanostructure and
photo-induced dynamics of charge carriers (electron and hole) at
the interface between water and semiconductor nanostructure is
a fundamental step in finding an optimal material for water split-
ting in a photo-electrochemical cell [1–3].

The adsorption of water on metal oxide surfaces has been
attracting great interest for many years due to its applications in
catalysis, photochemistry, and electrochemistry [4–6]. Titanium
dioxide (TiO2), which is nontoxic and has low cost with excellent
physical and chemical stability, has attracted particular attention
[7]. The surface-to-volume ratio of a TiO2 nanostructure correlate
with its crystallographic phase. Specifically, TiO2 samples domi-
nated by bulk atoms are typically found as the rutile phase due
to its thermodynamic stability; however, samples dominated by
surface atoms are typically found as the anatase phase due to the
favorable surface free energy of the {101} facet [8–11]. Compared
with TiO2 rutile, TiO2 anatase is more efficient and more widely
used in catalysis and photo-electrochemistry [12,13].

Small complexes of Ti ions coordinated to hydroxyl and water,
for water splitting applications, were recently described [14–17].
There are extensive experimental and theoretical studies on the
H2O adsorption on anatase surfaces [18–22]. In addition to
surfaces, 1D nanostructures i.e. nanowires (NWs) and nano-rods
(NRs) promise several beneficial features: 1) better spatial separa-
tion of charge carriers; 2) easier transport/conducting along NW
axis; 3) additional tuning of electronic and optical properties via
spatial confinement; 4) high surface-to-volume ratio maximizing
interface with the solvent; 5) larger number of surfaces and edges
with various structural symmetry acting as reaction activated sites
in surface chemistry; 6) easier manufacturing procedure of
nanowire growth providing higher quality, defect-free materials
due to relaxation of surface strain that allows avoiding lattice
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mismatch [23–28]. There are already few theoretical studies of the
H2O adsorption on anatase TiO2 NWs [29,30]. Theory and compu-
tational modelling of finite NRs and periodic models of NWs can
provide additional insights in effect of surface and interface char-
acteristics on the electronic structure and radiative and nonradia-
tive electron dynamics in these systems.

The computational modelling of the carrier relaxation in mole-
cules and nanostructures relies on partitioning the total energy
between electronic part and nuclear part and allowing for coupling
between them, going beyond Born-Oppenheimer approximation
[31–34]. Several successful computational strategies for electronic
relaxation are proposed [35–44]. Historically, the electronic relax-
ation in the limit of long time dynamics, low couplings, and multi-
ple electronic states is often addressed by the multilevel Redfield
theory [45–53]. There were recent approaches to combine Redfield
theory of electron relaxation with on-the-fly coupling of electrons-
to-lattice through a molecular dynamics (MD) trajectory in the
basis of density functional theory (DFT) [54–62].

The photo-induced electron transfer at the interfaces of a mole-
cule or a water layer, a graphene-layer, a semiconductor quantum
dot or perovskite layer with rutile TiO2 surfaces has been investi-
gated by Prezhdo et al. [63–68] using real-time nonadiabatic MD
[69–72]. These works have provided an understanding of the
mechanisms of electron transfer, relaxation, and recombination
dynamics, and the effect of these processes on the solar cell effi-
ciencies. Batista et al. [40,41] explored the process of electron
injection in catechol/TiO2-anatase nanostructures at the detailed
molecular level to gain a fundamental understanding of excited-
state electron-injection paths. Meng and Kaxiras [73,74] investi-
gated the electron and hole dynamics of the systems consisting
of organic sensitizers and anatase TiO2 NWs. Mahran et al. has
modelled photo-induced hole transfer from TiO2 NW to caffeic acid
adsorbate [75].

In this work we explicitly consider 1D nanostructures of ana-
tase TiO2 and study the influence of water adsorption on electronic
and optical properties of [001] TiO2 NRs and NWs by combining
density matrix formalism and ab initio electronic structure calcula-
tions (see Supporting information for Methods) and comparing cal-
culations to experiments. The letter is organized as follows. We
start with calculating structural properties, binding energy, charge
density, and structure reorganization during molecular dynamics
(MD). Next, we analyze electronic properties: band-gap scaling,
analysis of UV–vis spectra, and normal mode analysis. Finally, we
report signatures of electron-phonon interaction on rates of nonra-
diative electronic transitions, discuss energy-gap law, and explore
mechanisms of photo-excited charge carriers dynamics along with
comparison of rates for different excitations, followed by com-
puted photoluminescence spectra. Our findings are briefly summa-
rized at the last paragraph.

Powder X-ray diffraction and TEM data of our synthesized NRs
are shown in Figs. S1 and 1a. A minimalistic infinite periodic model
of about 1 nm diameter NW along [001] direction, with lateral sur-
faces derived from cutting by the {100} and {101} surfaces, is con-
structed to model a finite NR grown along [001] direction. Fig. 1b
displays the optimized H2O adsorbed [001] NW (referred as wet
NW) from the side view. The cell size is 0.97 � 2.0 � 2.0 nmmatch-
ing the periodicity in the [001] direction and adding vacuum in
[100] and [010] directions to avoid spurious interactions between
periodic replicas of the model. Chemical composition of the cell
reads Ti25O50 + 20H2O. The simulation cell has several ions that
maintain inter-atomic distances and coordination numbers of bulk
anatase. Based on these structural symmetry one assumes that
properties of this minimalistic model correlate to properties of
nanowires/nanorods of larger diameter. The surface Ti–O distances
are close to the ones in the core of the NW. The ions belonging to
the NWs provide similar O–Ti radial distribution function (RDF) as
those of bulk anatase, see Fig. S2. Most of the water molecules are
molecularly adsorbed; however, two water molecules are dissoci-
ated. The dissociation is observed at a ‘‘step” intersection of sur-
faces: {100} and {010}. Signatures of water adsorption are also
seen in O–O and O–H RDF, in Fig. S3.

Adsorption of water leads to two effects: partial dissociation of
water and partial reorganization of the surface. Specifically, two
Ti–O bonds of the NW are broken. The detailed analysis of restruc-
tured geometry is given in Fig. 1(d) caption and in Fig. S4.

The average adsorption energy for each H2O molecule is
�0.73 eV, indicating that the adsorption is exothermic. Moreover,
our calculated adsorption energy is the same as the calculated
adsorption energy of an isolated H2O molecule on anatase {101}
[19]. According to our PBE calculations the partial dissociation of
water molecules on [001] TiO2 NW is 1.02 eV energetically more
favorable than the complete dissociation model reported by Iaco-
mino et al. [29].

To further examine the interactions of the H2O with TiO2, we
next analyze the spatial distribution of the total charge density dif-
ference, shown in Fig. S5. After the water adsorption, the electron
densities accumulate in the space regions between the NW and
water, except for the region between O1 or O3 and H from the dis-
sociated water molecules. The electron densities of surface Ti
atoms especially at the crossing of (1 0 0) and (0 1 0) surfaces
deplete. Significant charge rearrangements occur in the regions
of O1H, O3H, O2H, and O4H groups and its bonded Ti atoms.

In the dynamical simulations, we equilibrate energy in a ther-
mostat at 300 K for 150 fs, followed by ab initio molecular dynam-
ics [76]. During the thermalization and molecular dynamics, the
structure of the TiO2/H2O interface experiences additional changes.
Specifically, O1H, O2H, and O3H groups bond with H atoms of
neighbouring H2O to form new H2O molecules and OH bonds in
Fig. S4a. There is one more H2O molecule dissociated into OH
and H. The dissociated H atom is bonded to a bridge O(2c) atom
of NW, and the O–H bond distance is 1.15 Å, which longer than
the terminal O–H bonds. At 500 fs in the MD simulation
(Fig. 3Sb), one more H2O is dissociated and one broken Ti–O bond
is reformed. Another two bridge OH bonds are formed. There are
eight hydroxyl groups in each unit cell. One H2O forms three
hydrogen bonds with a bridge OH (H2O� � �H distance is 1.49 Å)
and two surface O(2c) atoms of NW (HOH� � �O distance is 1.36 and
2.27 Å, respectively). During the MD, there are no H3O+ and H5O2

+

ions produced.
Table 1 compares the calculated gaps by different functionals

with the respective experimental values. For the wet TiO2 NW,
the calculated direct band gap by GGA-PBE is 2.38 eV, which is lar-
ger than the calculated one (2.20 eV) for the bare NW [77–79],
because partial surface dangling states disappear, in agreement
with the Iakomino’s result of water completely dissociative
adsorption on TiO2 NWs [29]. The GGA-PBE functional underesti-
mates the band gap due to the electron self-interaction problem,
while the Heyd-Scuseria-Ernzerhof (HSE) screened Coulomb
hybrid density functional offers a better description of band gaps
[80]. The calculated band gaps of TiO2 bulk, bare and wet [001]
NW by the HSE06 functional are 3.49 eV, 3.67 eV, and 3.78 eV
respectively, with a gap increment attributed to quantum confine-
ment and dangling state compensation. Total and projected den-
sity of states for dry/wet NW by PBE functional is available in
Fig. S6 in comparison with DOS computed by HSE06 functional
shown in Fig. S7.

Fig. 1c shows the calculated absorption spectra of the wet NW
by the HSE06 functional and the experimental spectra of
concentrated TiO2 NR water solution. Calculated UV–visible
absorption spectra reproduce the main features of the experimen-
tal spectra. The absorption band of our calculated spectra of
d = 1 nm NW is blue shifted compared with the experimental



Fig. 1. (a) Transmission electron microscopy of synthesized NRs. The scale bar = 5 nm. (b) Side view of the simulated NW optimized at 0 K. Red, blue, and white spheres stand
for O, Ti, and H atoms. (c) The calculated absorption spectrum of wet TiO2 NW, the experimental spectrum of TiO2 NR water solution, and the calculated emission spectrum for
the excitation at 4.36 eV. (d) The calculated phonon (normal mode) density of states at U point for bare TiO2 NW, wet TiO2 NW, and H2O (re-optimization after removing TiO2

NW) by PBE functional. We label and describe most representative ions in the model: There are four terminal hydroxyl groups (O1H, O2H, O3H, and O4H) formed, of which
two oxygen atoms (O1 and O3) are from the NW, and two Ti–O bonds of the NW are broken. The bond distances of Ti–O1, Ti–O2, Ti–O3, and Ti–O4 are 2.00, 1.96, 2.00, and
1.89 Å, respectively. Fifteen H2O molecules are weakly bonded to 4-coordinated Ti(4c) or 5-coordinated Ti(5c), the Ti–O distances of which are 2.20–2.47 Å. Three H2O
molecules are adsorbed with H atoms pointing toward the 2-coordinated oxygen O(2c) atoms of NW, representing {101} surface. There are hydrogen bonds formed between
neighbour H2O molecules or adjacent OH group and H2O molecules. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Table 1
The calculated gaps of [001] anatase NW by PBE and HSE06 functionals compared to
experimental gaps. Notably, reference [78], reports larger PBE gap of 2.69 eV⁄ and
HSE06 gap of 4.06 eV⁄⁄, for a d �0.75 nm diameter anatase NW in vacuum attributed
to stronger quantum confinement.

Computed direct band-gap Eg, eV

TiO2 structure PBE HSE Experiment

Bulk anatase 1.91 3.49 3.20
[001] nanowire in vacuum 2.20⁄ 3.67⁄⁄

[001] nanowire in water 2.38 3.78
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spectra of d = 3–4 nm NR, which is due to the quantum confine-
ment effect. Each of the feature peaks, A, B, and C in the spectra
is attributed to a pair of orbitals indicated in Fig. S7b and plotted
in Fig. S8, which give the maximal contribution to the feature
(Table S1), while frontier orbitals for lowest excitation are provided
in Fig. S9, for comparison. The corrected absorption spectrum using
an energy shift parameter from PBE calculations can reproduce the
HSE result (Fig. S10a). The corrected emission spectrum for the
excitation at 4.36 eV shows a sharp peak at 330 nm.

The comparison of the calculated absorption spectra of bare and
wet TiO2 NWs (Fig. S10b) shows that the adsorption of H2O on the
surface of NW doubles the absorption intensity and the numbers of
the peaks of NW decreases compared to the bulk, in agreement
with the results for silicon NWs [81]. According to Fig. S7, density
of states (DOS) of bare NW shows a sub-gap in the vicinity of
�5.5 eV, while wet NW shows a continuous DOS near the valence
band maximum. This sub-gap feature can delay hole relaxation in
bare NW and the absence of such sub-gap in the wet NW can be
responsible for enhancement of hole relaxation in wet NWs.

Fig. 1d shows the calculated phonon density of states of bare
TiO2 NW, wet TiO2 NW, and remaining water molecules by remov-
ing TiO2 NW computed by the PBE functional. The water molecules,
which are optimized after removing TiO2 NW, form a network with
each molecule interacting with about 4 close neighbours, resem-
bling the shape of nanotube. The strong peaks below 1000 cm�1

are due to the O–Ti vibration modes and librational (restricted
rotational) motions of water molecules. The peaks between 1000
and 1250 cm�1 and 1500 and 1750 cm�1 are probably the result
of the bending motion of the surface water molecules. The strength
of the peak of wet NW at about 1600 cm�1 is weaker than the one
of H2O, which is probably due to the fact that the number of H2O
molecules is decreased and that the bending motion of the surface
water molecules are restricted in the wet NW. The weak peaks
between 2000 and 3000 cm�1 correspond to the hydrogen bonds
between the H2O molecules and the O of NW. The modes around
�3500 cm�1 originate from the stretching modes of O–H bond.
Adsorbed surface water contributes bending and stretching modes
with frequencies above 1000 cm�1, which provide an additional
channel of energy dissipation, compared to vacuum environment.
Understanding of resonance frequency matching between
electronic transitions and reported normal mode frequencies
ei � ej � �hxvib is critical for analyzing of electronic energy
dissipation.

The absolute value of the electronic band gap has little effects
on the rates of intra-band nonradiative transitions. The PBE and
HSE results are similar, so that only the PBE and corrected PBE
results are subject of the following discussion.
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Interaction of electronic excitations with normal modes (pho-
nons) is a key mechanism for dynamical formation of charge trans-
fer states. An on-the-fly non-adiabatic coupling is a measure of
such interaction, and is often computed along ambient tempera-
ture molecular dynamics trajectory, as illustrated in Fig. S11. Upon
average over ensemble, the influence of phonons onto electrons is
dominated by the second order term in the time-dependent per-
turbation theory, represented by the autocorrelation functions of
non-adiabatic coupling. A time average of the autocorrelation func-
tions (Eq. S3a) of the electron-phonon couplings (Eq. S2) provides
coefficients of electronic transitions that enter into the equation
of motion for the electronic degrees of freedom (Eq. S1a).

The computed autocorrelation function of electron-phonon
interaction for the transition from the lowest unoccupied orbital
(LU) to the highest occupied orbital (HO) denoted as (HO, LU) is
vanishing. Autocorrelation functions for the transitions (LU + 1,
LU + 2), (HO � 1, HO), and (LU, LU + 1) decay abruptly as function
of time within a few femtoseconds (Fig. S12a). Such abrupt decay
witnesses an absence of memory effects, justifies Redfield method-
ology, and allows to compute the rates of phonon-induced elec-
tronic transitions Riijj between pairs of electronic states i and j
[38–49]. The curve in Fig. 2(a) summarizes the dependence of such
relaxation rates on increase of energy subgap
Riijj ¼ RðDeijÞ;Deij ¼ ei � ej. Most of numerical data agree with the

following trend: log10ðRiijj=1fs
�1Þ ¼ Aþ Be�bDeij , with A = �4.93,

B = 3.17, and b = 5.45 eV�1. In the limit of vanishing subgaps
Deij ! 0, e�bDeij � 1� bDeij and the above Equation reads:

lim
Deij!0

ðRiijjÞ � Ce�ajei�ej j, with C = 0.017 fs�1 and a = 39.7 eV�1. These

fitting constants summarize ab initio treatment of phonon-induced
electronic transitions and can be used for exploring kinetics of
excited electrons and holes. The above fitting agrees with
Fig. 2. (a) Probability of non-radiative transitions induced by lattice vibrations vs. intra-b
for the initial condition corresponding to populating pair of orbitals, which provide tran
label the distribution for gain, no change, and loss, respectively, in comparison with the
blue ones to holes. (c) Relaxation rates of electron Ke and hole Kh for bare and wet TiO2 N
hole and EiE-ELU for electron. (d) Simulated photo-excitation dynamics, (e) emission dyn
4.36 eV, corresponding to the transition from HO-15 to LU. Colors correspond to the inte
stays for maximum intensity and navy blue for zero. (For interpretation of the references
phenomenological ‘‘energy-gap law” which is generally applicable
to non-radiative processes for a variety of excited states in a broad
class of systems [82]. The non-radiative decay constants increase
as the emission energies shift to the lower values. The maximal
absolute values of the representative Redfield tensor element Riijj

(Fig. S12b) appear at i = 3 (HO-3), j = 4 (HO-2) or i = 4, j = 3, and
equals to 0.014 fs�1. The elements of Redfield tensor connecting
states near the band-gap are vanishing.

Next we focus on the carrier non-adiabatic relaxation rates and
pathways, and evaluate carrier dynamics at the semiconductor-
water interface. For each initial excitation, the average relaxation
rates Ke, Kh are computed. Note that such rates include contribu-
tions of multiple individual Redfield relaxation rates Riijj. The hole
generated in the transition of the highest oscillator strength, loses
energy by coupling to phonons and relaxes to the edge of the
valence bands within 330 fs (Table S2) for wet NW. The hole
excited lower in the valence band takes longer to relax to the
HO. The hole relaxes faster in energy than the electron due to dif-
ferent spacing of orbital energies in valence bands and conduction
bands. That affects resonance with normal mode frequencies
Deij � �hxvib.

Fig. 2(b) visualizes typical non-adiabatic relaxation dynamics
starting from a transition with the highest oscillator strength.
The hole relaxes from HO-15 to HO. The HO-15 orbital is dis-
tributed in the O-2p states of the entire nanowire with a small mix-
ing of O states of several water molecules, and the HO orbital is
localized on one side of the O-2p states on (1 0 0) surface (see
Fig. S13). The hole non-radiative relaxation to the top of valence
band results in the localization of hole on the surface of the NW.
Spatial dynamics of photoinduced charge carriers is illustrated in
Fig. S14. Localization of photo-excited holes prevents fast electron
and hole recombination. Upon photo-excitation the hole migrates
and transition energy. The unit of Riijj is fs�1. (b) Non-adiabatic relaxation dynamics
sition with the highest oscillator strength. Here, red, green, and blue colored areas
equilibrium distribution; red areas can be understood as relating to electrons, and
Ws. X axis shows the value of the difference of initial and final energies EHO-EiH for
amics, and (f) integrated emission spectra of wet TiO2 NW after photo-excitation at
nsity (oscillator strength) of transition scaled accordingly to the rainbow order: red
to color in this figure legend, the reader is referred to the web version of this article.)
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to the TiO2/H2O interface, and the surface becomes positively
charged due to much faster relaxation of hole compared to electron
dynamics. Most of femtosecond spectroscopy focuses on monitor-
ing of photoinduced charge transfer dynamics in dye-sensitized
TiO2 compounds. However, Tamaki et al. [83] analyze and compare
experimental data on electron and hole migration to the TiO2 sur-
face concluding that the hole trapping is expected to occur within
50–200 fs range, quicker than electron trapping. Yang and Tamai
reported a trapping time of 50 fs for colloidal TiO2 particles in solu-
tion [84]. These observations qualitatively agree with our compu-
tation of hole relaxation being quicker than electron relaxation.

Comparison of the calculated relaxation rates of electron and
hole for the bare and H2O adsorbed TiO2 NW is shown in Fig. 2
(c). Electron and hole relaxation rates have different values and dif-
ferent dependence on energy. For both NWs, the hole dissipates
energy faster than the electron Ke < Kh, since DOS at the top of
the VB is higher than DOS at the bottom of the CB. For both
NWs, the electron excited at higher energy up in the conduction
band takes shorter time to relax to the LU, as summarized by pos-
itive values of rate sensitivity to excitation energy dKe

(bare)/
dE = 0.38 ps�1 eV�1 and dKe

(H2O)/dE = 0.81 ps�1 eV�1, since at higher
excitation energies there are more configurations for matching the
electron-phonon resonance condition. At higher excitation ener-
gies, the photo-excitation and electron relaxation in reduced wet
TiO2 can be perturbed by additional ‘‘wet electron” pathway [85],
although in the explored range of excitations we did not observe
these signatures.

For both NWs, the hole excited at low energy deep in the
valence band takes longer time to relax to the HO, as summarized
by negative values of rate’s sensitivity to excitation energy dKh

(bare)/
dE = �1.03 ps�1 eV�1 and dKh

(H2O)/dE = �4.35 ps�1 eV�1, since at
higher excitation energies, holes experience larger number of sub-
sequent elementary relaxation steps. The H2O adsorption on the
surface of TiO2 NW greatly enhances the relaxation rates of holes
Kh
(H2O)/Kh

(bare) = 4.4, which may be due to (i) an additional coupling
between the electronic states in surface of TiO2 NW and vibrational
modes contributed by H2O and (ii) better matching the resonance
condition for such transitions ei � ej � �hxvib. Similar trend is
observed for electrons, Ke

(H2O)/Ke
(bare) = 2.1. In wet NWs, computed

relaxation of electrons (holes) is approximately 2 (4) times faster
when compared with the bare NW. For the wet NW, the calculated
non-radiative recombination rate is 5.73 � 10�3 ps�1 (i.e. the
respective lifetime is 174.5 ps). For the bare NW, the non-radiative
recombination rate is 1.17 � 10�3 ps�1 (i.e. the respective lifetime
is 854.7 ps). After intra-band relaxation, the NW remains in the
charge transfer excited state for another few hundred picoseconds.
We expect that the experimental lifetime should be slightly longer
due to the underestimated band gap by PBE. Our results (Fig. S15)
show that the radiative recombination lifetimes for both NWs are
longer than non-radiative ones, and radiative recombination life-
time of wet NW is also shorter than that of bare NW.

The simulated photo-excitation dynamics, emission dynamics,
and integrated emission spectra of wet TiO2 NW after photo-exci-
tation at 4.36 eV are shown in Fig. 2(d)–(f). Fig. 2(d) shows that the
excitation, corresponding to the parent inter-band absorption from
HO-15 to LU, has a non-radiative lifetime of 0.2 ps at HO-15 orbital.
After that time the hole relaxation induced by the lattice vibrations
occurs between 0.2 and 0.6 ps, and remains at the edge of the band
gap for longer than 10 ps. The emission dynamics in Fig. 2(e) shows
that an emission signal at �4.4 eV disappears within 0.1 ps and
another emission signal at the band edge (�3.7 eV) appears at
0.5 ps [86]. Fig. 2(f) reiterates that besides the strong signal at
4.4 eV, another emission line at �3.7 eV appears due to band edge
luminescence. This is in agreement with the emission dynamics
results and PL spectra of anatase TiO2 particles [87]. There are
additional intra-band emission features at IR-range energies less
than 1.0 eV, corresponding to the radiative intra-band transitions
from CB to CB or from VB to VB for the photo-excited electron or
hole. These radiatively allowed transitions with the energies smal-
ler than the band gap can be observed in ultrafast time-resolved
pump�probe spectroscopies.

In summary, electronic and optical properties of wet [001] ana-
tase TiO2 NRs and NWs have been characterized by UV–vis spec-
troscopy, ab initio electronic structure calculations, density
matrix formalism, and non-adiabatic excited state dynamics. The
results evaluate potential of this class of materials for photo-cat-
alytic application and for photo-electro-chemical water splitting.
Quantum confinement and dangling bond compensation deter-
mine the following trend in the calculated band gap values: Eg
(wet NW) > Eg (bare NW) > Eg (bulk). Density of occupied states
near the valence band maximum is found to be higher than the
density of unoccupied states near the conduction band minimum,
which is caused by the crystal field splitting of d orbitals into t2g
and eg in the conduction bands. Experimental UV–vis absorption
spectrum is compared to and interpreted by use of the calculated
absorption spectrum. It reveals features attributed to quantization
in transverse direction. The water molecules are partially dissoci-
ated at the surface of NW, and more water molecules are dissoci-
ated during the MD at 300 K. Significant charge rearrangements
occur in the spatial regions between dissociated water and the sur-
face of NW. The adsorbed water provides additional channels of
energy dissipation, which enhance the relaxation rates of charge
carriers. The non-radiative decay behavior of photoexcitations
obtained by ab initio treatment of phonon-induced electronic tran-
sitions is found consistent with phenomenological ‘‘band-gap law”.
Photoinduced charge carrier dynamics beyond the Born-Oppen-
heimer approximation using on-the-fly couplings demonstrate
possibility of long-lived surface charge transfer excitations. Such
charge transfer states are formed with different rates for the wet
TiO2 NWs compared with that for the bare NWs. Specifically, com-
puted relaxation of electrons (holes) is several times faster in wet
NWs, than in the bare NW surrounded by vacuum. Several trends
support appearance of photoinduced surface charge transfer: (i)
holes relax faster than electrons consistent with denser states near
the valence band maximum, and (ii) in the lowest excitation, elec-
tron density is distributed homogeneously on all Ti ions while hole
density tends to localize on surface oxygens. Observations (i) and
(ii) prove the formation of long-lived excited state with a positive
charge transferred to the surface of nanowire. TiO2 surface in such
states can function as an anode. Positive surface charge is expected
to facilitate oxidation of adsorbed molecules. This setup is specially
promising for oxidizing water and generating oxygen according to
the half reaction: 2H2O ! 4Hþ þ 4e� þ O2.
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