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Targeted Synthesis and Environmental
Applications of Oxide Nanomaterials

Ying Zhou and Greta R. Patzke*

Abstract: Oxide nanomaterials are indispensable building blocks for a future nanotechnology, because they offer
an infinite variety of structural motifs that lead to their widespread technical application. Therefore, flexible and
tunable preparative strategies are required to convert this large family of materials onto the nanoscale. Although
hydrothermal syntheses have proven especially suitable for this purpose, their reaction pathways and mecha-
nisms often remain unknown so that they can be difficult to control. In the following, we summarize our compre-
hensive approach towards nanostructured functional oxides that is based on synthetic parameter optimizations,
mechanistic in situ investigations and the characterization of environmentally relevant properties, e.g. in photoca-
talysis or sensor technology. The connection between preparative morphology control and the resulting materials
properties is demonstrated for selected tungstate systems and bismuth-containing oxides. Furthermore, different
methods for the in situ monitoring of hydrothermal processes are discussed.
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1. Introduction

With the beginning of the 21st century,
modern societies are facing a paradigm
shift in their technological developments:
it becomes increasingly clear that our pres-
ent standards of living can only be main-
tained when the urgent issues of sustain-
able energy sources!!l and constant access
to clean water resources!?! can be resolved.
This calls for the development of new vis-
ible-light-driven catalysts in order to use
a considerable fraction of the solar light
for artificial photosynthesisi3! as the key to
hydrogen-based technology and to large-
scale wastewater treatment. Furthermore,
the constant monitoring of environmental
conditions on all levels from daily life to
industrial productions is another important
step to ensure a constant quality of life.[]
Here, materials chemistry can make an im-
portant contribution through the construc-
tion of new miniaturized sensor types that

can be applied almost everywhere with
minimum energy supply.! Nanotechnol-
ogy will play a major role in all these areas
as well as the setup of ‘green chemistry’
processesl® for the large-scale production
of the required new materials. A consider-
able fraction of them will be oxides, be-
cause this substance class offers an almost
inexhaustible pool of structural types with
according materials properties that can be
tailored to meet current technological re-
quirements. 7]

Our research activities are thus fo-
cused on the targeted synthesis of nano-
structured oxide materials via convenient
hydrothermal syntheses!®! that offer mani-
fold advantages: they can be run as ‘green’
one-step and waste-free reactions without
organic solvents involved. In addition, hy-
drothermal reactions offer a wide range of
parameter tuning options so that they are
exceptionally suitable for transferring the
manifold oxide types of technological in-
terest onto the nanoscale.l®! However, this
remains a particular challenge for ternary
oxides due to the three-fold task of phase,
composition and morphology control that
has to be mastered for their synthesis. Giv-
en that most of the oxide formation mecha-
nisms under hydrothermal conditions are
still difficult to predict in the absence of
a generally applicable theoretical concept,
we shed light into the ‘black box’ nature
of the hydrothermal autoclave with in
situ investigations monitoring the growth
of oxide nanoparticles therein. These in-
sights are of fundamental importance to
optimize the large-scale processing of
nanomaterials. Concerning the functional-
ity of oxides, we focus on the synthesis of
visible-light-driven oxide photocatalysts
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in order to amplify the use of the solar
light spectrum, because TiO, as the lead-
ing photocatalyst material in the field[1%1 is
restricted to the absorption of UV light rep-
resenting only 4% of the light impinging
on the earth’s surface. In parallel, we tune
the properties of oxide nanomaterials for
water splitting, because the production of
hydrogen through artificial photosynthesis
with cheap, recyclable and non-toxic cata-
lysts is our long-term goal.

Apart from our investigations on oxide
nanoparticles, we also pursue the synthe-
sis of new polyoxometalates (POMs): this
ever-increasing class of oxoclusters at-
tracts widespread research interest due to
its fascinating range of molecular archi-
tectures and their equally wide application
spectrum.[!] Here, our efforts are directed
on the biomedicinal properties of POMs,
especially large lanthanoid-containing
polyoxotungstates,'?l and we combine
them with biopolymers to enhance their
antiviral, antitumor and antibacterial prop-
erties.[13]

In the following, we illustrate our
comprehensive approach towards new
oxide materials that starts out with creat-
ing new and facile syntheses, followed by
their mechanistic understanding and it is
rounded off with the investigation of their
applications.

2. Materials Synthesis:
Hydrothermal Tuning of Oxide
Nanomaterials with Inorganic
Additives

We aim for the environmentally friend-
ly and scalable production of oxide nano-
materials along the following lines: the
precursor materials should be air-stable
and readily available and lead to the de-
sired product in a minimum of reaction
steps at rather low production tempera-
tures.l'l As mentioned above, matching
these requirements with the difficulties of
phase- and morphology-selective oxide
synthesis is challenging so that we employ
inorganic salts as auxiliaries or additives
in order to direct the course of a hydro-
thermal reaction. Inorganic ionic additives
are usually low-cost substances that can be
easily removed after the reaction has been
finished and they can play multiple roles,
such as acting as mineralizers, changing
the seed growth and reaction kinetics and
modifying the reaction pathways through
the selective interaction with specific crys-
tal planes.[!5] Moreover, they can also ex-
ert a stabilizing effect via the incorporation
into an otherwise unaltered open structural
motif.['6] Oxides with such versatile struc-
tures are, for example, found among the
W-, Mo- and V-containing transition metal
oxides that also excel through their high

application potential, e.g. in catalysis, sen-
sor and battery technology.l!'”l Over the
past years, we have thus investigated their
hydrothermal nanochemistry in combina-
tion with bismuth that opens up another
large family of Bi/(W,Mo)/V-oxides with
hitherto unexplored potential (also known
as the BiMoVOx family).[!81 Among the
W/Mo-oxides, their hexagonal representa-
tives keep attracting research attention due
to their channel-containing structure (Fig.
1, middle) that gives rise to manifold ex-
change and incorporation processes.!!
We have thus established a straightfor-
ward one-step hydrothermal approach to-
wards nanoscale hexagonal W/Mo-oxides:
the reaction of ammonium metatungstate
and MoO,-2H,0 for 2 d at 180 °C affords
phase-pure mixed W/Mo-materials.[20]
This synthetic route can subsequently be
tuned by using alkali chlorides as additives
in the above-mentioned hydrothermal pro-
cedure.l'6211 They exert a dual function:
on the one hand, they stabilize the wide
interior of the hexagonal channel system
through intercalation and on the other
hand, the morphology of the products can
be steered with the alkali cation. The use
of LiCl and NaCl gives rise to nanorod
formation, whereas very small nanorods
organize into cylinders that furthermore
form spherical aggregates in the presence
of KC1, RbCl and CsCl (Fig. 1).[211 Further
parameter investigations of the hydrother-
mal system showed that the formation of

ditive-free’ .7

the resulting hierarchical W/Mo-oxide ar-
chitectures depends on the presence of the
larger alkali cations K*, Rb* and Cs*. The
question how this morphological variety
can arise from a single hydrothermal pro-
tocol inspired us to investigate the reaction
pathway with in situ methods.

3. Understanding Materials:
in situ Investigation of Oxide
Nanomaterials Formation

The main in situ methodologies that we
apply for the monitoring of hydrothermal
reactions are in situ XAS (X-ray absorp-
tion) and EDXRD (energy-dispersive X-
ray diffraction) methods. In situ EXAFS
(extended X-ray absorption fine struc-
ture) and XANES (X-ray absorption near
edge structure) techniques in particular
are conducted in a specially constructed
hydrothermal cell that permits the simul-
taneous monitoring of the solid and the
liquid phase of a given hydrothermal re-
action.?2l This provides information re-
garding the occurrence of intermediates
and the onset temperature of the reaction
as a crucial economic factor. We have il-
lustrated the benefits of this strategy in
our study on the hydrothermal growth of
MoO, fibers: in situ EXAFS investiga-
tions of the liquid phase demonstrated that
the formation of MoO, nanorods already
sets in around 100 °C, whereas the stan-

Fig. 1. Influence of alkali chloride additives on the morphology of hydrothermally synthesized
hexagonal W/Mo-oxides exhibiting the characteristic channel structure motif (middle).
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dard laboratory protocol had been set up
for 180 °C.[231 In situ EDXRD is a pow-
erful complementary method that reveals
the induction periods and reaction times
of a given hydrothermal process through
the evaluation of time-dependent X-ray
diffraction patterns.[?*l A more detailed
comparison with physico-chemical models
furthermore permits the assignment of hy-
drothermal formation mechanisms. Firstly,
the induction time ¢,_, is subtracted from
t, and In[-In(1—-ov)] versus In(?) is plotted
in the so-called Sharp—Hancock (SH) plot
(oo = degree of reaction).?5] A mechanistic
change in the course of the reaction is indi-
cated by change in the slope of the SH plot.
Next, the experimental data are directly
compared to different mechanistic models
by plotting #/¢, , vs. 0..261 We have applied
this strategy on the alkali chloride-assisted
growth of hexagonal tungsten oxides.[16]
Here, the particle morphology and degree
of organization of the obtained alkali tung-
state nanorods varies with the alkali cation —
albeit not as pronounced as in the case of the
mixed hexagonal W/Mo-oxides, e.g. their
tungsten-based analogues do not display the
organization into hierarchical spheres. In
situ EDXRD measurements indicated that
all nanostructured hexagonal tungstates are
formed according to a nucleation controlled
mechanism regardless of the alkali addi-
tive cation involved: the SH plots follow a
straight line and the subsequent plot of #/7
vs. o agrees well with the model curve for
nucleation control. In the case of hexagonal
tungstates, the alkali cations only influence
the reaction kinetics and the morphology,
but not the formation mechanism of the
nanostructured oxides.[1°!

In situ EDXRD investigations on the
hexagonal W/Mo-tungstates, however,
revealed a different mechanistic scenario.
The formation of nanorods in the pres-
ence of Li* and Na* follows complicated
mechanistic sequences as indicated by
the different subsequent slopes of the SH
plots, whereas the spherical architectures
obtained with K*/Rb*/Cs*-ions as additives
all emerge from the same diffusion con-
trolled mechanism so that their SH plots
can be fitted with a straight line (Fig. 2).27]

Interestingly, the origin of the more
complex spherical morphologies can be
mechanistically assigned in a straight-
forward manner to an isotropic diffusion
model, whereas the formation of the nano-
rods follows a more complex mechanistic
sequence. Therefore, we could establish
a connection between the morphology of
the nanostructured ternary transition metal
oxides and their formation mechanism as
an important step towards the hydrother-
mal morphology control of ternary oxides:
such detailed studies are still rather rare
but indispensable for mastering the hy-
drothermal process on a general scale.[27]
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Fig. 2. Sharp-Hancock plots (left column) and comparison of the evolution of experimental t/t
data as a function of a (black squares) with different theoretical models (right column) of the alkali
W/Mo-HTB oxide formation in the presence of (a) LiCl and (b) CsClI (insets: representative SEM

images of the products).

Moreover, our most recent investigations
revealed that the type of alkali cation not
only influences the morphology of the W/
Mo-oxides but also their sensing properties
in ammonia detection. This illustrates our
three-step strategy towards oxide nanoma-
terials (synthesis — mechanisms — applica-
tions) and leads over to their implementa-
tion for the above-mentioned goals of ma-
terials chemistry.

4. Environmental Application of
Oxide Nanomaterials

4.1 Photocatalytically Active
Bismuth-containing Oxides

Ever since water splitting under UV
light irradiation on a TiO, electrode was
first reported in 1972,1281 most research
efforts in the field of oxide-based photo-
catalysis have been directed on this target
oxide.[?”l Despite its low-cost and non-
toxic features, however, TiO, is limited to
UV light activation, thereby leaving 96%
of the incident solar light unused. As a con-
sequence, a wide range of potential terna-
ry oxide photocatalysts is currently being
screened by many research groups and bis-
muth vanadate, BiVO,, has emerged as one
of the most promising visible-light-driven
candidates.l3% This layered vanadate exists
in three modifications: the tetragonal zir-
con and scheelite types and the monoclinic
scheelite form. The enhanced absorption

features of the monoclinic BiVO, modifi-
cation are due to its smaller band gap (2.4
eV) in comparison with TiO, (3.2 eV). Ac-
cording to DFT calculations, the valence
band of BiVO, is formed from Bi 2s and O
2p hybrid orbitals, whereas the conduction
band consists of unoccupied V 3d states
leading to a minimum at the Brillouin zone
edge that is suitable for low energy direct
transitions.3%-311 The electronic structure
of bismuth vanadate can be further tuned
through doping with transition metal cat-
ions. Generally, the efficiency of a photo-
catalytic material depends on a manifold
parameters, such as crystallinity, particle
size and surface area: ideal photocatalysts
should combine small particle sizes with
high surface areas and a high degree of
crystallinity. Although monoclinic BiVO,
has been accessed with a variety of syn-
thetic methods ranging from solid state
reactions over sonochemical processes to
hydrothermal treatments, the majority of
these preparative pathways led to materi-
als with unfavorably low surface areas and
large particle sizes.[32] Recently, we have
thus reported on a new additive-assisted
hydrothermal pathway to photocatalytical-
ly active BiVO,.[33! Screening experiments
revealed that the presence of K, SO, as an
additive directs the hydrothermal reaction
of the precursor materials Bi(NO,),"5H,0
and V,0, at 200 °C towards BiVO, crystals
with average dimensions around 150 nm
and their surface area (15.6 m%g) is en-
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Fig. 3. (a) Representative SEM image of BiVO, particles synthesized in the presence of K,SO, as
a hydrothermal additive; (b) degradation of MB in the presence of different photocatalysts under
visible light irradiation (a—d: BiVO, reference compounds, e: BiVO, particles depicted in the left

SEM image; g: P25 as a TiO, standard; catalyst: 50 mg, light source: Hg bulbs, max. intensity at

450 nm).
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Fig. 4. (a) Representative SEM image of hierarchical Bi,\WO, microspheres and (b) degradation
of RhB monitored at 554 nm as a function of the irradiation time (UV and visible light) in the
presence of Bi,WO, and TiO, as a standard (P-25).

hanced in comparison with additive-free
reactions (Fig. 3a).

The band gap of the BiVO, particles
was determined as 2.47 eV from UV-vis
spectra and their photocatalytic perfor-
mance was evaluated with standard tests,
namely the decomposition of methylene
blue (MB) as an organic model dye for en-
vironmental pollutants. The photocatalytic
activities of BiVO, samples with different
morphologies obtained from hydrothermal
parameter variations are shown in Fig. 3b
and the BiVO, particles grown with K SO,
as an additive clearly outperform the refer-
ence compounds. This was further verified
through a comparison with BiVO, micro-
tubes synthesized according to literature
protocols,3* because the BiVO, crystals
displayed a three-fold higher photocata-
lytic activity than their tubular form. In ad-
dition to the high surface area, the crystal-
linity of the BiVO, materials is another key
factor for the enhanced photodecomposi-
tion of MB. Firstly, the high surface area
provides more active sites for the induction

of the decomposition reaction. Secondly,
the small particle size minimizes the sites
for the recombination of light-generated
electron-hole pairs so that they can be
more efficiently transferred to the surface
for the degradation of absorbed MB mol-
ecules. The recombination process is also
impeded through the high degree of crys-
tallinity of the BiVO, particles.[33]
Interestingly, K,SO, plays a more active
role in the hydrothermal process beyond
that of a mere additive, because it leads to
the formation of potassium vanadate fibers
with larger overall dimensions (lengths up
to several tens of micrometers with diam-
eters around 50 nm) as a side product. They
can thus be separated mechanically from
the main product BiVO, particles and their
structural motif is currently under investi-
gation, because the low degree of crystal-
linity of the nanorods and their instability
during HRTEM investigations render this a
difficult problem. Generally, the structure
determination of novel nanoparticles with
highly anisotropic morphologies is a chal-

lenging task that often requires a combi-
nation of different diffraction and electron
microscopy techniques (cf. Section 4.2).

The as-synthesized BiVO, particles
were furthermore investigated with re-
spect to oxygen evolution in AgNO, solu-
tions. Here, Ag* acts as a thermodynami-
cally favorable acceptor for photo-excited
electrons as the redox potential of Ag*/Ag
(0.799 vs. NHE) is higher than the conduc-
tion band potential of BiVO, (E_, = 0.33
V vs. NHE). Although the O, evolution
rate of the BiVO, crystals is promising
during the first cycle (428 pumol/h/g), it
decreases over the following cycles due to
a mechanical loss of catalyst during rec-
ollection. This illustrates the key practical
problem of immobilizing photocatalysts
in solutions whilst keeping their surface
areas sufficiently large for high catalytic
performances. Furthermore, other hydro-
thermally obtained BiVO, particles with
a lower surface area than the sample de-
picted in Fig. 3 a displayed comparable or
even higher O, evolution rates. This obser-
vation points to different paradigms for the
development of oxide catalysts for photo-
degradation and water splitting processes,
respectively: the key factor for the latter
target reaction is the optimal combination
of electronic structure and crystallinity and
the surface areas are less decisive than for
photocatalytic decompositions.

Among the large family of bismuth-
containing oxides, Bi,WO, keeps attracting
research attention due to its wide range of
physico-chemical properties including fer-
roelectricity,!’5Inonlinear dielectric suscep-
tibility[3¢ and oxide anion conductivity.[37]
These interesting features are linked to the
flexible Aurivillius-type layered structure
of Bi,WO, that is constructed from alter-
nating sheets of [WOA]H2* sheets consist-
ing of corner-sharing WO, octahedra and
[Bi,0,] ** slabs.13¥ Moreover, Bi,WO, dis-
plays promising visible-light-driven pho-
tocatalytic properties in the O, evolution
from AgNO, solutions®! as well as in the
degradation of organic compounds under
visible light irradiation.[*0] These key ma-
terials properties can be further enhanced
through the construction of Bi, WO, nano-
architectures.!*!! Therefore, we have devel-
oped a straightforward route to flower-like
hierarchical assemblies of Bi,WO, nano-
platelets starting from the hydrothermal
reaction of Bi(NO,),"5H,0 with K, WO, at
160 °C (Fig. 4).142

In comparison to alternative synthetic
procedures, our approach relies on an effi-
cient self-organization process in solution
as the most direct pathway to photocata-
lytically active Bi, WO, nano-architectures
to date. The obtained Bi,WO, nanoflow-
ers show high visible-light-driven photo-
catalytic activities in the decomposition
of Rhodamine B (RhB) as a model dye



256

CHIMIA 2010, 64, No. 4

YouNGg AcADEMICS IN SwiTZzERLAND PART Il

(64% degradation of RhB within 45 min.
of irradiation, c¢f. Fig. 4) due to their high
BET surface areas (17.4 m?/g). Parameter
investigations of the hydrothermal forma-
tion process revealed the crucial influence
of the pH value on the phase and morphol-
ogy of the products and the use of K,SO,
as an additive opens up new pathways to
metastable cubic ¥-Bi,0, or Bi, , \ W, O, ..

As mentioned above, TiO, is still the
most popular photocatalytic material de-
spite its limitation of light absorption to
the UV range and the technical difficulties
in the separation and recycling of small
TiO, catalyst particles. Both problems can
in principle be addressed through the con-
struction of heterojunctions between TiO,
and a second oxide that can also enhance
the lifetime of photoinduced -electron-
hole pairs:¥! n-type Bi,O,/TiO, hetero-
junctions, for example, display enhanced
visible-light-driven photocatalytic activi-
ties due to the direct combination of two
semiconductors although the resulting
products were a rather random mixture of
both oxides.[*4] We have thus established a
facile method for the convenient solution-
based coating of hierarchical Bi,WO, mi-
crospheres with anatase TiO, nanoparticles
of 10—40 nm in size (Fig. 5).[43]

These composites are available from
a single hydrothermal coating step in the
presence of TiF, as a precursor and no ad-
ditional post-treatments are required. Elec-
tron microscopy analyses showed the pres-
ence of genuine heterostructures consisting
of crystalline TiO, particles that are firmly
attached to the crystal facets of the nano-
structured Bi,WO, substrates. Degradation
experiments with methylene blue (MB) as
a reference compound furthermore dem-
onstrated the benefits of composite forma-
tion, because their photocatalytic activity
is enhanced in comparison with isolated
Bi,WO, microspheres and TiO, nanopar-
ticles, respectively.[43]

4.2 Bismuth Oxysulfate Nanowires
for Humidity Sensing

The hydrothermal treatment of a-Bi,0,
in the presence of K,SO, is an interesting
example for the unexpected formation of
a new nanomaterial from a process that
was originally designed as an additive-
controlled transformation of the commer-
cial bulk oxide into nanowires.[6] After
treatment of the precursors at 160 °C,
SEM investigations of the product indeed
showed the formation of high aspect ratio
nanowires with diameters in the range of
100-300 nm and lengths exceeding several
tenths of micrometers (Fig. 6).

As can be seen from the TEM images in
Fig. 6a, these nanowires are organized into
bundles of smaller fibers with diameters
around 50 nm. As pointed out above (Sec-
tion 4.1), the structural analysis of such

Fig. 5. Representative SEM images of nanostructured Bi, WO, images before (a) and after coating

with anatase TiO, nanoparticles (b).
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Fig. 6. (a) Representative TEM and (b) SEM images of Bi .S, O., nanowires and (c) humidity

62715

hysteresis of the Bi_.S,O,, nanowire sensor (inset: SEM image of the nanowire sensor chip).

62715

highly anisotropic materials with a rather
low degree of crystallinity is quite difficult,
especially when neither sufficient quanti-
ties for neutron diffraction experiments

nor isostructural single crystals are avail-
able. Therefore, we applied a combination
of electron diffraction tilting experiments,
Rietveld refinements and HRTEM inves-
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tigations to elucidate the structure of the
nanowires. They represent a new type of
bismuth oxysulfates, namely BiGSZO] 5 that
differs from the hitherto known represen-
tatives: here, linear (Bi,O,,) ** columns
are surrounded with sulfate tetrahedra,[47]
whilst all other bismuth oxysulfates are
derivatives of the structurally entirely dif-
ferent fluorite-type that is based on a close
packing of oxygen atoms.[8]

Furthermore, we tried to investigate
the reaction pathway with in situ EDXRD
methods, but this otherwise widely appli-
cable method failed to bring forward use-
ful information about the reaction kinetics
due to two problems: the low crystallinity
of the nanowires renders the onset of their
formation generally difficult to detect be-
sides the strongly scattering starting mate-
rial oc-BiZO3 and on top of that, the stron-
gest reflections of BiS,0,; and 0-Bi,0,
practically coincide despite the different
crystal structures of precursor and prod-
uct. Therefore, we applied state-of-the-art
in situ QEXAFS (quick scanning EXAFS)
measurements to track the course of the
reaction both in the liquid and in the solid
phase.?2l The results revealed that ca. 0.4
mol% Bi were dissolved during the reac-
tion at 160 °C and the good time resolution
of this technique permitted the exclusion
of intermediates. Additional information
about the reaction kinetics was obtained
from a combination of ex situ quenching
experiments and SEM investigations: the
products obtained between 5 min and 2 h
of hydrothermal treatment consist of bulk
Bi,0, that is overgrown with an increas-
ingly thick film of nanowires and the con-
version process takes 72 h to completion.
All in all, we concluded that the Bi S 0O,
nanowires are formed from a two-step
sequence that is initiated by a minute dis-
solution of the BizO3 precursor, followed
by Bi S,O,, nucleation and further growth
of nanowires at the solid/liquid interface.
The anisotropic facilities of the columnar
Bi,S,0  structure probably facilitate the
formation of long nanowires. Interestingly,
the participation of the ionic additive sub-
stance K, SO, leads to a modification of the
anionic lattice of the products instead of the
more frequently observed incorporation of
the cationic additive part (cf. Section 3).
This hypothesis was confirmed through
the extension of the above hydrothermal
protocol upon the formation of Bi Cr,0O g
nanowires from Bi,0, and K,CrO,.#"1 This
opens up new hydrothermal tuning routes
for oxide nanomaterials through substi-
tution reactions in the anionic sublattice.
Although this interesting approach ampli-
fies the oxide family with new oxynitrides,
oxysulfate, oxyfluorides efc., it is still less
explored than the commonly applied cat-
ionic substitution strategies.[!

Moreover, we investigated the hu-

midity sensing properties of the Bi S,O
nanowires that were deposited onto pre-
fabricated Au interdigital electrodes.[0]
Humidity sensors in general are important
tools for numerous applications in industry
and everyday life and their miniaturization
through the use of highly sensitive nano-
wires is therefore an important technologi-
cal task.’% Metal oxide semiconductors
are especially suitable for humidity sen-
sors due to their excellent water adsorption
and desorption features that can be moni-
tored through their humidity-dependent
electrical characteristics.3! The BiS,0
nanowires are promising candidates for
this purpose due to their high sensitivity:
their resistance changes over three orders
of magnitude (from ca. 107 Q to 10* Q) in
the relative humidity range between 11%
and 95%. Dynamic tests also proved their
fast response and recovery behavior as ad-
ditional prerequisites for technical applica-
tions. As their reproducibility over several
measurement cycles was also satisfying,
further studies are now in progress.

In summary, this multi-disciplinary
case study on BiS,0,, nanowires illus-
trates our strategy: the synergistic interac-
tion of structural chemistry, mechanistic
investigations and application-oriented
studies.

5. Conclusions

The structural diversity and the wide
property spectrum of oxides provide an
ever-increasing substance pool for the dis-
covery and targeted development of new
nanomaterials. Therefore, nanostructured
oxides are essential tools for the solution
of tomorrow’s energy and environmental
problems. Oxide nanomaterials research
has become a dynamic interdisciplinary
field where structural science, analyt-
ics and physical chemistry work hand in
hand to characterize and tailor new mate-
rials for the growing demands of indus-
trial technology. Our application-oriented
contribution to today’s materials research
is focused on the facile and ‘green’ syn-
thesis of nanoscale oxides for photocata-
lysts and sensors. Here, the long-term
technological targets are robust oxide sys-
tems for water splitting and personalized
nanowire-based sensors for everyday en-
vironmental control. On the methodologi-
cal level, we focus on the mechanistic
understanding of hydrothermal processes
to facilitate their scale-up. Due to the non-
linear aspects of hydrothermal reactions,
their large-scale implementation remains
a risky problem that is still in the way of
their widespread industrial applications.
In situ methods are a powerful option to
elucidate the principles behind the solu-
tion growth of anisotropic oxide materials

and to single out the key process param-
eters. Furthermore, we pursue the tuning
of hydrothermal reactions with ionic ad-
ditives that open up new avenues to op-
timized production strategies and to the
formation of new oxide nanomaterials.
In summary, we apply a comprehensive
strategy for materials development that
is based on three interconnected pillars:
structural chemistry, mechanistic studies
and technical implementation.
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