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Abstract

A novel approach to large bandgap semiconductor materials design is demonstrated. Based on a thermodynamical growth
control concept, a low temperature aqueous thin film growth technique is presented to produce, at large scale and low cost, novel
metal oxide-based nano- to micro-structures. Three-dimensional arrays consisting of building blocks of controlled morpholo-
gies, sizes and orientations, engineered from molecular to nano-, meso- or microscopic scales are generated onto various sub-
strates. Semiconductor technology and in particular, photovoltaics and photocatalysis, shall be beneficiary of such designed
arrays. Promising improvements in terms of overall efficiency and manufacturing costs as well as better fundamental under-
standings of their electronic structure are foreseen with the use of such purpose-built materials. To cite this article: L. Vays-
sieres, C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Une nouvelle approche du design de semi-conducteurs à large bande interdite est exposée. Fondée sur un modèle thermody-
namique de croissance, une synthèse chimique pour l’élaboration de films minces en solution aqueuse à basse température est
présentée. Cette nouvelle méthode permet la fabrication, en larges quantités et à moindre coût, d’oxydes métalliques nanostruc-
turés et microstructurés. Ces films minces sont fabriqués sur différents substrats ; la taille, l’orientation et la morphologie de
leurs éléments constitutifs sont contrôlés de l’échelle moléculaire à l’échelle nanométrique et micrométrique. Les technologies
utilisant des semi-conducteurs, comme par exemple le photovoltaïque et la photocatalyse, devraient bénéficier de ces nouveaux
matériaux. L’amélioration des rendements et des coûts de fabrication ainsi qu’une compréhension plus approfondie de leurs
structures électroniques pourraient être obtenues avec l’utilisation et la modélisation de ces matériaux, fabriqués sur mesure,
pour de telles applications. Pour citer cet article : L. Vayssieres, C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Within the last decade, nanoscience has reached the
status of a leading science with fundamental and applied
implications in all basic physical, life, and earth sci-
ences as well as engineering and materials sciences.
An important feature of nanoscience is that it bridges
the crucial dimensional gap between the atomic and
molecular scale of fundamental sciences and the micro-
structural scale of engineering and manufacturing.
Accordingly, a vast amount of true multidisciplinary
fundamental knowledge is currently being explored and
linked. It will lead to a tremendous amount of new
in-depth understanding as well as to the fabrication of
novel high technological devices in many fields of appli-
cations from electronics to medicine [1]. The impor-
tant basic goals have been to develop various synthetic
techniques to produce large quantity of building blocks
of low dimensionality (zero- and one-dimension) in a
controllable and fashionable way. The crucial chal-
lenge remaining for scientists and engineers is to
develop the ability and competence to hierarchically
order, connect, and integrate quantum dots [2], nano-
rods and nanowires [3], nanobelts and nanosaws [4] as
well as nanotubes [5] in functional network, thin film
coatings, and three-dimensional (3-D) arrays to gener-
ate and manufacture practical nanodevices. These future
devices based on such advanced building blocks should
revolutionize the industry [6] and the economy given
that they possess the unique properties of nanoscale as
well as the ability to connect the nanoworld to the
microworld.

In this regard, our strategy to generate large-area of
advanced nano and micro-particulate thin films at low

cost is a bottom-up aqueous chemical growth approach
(Fig. 1) [7] that is well-resourced by a classical ther-
modynamic model, monitoring the nucleation, growth,
and aging processes via the experimental control of the
interfacial free energy of the system [8]. Such a strat-
egy has been well-illustrated on the size control of mag-
netite nanoparticles over an order of magnitude [9]. This
concept and synthetic method allows the design and
the creation of metal oxide nanomaterials with novel
morphology, texture, and orientation which enables to
probe, tune, and optimize their physical properties [10].
Particulate thin films and 3-D arrays are obtained by
direct growth onto various substrates from the conden-
sation of aqueous precursors at low temperatures. Such
an approach to material synthesis offers the ability to
generate anisotropic nanoparticles and to control their
orientation onto substrates. Such an approach has been
successfully applied for the growth of advanced nano-
and micro- particulate metal oxide materials such as
three-dimensional arrays of ferric oxide nanorods [11]
for photovoltaic [12] and photocatalytic applications
[13], nanocomposite arrays of iron and chromium
corundum sesquioxides [14] as well as nanorod [15],
microrod [16] and microtube [17] oriented arrays of
zinc oxide for photovoltaic and optoelectronic devices.
Ferromagnetic 3-D array of metallic iron nanorods for
magnetic devices [18], 2-D arrays of chromium oxide
[19] for non-linear optics and magnetoelectrics appli-
cations, 3-D oriented arrays of tin dioxide nanorods with
square cross section [20] for gas sensing and photocata-
lytic applications as well as large specific area bio-
inorganic arrays for bio-sensors [21] have also been fab-
ricated by such a method. In addition to developing
functional materials for various applications, growing

Fig. 1. The controlled aqueous chemical growth thin film growth technique: immersion of substrates in aqueous solutions of metal salt precur-
sors (left), heat treatment in a conventional laboratory oven below 100 °C (center) and generation of nano-, meso-, and micro-particulate thin
films of large (i.e. several tens of cm2) physical surface area (right).
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such large nanostructured arrays with well-controlled
orientation and morphology allows experimental prob-
ing and characterization of well-defined nano- to micro-
structures [22]. Consequently, a direct feedback be-
tween theoretical calculations and experimental data
[23] contributes to the improvement and optimization
of existing devices as well as to a better fundamental
knowledge of their physical/chemical and structural
properties as well as their electronic structure [24].

Our work focuses most exclusively on metal oxides,
because they represent the most common, most diverse,
and richest class of materials in terms of electronic
structure and physical, chemical, and structural prop-
erties. Such properties include for instance, optical,
optoelectronic, magnetic, electrical, thermal, photoelec-
trochemical, photovoltaic, mechanical, and catalytic
ones.As a result, numerous applications of metal oxides
such as ceramics (chemical-, gas-, and bio-) sensors,
actuators, lasers, waveguides, IR, UV and solar absorb-
ers, pigments, photodetectors, optical switches, photo-
chromics, refractors, electrochromics (electro- and
photo-)catalysts and support for catalysts, insulators,
semiconductors, superconductors, supercapacitors,
transistors, varistors, resonators, dielectrics, piezoelec-
trics, pyroelectrics, ferroelectrics, magnets, transduc-
ers, thermistors, thermoelectrics, protective and anti-
corrosion coatings, fuel cells, anode and cathode
materials for alkaline and lithium batteries, and solar
cells have been developed. The diversity of such appli-
cations originates from the more complex crystal and
electronic structures of metal oxides compared to other
class of materials. The main reasons are related to their
variety of oxidation states, coordination number, sym-
metry, ligand-field stabilization, density, stoichiometry
and acid–base properties, which yield fascinating com-
pounds exhibiting insulating, semiconducting, conduct-
ing, or magnetic behaviors with transitions among those
states. The combinations of such variety of distinctive
properties and applications with the unique effects of
low dimensionality at nanoscale make the develop-
ment of metal oxide nanostructures an important chal-
lenge from both fundamental and industrial stand-
points.

One of the major challenges facing the much antici-
pated, broader commercial realization of devices emerg-
ing from nanotechnology is the economical manufac-
turing of reliable and practical nanostructures with
tailored properties. The preparation of functional nano-

materials of well-defined morphology aims to improve
the efficiency of existing devices as well as developing
novel well-designed and innovative devices. Modeling
of such structures by simulation/calculation methods
[25] would allow a better understanding of size effect
[26] and structure–efficiency relationships. Based on
fundamental knowledge, new and/or improved semi-
conductor materials and devices are developed to
increase the performance, e.g. efficiency, sensitivity,
selectivity, and reliability, of semiconductor devices
while keeping their fabrication at low cost to meet the
market demand. For instance, the controlled growth and
orientation of nano-, meso- and micro-structures along
preferred crystal directions, e.g. highest electronic den-
sity, as well as designated pathway will enable a more
efficient separation of photogenerated carriers and a bet-
ter electron transport in photoelectrochemical devices.
This paper intends to illustrate the latest advances in
the development of large-bandgap semiconductor thin
film materials of novel texture and morphology by the
low cost and environmental-friendly fabrication and
manufacturing of nanoengineered arrays of transition
and post-transition metal oxides.

2. Approach

A new approach to semiconductor materials design
is proposed. The application of a novel low tempera-
ture aqueous chemistry technique to produce large-
area nanoparticle arrays and nanoparticulate thin films
directly onto various types of substrate (e.g., transpar-
ent conductive oxide (TCO), Si wafers, sapphire,
polypropylene, glass etc.) is used to produce a new gen-
eration of functional materials for photovoltaic and pho-
tocatalytic applications. Such a chemical growth tech-
nique is capable of producing metal oxide building
blocks of various morphologies, sizes, and orienta-
tions including oriented one-dimensional materials such
as nanorods and nanowires that are of interest for semi-
conductor technology, such as for instance SnO2, ZnO,
WO3, a-Fe2O3, a-Cr2O3, Co3O4, and Mn3O4. We have
demonstrated that these purpose-built nanomaterials
can be generated on several types of substrates; they
can be patterned using a variety of techniques [27]; and
large physical areas can be easily formed. Thus, these
materials can be readily exploited as photoanodes for
photovoltaics, photocatalysts, as well as for sensors.
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Such ordered purpose-built nanomaterials are obtained
by a novel synthesis and theoretical concept which con-
sists of growing metal oxide thin films directly onto
substrates at precipitation and dispersion conditions
yielding to thermodynamic colloidal stability (i.e. low
interfacial tension). Such specific state is reached by
monitoring experimentally (i.e. chemically and electro-
statically) the interfacial tension of the system as
described quantitatively by a thermodynamic model
based on Gibbs adsorption equation [8].

2.1. Dimensional control

The main idea is to tune the thermodynamics and
kinetics of nucleation, growth, and ageing of a system
by controlling experimentally its interfacial tension. For
instance, the ability to segregate the nucleation and the
growth stage enables to control the monodispersity of
nanoparticles. Indeed, performing an aqueous precipi-
tation far from the typical point of zero charge (PZC)
of the investigated metal oxide allows an enhanced con-
trol of the nucleation, growth, and ageing processes.
Considering acid–base properties of metal oxide sur-
faces, increasing (or decreasing) the pH of precipitation/
dispersion from the PZC will increase the surface charge
density by adsorption of hydroxyl ions (or protons).
Consequently, the chemical composition of the inter-
face will change, and so the interfacial tension of the
system. In addition, a high ionic strength will contrib-
ute to a further increase of the surface charge density.
This is understood by considering the electrostatic
forces at the interface; indeed by increasing the ionic
strength of the medium, a more effective screening
effect of the interfacial charged sites will allow further
surface sites to develop a charge. In such case, the sur-
face charge may therefore reach its maximum charge
density, which ultimately depends on the oxygen struc-
ture and composition of the interface. At maximum
charge density, the interfacial tension of the system will
reach a minimum. Thermodynamic colloidal stability
may thus be reached resulting in a considerable lower-
ing of the secondary ageing processes, henceforth pre-
venting the nanoparticle size and its distribution to
increase as well as avoiding crystal phase and morpho-
logical transformations.

Any adsorption phenomenon at interface decreases
the surface (or interfacial) tension c. Such effect is
described quantitatively by the Gibbs adsorption equa-
tion:

(1)dc = − �
i

C i dl i

where C represents the superficial adsorption density
and µ the chemical potential of the adsorbed species i.
Based on such equation, a model was developed to
quantifies the variation of the water–oxide interfacial
tension with the chemical composition of the interface
and the dispersion conditions:

(2)Dc = c − c0

= 25.7 rmax Ln�1 − I�0.117 sinh(1.15 DpH)

rmax
�2�

− 6�I[cosh(1.15 DpH) − 1]

where c is expressed in mJ/m2, the ionic strength, I, in
mol/l, and the maximum surface charge density rmax in
C/m2. Assuming a zero interfacial tension at
equilibrium, by analogy with microemulsion systems
where ultralow surface tensions prevail, a quantitative
treatment has been developed to obtain the
thermodynamic stability conditions of the water–oxide
system for precipitations of metal ions in basic
medium:

(3)PZIT = PZC + 2.46 + 2 log rmax − log I

For precipitation occurring between the PZC and the
point of zero interfacial tension (PZIT), the surface
charge does not reach its maximum, and consequently
the interfacial tension remains positive and the system
is submitted to secondary growth and ageing. As a
result, the nanoparticles will evolve in solution, that is,
their size will increase with time, and their crystal struc-
ture may be subjected to phase transformations. This is
the unstable region of the precipitation. However, at
precipitation pH ≥ PZIT, i.e. the stable region, the nano-
particles are thermodynamically stabilized, and conse-
quently secondary growth phenomenon such as Ost-
wald ripening does not occur. No longer submitted to
ageing, the nanoparticle size is finite and is directly
related to the precipitation conditions such as pH and
ionic strength at a given temperature and precursor con-
centration.

By consideration of the nucleation and growth pro-
cesses which rule the generation of solid phases from
solutions, a maximum is found for the first derivative
of the free enthalpy of nucleation, the nucleation energy
barrier, with respect to the number of precursors (which
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essentially represents the particle size). Such a maxi-
mum depends on the interfacial tension at the cubic
power:

(4)DG* =
16

3

p v2c3

(R T Ln S)2

Therefore, reducing the interfacial tension leads to
an important lowering of the nucleation energy barrier,
which in turn leads to the decrease of the nanoparticle
size. A large stage of nucleation of very small particle
accompanied by a very short stage of growth is pre-
dicted. As a result, the average nanoparticle size (and
its distribution) is expected to decrease substantially.

The experimental corroboration of such concepts
was performed on the controlled aqueous precipitation
of crystalline magnetite (Fe3O4) nanoparticles at room
temperature. It clearly illustrated that the thermody-
namic stability of metal oxide nanoparticles is a real-
ity. It also demonstrated that the average particle size
may experimentally be monitored (and semi-empi-
rically predicted) over an order of magnitude from 1.5 to
15 nm with narrow size distributions. The excellent
agreement between theory and experiments sustained
the accuracy and relevance of the general and efficient
growth control concepts of metal oxide nanoparticles
under low interfacial tension conditions. Moreover, such
conclusions entitled great expectations for a future
development of advanced particulate nanomaterials
devices with tailored and optimized physical/chemical
properties.

In summary, the strict monitoring of the precipita-
tion conditions during the entire synthesis yields to a
very simple, yet efficient, control of the nanoparticle
size and its distribution in solution.

2.2. Morphological control

Moreover, when the thermodynamic stabilization is
achieved, not only the size is tailored but also the shape
as well as the crystallographic structure may be con-
trolled. For instance, at low interfacial tension, the shape
of nanoparticles does not necessarily require being
spherical; indeed very often nanoparticles develop a
spherical morphology to minimize their surface energy
because the sphere represents the smallest surface for a
given volume. However, if the synthesis and dispersion

conditions are suitable (i.e. yielding to the thermody-
namic stabilization of the system), the shape of the crys-
tallites will be driven by the symmetry of the crystal
structure as well as by the chemical environment, and
various morphologies may therefore be developed.
Manipulating and controlling the interfacial tension
enables to grow nanoparticles with sizes and shapes
tailored for their applications. Applying the appropri-
ate solution chemistry (precursors and precipitation/
dispersion conditions) to the investigated transition
metal ion along with the natural crystal symmetry and
anisotropy or by forcing the material to grow along a
certain crystallographic direction by controlling chemi-
cally the specific interfacial adsorptions of ions and/or
ligand and crystal-filed stabilization, one can reach the
ability to develop purpose-built crystal morphology.

2.3. Orientation control

To develop the capability of growing nano- to micro-
particulate thin films from aqueous solution and con-
trolling the orientation of large arrays of anisotropic
nanoparticles onto a substrate, one has to consider the
differences between homogeneous and heterogeneous
nucleation phenomena. In most cases, homogenous
nucleation of solid phases from solutions requires a
higher activation energy barrier and therefore, hetero-
nucleation is promoted and energetically more favor-
able. Indeed, the interfacial energy between two solids
is generally smaller than the interfacial energy between
a solid and a solution, and therefore nucleation may
take place at a lower saturation ratio onto a substrate
than in solution. Nuclei will grow by heteronucleation
onto the substrate and various morphologies and orien-
tation monitoring can be obtained by experimental con-
trol of the chemical composition of the precipitation
medium. To illustrate and demonstrate such capabili-
ties, the example of an anisotropic crystal is taken and
the possibilities of experimentally monitoring its ori-
entations onto a substrate using the aqueous chemical
growth thin film processing technique are exposed here-
after.

Anisotropic building blocks with multi-angular ori-
entation onto substrates may be generated when the
number of nuclei is exceedingly limited by the precipi-
tation conditions (through the chemical and electro-
static monitoring of the interfacial tension). The sys-
tem will promote twinning and the preferential epitaxial
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three-dimensional growth of the rods along their easy
axis from a very limited number of nuclei will induce
star/flower-shape morphologies.

Anisotropic building blocks with a perpendicular ori-
entation onto substrates may be obtained when the num-
ber of nuclei is slightly limited by the precipitation con-
ditions. The slow appearance of a limited number of
nuclei will allow the slow growth (according to the crys-
tal symmetry and relative face velocities) along the easy
direction of crystallization. As a result, a condensed
phase of anisotropic nanorods parallel to the substrate
normal will be generated.

Anisotropic building blocks with a parallel orienta-
tion onto substrates can be obtained when the nucle-
ation rate is enhanced by the precipitation conditions.
Indeed, the fast appearance of a large number of nuclei
will result in a rapid two-dimensional growth. The
stacking of anisotropic nanoparticles with random ori-
entation between each other but with an overall perpen-
dicular orientation with respect to the substrate normal
is therefore promoted.

The ability to design materials consisting of aniso-
tropic nanoparticles of different orientations enables the
experimental studies of the angular dependence influ-
ences on the physical/chemical properties and elec-
tronic structure of materials and gives further opportu-
nities for materials design and engineering (e.g.
increased dimensionality).

2.4. Structural control

In addition to the control of particle size, shape, and
orientation, precipitation of nanoparticles at low inter-
facial tension allows the stabilization of oxide and oxy-
hydroxide metastable crystal structures. Crystal phase
transitions in solution generally operate through a
dissolution-recrystallization process to comply with the
surface energy minimization requirement of the sys-
tem. Indeed, when a solid offers several allotropic
phases and polymorphs, it is typically the one with the
highest solubility and consequently the lowest stability
(i.e. the crystallographic metastable phase), which pre-
cipitates first. This is understood by considering the
nucleation kinetics of the solids. At a given supersatu-
ration ratio, the germ size is as small (and the nucle-
ation rate as high) as the interfacial tension of the sys-
tem is low. Thus, given that the solubility is inversely
proportional to the interfacial tension, the precipitation

of the most soluble phase and consequently the less
stable thermodynamically, is therefore kinetically pro-
moted. Due to its solubility and metastability, this par-
ticular phase is more sensitive to secondary growth and
ageing, which leads to crystallographically more stable
phases, essentially by heteronucleation. Secondary
growth and ageing processes are delicate to control and
the phase transformations appear within a few hours to
a few days in solution, whence the resulting undesired
mixing of allotropic phases and polymorphs. However,
by careful consideration of the precipitation conditions
(i.e. at thermodynamically stable conditions), such
phenomena may be avoided when nanosystems are pre-
cipitated at low interfacial tension. In summary, by
adjusting the experimental conditions to reach the ther-
modynamic stability of a system, the nanoparticle size,
shape, and crystal structure may be tuned and opti-
mized. It allows the functionalized design of nanoma-
terials and the ability to quantitatively probe the influ-
ence of such parameters on the physical and chemical
properties of metal oxide nanoparticles and nanopar-
ticulate materials.

The outcome allows the fabrication of innovative and
functional nano- to micro-particulate thin films of metal
oxides directly onto substrates without membrane, tem-
plate, surfactant, undercoating or applied external fields.
Such purpose-built nanomaterials are prepared in such
a way that particle nucleation is separated from growth,
giving exquisite control of particle size. In many cases,
the differences between interfacial energies among crys-
tal facets can be exploited to produce controlled aniso-
tropic shapes. In addition, since the purpose-built nano-
materials are fabricated at low temperature and can be
deposited on almost any substrate, it is possible to
deposit one phase on another. This opens up the possi-
bility of using the anisotropy of one material to gener-
ate a high surface area substrate upon which a second,
active, material is deposited. In effect, this produces
nanocomposites-materials combining properties and
architectures from multiple phases to achieve results
not available from any single phase.

Five distinctive purpose-built metal oxide-based sys-
tems are foreseen to substantially contribute to a new
generation of photocatalytic, photovoltaic, and opto-
electronic devices, i.e. ZnO, SnO2, WO3, a-Fe2O3 and
spinel oxides.
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3. Outcome and achievement

The latest developments in materials design of zinc
oxide, tin dioxide, and iron sesquioxide are illustrated
in the following sections.

3.1. ZnO

II–VI large bandgap semiconductor, ZnO is well
known and extensively studied for gas sensors, opto-
electronics such as nanolasers [28] and field emission
devices [29] as well as UV absorber and photoanodes
for photovoltaics and dye sensitized solar cells [30].
Zinc oxide is a great example of the capability of low
temperature aqueous chemical growth to design, onto
many different kinds of substrates, various ordered
architectures including wires, rods, tubes and star-
shape at nano-, meso-, and micro-scale. In addition to
functional design, in-depth investigation of its elec-
tronic structure and structural properties allowed to
resolve the orbital character and symmetry of its con-
duction band as well as to accurately determine its band-
gap [23,24]. In addition to the examples illustrated in
Fig. 2, the fabrication of nanocomposites, doped and
mixed oxides based on such structures are currently
being investigated in our laboratories.

3.2. SnO2

Another very important post-transition large band-
gap semiconductor is tin dioxide, SnO2. It crystallizes
in the tetragonal crystal system (space group P42/mnm)
and is isostructural with rutile. The unit cell consists of
two tin atoms and four oxygen atoms. The octahedra
are sharing edges and form linear chains along the
c-axis. Consequently, the highest electron density is
observed along the c-axis as well as high polarizability
and birefringence. The low index (110) face has no net
dipole moment in the [110] direction and is therefore a
nonpolar surface and represents the thermodynami-
cally most stable bulk termination [31] and lowest sur-
face energy [32]. In such stoichiometric surface, in
which one-half of the surface cations are fivefold coor-
dinated with O ions and the other half are sixfold coor-
dinated because of the presence of a row of bridging
oxygens, yields tin atoms with the formal +IV oxida-
tion state and thus, surface and bulk have similar resis-

tivity. The typical lattice parameters are a = 4.737 Å,
and c = 3.186 Å yielding an axial ratio of a:c = 1:0.672.
Such centrosymmetric structure of low axial ratio
reduces substantially the crystal ability to grow along
the [001] direction. For such reason, SnO2 nanorods
and nanowires predominantly grow along other crystal
directions [33]. Yet, by careful consideration of sym-
metry and surface stability arguments, highly oriented
bundles of c-elongated SnO2 nanorods (aspect ratio of
1:10) with square cross section and (110) side faces
can be generated [20] along with other anisotropic and
porous nanostructures as shown on Fig. 3.

3.3. �-Fe2O3

Due to its structural and thermal stability, its resis-
tance to photocorrosion, its high quantum efficiency as
well as its low cost of fabrication and availability,
a-Fe2O3 (hematite) the thermodynamic stable phase of
iron(III) oxides is another candidate of choice for pho-
toelectrochemical devices [34]. Fig. 4 illustrates the
ability of the aqueous chemical growth technique to
design advanced purpose-built nanomaterials. The SEM
pictures show 3-D arrays of metal oxides consisting of
aligned nanorods with various controlled orientations
onto the substrates. The a-Fe2O3 arrays consist of 50 nm
nanorod bundles, made of nanowires of 3–4 nm in diam-
eter and about 0.7–1 µm in length regardless of their
orientation. Such advanced particulate thin films have
been designed to develop electrodes for wet photovol-
taic cells. Indeed, the diameter of the nanowires (within
the bundles) is an excellent match of the minority car-
rier diffusion length of hematite. Thus, the photogener-
ated holes have a very short distance to reach the inter-
face and so, they do not recombine easily with
photogenerated electrons. Accordingly, a very efficient
charge separation occurred along with a high incident
photon-to-electron conversion efficiency (IPCE), which
led to the creation of a 2-electrode hematite photovol-
taic cells [12] and photocatalytic cells for the photo-
oxidation of water [13]. In addition to applied knowl-
edge and device optimization, a general fundamental
understanding has been developed by probing and dem-
onstrating the influence of the orientation of nanopar-
ticles on the photoelectrochemical properties of metal
oxide photoanodes. Besides the designed grain
boundary-free direct electron pathway and the struc-
tural match for the hole diffusion length, a quantum
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confinement has also been suggested which is cur-
rently being investigated by resonant inelastic X-ray
scattering (RIXS) at synchrotron radiation source facil-
ity [35].

4. Conclusion and perspectives

Transition and post-transition metal oxide semicon-
ductor materials with optimized and nanoengineered

Fig. 2. Purpose-built crystalline ZnO structures grown directly onto various substrates (TCO, Si wafers, glass, polypropylene) by controlled
aqueous growth at 90 °C.
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oriented morphology and architecture have been fabri-
cated directly onto various substrates at low cost and at
large scale from an aqueous growth technique. Photo-
catalysis and photovoltaics should benefit from these

materials and promising improvements in terms of sen-
sitivity, selectivity, and overall efficiency could be dem-
onstrated with the use of such designed, functional and
innovative nanostructures.

Fig. 3. Purpose-built crystalline SnO2 nanostructures grown directly onto various substrates (TCO, Si wafers, glass) by controlled aqueous
growth at 95 °C.
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Fig. 4. SEM images of purpose-built crystalline a-Fe2O3 grown directly onto various substrates (TCO, Si wafers, sapphire) by controlled
aqueous growth at 95 °C.
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