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Abstract

The ever-increasing worldwide energy consumption has led the society to quest for novel
and functional materials that can be used in the development of solar fuels to some extent
lessen the dependence on fossil fuels. In this context, the role of titanium dioxide has been
investigated to generate versatile materials able to harness the light emitted by the Sun.
Thus, the main research avenues of such semiconductor oxide are focus on dye-sensitized
solar cells (DSSCs) and photoelectrochemical cells for the oxidation of water molecule.
Indeed, the modification of the semiconductor oxide surface by band-gap engineering
greatly enhances its optical properties and catalytic activity. In this review, we address some
fundamental issues regarding structural, optical and electronic properties that render TiO:z a
versatile substrate in surface chemistry, and as entry for anchoring and functionalization
strategies for the development of solar cell devices and catalytically active surfaces.

Resumen

El alto consumo de energia a nivel mundial ha llevado a la bisqueda de nuevos materiales
que puedan utilizarse en el desarrollo de los combustibles solares, y asi disminuir la
dependencia hacia los derivados del petréleo. Debido a esto, por mucho tiempo se ha
investigado el papel del didéxido de titanio para generar nuevos materiales capaces de
aprovechar la luz emitida por el Sol. Dos ejes centrales en la investigacion del TiO2 son el uso
en celdas solares sensibilizadas con tintes (DSSC) y celdas fotoelectroquimicas para la
oxidacion de la molécula de agua, en donde uno de los principios basicos es la modificacién
de las propiedades dpticas del TiO2 para mejorar su actividad. Por tanto, en este articulo de
revisién de la literatura se discutiran las caracteristicas estructurales, opticas y electrénicas
del TiO, asi como la modificacién en superficie para el desarrollo de dispositivos en celdas
solares y superficies cataliticamente activas.

Key words: Titanium dioxide, dye-sensitized solar cells, photoelectrochemical cells, water-
oxidation reaction, solar fuels, surface modification.
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I INTRODUCTION
Titanium is the ninth most abundant metal in Earth crust (ca. 0.6%). It is found in nature in

the mineral form of ilmenite (FeTiOs), with three main forms of titanium dioxide (TiO2) (i.e.,
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anatase, rutile and brookite) and perovskite (CaTiOs). Only about 5% of annually world
production goes to the manufacture of titanium metal; the other 95% corresponds to the
production of TiO2 [1].

The annual world consumption of TiO: reaches up to 3 million tons, being its major use as a
pigment, due to a high refractive index, easiness to prepare particles of small sizes with a great
superficial area and light-scattering ability, and its whiteness [2-3]. Other applications include
sunscreen [4], skincare products [5], toothpaste [6], food additive [7], semiconductors [8], and more
recent as photocatalyst for the oxidation reaction of water [9-15].

As to TiO2 polymorphs, rutile is the only stable phase, while anatase and brookite are
metastable phases and can be converted to rutile irreversibly by heating. These forms have
different crystal structures, being all of them distorted octahedra. The brookite polymorph
crystallizes as an orthorhombic crystal system; rutile forms a distorted tetragonal system, and

anatase a tetragonal crystal system [16-17]. (Fig. 1)

FIGURE 1. Schematic representation of the unit cell for the polymorphs of TiOz, (a) rutile a =b = 4.49 A; c=
3.01 A; and (b) anatase a=b =3.77 A; c = 9.56 A. Ti* ions are in blue and O* ions are in red. From [18],

reproduced with permission.

Recently, it has been found new physical and chemical properties concerning the size of the
material. Depending on the preparation method, one can generate nanoparticles, nanotubes,
nanowires, etc. Such protocols include sol-gel, micelle and inverse micelle, hydrothermal,
solvothermal, direct oxidation, chemical and physical vapor deposition, electrodeposition,
sonochemical, microwaves, etc, reviewed elsewhere. [19-20]

Then, the applications of TiO2 nanomaterials greatly rely on their optical properties, so
currently there is a great body of fundamental and applied research in the modification of the
surface oxide with organic and inorganic molecules to improve the optical sensitivity and activity
in the ultraviolet and visible region of the electromagnetic spectrum. In this review, we highlight
the structural, thermodynamic, electronic and optical properties of TiO2, and the surface
modifications that can be made to enhance their efficiency, either for solar cells devices or

photocatalysis.
IL PROPERTIES OF TITANIUM DIOXIDE
Structural properties

Rutile and anatase are the two most important crystalline structures of TiO2. (Fig. 1) Both

can be described as octahedral chains of TiOs, where each Ti* ion is surrounded by six O% ions, in
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an octahedral fashion. The difference between these crystal structures resides in the distortion of
the octahedral and mounting pattern of the octahedral chains. In the rutile phase, the octahedral
array shows a slight orthorhombic distortion with O* ions in a hexagonal close-packed lattice (hcp)
and half of the octahedral holes occupied by centers of Ti(IV); while in the anatase phase, the
octahedron is significantly distorted, so that the symmetry is smaller than the orthorhombic with
O? ions in a cubic close-packed lattice (ccp). The bond distance Ti-Ti in anatase is bigger than
rutile, while Ti-O bond lengths are shorter. [19] These features in the structure packing cause
differences in bulk densities and electronic band structures of TiOx.

Several studies have shown that the metastability of anatase is functioning of the pressure
and dependent of the size, since the smaller the crystals; the structure is preserved at higher
pressures. For example, three metastable phases can be attained synthetically by induced pressure
for transition phases to ambient temperature: anatase to amorphous which are crystals of small
size, the transition anatase to baddeleyite that are crystals of intermediate size and anatase to

PbO»-like, when comprising nanocrystals to macroscopic crystals. [3,21]

Titanium dioxide surface

The crystal structure of the surface affects the chemical reactions and photoactivity that can
be carried out on surface itself. Each crystal plane has different content of titanium and various
sites of oxygen atoms. [11] It is important to note the crystal facets in which the process occur to
describe the adsorption and coordination in the TiO: surface, for instance, the adsorbate/metallic-
oxide interaction always refers to a specific crystallographic plane. Thus, the more stable and

characterized crystal facets are (101) for anatase and (110) for rutile [11], as shown in Fig. 2.

Anatase

C (101)

Rutile

FIGURE 2. Units cells of anatase and rutile showing the (101) and (110) crystallographic planes, respectively.

From [22], reproduced with permission.

The number of OH" ions and the acidity of superficial groups, strongly influence the
electronic environment of the Ti cations. [11,23] The hydrated surface is described as a series of Ti**
and O?% ions, where the Ti cations can exist at different crystallographic planes. The dissociative
chemisorption of water at TiO: surface leads to the formation of three potential binding sites
around Ti atom, denote as A, B, C. As pictured in Fig. 3, the green A sites display a

hexacoordinated titanium atom with five bridging oxo (O?%) anions and a hydroxyl (OH") ligand;
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the blue B sites show a OH- forming a bridge between two Ti ions, and the red C binding sites are

present at the edges and corners of the crystal with four oxo ligands. [11]

\\O/ \\O/ \\O/ \\o/
Aol Lol b -
/1]’!—07 |—O;’—O; | —0—

/OHO /S CI)/O ([) /O ?

|/““O
/\—O—
g

|

FIGURE 3. Binding sites of Ti at the surface of TiO2, where A green; B blue; C red. From [11], reproduced

with permission.

The chemisorption of organic compounds on TiO: surface can be considered as Lewis
and/or Bronsted acid/base reaction. Donor groups such as oxygen, nitrogen or sulfur atoms could
act as a Lewis base, and donate electrons to Ti* ions in the surface (Lewis acid). [11] Hence, three
principal coordination modes exist, as noted in Fig. 4, monodentate, bidentate chelating and
bidentate bridging. Additionally, the structure and stability of the complex formation onto TiO2
surface are also fine-tuned by the crystallographic plane, accessibility to Ti ions, type of organic

ligands, and pH.
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FIGURE 4. Coordination modes in the TiO2 surface: monodentate (green), bidentate chelating (red),
bidentate bridging (blue). From [11], reproduced with permission.

Thermodynamic considerations

Rutile is the most stable phase at high temperatures, whereas anatase and brookite are
largely common to nanometric scale in natural or synthetic form. Whether an excessive heating is
made, several phase transformations occur: from anatase to brookite to rutile, from brookite to
anatase to rutile, from anatase to rutile and from brookite to rutile. These transformations imply an
energetic balance as a function of the particle size. So the enthalpy of the three polymorphic phases
is different enough to bring about changes in terms of thermodynamic stability. [19]

Hwu and coworkers reported that the crystalline structure of TiO2 nanoparticles depends
strongly on the preparation method. [24] For instance, small particles of anatase phase (< 50 nm)
are seemingly more stable and transform to rutile at higher temperatures (> 700 °C), however,

Banfield and Zhang prepared TiO: nanoparticles with an anatase and/or brookite phase, and
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demonstrated that upon reaching a certain particle size it can transform to rutile. Interestingly,
once it forms, it grows faster than anatase. Thus, rutile becomes more stable than anatase in
particle sizes up to 14 nm. [24-25]

Likewise, Zhang et al. measured by differential thermogravimetric calorimetry and x-ray
diffraction (XRD) analysis, a slow phase transition from brookite (prepared by a wet chemical
method) to anatase under 780 °C, in which the grains slowly grow between 780-850 °C, coexisting
a rapid transformation of brookite to anatase then to rutile. Hence, brookite cannot be transformed
directly to rutile, because it firstly needs forming the anatase phase. [26] On the other hand,
Kominami et al., synthesized a brookite-type TiO: by thermal treatment of Ti(acac): (acac =
acetylacetonate) in ethylene glycol (EG) in the presence of sodium laurate and a small amount of

water, demonstrating the direct transformation of brookite-nanocrystals to rutile above 700 °C. [27]

Electronic considerations

The molecular orbital diagram for anatase TiO: (Fig. 5) comprises of titanium (4s and 3d)
and oxygen (2s and 2p) atomic orbitals. In the former case, they split into higher energy crystal-
field eg and t2g configuration, and triply degenerate dx, dy- and dxy levels; while the oxygen atom has
the orbitals pr and po. The resulting states of interaction have the nonbonding orbital p= at the top
of the valence band and the nonbonding orbital dxy at the bottom of the conduction band. [28] Such

a feature is also observed in the rutile phase, but is less noteworthy than anatase. [29]

Ti 4s

Ti 3d

012

I

(a) (b) (© (b) (a)

FIGURE 5. Molecular orbital energy diagram for TiO:2 anatase phase, where (a) atomic orbitals; (b) crystal-

field interactions; and (c) final interaction states. From [28], reproduced with permission.
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It follows that anatase phase is less dense than rutile, because the later forms linear chains,
where each octahedra share eight neighbor atoms in the corners and two neighbor atoms at edges.
Conversely, the anatase polymorph leads to zigzag chains with a screw axis, whose octahedra both
share four corners and edges of four neighbors. [19]

The dx orbital of anatase on the bottom of the conduction band is more isolated because
this phase has a large metal-metal distance (5.35 A); while rutile has a smaller metal-metal distance
0f 2.96 A due to f2 orbital is on the bottom of the conduction band. [19].

Optical features

In semiconductors such as germanium and silicon atoms, the main light absorption
mechanism occurs by directly inter-band electron transitions; but in the case of indirect
semiconductor, as TiO2, the absorption is smaller due to crystal symmetry constraints affecting
direct transitions of electrons between bands. [19] Braginsky and Shklover showed that the
possibility of momentum non-conservation at the interface causes the indirect inter-band electron
transition, a trait important in crystals of less than 10 nm. [30] With unequal interfaces there is
better contact of atoms that greatly enhance the effect previously noted. The indirect transitions are
allowed because the large density of states for the electrons in the valence band. [19]

As the interface contact of atoms is large enough, a considerable improve in the absorption
is expected in microcrystalline and porous TiO2. At low photon energies, a rapid increase in the
absorption is observed, due to an enhancement of the electron density of states only seen in the
valence band; and in crystallites smaller than ~20 nm, the interface absorption becomes the most
important mechanism of light absorption. [30]

When TiO:2 nanoparticles absorb photons with energy equal or greater than the prohibited
band (> 3 eV), the electrons in the valence band are excited to the conduction band, leaving behind
a positive hole in the valence band. These electrons can recombine or stay trap and react with
donor/acceptor electrons absorbed in the surface of the photocatalyst. The competition among
these processes has to do with the efficiency of numerous applications of TiO2 nanoparticles. Such
photogenerated electrons e~ and holes h* (exciton) disperse to the surface and can be expressed as
follows: [31]

TiO2+hv e +h* (1)

e+ TiVO-H [ Ti"O-H- (X) 2)

ht + TiVO-H (1 TiVO*-H* (Y) 3)
h*+ Y Olza_ttice 2 Y4 O2(g) + Vacancy 4)
e+ 025 1 Oy 5)

O, + H* 2 HO2s 6)

h++ Ti"O-H- U TiVO-H 7)

e+ TiVO*-H* 1 TiVO-H 8)

O2s + TiVO*-H* U TiVO-H + Ozs 9)
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The first reaction (1) is a process of photon absorption, reactions (2)-(6) represent
photocatalytic redox pathways, (7)-(9) are recombination channels, reaction (3) and (4) compete for
holes, leading to bound OH radicals and O vacancies. The reverse of (4), generates O atoms that
are on the crystal surface (adatom intermediate) upon exposing defective surfaces to O* (g). [31]

The electrons and holes in TiO2 nanoparticles have different defect sites on the surface and
in the bulk. [19] Howe and Gratzel investigated species formed on irradiation of TiO2 at -269 °C in
vacuum, it was shown by electron paramagnetic resonance (EPR) that the electrons are trapped
between Ti* species produced by band-gap irradiation in the presence of suitable hole scavengers,
but in the absence of hole scavengers, the species are trapped only at the interior sites with
interstitial Ti** species unstable at room temperature. [32-33] Interestingly, Thurnauer and
coworkers used EPR to investigate electron transfer within a mix-phase TiO, sample where charge
migration and recombination at the surface sites on TiO, occur upon band gap illumination, giving
rise to hole formation at the surface and preferentially recombination with electrons in surface

trapping sites. [34]
III.  SURFACE MODIFICATION OF TiO,

To improve the physicochemical features (e.g., efficiency and functionality) of TiO2-based
nanomaterials one modifies the optical properties, since the bandgap of titanium dioxide is in the
ultraviolet region of the solar spectrum and represents only a fraction of 10%. Rutile has a direct
bandgap of 3.06 eV and an indirect bandgap of about 3.10 eV, while anatase exhibits only an
indirect bandgap at 3.23 eV. [35,36] (Fig. 6). Therefore, much of the research focuses on changing
the response from the UV to the visible region.

In this regard, Chen and Mao suggested some pathways that allow improving the optical
activity of TiO2 nanomaterials by shifting the UV light to visible: Upon doping with compounds
affects the optical features, by sensibilization with inorganic or organic compounds; and coupling
of collective oscillations of the electrons in the conduction of metal nanoparticles surface alongside
those in the conduction band of TiO2. [19]

Chemical modifications

Doping. By doping a semiconductor one introduces impurities into the device to modify its
electrical response. In the case of TiO2, one induces a decrease of the band gap having a response in
the absorption of further visible light. [37] Indeed, such approach leads an improvement in the
catalytic activity. Besides, the replacement of oxygen and titanium atoms prompts changes in the
optical response, but maintaining the integrity of the crystal structure of the photocatalyst and
varying its electronic structure. [19,37]

The substitution of Ti*" ions in TiO: is feasible with other transition metal cations than to
substitute O> with other anions because of the difference in the charge states and ionic radii. [38]
The small size of the nanoparticles shows a higher tolerance to structural distortion for the

modification of the TiO2 composition, than that of bulk materials due to their inherent lattice
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strain. [39,40] The synthesis, properties and types of TiOz2-doped are reviewed elsewhere. [19,37,41-
43]
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FIGURE 6. Solar spectral irradiance, where = Global tilt (spectral radiation from solar disk plus sky diffuse
and diffuse reflected from ground on south facing surface tilted 37° from horizontal). = Direct (direct
normal irradiance nearly parallel) + Circumsolar (spectral irradiance within +2.5° field of view centered on
the 0.5° diameter solar disk, but excluding the radiation from disk). = Extraterrestrial radiation (solar
spectrum at top of atmosphere at mean Earth-Sun distance). (Numerical data from ASTM G173-03 Reference

Spectra)

Chemical modification at the TiO: surface. As described previously, TiO: is a
semiconductor with a wide band gap which absorbs light in the UV region; when it is modify with
a dye a photocurrent is generated with light energy less than that of the semiconductor band gap,
the process is known as sensitization and the light-absorbing dyes are named sensitizers. [19]
These materials can be inorganic semiconductors with narrow band gaps, metal nanoparticles,
organometallic and organic compounds.

The light-conversion efficiency depends greatly on the interaction of the sensitizers with
the incoming light. Light excitation by coordination compounds, anchored to TiOz, can initiate an
electron-transfer process from the sensitizer to titanium dioxide, which ultimately reduces the
semiconductor; resulting in a charge separation process; which is relevant for solar energy

conversion. [44]

Organometallic dyes for sensitization. Since the pioneering work from Grétzel and
O’Regan in dye-sensitized solar cells (DSSCs, also known as third-generation solar cells) [45], a
great variety organic dyes have been employed as sensitizer for TiO2 nanomaterials.

Depending on the type of organic/organometallic compound, the way of anchoring of the

titanium dioxide varies, since the presence of certain functional groups influence the interaction
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between the dye and the substrate. The nature of such interactions is as follows: covalently bonds,
electrostatics, hydrogen bonding, van der Waals forces, inclusion or entrapment in cavities or
pores, etc. [46]

Sensitizer molecules have anchoring groups such as silanyl, (-O-Si-), amide (-NH-(C=0O)-
), carboxyl (-O—-(C=0)-), phosphonato (-O—-(HPO2)-), featuring stable linkages at TiO: surface. (Fig.

7) [46]
o 0
O O R
0=siR NR bg O~f g
0] ! o) O
H
(a) (b) © (d)

FIGURE 7. Scheme of the different linker groups.
(a) Silanyl; (b) amide; (c) carboxyl; (d) phosphonato.

Cyano-metal complexes in acid solutions also act as linker moiety, for instance, Meyer and
co-workers tailored Naz[Fe(bpy)(CN)4], (where bpy = 2,2’-bipyridine) to TiO:, through a single
cyanide ligand with a Cx» symmetry, as Ti'V-NC-Fe(CN)s. [47] (Fig. 8)

N mk
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FIGURE 8. Schematic representation of the linkage Ti'™V-NC-Fe(CN)s.

The mechanism of interfacial charge separation differs by the type of donor that transfers
the electron to the TiO2: [44]
a. Excited state
b. Reduced state

c. Molecule-to-particle charge-transfer complex.
The electron transfer mechanism in dye-sensitized TiO: mostly takes place by metal-to-

ligand charge transfer (MLCT) from the central metal atom to unoccupied molecular orbitals of the

ligands, especially in metals with highly filled d orbitals, which enable the transfer of electrons to
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antibonding orbitals at ligands. [48-50] Moreover, the nonbonding d orbitals should be similar to
the antibonding orbitals in terms of size, shape and symmetry. [51]
An efficient photosensitizer should meet several requirements: [19,52,53]

a. An absorption spectrum covering the whole visible, infrared and near-infrared region.
Anchoring groups for strongly linkages between the photosensitizer and the
semiconductor.

c. The excited states of the dye should have a long lifetime and high quantum yield.

d. An energy-level orbital position similar between the dyes and the semiconductor to ensure

an efficiency charge transfer. [54]

The electron transfer from the dye to TiO, nanoparticles is usually very fast, from tens to
femtoseconds. The mechanism of MLCT involves an interfacial phenomenon, as noted by Gratzel
and coworkers, that described a very rapid photoinduced electron injection into the conduction
band (cb) of TiO, [reaction (10)], following a much slower intra-particle back electron transfer

[reaction (11)] to the metal-organic dye. [55]

[Fe(CN)‘g']TiO2 LN e, (TiO,) + [Fe(CN)g‘]Tioz (10)
[Fe(CN)Z ], + e (TIO2) — [Fe(CNDE] (11)

Searson et al. studied the photocurrent response of dye-sensitized porous nanocrystalline
TiO; cells and found that the electron transport can be explained by a diffusion model. [56] In the
same line, de Jongh and Vanmaekelbergh demonstrated that electron transport is controlled by
trapping and detrapping of photogenerated electrons in the interfacial bandgap, and the
localization time of a trapped electron was controlled by the steady-state light intensity and
interfacial kinetics, in assemblies of nanometric-size TiO,, measured by intensity-modulated

photocurrent spectroscopy (IMPS). [57]

IVv. BRIDGE-LIKE MOLECULES TO IMMOBILIZE SENSITIZER MOLECULES IN
NANOPARTICULATE TiO,

As depicted in the electronic cycle of a DSSC (Fig. 9), the photoanode is made of a
transparent conductive oxide of SnOz:F (FTO), a film of nanoparticle TiO2 and covalently bonding
of a dye, that upon light irradiation causes a photoexcitation process, followed by quickly injection
of electrons in the conduction band of the semiconductor; this first step (from a series of electrons
transfer process) results in the production of electric energy using 1.5 Air-Mass conditions (1000
W/m?) or Sun light. Additionally, there is an electrolyte redox mediator solution (I/I+) and a
transparent photocathode coated by thin film of graphite or Pt. DSSCs have attracted much

attention as a way to decrease cost production. [45,52,53,58-63]
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FIGURE 9. Scheme of the electronic process in DSSC, using a Ru®/Ru?* dye, anchored to TiO,; where hv
photoexcitation of the dye and formation of the lowest excited state, a MLCT transition; kinj electron injection;
krec recombination; kreg reduction of Ru®* by a redox mediator (dye regeneration with Is-/I- electrolyte); cb

conduction band; vb valence band; Ve open circuit voltage. Dotted arrows show competing processes.

DSSCs have the advantage of tunable optical features, and facile to assembly. More
recently, Gratzel et al. reported on a dye-sensitized solar device highly efficient (13%) using an
organometallic dye depicted in Fig. 10, and cobalt(II/Ill) as redox shuttle, showing promising
physicochemical parameters of open-circuit voltage Voc = 0.91 V, short-circuit current density Jsc =
18.1 mA/cm?, and fill factor of 0.78. [64]

o $0

CgH130

FIGURE 10. Dye molecular composition for DSSC with 13% efficiency. The structure features a porphyrin
core and a bulky bis(2’,4’-bis(hexyloxy)-[1,1’-biphenyl]-4-yl)amine donor and a benzothiadiazole acceptor
group.
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In general, designing linker molecules facilitate the anchoring of the dye with the
semiconductor in sensitizer-bridge-anchor arrays, as shown in Fig. 11. Metal-polypyridine
complexes are important sensitizer for thin film electrodes because of the strongly absorption in
the visible region, long excited state lifetimes, oxidized and reduced stable forms, and the tendency
to avoid the formation of aggregates or degradation with time. [62] Also, it has been successfully
tested molecules such as porphyrins, phthalocyanines, viologens, and bipyridines in DSSCs, in

table I, are summarized some examples of dyes for DSSCs and their conversion efficiencies.

TiO, —.— B o

— -

. ~
Linker molecule

FIGURE 11. Schematic representation of a bridge-like molecule, used to bind sensitizer to the semiconductor

surface; where A is the anchoring group(s), B bridge, S sensitizer molecule.

In early experiments, the dyes were absorbed by physisorption means leading to low
efficiencies, so it became important to control the bonding process. To this end, the preparation of
dye molecules bearing anchoring groups harnesses covalent bonding interactions by strengthening
of the electronic coupling between the molecular orbital of the dye and the band gap of the
semiconductor, leading to fast injection rates of electrons. As such, there is an improvement
regarding surface coverage of the sensitizer, stability, less desorption pathways, and a better
distribution of the dye that forms a monolayer in the TiO2. [62]

In titanium dioxide, a saturated bridge between the chromophore and the bonding group
weakens the electronic coupling and reduce the electron injection rate, which highlights the use of
covalent bonds for anchoring dyes.

To design and study bridge molecules in dye-semiconductor interface, currently
investigations are based on: [62]

a. Organic-bridged molecules that serve for mechanistic studies.

b. Systematic variation on the distance and orientation of the sensitizer at the surface, with
bridge of different lengths, to study the dependence of the distance.

c. Linker molecules with large surface area that prevent dye aggregation.

d. Linker molecules with different functional groups that vary the chromophore properties
like the absorption spectra in visible region and to rise the molar extinction coefficient.

e. Bridge molecules that can change the chemical surface.
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Anchoring group features

In general, for metallic oxides, anchoring groups like phosphoric and carboxylic acids, as
well as their derivates (e.g., esters, acid chlorides, carboxylate salts or amides) thermodynamically
bind to the surface. However, under basic conditions (usually pH > 9) the dye molecules easily

detach from the oxide surface. [46,62,69]

TABLE I. Molecule dyes in DSSCs.

Efficiency
Type of dye Structure Reference
% n

10.3% [65]

Porphyrin
0.31% [66]

Il
(0] OH
Phthalocyanine 6.4% [67]
Bipyridine 0.83% [68]
HO
o
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In this sense, the immobilization of stearic acid onto TiO2 anatase (101) surface by using
microwave heating, changes the wettability of the oxide, as observed in Fig. 12, the reaction (12)

renders a hydrophobic surface (114°), as demonstrated by contact angle measured in water. [70]

(0]
T|02 + CH3(CH2)16000H—> Y\/\/\/\/\/\/\/\/ (12)
@)

FIGURE 12. Contact angle water-drop shape of the TiO»-stearic acid modification. From [69], reproduced

with permission.

In the case of cyclic molecules, like maleic anhydride (13), succinimide (14) and succinic
anhydride (15) in the presence of TiO:, behave as dicarboxylic acids and double-end terminal
amine-carboxylic acid fragment upon open-ring reaction [(13)-(15)]. Structurally, there is a
restriction in maleic anhydride imposed by cis double bond preventing the bonding through a
single -COOH group; instead a cyclization product is obtained. But, in the case of succinimide and

succinic anhydride molecules no cyclization at surface is attained. [70]
O‘j/_>:O
Tioy + 07\/_\A\O - 09
°
0]

(13)

H
Tioz + %;XO — NNOH (14)
N o)
@)
TiO, + /A/;\A\o — = ONOH (15)
o

Using molecules with two or more anchoring groups have the advantage to further
bonding other molecules that enhance the absorption characteristic of the titanium dioxide, as
shown in Fig. 11. Intriguingly, upon first glycine molecule attachment as linker fragment to TiOs, it

leaves a free amine group (16), which can coordinate further to transition metal complexes. Such
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synthetic approach has been used to tether multinuclear cobalt complexes (17) onto TiO:, a

functional substrate that shows photocatalytic activity for the water reduction reaction. [70,71]

TiO, + HzNA[OfOH—’ O\[(\NHz (16)
O

1 |
A = R )
dpa = || P - |

N™ N N

V. APPLICATIONS OF TiO, FOR THE DEVELOPMENT OF
PHOTOELECTROCHEMICAL CELLS IN WATER OXIDATION REACTION

The first example of a water-splitting reaction by a photoelectrochemical method was
reported by Fujishima and Honda in 1972; it was used TiO2 as a photoanode under illumination of
UV light, with gas evolution of oxygen in the anode and hydrogen in a platinum cathode without
illumination. [9] Because of this work, a great deal of effort is being carried out to modify the TiO:
surface to have higher catalytic activity.

At present, one of the most interesting areas is developing photoelectrochemical devices
that operate under working principles of DSSCs to perform the water oxidation reaction to
produce Oz and Hz. As depicted in Fig. 13, it has several features: an efficient light-harnessing
system, components for charge separation, a robust water-oxidation catalyst that is able to transfer

four electrons and facilitates the formation of O-O bonding. [72,73]
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anchor

FIGURE 13. Photoelectrolitic device for the production of solar fuels from water oxidation reaction.

Mallouk and coworkers, reported on mesoporous TiO: as photoanode (like DSSC) using a
[Ru(bpy)s]** dye, and anchoring IrO2:nH20O particles as water oxidation catalyst [74], as pictured in
Fig. 14. The system consists of TiOz-dye-IrOz photoanode and platinum (Pt) wire as cathode where
H* reduces to H: Nevertheless, this configuration has low quantum efficiency (1%), and a

turnover-number (TON) of about 16.

Ha

2H,0

FIGURE 14. Photoelectrochemical device for the water-splitting reaction with IrO2:nH20 nanoparticles as a

catalyst, using DSSC principle with a ruthenium-dye anchored onto TiO-.
Spiccia et al. synthesized an oxo-manganese cluster [Mn4OsLs]*, (L = (MeOPh)ZPOE), that

was combined in a Nafion® membrane as a catalyst, along with a ruthenium dye
[Rul(bpy)2(bpy(COO)2)] tailored in TiO:2 in a fluorine-doped thin oxide electrode. [75] (Fig. 15)
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Ll

FIGURE 15. Photoelectrochemical cell with an oxo-Mn cubane in Nafion®, using a Ru-dye photosensitizer in

a TiO2 surface.

When light energy is absorbed by Ru" complex, it injects electrons in the conduction band
of TiO:, flowing through an external circuit leaving a Ru'' dye capable of reduce the cubane
structure. Such reduced form of the Mn-cluster has the electrochemical potential necessary to
oxidize the water molecule and generates Oz, while the protons are reduced in a Pt electrode that
releases Ho. [74]

VL CONCLUDING REMARKS

The stability and surface robustness in TiOz against photo- corrosion and degradation have
been widely studied and applied in several important applications. Such features are of great
advantage over other binary oxides that easily decomposed under similar conditions (e.g., SnO,
Zn0O). Additionally, its surface atomic composition has a rich electronic situation for further
surface functionalization. Novel optical features have been attained by modifying TiO:
nanomaterial surface to synthesize photocatalysts aiming at solar fuels production, so that solar
energy can be harnessed. Hence, optical sensibility and activity can be raised by band-gap
engineering, doping or anchoring of organic-inorganic sensitizers to absorb in the visible light and
near-infrared region. The functionalization of TiO2 nanoparticles has proved to be a successful
approach to devise new materials with new characteristics that could in the short-run alone with
other technologies cope with environmental and energy challenges facing humanity.

Indeed, with actual global energy consumption and dwindling of fossil fuel reserves, it is
expected that TiO2-based nanomaterials take advantage of Sun light, especially in the
implementation of photoelectrochemical devices in a global scale. However, much of the
development in DSSCs as well as photoelectrochemical devices relies on expensive and scanty
ruthenium dyes, or chromophore molecules with complex synthetic steps, and systems with low
energy efficiencies; this turns out decision making doubt about their large-scale implementation,

such that further research is still needed to foster sustainable solar fuel initiatives.
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