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Oxide Nanomaterials

Oxide nanomaterials are indispensable for nanotechnological inno-
vations, because they combine an infinite variety of structural motifs
and properties with manifold morphological features. Given that new
oxide materials are almost reported on a daily basis, considerable
synthetic and technological work remains to be done to fully exploit
this ever increasing family of compounds for innovative nano-appli-
cations. This calls for reliable and scalable preparative approaches to
oxide nanomaterials and their development remains a challenge for
many complex nanostructured oxides. Oxide nanomaterials with
special physicochemical features and unusual morphologies are still
difficult to access by classic synthetic pathways. The limitless options
for creating nano-oxide building blocks open up new technological
perspectives with the potential to revolutionize areas ranging from data
processing to biocatalysis. Oxide nanotechnology of the 21st century
thus needs a strong interplay of preparative creativity, analytical skills,
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and new ideas for synergistic implementations.

1. Introduction

Opver the past years, the science of nanomaterials has
acquired a new perspective—the high expectations of earlier
days are now critically reconsidered with respect to the actual
methodological progress and the technological benefits
realized.!! The fascinating field of oxide nanomaterials still
has many challenges ready and new discoveries are practically
reported on a daily basis?® so that we asked ourselves whilst
writing this follow-up article to our previous Review on the
topic: “Did we witness seven fat or seven meager years?”
Where do we stand in the fabrication, understanding, and
implementation of oxide nanomaterials? There is no doubt
that overwhelming breakthroughs in oxide nanochemistry
have been achieved® and it is impossible to fully appreciate
them all within a single Review. Therefore, we provide a
survey of selected exemplary works that outline the progress
in research on oxide nanomaterials covering the period since
2002. We start out with new techniques for the preparation of
oxide nanomaterials, then the monitoring of reaction pro-
cesses with insitu methods, and finally we illustrate the
occurrence of new materials properties in nanoscale oxides.

This selection can only be far from complete and more-
over, it reflects our strong interest in preparative chemistry:
we aim to provide a practical guide to how oxide nano-
materials can be prepared and developed for the technolog-
ical challenges of the future. The following short synopsis of
recent Reviews on trends in nanomaterials research puts the
development of nanoscale oxides into a general perspective.

“Life sciences” are becoming more and more intertwined
with nanotechnology.”!”! As this complex interdisciplinary
research field is beyond this Review, a few suggestions are
given for catching up on current topics:

o Nanomedicine has emerged as a particularly powerful
interdisciplinary branch™ and it raises new therapeutic
hopes, for example, for the targeting of tumors through
magnetic oxide nanoparticles,'” in artificial tissue engi-
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neering,® and even for cutting-
edge therapeutic strategies based
on gene transfer.'*
e Nanoparticles are also expected to
play a major role in the food sector,
for example, in the fields of food packaging and polymeric
materials, and nanosensors.["”!

e These applications, however, also raise critical issues
regarding potential health-hazard factors of nanomateri-
als. Such fundamental concerns can only be resolved
through detailed studies of their metabolic pathways in
organisms.'®!

These developments go hand in hand with the physico-
chemical and technological aspects of nanomaterials fabrica-
tion and use:

e The catalytic!'”! and sensing!" functions offered by nano-
materials are expected to play a major role in solving the
key problems of modern society, such as the depletion of
energy resources''” and the limited access to clean
water.” The required technology can also profit from
the application of oxide nanomaterials in photocatalysts
and advanced energy systems,'”?!! miniaturized sen-
sors,'®% solid oxide fuel cells®! and other environmen-
tally relevant systems.

e All the aforementioned implementations of nanomaterials
would not be feasible without a wide arsenal of chem-
ical®" and biologically assisted methods™" to fabricate
compounds with the required morphology, phase, and
composition. The need for complex oxide materials as
building blocks for many areas of nanotechnology has
been widely discussed.”>>"!

[*¥] Prof. Dr. G. R. Patzke, Dr. Y. Zhou, R. Kontic, F. Conrad
Institute of Inorganic Chemistry, University of Zurich
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e To fully tap the endless pool of oxide structures and
properties, a skillful combination of theoretical and
experimental approaches is required® to keep up with
the rapid developments in nanomaterials production.”!
Crystal structure prediction from first principles and
atomic-scale modeling techniques are expected to play a
fundamental role in future theoretical concepts for nano-
materials preparation.*”

The present article is focused on the classic oxide types
that have traditionally attracted the most intense technolog-
ical interest. However, modern oxide research is experiencing
a rapid diversification and this introduction would be
incomplete without a brief glimpse on what lies ahead (but
is beyond the scope of this Review): oxide materials exhibit
an ever growing range of structural motifsi*!! and they cover a
continuum from 3D-solids to large molecules, including the
important family of polyoxometalates.l****! Oxides are the key
components of many hybrids and composites**! and oxide
building blocks open up new research horizons in the wide
area of framework materials!*” that encompasses an enor-
mous range of representatives, such as metal-organic frame-
works (MOFs)*! or denser hybrid framework structures.*!
Given that even amorphous mixed oxides exhibit useful
properties,®! the future application options for oxide-based
materials appear to be endless.

Coming back to the “genuine” oxides that are at the heart
of this Review, the crucial questions that keep triggering
many studies in the field are how far can we go in the targeted
preparation of oxide nanomaterials ? and how far can we go in
utilizing them in innovative technologies? It seems like

Greta R. Patzke was born in 1974 in
Bremen, Germany, and studied chemistry at
the University of Hannover. In 1999, she
received her PhD under the supervision of
Prof. Dr. M. Binnewies before moving to the
ETH Zurich (2006) for her Habilitation with
Prof. Dr. R. Nesper. Since 2007, she has
been Assistant Professor (SNSF, Tenure

\ Track) at the Institute of Inorganic Chemis-
try, University of Zurich. Her research inter-
ests are on the development of new oxide-
based materials, ranging from nanomaterials
to polyoxometalates to hybrid compounds,
with special emphasis on targeted synthesis
and current applications.

Roman Kontic was born in 1985 in Basel,
Switzerland, and studied materials science
at the ETH Zurich where he completed a
MSc (with Prof. Dr. M. Textor) in 2008. He
is currently studying for a PhD at the
University of Zurich with Prof. G. R. Patzke.
His research interests are the hydrothermal
synthesis of nanostructured transition-metal
oxides, their morphological and structural
investigation, and their photocatalytic prop-
erties (see Sections on synthesis and new
properties of nano-oxides).

www.angewandte.org

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

G. R. Patzke et al.

preparative nanochemistry has reached a “turning point”,
because many crucial issues remain unsolved despite years of
intense research. For example, we still do not fully understand
nucleation and growth processes of nanomaterials in general
and this renders their predictive phase and morphology
control a demanding task. A huge gap is opening up between
the continuous development of macroscopic functional oxide
materials and their transfer to nanoscale dimensions. As a
result, commercially successful nanotechnologies are lagging
behind their counterparts in the macro-world.

Herein, we do our best to tackle the huge task of surveying
the nano-oxide field, starting with the state-of-the art in
nanoscale oxide synthesis. We focus on solution-based
techniques, beginning with inspirational variations of the
traditional approaches then covering innovative modifica-
tions of them and finally pioneering combined methods.

The choice of examples allows us to compare binary
oxides with oxide systems of higher complexity to illustrate
the “synthetic bottleneck” that they still have to pass on the
way to nanomaterials. Next, we discuss how the boundaries of
in situ methods have been pushed to understand the mech-
anisms behind the formation of oxide nanomaterials. Again,
we focus on the challenging topic of monitoring the organ-
ization processes of several cations into a well-defined
nanoscale oxide with a desired morphology. Finally, we
round the discussion off with selected spotlights on cutting-
edge and truly “synergistic” technological developments—in
which we demonstrate how tailoring oxide nanomaterials
paves new ways to the most diverse application fields.
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2. Synthetic Methods for Oxide Nanomaterials

Opver the past centuries, the solid-state synthesis of oxides
and nanomaterials thereof has been developed to the highest
theoretical and technological levels.">>! Although solid-state
synthesis is still the method of choice for many preparations
of ceramics and other large-scale industrial productions, the
targeted preparation of nanomaterials often requires more
specialized approaches. New solution-based methods have
been developed for this purpose over the past decades and
their innovative potential for accessing a wide spectrum of
nanoscale oxides is outlined below. In the following, we
explicitly focus on low-temperature methods in solution with
special emphasis on their most recent developments that have
a high potential for time- and energy-saving technical
processes. For other interesting approaches to nanomaterials
synthesis in high-boiling, coordinating solvents or through
aerosol flame synthesis, we would like to refer to other
Reviews.'! The efficiency of high-temperature and gas-phase
pathways to complex oxide nanoparticles has also been
reviewed elsewhereP and pulsed laser deposition techniques
furthermore play an important role in the fine-tuning of
complex oxide thin films.¥

2.1. Hydro- and Solvothermal Methods

Hydrothermal and solvothermal techniques are the most
prominent and well-established methods for the laboratory
and industrial synthesis of nanomaterials.?*>~% The produc-
tion of nanomaterials with facile autoclave syntheses offers
many advantages, such as operational temperatures well
below the melting point of the reactants, a multitude of
autoclave types, and tunable reaction parameters. They
provide access to metastable phases and to nanoscale
morphologies that are otherwise difficult to obtain. However,
this experimental versatility also renders the planning and
understanding of hydrothermal processes a considerable
challenge, because their mechanistic principles still remain
to be fully understood and to be embedded into a general
theoretical concept. Although hydrothermal methods are
extremely useful, especially for the synthesis of oxides and
related materials, they may be difficult to control with respect
to tailored phases and nanoscale morphologies. Nevertheless,
remarkable progress has been achieved in the engineering of
autoclave types over the past years so that sophisticated inlet
and sensing techniques as well as continuous flow reactors are
now available.”*?-** In addition to the ongoing development
of classic sol-gel processes that are frequently coupled with
hydrothermal approaches, non-aqueous routes to oxide nano-
materials attract increasing interest./*”!

Opver the past years, a multitude of hydrothermal studies
has been focused on the synthesis of oxide-related nano-
materials, starting from the commercially most relevant
binary oxides (e.g. SnO,, ZnO, or TiO,) over ternary and
higher compounds to the new field of metal-organic frame-
work (MOF) materials.[**!! Herein, we firstly focus on the
recent progress in hydrothermal morphology control of oxide
nanomaterials, followed by the demanding hydrothermal
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preparation of nanostructured complex oxides containing two
or more metal cations. Table 1 contains a recent literature
survey on the topic.

Controlling the shape of the nanoscale particles emerging
from a hydrothermal process is a difficult task, given that the
problem of singling out the desired phase among many other
potential products has to be solved in the first place. Whereas
growth processes based on anisotropic structural features are
very elegant techniques to create anisotropic morphologies,
their applicability is inherently limited to specific structure
types. Therefore, hydrothermal reactions are often directed
with additives towards a specific morphology of the products.
Among the vast multitude of organic templates that have
been applied in hydrothermal synthesis, natural products and
polymers have emerged as abundant, versatile, and generally
applicable tools for shaping nanostructured oxides. The
hydrothermal preparation of hollow microspheres of binary
oxides in the presence of polysaccharides is an instructive
example (Figure 1).2) The carbohydrate additives form
microspheres with abundant hydrophilic surface groups in
the course of the hydrothermal treatment. The metal ions are
subsequently complexed on the surface of the spherical
template. Pyrolitic removal of the organic template yields a
variety of hollow oxide spheres (Fe,O;, NiO, Co;0,, CeO,,
MgO, and CuO) and this efficient strategy is likely to be
extended to other oxide systems.*

Inorganic templates are another convenient option to
shape oxides during a hydrothermal reaction, for example,
through the interaction of ions with certain facets of the
growing nanocrystal or by the selective incorporation of
additive ions. This approach is demonstrated in a study from
our group on the hydrothermal preparation of hexagonal
alkali tungstates in the presence of alkali chlorides:*
Whereas the smaller alkali cations (Li, Na, K) favor the
formation of nanorods or nanofibers, the larger cations (Rb,
Cs) support hierarchical arrangements of nanorods into
cylindrical and spherical architectures. In this case, a single
hydrothermal method generates different morphologies of a
technologically interesting oxide type by simply varying the
alkali cation (for mechanistic studies on the topic see
Section 3).

An impressive example for the synergistic interaction of
two different inorganic additives is the hydrothermal syn-
thesis of single crystalline a-Fe,O; nanotubes in the presence
of sodium sulfate and sodium phosphate. The phosphate ions
induce anisotropic growth along the c direction through
preferential adsorption on the corresponding crystal planes.
Furthermore, a high content of complexing ions in the
solution, such as phosphate and sulfate, can lead to the
dissolution of the unprotected tips of the growing spindle-like
structures. This interplay between dissolution and selective
adsorption finally results in the formation of tubular a-Fe,O;
nanostructures (Figure 2). These are morphologically
rather robust and can thus be transformed into nanotubular
Fe;0, and y-Fe,O; through follow-up thermal redox reactions
in a Hy/Ar atmosphere and air, respectively.

Whereas the hydrothermal synthesis of the industrially
most relevant binary oxide materials is now well established,
it is still far more difficult to direct several oxide precursors
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Table 1: Survey of recent hydro- and solvothermal approaches to oxide nanomaterials (target oxides are listed in alphabetical order from binary to

higher systems).

Oxide Solvent/additives Morphology Ref.

Morphology control of binary and ternary oxides

CeO,, CuO, Co;0,, Fe,0;, MgO, water, glucose nanoparticles, arranged in [62]

NiO hollow microspheres

CuO water, sodium citrate nanosheets, -rods, -stars [69]

Fe,O;, Fe;0, water, Na,SO,/Na,HPO, short nanotubes [64]

Fe;O, water/ethanol, oleic acid nanocubes [70]

MoO, water, acidic and ionic additives nanorods 71

MoO, ethanol/water, hexadecylamine nanoribbons [72]

SnO, SnO, water (HCl/NaOH) nanoparticles, nanoplatelets [73]
(influence of pH)

SnO, water/ethanol nanorods [74]

TiO, water (NaOH) nanorods, nanotubes [75]
(influence of precursor size/structure)

TiO, water, HCl or acetic acid nanoparticles (phase selective) [76]

VO, acetone, hexadecylamine nanotubes [77]

Zn0O:Co/Mn benzyl alcohol/anisole nanoparticles, -rods, -fibers [78]
(depending on solvent mixture)

Bi,WO, water, PEO-PPO-PEO (P123) annular arrangement of nanoparticles [79]

Bi,WOq water nanoplatelets in flower like arrangement [80]

SrwWo, microemulsion: water/cyclohexane/n-pentanol/ nanoparticles, nanorods [81]

CTAB

W /Mo oxides water, inorganic additives (alkali chlorides) spherical arrangements [84]

(earth) alkali vanadates water, inorganic additives microrods, fibers [85]

K.Mn,_,Co,0, Water nanorods, nanoplatelets in flower-like arrange- [82]
ments

KTa,_,Nb,O; water (KOH), PEG nanocrystals [83]

Multimetal oxides

Ba, ,Sr,TiO; ethylenediamine/ethanolamine, KOH nanocrystals (20-40 nm, depending on Sr con-  [95]
tent)

Ba,MTi,Nb;O;;5 water, acetic acid particles with irregular shape (>200 nm) [93]

(M=Nd, Sm)

Cay_,(Eu,Na),,WO, water, HNO;, citric acid, NaOH nanoparticles with irregular shape [94]
(ca. 20-50 nm)

CaygSro,Ti_Fe,0s water (KOH); flow reactor cuboidal nanocrystals (20-30 nm) [66]

Ca,Nb,_,Ta,0, water nanoparticles (5-15 nm) [96]

CeeZro3Y010, water, urea nanoparticles (<100 nm) [86]

Co,Zn,_,Fe,0, water (NaOH), PEG nanoparticles (10-15 nm) [89]

LagsCagsMnO; water (KOH) single-crystalline nanowires [65]
(ca. 80 nm diameter)

La, ,SrMO, water (NHs), citric acid particles with irregular shape (ca. 100 nm) [88]

(M=Co/Mn)

LagsSre,GagsMgo20,s water, urea agglomerates of nanoparticles [97]
(45 nm, XRD amorphous)

LiVMoO, ethanol, N,H, Nanoparticles (50-100 nm) [90]

Mn,_,ZnFeO, ethylene glycol, sodium acetate, PEG, PVP, CNTs  agglomerates of Nanoparticles (ca. 50 nm) [97]

MoVTeNb water wires (100-200 nm diameter) [68]

(M1 mixed oxide)

Y,05-TiO,-ZrO, water nanoparticles (ca. 50 nm) [92]

solid solution

Y;Al;0,,:Eu/Ce water (NaOH); flow reactor nanoparticles (60-200 nm, [67,87]

depending on Eu content)

into a specific complex oxide material and control the
morphology. A selected example from the intensely
researched area of perovskite materials outlines the success-
ful organization of different cations into a target nano-
structure, namely orthorhombic La, sCa,sMnO; nanowires.*”!
Two different manganese-containing precursors (KMnO, and
MnCl,) were combined with lanthanum and calcium nitrate at
elevated reaction temperatures (275°C in a stainless steel
autoclave) to afford single-crystalline nanowires with diam-
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eters around 80 nm and lengths of several microns. A similar
precursor combination (metal nitrates and TiO,) was used for
the continuous-flow synthesis of CaggSr,,Ti;_Fe,O;_5 (x=
0.1-0.3) in aqueous solution under supercritical conditions.*®!
The perovskite-type nanoparticles (ca. 25 nm in diameter)
were obtained from basic solutions after a thorough param-
eter optimization of pH value, iron content, and temperature.
Among the multitude of ternary oxides, garnets are another
technologically important mixed-oxide type, and recently, a
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polymeric template organize the precursor metal ions into spherical architectures. Reprinted from Ref. [62], with permission. Copyright 2010
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Copyright 2010 American Chemical Society.

continuous-flow synthesis under supercritical conditions of
Y;AlL;0y, (yttrium aluminum garnet, YAG) nanoparticles (ca.
80 nm) doped with 10 atom % Eu’** was reported.” Again, a
basic precursor solution of metal nitrates was used and the
nanoparticles were formed after injection into the reactor at
280 bar and 400°C.

Generally, controlling the synthesis of multicomponent
oxides is an important prerequisite for the development of
new catalysts. The hydrothermal synthesis of MoV TeNb oxide
nanoparticles (M1 phase) illustrates the high degree of
selectivity that can be achieved through a carefully tuned
hydrothermal process.* After a multitude of parameter
optimizations, for example, of the reaction time, the temper-
ature, the reactor inlay, and the stirring mode, XANES/
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and sulfate ions were kept constant at 20 mm and 0.55 mwm, respectively). Reprinted from Ref. [64], with permission.

EXAFS studies demonstrated that the hydrothermal reaction
is the crucial step leading to a homogeneous mixed-oxide
phase with all five cations incorporated. Post-treatment at
550°C then affords a crystalline product for catalytic appli-
cations.

In summary, hydrothermal processes have become
increasingly attractive over the past years for the synthesis
of oxide nanomaterials as a result of their simple and variable
setup, their low-cost and “green chemistry” features.
Although many questions about their theoretical background
still remain open, the limits of hydrothermal synthesis are
being pushed towards more and more complex products,
because their uncomplicated technical handling permits
extensive screening processes allowing the hydrothermal
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parameters to be quickly optimized on an empirical basis.
However, the “black box” character of this technique remains
a fundamental problem that is further discussed in Section 3.

2.2. Microwave-Assisted Strategies

As outlined in the previous Section, the convenient
operation of hydrothermal reactions comes at the cost of
several disadvantages: one of them is the long initial heating
period that may result in inhomogeneous temperature
profiles within the autoclave. Microwave-solvothermal pro-
cesses (MW-ST) overcome these problems by heating the
reaction mixture rapidly and homogenously to the desired
temperature (Figure 3). Therefore, they open up new options
for energy- and cost-saving approaches towards nanoparticles
production.”®*! In addition, this state-of-the-art technique is
also time-saving through dramatically increased crystalliza-
tion kinetics and it provides access to novel or otherwise
metastable phases.'””)

Microwave-hydrothermal

v

<«— Hydrothermal

Temperature

Time

Figure 3. Different heating rates of conventional and microwave-hydro-
thermal techniques (adapted from Ref. [100]).

The efficiency of microwaves to enhance organic reactions
as well as the synthesis of solid materials has been widely
demonstrated.'""1%l This effect has been explained on the
basis of several hypotheses: in addition to the increase of the
net rate through rapid and more uniform heating, microwaves
also change the association between reactive species and give
rise to superheating phenomena. The creation of “hot spots”
and the enhanced dissolution of reactants can furthermore
promote the reactivity of microwave-assisted processes.!"!]

In the following, we firstly illustrate the rapid develop-
ment of MW-ST techniques for the synthesis of ZnO, SnO,,
and TiO, as key building blocks for nanotechnology, followed
by an outlook on new synthetic avenues to other interesting
oxide-based materials. A survey of recent literature for
further reading can be found in Table 2.

ZnO is one of the most widely investigated oxides in
nanomaterials chemistry, because of its unique optical and
electronic properties, so that it has been frequently accessed
with microwave-assisted methods.' %! Among the multi-
tude of publications on the topic, a recent study on the non-
aqueous microwave synthesis of ZnO nanoparticles clearly

www.angewandte.org
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demonstrates the advantages of the microwave-mediated
route over conventional synthetic approaches on the basis of
kinetic investigations.'™ The direct correlation between the
kinetics of the organic side reactions with the growth rate of
the nanoscale ZnO products permits the convenient monitor-
ing of the reaction so that the microwave-based process can
be quantitatively compared to the slower conventional route
(Figure 4).

Given that MW-ST processes offer even more reaction
parameters than conventional approaches, methodological
investigations are indispensable to explore the full potential
of this new synthetic method. The applied microwave power,
for example, exerts a tremendous effect on the morphology of
the hierarchical ZnO nanostructures emerging from the
water/ethylene glycol (EG) system.'™ Another powerful
strategy for MW-ST morphology control is variation of the
solvent composition, as has been illustrated recently for the
formation of ZnO particles in water/EG mixtures:'"" a higher
volume ratio of EG restricts the longitudinal growth of the
ZnO particles so that their shape can be varied between
hexagonal prisms and, for example, peanut-like arrange-
ments. As an additional benefit, the materials obtained
display enhanced photocatalytic activity.

Furthermore, an impressive variety of nanoscale ZnO
architectures was generated from a low-power/low-temper-
ature MW-ST approach (50 W, 90°C), followed by an aging
procedure (Figure 5).1%! In this case, the morphology-direct-
ing parameters were identified as being the precursor,
capping agent, and aging time. The wide parameter window
for controlling microwave-assisted processes is also evident
from a recently reported self-assembly route towards ZnO
nanostructures using triethanolamine (TEA) which has a dual
function—namely as a capping agent and for adjusting the
pH value. The pH value is the key parameter to vary the
morphology from raspberry-like arrangements to hollow
spheres and both product types were formed within a
remarkably short reaction time of 90 seconds.['””)

The wide application spectrum of TiO, in daily life (e.g. in
paints and cosmetics) and in advanced technologies (such as
in gas sensors, self-cleaning surfaces, or photocatalysts) arises
from its unique combination of nontoxicity, low chemical
reactivity, and outstanding optical properties. Consequently,
numerous microwave-based studies on the synthesis of TiO,
nanoparticles have been published over the past years.'*!"]
The interplay between anatase and rutile formation has been
investigated in great detail, especially with respect to the
influence of reaction temperature, microwave irradiation, and
organic solvents.'"¥! In principle, both polymorphs can be
formed simultaneously or selectively within a few minutes of
microwave irradiation.

Although the use of organic media amplifies the product
spectrum of microwave techniques'® their water-based
microwave-hydrothermal (MW-HT) operation is certainly
the preferable option for industrial processing from the
ecological and economic point of view.'””! Nevertheless, a
comparison of various microwave-mediated routes to TiO,
nanoparticles,'*?! clearly demonstrates the strong depend-
ence of the resulting polymorph and its morphology on slight
variations of the solvent mixture. As there is no general MW-

Angew. Chem. Int. Ed. 2011, 50, 826 —859
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Table 2: Synthesis of oxide nanomaterials with microwave-assisted techniques (MW =microwave, ST=solvothermal, HT=hydrothermal; see
discussion in Section 2.2.).

Oxide Technique Morphology/special features Ref.
ZnO non-aqueous sol-gel MW approach kinetic correlation between organic reaction process and ZnO  [103]
particle growth
MW-ST with ethylene glycol bundles, flower-like morphologies and microspheres depending [105]
on heating parameters
Co-doped ZnO MW-ST with ethylene glycol nanopowders (particle size <50 nm) [106]
MW-ST with ethylene glycol variety of ZnO nanoparticles (rods, spheres, peanut-shaped...) [107]

depending on ethylene glycol content
MW-HT and MW-ST, different precursors and  wide nanoparticle spectrum (rods, needles, disks, star-shapes, [108]

various solvents/capping agents spheres etc.)
MW synthesis using triethanolamine as spherical, raspberry-like and hollow spherical nanostructures by [109]
capping agent self-assembly of Zn”" ionic complexes

MW-ST using hexamethylenetetramine (HMT)  ZnO rods with various morphologies like bi-, tri- and tetrapods, [145]
oriented growth

MW-HT zincite structure [146]

MW synthesis using hydrazine and ammonia  flower shapes with hydrazine and spherical particles with [147]
ammonia (wurtzite structure)

MW-HT nanoneedles on a flexible substrate (Teflon) upon addition of ~ [148]
AlCl;

TiO, MW-HT in diluted HCI rutile, shuttle-like morphology [170]
MW-HT starting from colloidal titania spherical particles (10 nm) and acicular grains (100 nmx10 nm) [111]
suspensions
MW using EtOH and acetic acid selective or simultaneous formation of anatase and rutile [113]
MW-HT with urea and TiOCl, anatase phase, agglomerated spherical particles (10 nm) 114
MW-HT nanotubes, inner pore diameters around 4 nm and BETup to  [116]

360 m’g™!
MW-HT, before aging nanotubes, anatase or rutile or mixed phases, diameters of 8— [117]
12 nm and lengths up to 200-1000 nm
MW-HT anatase, crystallites 5 nm, high BET [118]
sol-gel MW non-aqueous anatase, platelet-like shape, 15 nm 119
MW-HT mixed phases and rutile through longer reaction times, spherical [121]
and needle-shaped rutile particles

SnO, microwave flash synthesis nanoparticles (ca. 5 nm), high BET [124]

aqueous MW synthesis spherical particles, size ~10 nm, platelet-like particles or [125]
pseudo-spherical morphology (diam. 26-34 nm)
dip-coating from MW synthesized colloidal SnO, thin films [126]
suspensions
MW-HT cassiterite structure, ~25 nm, faceted grains (almost square [127]
shaped)
sol-gel MW in situ formation of amorphous carbon from decomposition of [128]

citrate precursor
(particle size 15-18 nm)

MW-ST microporous spheres (diameter ~4 nm) [129]
MW with reflux (water and urea) nanoparticles (size ca. 3 nm) [130]
BaTiO, MW-HT spherical particles with diameters between 30 and 100 nm 115
Bi, WO, MW-HT nanoplates, photocatalytic activity for degradation of methylene [135]
blue (4 >400 nm)
CoO, ZnO, Fe;O, MnO,  MW-ST in benzyl alcohol different particle morphologies and varying degree of uniformity [133]
Mn,0, and BaTiO,
o-Fe,0, MW-HT nanorings with outer diameter of 100 and inner diameters from [132]
20 to 60 nm
1n,0;:Sn MW with polyols nanoparticles (average size ca. 17 nm) 123
La,W,_,Mo,Oq MW synthesis using ultrapure graphitic carbon detailed structural investigations for solid state, MW synthesis  [136]
explorations
Mo-V-Te-Nb-O MW-HT small cylinder-shaped crystallites, catalytic investigations [144]
system
TiO,-SiO, microwave-induced combustion process nanoparticles 10-20 nm in size, anatase phase [134]

ST “recipe” for either anatase or rutile formation in sight,  solvothermal methods, and the complex interplay between
further mechanistic and parameter studies are required (see  the various synthetic options in MW-ST and the resulting
Section 3). materials parameters is illustrated in a study on the formation

The specific surface area of a given TiO, material is of Ti-based nanotubes and nanoribbons:'' conventional
another crucial parameter that needs to be optimized in  hydrothermal routes afford nanotubular trititanate with an
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Figure 4. Comparison of benzyl acetate (a, c) and ZnO formation (b, d) using microwave (solid line) and conventional heating (dotted line) at
120°C. a) Zinc acetate concentration versus reaction time, c) corresponding first-order kinetic plot. b) Radius of the ZnO nanocrystals versus
reaction time, d) P’ versus time according to the LSW (Lifshitz—Slyozov—Wagner) model. Reprinted from Ref. [103], with permission. Copyright
2010 American Chemical Society.
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impressive surface area of 360 m*g™' and inner pore size
diameters around 4 nm. Although the application of MW-HT
synthesis lowers the surface area due to the formation of
anatase nanoribbons with closed ends, the phase change from
trititanate to anatase increases the photocatalytic activity of
the products considerably.

SnO, is a well-investigated n-type semiconductor with a
wide band gap that offers a balanced combination of
chemical, optical, and electronic properties resulting in an
impressive range of applications, for example, in catalysts,
heat mirrors, transparent electrodes for solar cells, optoelec-
tronic devices, liquid-crystal displays, and especially in gas
sensors with a high sensitivity towards flammable or toxic
gases. Therefore, various groups have reported microwave-
assisted routes to Sn0,.'”>1*% One of them demonstrates how
the technical potential of MW-ST approaches can be explored
through the construction of special microwave ovens that
induce higher field strengths within the samples than the
commercially available models.'* As a result, the reaction
temperatures are reached very quickly, thereby reducing the
reaction times to only 60 seconds. The resulting SnO, nano-
particles are around 5 nm in diameter and their high BET
surfaces (up to 191 m*g™") makes them promising for gas-
sensor applications.'” Pre-treatments of the precursors can
further enhance the efficiency of MW-ST syntheses as has
been shown in a combined sol-gel/MW-ST approach to SnO,
nanoparticles."”! The decomposition of a SnCl,-H,O/citric
acid complex into carbon-containing species may shorten the
reaction time and prevent particle agglomeration (Figure 6).

Heated at Microwave
80°Cin heating
an oven ca 3 min

Aqueous solutions SnCl; - 2H,0/
of SnCl; - 2H,0 Citric acid Amorpholis
and Citric acid complex — Gel Carbon/Sn0,
(3:5 mole ratio) Mixture

Microwave
. heating
e ° © > 12 min
LI L ——
sg Bs
e Amorphous
: Carbon

Sn0;z-nanoparticles

Sn0Oz-nanoparticles

Figure 6. Combination of sol-gel with MW-ST techniques for the
formation of SnO, nanoparticles. Reprinted from Ref. [128], with
permission. Copyright 2010 American Chemical Society.

The corresponding reference experiment using conventional
heating procedures failed to produce SnO, particles of
comparable quality. As outlined below in more detail, the
most efficient routes to oxide nanoparticles are often based
on combinations of two different synthetic strategies to
generate a “synergistic” effect.

The synthesis of nanoscale crystalline materials with
micropores!™! is a particularly challenging task in contem-
porary nanomaterials chemistry. It has been mastered for
microporous SnO, nanoparticles using a novel surfactant-
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assisted microwave synthesis with cetyltrimethylammonium
bromide (CTAB).'” The resulting particle morphology
depends on the CTAB concentration and the morphology-
determining reaction step is the arrangement of Sn*" ions
around 3D micelles of the surfactant. As zinc and iron oxides
could be obtained by the same route, it has the potential to
become a general microwave-based approach to microporous
materials.

Microwave-assisted syntheses are currently being
explored for the synthesis of numerous other oxides and the
following examples illustrate the wide spectrum of target
materials ranging from binary functional oxides to the more
complex ternary ones. The formation of a-Fe,O; nanorings
sheds light on the superheating and nonthermal effects during
microwave-assisted processes.'*? In this context, the occur-
rence of “hot spots” is widely discussed as a reason for
microwave-induced nucleation, crystal growth, and the for-
mation of seeds. As for the hematite nanorings, a nucleation—
aggregation—dissolution sequence is proposed with the assem-
bly of nanodisks into nanorings in the final step (Figure 7).

.:‘ Aggrega%tun)- Seoe

Primary

Nanocrystais

[H PO,]- Nucleatlon
Clusters (Aggregation)
(4, Microwave)
o, (Dissolution) . (Dissolution) Y
-— -—

Figure 7. Proposed formation model for a-Fe,O; nanorings (top) and

the corresponding SEM and TEM images (bottom).I"?

Microwave-assisted techniques in non-aqueous reaction
media are exceptionally versatile, as illustrated by the one-
minute synthesis of binary and ternary metal oxide nano-
particles, such as CoO, ZnO, Fe;O,, MnO, Mn;O,, and
BaTiO,.*¥ Ti0,/Si0O, oxide mixtures have also been accessed
with microwave methods, as these are particularly interesting
targets because they combine the excellent semiconductor
and catalyst features of TiO, with the chemical and mechan-
ical resistance of SiO,. The resulting composites find appli-
cation as photocatalysts for hydrogen production by water
splitting as well as in antireflection and protective coatings.
Recent studies showed that MW-ST strategies are superior to
other synthetic methods for preparing TiO,/SiO, materials
containing phase-pure anatase nanoparticles.!*!

Bi,WOys is another material with highly promising photo-
catalytic properties that were further enhanced through the
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synthesis of nanostructured particles by MW-ST methods."*!
For this purpose, the reaction parameters (especially
pH value, concentration, and temperature) had to be care-
fully optimized and the holding time, as well as the temper-
ature, turned out to exert the most significant influence on the
course of the reaction (for more detailed discussions on
Bi,WO, nanoparticle formation see Section 3).

Generally, substitution reactions between tungsten and
molybdenum are an elegant way of optimizing oxide materi-
als containing these elements, and the structural implications
of such processes were investigated in great detail for
compounds of the La,W,_ Mo,O, type.® In the course of
this study, a microwave-assisted solid-state approach to these
mixed oxides was developed, starting from La,0;, MoOj;, and
WO; embedded into ultrapure graphitic carbon that was
removed through thermal post-treatment after the reaction
(1 h at 1000°C).[1%¢!

A case study from our laboratory illustrates how micro-
wave hydrothermal methods can give oxide phases that are
difficult to access with conventional methods—even as bulk
materials. In the present case, copper gallium spinels were
obtained with a straightforward MW-HT approach, but, in
addition, this strategy also produced nanostructured materials
which was recently demonstrated by some of us for copper-
substituted ZnGa,0, spinels.'*” Copper gallium spinels are
interesting materials from the theoretical and technical point
of view: the Cu®" ions which display the Jahn-Teller effect, are
distributed within the “inert” gallium sublattice and they can
be reductively transformed into nanoscale copper-catalysts
that are embedded in the gallium matrix. Nevertheless, only
few syntheses of copper gallium spinel phases have been
reported to date, namely solid-state,*® sol-gel,* and a
route to a spin-glass state.®®! The other important phase in
the Cu/Ga-oxide system, delafossite CuGaO,, is more readily
available, it can be prepared by pulsed laser deposition as thin
films"*) and by a solvothermal route."*! As our first attempts
to isolate the spinel phase through the solvothermal reaction
of copper and gallium salts in ethylene glycol failed, we
modified the synthetic strategy into a MW-HT approach by
applying copper and gallium salts, water, and ammonia (25 %)
to adjust the pH value between 10.5 and 10.7. Through this
fine-tuning of the reaction conditions, we finally obtained
nanostructured spinel-type copper gallium oxides (Figure 8)
within a few minutes at comparatively mild temperatures. The
pH window of the reaction is extremely narrow and pH values
below 10 led to the formation of impurities. Concerning the
reaction temperature, the MW-HT synthesis of the copper
gallium oxide nanospinels can be performed between 150 and
180°C, because the tolerance towards temperature changes is
higher compared to the restrictive pH limits. Finally, the role
of the precursor is less decisive, because mixtures of sulfates
and nitrates both lead to phase-pure copper gallate products
with identical morphologies. Interestingly, the nanostructured
copper gallium oxide spinel-type particles display a high
stability towards thermal post-treatment: both phase and
morphology are maintained up to 700°C.

Europium-doped yttrium aluminum garnet (YAG:Eu*")
as another key oxide material can not only be accessed
through conventional hydrothermal synthesis (see above),
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Figure 8. Representative SEM images of copper gallium spinels:
a) MW-HT at 130°C, b) HT at 180°C for 48 h, c) MW-HT at 180°C, and
d) sample (c) calcinated at 600°C for 2 h.

but also by a polyol-assisted microwave route.'*?! 1,4-Buta-
nediol turned out to be the optimal surface stabilizer during
the reaction, because it limits the particle growth and
prohibits agglomeration. Finally, the Mo-V-Te-Nb-O
system!®! has not only been accessed with hydrothermal and
spray-drying methods,"*! but also with microwave irradiation
as a heat source.™ In this case, the MW-approach led to the
formation of the M1 phase with an interesting open structure
and high catalytic activity. This remarkable phase selectivity
within a complex oxide system illustrates the high potential of
microwave-assisted routes in the convenient and reliable
synthesis of mixed nanostructured oxides.

Generally, microwave syntheses offer many advantages in
materials synthesis: they are time- and energy-saving and they
provide a straightforward access to phases and morphologies
that are difficult to obtain with conventional techniques.
These features makes them an attractive option for future
large-scale production processes. However, the theoretical
background of microwave procedures is even less well
understood than the principles behind conventional hydro-
thermal syntheses. The insitu monitoring of microwave
techniques and the elucidation of their special features
(such as “hot spots”) opens up a challenging new research
field for scientists worldwide with plenty of room for creative
experimental designs.

2.3. Sonochemical Methods

Sonochemical methods employ ultrasound irradiation—
typically in the range from 20 kHz to 500 MHz—to initiate or
to alter chemical processes. Although ultrasonic effects (in
the following: US) were first described in the beginning of the
20th century and have been widely used in cleaning facilities
ever since, a general interest in their preparative use was only
developed in the 1980s."*! The chemical effects of ultrasound
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irradiation arise from cavitation phenomena: sound waves
travel as alternating compression and rarefaction fronts
through the liquid. When the ultrasound power is sufficiently
high, the decompression during the rarefaction overcomes the
intermolecular forces within the medium so that tiny bubbles
are formed, which almost instantaneously collapse again. At
least three different regions or reaction zones occur during
this collapse phase in the bulk solution: firstly, the centers of
the bubbles are characterized by extremely high energy
densities leading to local effective temperatures as high as
5000°C and pressures of 1000 bar and more in the moment of
collapse. Secondly, the temperatures and pressures at the
bubble-liquid interfaces are still elevated, albeit not as high as
in the center. Thirdly, intensive shear forces act on large
molecules or complexes located in the vicinity of the
collapsing bubble.[*153]

The collapse of a bubble close to an extended surface,
however, is an anisotropic process resulting in a high-speed jet
of liquid towards of the surface, that can, in principle, induce
erosion or fracture, depending on the local materials proper-
ties. This effect is frequently utilized, for example, in cleaning
processes or heterogeneous catalysis.'*'**! Sonochemical
reaction rates depend on the irradiation frequency and
geometry, on the acoustic power and also on the volatility
of the solvent which influences the cavitation strength.
Solvents with a higher volatility generally lead to more
frequent yet weaker cavitations because of a cushioning effect
of the gas phase inside the collapsing bubble, whereas the
cavitation strength is reinforced by higher external pressure
and lower temperatures. As dissolved molecules are potential
nucleation sites for cavitation, the reaction mixture should be
degassed prior to the experiment. Alternatively, a steady gas
flow through the reaction mixture can keep the influence of
the dissolved gas constant.'*13%15] From the preparative
point of view, sonochemical approaches are advantageous,
because they speed up reaction rates and they favor the
formation of porous products and high BET surfaces and
have the additional economic benefit of relatively low
reaction temperatures. Special attention, however, must be
paid to their strong dependency on the ultrasound power and
to the fact that the synthesis of highly anisotropic particles
may sometimes be difficult. Similarly, the quantitative con-
version of the starting materials into crystalline products is
another issue that may require further optimization."> In the
following, we illustrate the versatility of sonochemical
methods for selected syntheses of binary and ternary oxide
materials and a more detailed summary can be found in
Table 3.

The sonochemical deposition of ZnO and CuO nano-
particles on textiles has recently been launched on an
industrial scale for the biocidal coating of various fabrics.
Starting from acetate precursors, small particles (10-20 nm in
size) adhere firmly to the textile surfaces and retain their
antibacterial activity even after repeated washing cycles.'>

From the synthetic point of view, the cavitation processes
in ultrasound-assisted reactions can be turned into a tool for
morphology control through the use of water-soluble nano-
particles with an optimized degree of hydrophobicity. The air/
water interface of the emerging bubbles can thus be stabilized
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through a higher persistence in comparison with surfac-
tants.>*151 Such pronounced stabilization effects were
employed for the ultrasound-driven formation of hollow
silica spheres.!*8! CTAB was used to render the nanoparticles
slightly more hydrophobic and the diameter of the cavitation
bubbles was increased with NaHCO; as an additive. This
strategy led to the formation of rather stable hollow spheres,
probably through the crystallization and fusion of nano-
particles on the contact sites (Figure 9). Consequently, US
irradiation can be used to direct small nanoparticles into well-
defined microarchitectures with a narrow size distribution.

Well dispersed Fe;0,@SiO, core-shell nanoparticles
(<20nm) are available from a two-step sonochemical
approach through the injection of different precursor materi-
als directly into the active zone below the ultrasonic horn.['”’)
A black precipitate was formed immediately after the
injection of Fe" and Fe'™ chloride. This intermediate product
was magnetically separated, washed, and redispersed with
ethanol, followed by the corresponding injection of ethanol/
TEOS into the active zone of the sonoreactor to yield the
homogeneous Fe;0,@SiO, nanocomposite.

Porous and hollow hematite nanospheres were recently
synthesized through the sonication of [Fe(CO)s] in the
presence of carbon nanoparticles as auxiliaries.'"™ The
carbon nanoparticles are covered with an amorphous layer
of iron oxide and the composites self-ignite upon drying in air
so that the carbon template burns off to yield a-Fe,O;
nanospheres.

An interesting example for the US-based synthesis of
ternary oxides is the formation of porous CeVO, nano-
particles from cerium(III) nitrate and either NH,VO; or
V,0,." Both precursors afford different morphologies
under otherwise identical reaction conditions: ammonium
vanadate favors the formation of nanorods (ca. 100 nm in
length, 15nm in diameter, BET surface area 100 m*g™')
whilst vanadium pentoxide affords spherical nanoparticles
(ca. 20 nm, BET surface area 120 m?g™"). Interestingly, the
crucial influence of the vanadium oxide-based precursor in
the synthesis of nanostructured vanadates that has been
described elsewhere!'®>1% still prevails even under the drastic
effect of ultrasonication. Another representative US-assisted
route to a ternary oxide, namely the spinel phase ZnFe,O,,
demonstrates the efficient use of biphasic solvent systems:'*
the precursor solution of zinc(II) acetate and iron(II) acetate
was subjected to ultrasound treatment in a large excess of
rapeseed oil (1:25). In the first place, the aqueous precursor
solution was finely distributed among the oil droplets and
upon prolonged sonication times, increasing reaction temper-
atures led to the evaporation of the aqueous phase. The
emerging zinc ferrite nanoparticles were distributed in rape-
seed oil and displayed a homogeneous size distribution
around 4 nm.

2.4. Synthesis of oxide nanomaterials with ionic liquids
Whereas all salt melts are ionic liquids in the strict sense of
the word, this term has nowadays been reserved for their

representatives with a melting point below 100°C and
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Table 3: Sonochemical approaches to oxide nanomaterials (oxides are listed in alphabetical order from binary to higher systems).

Oxide Solvent, additives Morphology Ref.
Bi,O, water (HNO;/NaOH), PVP nanoparticles (100-200 nm) [165]
CeO, NaOH (aq), PEG nanorods (<10 nm diameter) [166]
Co;0,, NiO water/ethanol (NH,), CTAB agglomerates of nanoparticles [167]
(100-150 nm)
Fe,O; (hematite) hexadecanol hollow nanospheres (ca. 10 nm) [160]
Fe,O; tetraethyleneglycole nanoparticles (ca. 50 nm) [168]
Fe;O, water, SDS nanoparticles (ca. 10 nm) [169]
Fe;O, water/ethanol (NaOH) nanoparticles (ca. 15-50 nm, depending on solvent) [170]
Fe;0,/SiO, water (HCI/NH;), ethanol core-shell nanoparticles (15-20 nm) [159]
MnO, LiOH (aq) nanofibers (5-10 nm diameter) 171
Mn;O, LiOH(aq) nanoparticles (50-150 nm, depending on Mn precursor) [172]
MoO, water, H,0,, PEG nanofibers (<100 nm diameter) [173]
SnO water (HCI/NH;) nanoparticles with irregular size [174]
(ca. 50 nm)
Sio, water, NaHCO;, CTAB hollow shells of fused nanoparticles (10-40 pm) [158]
TiO, (anatase) water/ethanol nanoparticles (<10 nm) [175]
TiO, (rutile) water (HCI) short nanorods (ca. 50 nm diameter) [176]
TiO, (rutile) NaOH (aq) agglomerates of nanoparticles [177]
(50-100 nm)
ZnO ethanol (LIOH) nanoparticles (5-10 nm) [178]
ZnO water, hexamethylene triamine nanorods (ca. 50 nm diameter) [179]
ZnO water/DMF nanodiscs [154]
(ca. 300 nm diam., 50-100 nm thick)
ZnO:Mg tetraethylene glycol (LiOH) nanoparticles (<5 nm) [180]
Bi,MO4 (M =Mo, W) water nanoparticles (100-200 nm) [181]
BiVO, water, PEG nanoparticles (50-70 nm) [182]
CeVO, water (NH,) nanoparticles and nanorods, depending on conditions  [161]
CoCr,0O, water (NH,) nanoparticles (30-40 nm) [183]
CuAl,O, water, urea nanoparticles (10-20 nm) [184]
Cu,_,Ni,WO, Water, CTAB nanorods or nanoparticles, depending on Ni content [194]
LiCoO, LiOH(aq) flake-like nanoparticle agglomerates (100-200 nm) [185]
MgAl,O, water/propanol (NH;), CTAB Irregular nanoparticles [187]
(ca. 100 nm)
MMeO, (M=Ca, Sr, Ba; Me=Mo, W) ethylene glycol nanoparticles (15-20 nm) [188,189]
MVO, (M=La, Ce, Nd, Sm, Eu, Gd)  water (NaOH), PEG nanoparticles, nanorods (depending on M) [190]
PbWO, water, PEO-PPO-PEO (P123) hollow spindles [186]
(200-300 nm diameter)
ZnAl,0,, ZnGa,0, water (NH;) nanoparticles (ca. 30 nm and ca. 5 nm, respectively) [191]
ZnFe, O, water/rapeseed oil nanoparticles (ca. 4 nm) [164,192]
ZnWO, water/ethanol, PEO-PPO-PEO (P123) short nanorods (ca. 20 nm diameter) [193]
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Figure 9. Formation scheme for the ultrasound-assisted growth of hollow silica spheres by nanoparticle fusion around cavitation bubbles."®
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complex organic or inorganic ions as key ingredients which
disfavor crystallization processes. Ionic liquids (ILs; a short
glossary of the ILs referred to in this Section is provided in
Table 4) display quite interesting properties, such as low
viscosity or high thermal and electrochemical stability.*>-%!
Their vapor pressures are extremely low, that is, they are
nonvolatile and nonflammable under ambient conditions. As
the arsenal of constituents for designing ionic liquids keeps
growing, especially through the use of functionalized organic
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ligands, the large family of ionic liquids covers a wide range of
physical and chemical properties.'"” Although ionic liquids
have been produced for the past fifty years, primarily for
electrolyte applications, their tremendous synthetic potential
has only been explored for about a decade—this rather slow
development bears analogy to the late launch of preparative
ultrasonication techniques discussed in the previous Section.
These days, ionic liquids find widespread application in
organic chemistry and organometallic catalysis,['*** whilst
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Table 4: Common abbreviations and full chemical names of ionic liquids
(ILs) used for the synthesis of oxide nanomaterials.

IL abbreviation Chemical name

TBAH tetrabutylammonium hydroxide
[Emim][Br] 1-ethyl-3-methylimidazolium bromide
[C,mim][BF,] 1-ethyl-3-methylimidazolium tetrafluorobo-

rate

1-butyl-3-methylimidazolium trifluorome-
thanesulfonate
1-butyl-3-methylimidazolium tetrafluorobo-

[C,mim][SO;CF;]

[Camim][BF.}/[Bmim][BF,]

rate

[Bmim][PF] 1-butyl-3-methylimidazolium hexafluoro-
phosphate

[Bmim][Cl] 1-butyl-3-methylimidazolium chloride

[Csmim][Tf,N] 1-butyl-3-methyl-bis (trifluoromethylsulfonyl)
imide

[Cgmim][BF,]/[Omim][BF,] 1-methyl-3-octylimidazolium tetrafluorobo-
rate

[Ci¢mim][Br]
[MeBu;N][N (SO,CF;),]

1-hexadecyl-3-methylimidazolium bromide
methyl tributyl ammonium bis (trifluorome-
thylsulfonyl) imide

[Bpyl[BF.] N-butylpyridinium tetrafluoroborate

their use in inorganic synthesis is just about to start.'”” This
situation is all the more astonishing, given that ionic liquids
offer unique possibilities, for example, to work at elevated
temperatures without the need for pressure-resistant reaction
vessels or to conduct reactions in highly polar solvents under
arid conditions. In the following, we present some represen-
tative examples for the IL-based synthesis of binary oxides
with special emphasis on ZnO, TiO,, and SnO, along the lines
of Section 2.2., followed by a glimpse of the full methodo-
logical potential of ILs for the synthesis of oxide nano-
materials (see Table 5).

The structure-directing properties of ILs are evident from
the facile synthesis of hexagonal ZnO nanopyramids from
zinc acetate in a mixture of oleic acid and ethylenediamine."!
The ionic liquid lowers the surface energy of the polar planes
of the zinc precursor so that the hexagonal pyramids are
formed as a consequence (Figure 10).

The reaction temperature was used as an efficient
morphology-directing factor in the synthesis of various ZnO
particles with the assistance of a hydrated ionic liquid
precursor, namely TBAH.®'*! At room temperature, ZnO
mesocrystals were formed from nanoscale rod-like particles,
whereas the morphology changed to hollow mesocrystals at
elevated temperatures (100°C). Contrary to the general
observations for nucleation processes in aqueous media, the
number of particles in the TBAH/water mixtures decreased
within the initial 30 h of the reaction by four orders of
magnitude. A slight variation of this method demonstrates the
influence of the reaction-vessel material on IL processes,
because ZnO mesocrystals with complex morphologies were
detected on the glass walls of the reactor.”'! The direct
incorporation of the metal-ion precursor within the ionic
liquid is a quite elegant “two in one” option for the
straightforward synthesis of oxide nanomaterials.?">**! In a
recent study on the formation of ZnO nanoparticles, the zinc
cation was complexed with neutral amine ligands and
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combined with an established organic counteranion
(Scheme 1a).2%! The combination of ILs with hydrothermal
methods is another flexible approach to generate several
types of ZnO particles.™™ The choice of the ionic liquid
(Scheme 1b: IL 1-4) exerts a crucial influence on the
emerging morphology, as illustrated in Figure 11 for the
different products formed in the presence of IL 1 and IL 2:
whereas IL 1 promotes the growth of flower-like ZnO
structures consisting of hexagonal prisms with pyramidal
tips, the ZnO particles formed in the presence of IL 2 are rod-
shaped. It was proposed that the ILs play a multiple role by
controlling the particle growth process and inhibiting further
agglomeration through the formation of a covering film on
the ZnO crystals.*!

As discussed in previous Sections, the differentiation
between the rutile and the anatase (and also the brookite)
modification is a crucial task in the synthesis of TiO,
nanomaterials. As anatase is formed primarily during most
solution-based syntheses, a result of its higher thermodynamic
stability for particle sizes below 20 nm, the high-temperature
modification rutile is usually obtained from the thermal
transformation of anatase or brookite. Recently, however, the
phase-directing properties of ILs were utilized for the direct
synthesis of rutile nanorods under ambient conditions.”" The
formation of rutile is enabled during the non-aqueous sol—gel
process through an interaction between the TiO, surface and
the electron lone pairs on the imide group of the ionic liquid.
This interaction is significantly stronger for the (110) crystal
plane of rutile than for the anatase form so that rutile
formation occurs already at room temperature. The critical
step that induces the transformation of the amorphous
intermediate into a crystalline phase is the removal of the
IL—and the detection of IL residues in the rutile product
indicates that the structure-directing interactions are remark-
ably persistent.”*”

The correlation between the type of ionic liquid and the
resulting TiO, modification was investigated in detail for the
hydrolysis of TiCl, in a HCV/IL system.*™ The rutile/anatase
ratio is strongly influenced by the amount of the IL [Emim]
[Br], and both modifications differ considerably with respect
to their morphologies (anatase nanoparticles of 4-6 nm in size
vs. rutile nanorods up to 60 nm in length and 3-6 nm in
diameter). The formation of rutile nanorods can again be
explained with a specific surface interaction on the (110) facet
of rutile and a stacking of imidazole rings (Figure 12) which
cannot take place with the anatase structure. To finally obtain
phase-pure rutile particles, a minimum HCI concentration of
6 mol/L is required.?

Nanoparticles of the gas-sensing oxide SnO, cannot only
be accessed conveniently through MW-HT methods, 123!
but also by the incorporation of a room-temperature ionic
liquid, such as [C;;mim][Br], into a sol-gel process and
subsequent heat treatment.™ Similar to the IL-assisted
formation of rutile nanoparticles,”® this “green chemistry”
approach is based on a strong interaction between the IL and
tin oxide that is reinforced through hydrogen bonding and the
n—n stacking of the imidazolium rings. After calcination of the
as-synthesized SnO, nanoparticles, they display wormhole-
like pores that provide an easy access for sensing gases.
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Table 5: Synthetic routes to TiO,, ZnO, SnO, (see Section 2.4.) and other oxides using ionic liquids.

Oxide Technique Morphology/feature Ref.
TiO, sol-gel synthesis with [Bmim][PF] anatase, high BET, controlled porosity, high thermal resistance, no anatase- [212]
to-rutile transformation
sol-gel synthesis with [Bmim][PF] highly porous anatase form with good photocatalytic properties, IL as [213]
structure-directing solvent
hydrolysis of TiCl, in HCl using [Emim]Br supports formation of rod-like rutile caused by stacking of IL and [206]
[Emim][Br] growing particles, influence of IL and HCl content important
non-aqueous sol-gel method using  rutile nanorods, phase-directing properties of IL, removal of IL is key issue [205]
[Emim][T5,N]
Ti(OBu)4 in [Cymim][PF¢] and MeOH hollow microspheres, stirring rate and temperature as control parameters, IL  [214]
as solvent and stabilizer
ZnO zinc acetate and TBAH with aging at mesocrystals consisting of nanoscale rod-like particles, number of particles [201a]
room temperature decreases with duration
zinc acetate and TBAH with reflux at mesocrystals with complex morphology on a solid support [201b]
100°C
IL-ZnO composite metal incorporated into IL as solvent and metal precursor, luminescent [202]
nanocrystals
IL-Zn composite metal-containing IL precursor, spherical particles consisting of nanoplates  [203]
Zn(H,N-C,H,) 2" (TH,N7), and flower-like shapes, morphology strongly depends on Zn-IL type
oleic acid, ethylenediamine and zinc  pyramidal morphology, ions in the mixtures of OA and organic amines play a [200]
acetate in a heating reaction key role in the formation of pyramids terminated by polar surfaces
hydrothermal method different ILs afford flower- and rod-like morphologies, IL as controller and  [204]
inhibitor for agglomeration
SnO, sol-gel synthesis using [C;qmim][Br]  room temperature “green” reaction, wormhole-like pores, recyclable IL, gas [215]
sensing properties
self-prepared Lq very high BET; optical, electrical, and dielectric properties at room temper-  [216]
(hexadecyl-2-pyridinyl-methylamine)  ature
as IL in aging reaction
CeO, solvent evaporation by heating in spherical particles consisting of 3.5 nm nanocrystals with high BET, higher IL  [218]
humidity oven using [C,mim][Br] contents degrade structures into open worm-like mesopores
CuO ultrasound-assisted synthesis using  nanorods, high BET, widened band gap [219]
[C4mim][Tf,N] at room temperature
Cu, Zn, and Fe-oxides; TBAH at 100°C and reflux v-Fe,05/Fe;O, cubes and spheres, CuO plates, EPR and magnetic behavior of [209]
CoFe,O, and NiFe,O, CoFe,O, and NiFe,O,
InvVO, different temperatures and reaction  nanorods; IL as solvent, structure-directing and reducing agent; photo- [220]
times by using [Bmim][BF,] luminescence study
LiFePO, heating to 250°C using several ILs L is recovered, application in Li-ion batteries [210]
V,0s, VO, hydrothermal synthesis from IL- IL: (C;mimBF,); (C;mimSO;CF;); (C,;mimBF,) or (CgmimBF,), V,0s nano-  [208]
vanadium oxide nanocomposite composites and VO, nanosheets, IL intercalates into V,0; crystal structure
V,0s sol-gel synthesis with acetone and  cation type of the IL and type of organic solvent influence crystallinity, [217]
isopropanol using ([Py, ,][Tf,N]) and morphology and surface area of the mesoporous particles
(Emim][TF,N])
YVO,:Eu(@YF;) heating at 200°C using [N(Me) (Bu);] core-shell structures with nonluminescent shells to enhance 211

[N(SO.CF3),]

luminescent properties

The strong interaction of the IL with the oxide precursor

- 200 mm

i

Figure 10. ZnO nanopyramids formed from an ionic-liquid-assisted
approach: a) schematic growth model, b) representative SEM image of
the products.”® Reproduced with permission from The Royal Society
of Chemistry.
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can also result in a permanent intercalation as has been
observed for the synthesis of lamellar nanostructured V,0Os in
the presence of various ionic liquids ([C,mim][BF,], [C,mim]-
[SO;CF;], [C;mim][BF,], or [Cgmim][BF,]).?® According to
WAXS/SAXS (wide angle X-ray scattering/small angle X-ray
scattering) studies, a hybrid nanocomposite is formed by
chemisorption of the IL along the [100] face so that the crystal
growth process is selectively stopped. Therefore, ILs should
be used with caution in the synthesis of nanomaterials with
layered structures that are prone to such intercalation
processes. The V,0s5-IL composites were subjected to thermal
post-treatment to afford V,0s (5 h at 550°C) or V,0; (3 h at
700°C), respectively.”*!
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Scheme 1. a) Metal-containing IL precursor for the straightforward
synthesis of ZnO nanoparticles? and b) different ILs screened for the
formation of ZnO nanoparticles with various morphologies.? Copy-
right, Springer Verlag, 2010. Reprinted with permission.

As well as facilitating the synthesis many other binary
nanostructured oxides, (e.g. CuO, ZnO, y-Fe,0,/Fe;0,,
Mn;0O,, and several lanthanoid hydroxides, also see Table 5),
ILs also give access to ternary oxides, namely the spinels
CoFe,0, and NiFe,0,” Aqueous metal solutions were
added to pre-heated TBAH (100°C) and the reaction mixture
was heated under reflux for 10 h. This rather straightforward
method is a quick access to a variety of nanoscale shapes, such
as cubic and spherical morphologies of y-Fe,O5/Fe;O,, nano-
platelets of CuO, Mn;0,, and needle-like copper- or cobalt-
doped ZnO. The ternary spinel oxides CoFe,O, and NiFe,0,
were obtained from co-precipitation of the metal acetates
with TBAH and these as-synthesized nanoparticular ferrites
showed different magnetic behavior: the cobalt ferrite
particles (11 nm) are ferromagnetic up to 400 K, whereas
the smaller nickel ferrite particles (8 nm) exhibit superpar-
amagnetism with a blocking temperature of 23 K. The
NiFe,0, particles meet the size criterion for the onset of
superparamagnetism (particle sizes below 10 nm) and their
properties are confirmed by the absence of temperature
dependence in the EPR spectra between 100 and 273 K,
contrary to the behavior of larger CoFe,0, particles.[”!

LiFePO, is another oxide-based material with tremendous
application potential in battery technology. Different nano-
scale morphologies of LiFePO, could be obtained through an
elegant approach based on the dual function of ILs as solvents
and growth templates.'"! A variety of ILs were investigated
with respect to the variation of the anionic component (e.g.
TFSI~, BF,~, CF;SO; -, C(CN);~, and Cl"), the charge on the
cationic centers (imidazolium, pyrrolidinium, and pyridi-
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Figure 11. SEM images of the ZnO particles obtained in the presence
of IL 1 (top four images) and IL 2 (bottom four images, for structures
of ILs, see Scheme 1).7*! Copyright, Springer Verlag, 2010. Reprinted

with permission.

[110]

[1710]
(i1

Figure 12. Model for the structure-directing influence of ionic liquids in

the formation of rutile nanoparticles. Reprinted from Ref. [206], with
permission. Copyright 2010 American Chemical Society.

nium), and the chain lengths (C2-C18) connected to the
imidazolium cations, with special emphasis on the resulting
physico-chemical characteristics of the ILs. Needle-shaped
particles of LiFePO, were obtained by modifying the polarity
of the medium through introduction of CN™ groups into the
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[Emim]* cation, while platelets were formed in the presence
of less-polar ILs with longer aliphatic chains. Interestingly,
with the IL route, LiFePO, could not be obtained at
temperatures below 200°C in contrast to low-temperature
solvothermal routes. This difference is probably due to the
low solubility of the precursors in the ILs compared to other
solvents and this effect must be considered when planning IL-
based routes.”!"!

Europium-doped yttrium vanadates are well-established
red emitting phosphors that find widespread application in
displays and fluorescent lamps. Nanocrystalline YVO,:Eu
and YVO,:Eu@YF; are now available as monodispersed and
redispersible particles from an elegant IL-assisted route in the
presence of [N(Me)(Bu);][N(SO,CF;),].?""l The addition of
ethanol as a cosolvent to the reaction reduced the viscosity of
the IL and enhanced the solubility of the precursors. Thermal
post-treatment at 200°C led to the formation of crystalline
nanoparticles. Generally, preparing luminescent core—shell
nanoparticles with a sufficient lattice matching between both
components is an excellent strategy towards enhanced
quantum yields. In the present case, the (001) lattice fringes
of YVO, correlate well with the (100) fringes of YF;, thereby
leading to an increase in quantum yield from 17-19% to 44—
46 % .

In summary, ILs are attracting more and more attention as
versatile media for the synthesis of oxide-based and other
nanomaterials. However, their strong structure-directing
features may easily turn into a problem when the products
contain unwanted IL residues. Although this may require
further optimization work for setting up “green” and
economic industrial processes, the advantages of ILs defi-
nitely outweigh their disadvantages as demonstrated in the
following Section on combined synthetic methods.

2.5. Combined Synthetic Approaches

Although all of the synthetic strategies covered in the
previous Sections provide an entire methodological arsenal in
their own right, the current trends in the synthesis of
nanomaterials definitely point to their combination into
“synergistic” approaches as innovative routes to nanomate-
rials. These cutting-edge preparative endeavors are briefly
highlighted and rounded off with an outlook on the future of
advanced materials preparation. It is, however, noteworthy
that a lot of fundamental work on the mechanistic principles
behind each particular technique still lies ahead, as will be
demonstrated in Section 3. Nevertheless, the mere inspiration
of pushing the boundaries of oxide nanomaterials fabrication
is an exciting endeavour in its own right.

2.5.1. Microwave-Assisted Synthesis in Combination with lonic
Liquids (MW-IL Approaches)

Ionic liquids (ILs) do not only act as highly efficient
capping agents in the synthesis of nanomaterials, but they are
also absorbents for microwave radiation. This makes com-
bined MW-IL syntheses a particularly versatile option as
illustrated for our example oxides ZnO, TiO,, and SnO..
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Zinc nitrate is transformed into nanostructured ZnO
under microwave irradiation in the ionic liquid [Bmim]-
[BF,].'! The morphology of the products could be varied
between flower-like particles in the presence of lower IL
fractions and needle-like shapes upon increasing the IL
content. The formation of ZnO needles could alternatively be
steered through increasing the reaction temperature from
90°C to 125°C.

The high degree of phase and morphology control in MW-
IL processes is illustrated by the synthesis of anatase nano-
cubes from the interaction of titanium isopropoxide with the
ionic liquid [Bmim|[BF,] under microwave irradiation.!'? In
this case, the IL plays a multiple role as a microwave
absorbent and a protecting agent for intermediates and
anatase nanocubes. The size of the nanocubes was tuned
through the reaction time and the water content of the system
and a formation mechanism involving polyanions protected
by [Bmim]* cations was proposed on the basis of FTIR,
Raman, and HRTEM studies on isolated intermediates.

SnO, as another key binary oxide material has been
accessed as microspheres through the MW-IL-assisted self-
assembly of small tin oxide nanoparticles.'?”! The anionic part
of the ILs ([Bmim|[BF,], [Bmim][PF;], [Omim][BF,], [Bpy]-
[BF,], [Bmim][Cl]) interacts with the surface of the growing
SnO, nuclei so that the surface energy is minimized through
the formation of spherical structures. The microwave treat-
ment clearly influences this process by speeding up the
nucleation so that the resulting spherical aggregates are
massive in contrast to their hollow counterparts obtained
from conventional heating. Prolonged reaction times favor
the breakup of the initial multisphere junctions and their
recrystallization into less-polydisperse microspheres.

Furthermore, the IL-based synthesis of luminescent nano-
oxides can be enhanced through microwave methods, as
demonstrated for the fast and efficient approach to
LaPO,:Ce, Tb nanoparticles from a mixture of the metal
chlorides in the presence of [MeBu;N][(SO,CF;),N].[!
Remarkably, neither an inorganic surface shell nor a coordi-
nating surface modifier is required to produce luminescent
particles with a high quantum yield after complete removal of
the IL. This is an impressive example of the technological
potential of combined MW-IL approaches.

2.5.2. lonic Liquids in Ultrasonic Synthesis

In analogy to MW-IL methods, the combination of ILs
with ultrasound-assisted syntheses is another promising
development in the synthesis of oxide nanoparticles.
Recently, ZnO nanorods were obtained from the reaction of
zinc acetate in the presence of the ionic liquid [Cymim][Tf,N]
after ultrasonication of the reaction mixture in a sealed glass
tube at room temperature.”? CuO nanorods (30-100 nm in
length, 10 nm in diameter) were furthermore prepared from
an analogous synthetic method.?"” This effective template-
and surfactant-free approach is therefore expected to bring
forward a wide spectrum of oxide nanomaterials.

Further examples for combined synthetic approaches to
nanostructured oxides are summarized in Table 6 and this
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Table 6: Combined synthetic routes to nanostructured oxides (examples are sorted in alphabetical order).

Oxide Technique Morphology/features Ref.

CuO MW-IL using [Bmim][BF,] leaf-, chrysanthemum- and rod-like shapes with varying IL concentration [104]
MW-IL using [Omim][TA] flower- and leaf-like structures with varying IL concentration [222]
US-IL using [C;mim][TF,N] rod-like shapes (30-100 nm in length and 10 nm in diameter) M2

SnO, MW-HT-IL using different ILs small irregular nanoparticles with self-assembly into microspheres [223]

TiO, MW:-IL using [Bmim][BF,] bipyramid-shaped anatase with pseudo cube-like appearance [224]

ZnO MW-IL flower- (more water) and needle-like (more IL) shapes [219]
US-IL using [C;mim]|[Tf,N] rod-like shape (50-100 nm length range) and 20 nm diameter [122]

Other oxides

FeOOH, a-Fe, 05 MW-IL using [Bmim][BF,] hollow spheres in um range for FEOOH, spherical a-Fe,O; particles (ca. 20 nm) 221

synthesized without IL

LaPO,:Ce,Tb MW-IL using [MeBu;N]- spherical to slightly ellipsoidal particles with sizes of 9-12 nm [225]
[(SOLCF5),N]

LagsSre,CopsFepsOss MW + sol-gel using [Bmim]-  perovskite structure with spherical morphology [226]
[BF4]

PbCrO,, Pb,CrO; MW-IL using [Bmim][BF,] with NaOH: bundle- and rod-like Pb,CrOs; without NaOH: PbCrO, rods [227]

survey is only the “tip of a preparative iceberg” that will grow
over the coming years.

3. In Situ Methods for Investigating the Mechanism
of Oxide Nanomaterials Formation

3.1. Scope and Trends of In Situ Investigations

The previous Sections gave an overview of recent progress
in the synthesis of oxide nanomaterials, demonstrating that an
impressive preparative arsenal is now available to access
nanostructured oxides in a wide variety of phases and
morphologies and to fine-tune the particle surfaces. Never-
theless, the limited number of ternary and higher nano-oxides
remains a challenging problem: most of the above-mentioned
methods still do not offer a generally applicable design
approach towards oxide nanomaterials. Although consider-
able progress has been achieved in the general understanding
of nucleation and crystal growth processes in solution,??%%!
they still remain elusive for many oxide materials so that the
prediction of the crystal structure resulting from a specific
reaction is frequently difficult. This situation may render the
subsequent step of morphology control in nanomaterials
fabrication complicated, if not entirely impossible. However,
crystal-shape engineering is a topic of general and vital
industrial interest that affects all aspects of a product from
processing through to surface properties and on to handling
and storage.™” Although the success in nanoscale oxides
synthesis has been impressive over the last years, it has
frequently been achieved through empirical strategies, such as
“trial and error” and the lateral transfer of the resulting
insights to analogous reaction systems. As a result, there is a
growing urgency to understand the nucleation and growth
processes in oxide nanomaterials formation on a more
substantial level and on a wider scale. The ultimate goal of
such endeavors is the targeting and design of oxide nano-
materials with the strategic efficiency and versatility of
organic chemistry or inorganic coordination chemistry.

In the following, we focus on solution-based in situ
techniques that are applicable to a wide spectrum of the
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above-mentioned synthetic pathways and that require either
generally available synchrotron facilities or even more-
common laboratory analytically techniques. Furthermore,
these in situ strategies permit the observation of bulk nano-
particle formation processes for significant reaction volumes,
thereby affording insights that are vital for their industrial
scale-up.

It should be kept in mind that microscopy techniques
emerge as very sophisticated tools to monitor crystallization
kinetics and growth mechanisms.”%? In situ NMR spec-
troscopy has, for example, also proven highly efficient to
elucidate the nucleation and growth of nano- and mesoporous
inorganic solids.”*! However, the signal sensitivity and
spectral resolution of NMR spectra are highly dependent
upon the natural abundance of the isotope under investiga-
tion. This situation makes insitu NMR spectroscopy an
excellent method to investigate the nucleation and growth
process of zeolites containing Si or/and AL On the other
hand, it also means that the general application potential of
in situ NMR spectroscopy for multi-element systems remains
limited. Therefore, the present discussion is concentrated on
solid-state diffraction techniques and spectroscopic methods
in solution, so as to cover a maximum range of synthetic
approaches to nanomaterials.

As illustrated in the previous Section, many nanostruc-
tured oxides are prepared under special non-ambient con-
ditions using closed and nontransparent vessels so that the
direct kinetic monitoring of these systems is a difficult task.
Although basic kinetic information can also be obtained from
quenching experiments and their exsitu analyses, these
indirect strategies always bear the risk of isolating artifacts
that might falsify further conclusions on the reaction mech-
anism. Therefore, the continuous in situ monitoring of nano-
materials formation is the most detailed and accurate
approach and it also provides information about intermediate
phases occurring during the reaction process. Hence, the
direct monitoring strategies are also the technically most
demanding options. The penetration of the reaction vessel
walls with high-intensity radiation is particularly efficient and
has been reviewed in great detail.”™® For this purpose, the
high flux of X-rays from a synchrotron source is most suitable
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Table 7: Survey of oxide nanomaterials formation processes studied with in situ methods (oxides are listed in alphabetical order and from binary to

higher oxides).

Oxide In situ method Feature Ref.

Fe, 05 SAXS/WAXS kinetics and mechanisms of Fe,O; nanoparticle formation [248]
MnO, XRD hydrothermal crystallization of 5-MnO, nanorods [246]
MnO, XRD in situ characterization of phase transformations [247)
MoO, EDXRD/XAS formation pathway of MoO, fibers [250]
TiO, SAXS/WAXS growth kinetics of TiO, nanoparticles [236]
TiO, IR molecular kinetics and particle formation of TiO, nanocrystals [237]
TiO, XRD hydrothermal crystallization of TiO, nanoparticles [238]
TiO, IR self-assembly pathway of TiO, nanofibers [239]
ZnO SAXS growth mechanism of ZnO nanorods [240,247]
ZnO in situ grazing-incidence diffraction formation of ZnO nanoparticles during the early stages of the growth process [242]
ZnO UV/Vis/NMR/Raman/XAS nucleation and growth of ZnO in various organic solvents [243]
ZnO SAXS/UV/Vis growth kinetics of ZnO nanocrystals [244,245,282]
ZrQ, XRD crystallization mechanism of monoclinic ZrO, nanocrystals [249]
ZrO, TiO, SiO, ATR-FTIR reaction kinetics [239]
Multimetal systems

Bi,MoOy EDXRD reaction kinetics of Bi,MoOg nanosheet formation [252]
Bi,MoOy XRD/XAS/Raman phase formations/transformations in the initial reaction stages [253]
CoAlL,O, QEXAFS/XRD formation mechanism of nanosized CoAl,O, spinel particles [254]
M, WO, EDXRD/XAS reaction kinetics of M,WO; nano-oxide formation [63]
M,(W/Mo)O,  EDXRD reaction kinetics of M,(W/Mo)Oj; nano-oxide formation [84,251]

in terms of intensity, time resolution (far below the minute
scale), and accuracy.*!

A survey of recent research activities concerning the
mechanistic in situ investigation of nanoscale oxide synthesis
is provided in Table 7. In line with the synthetic trends, the
majority of the in situ studies are focused on binary oxides
with wide applicability and high commercial relevance,
namely ZnO and TiO,. However, the rapid development of
synthetic methods and their application to the formation of a
wide range of oxide nanomaterials can only be systemized and
fully exploited through a tremendous amplification of the
present mechanistic knowledge. In other words, a wide gap is
opening up between the ever growing number of synthetic
methods and the in-depth analysis of their underlying
formation pathways—especially in the case of ternary and
higher oxides which have the most promising potential for
new properties. Needless to say, the required in situ inves-
tigations quickly turn into analytical challenges, but tackling
them is the key to tailoring oxide materials directly for the
demands of modern nanotechnology—from tuned properties
to facile industrial production processes.

The third Section of this Review therefore outlines the
most recent efforts to monitor the nucleation and growth
processes of nanoscale oxides in real time with advanced
radiation sources and experimental setups. Selected results
demonstrate the tremendous power of insitu methods to
elucidate the different stages of nanomaterials formation
processes.

3.2. In Situ Powder Diffraction Techniques
To date, diffraction techniques have been widely used to
track the kinetics, growth steps, and phase changes of solid-

state syntheses through the time-dependent evolution of
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diffraction patterns.”>>? As high intensities and time
resolutions (timescale of seconds) are indispensable for
insitu studies, these studies are mostly performed with
position-sensitive detectors and polychromatic radiation. In
the course of these energy-dispersive X-ray diffraction
(EDXRD) techniques, data are collected with a fixed-angle
solid-state photon-counting and energy-discriminating detec-
tor and the Bragg diffraction is recorded as a function of the
energy instead of the commonly used diffraction angle. The
high-intensity polychromatic radiation can even penetrate a
stainless steel hydrothermal cell without substantial intensity
loss, thus facilitating the experimental setups considerably.
Insitu EDXRD techniques can be applied to monitor
dynamic processes in a wide variety of compound types and
one of the most impressive examples is the observation of
“breathing” processes in metal-organic frameworks (MOFs)
during the intercalation of organic guest molecules. These
findings shed important light on the application of MOFs for
storage, sensor, and separation technologies.*®” The high
efficiency of in situ EDXRD techniques in the kinetic analysis
of more complex oxide systems is illustrated in the following
for selected examples.

Nanoscale tungsten oxides are promising materials and
their wide variety of structural motifs provides many options
for nanomaterials fabrication. Some of us have performed
in situ EDXRD investigations of the hydrothermal growth
kinetics of nanoscale hexagonal tungsten oxides in the
presence of alkali halides as morphology-directing addi-
tives.[”! Although the different alkali cations bring forward a
wide range of hexagonal tungstate morphologies, all these
processes have a nucleation-controlled mechanism in
common. However, the hydrothermal synthesis of nanostruc-
tured hexagonal W/Mo-oxides™>! by the same hydrother-
mal strategy displayed a strong dependence of both the
formation mechanisms and the particle morphologies on the
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alkali halide auxiliaries. Interestingly, a kinetically based
correlation between the type of alkali cation additive, the
reaction mechanism, and the emerging morphology could be
established: whereas hierarchically structured spherical archi-
tectures are formed by the same diffusion mechanism in the
presence of the heavier alkali chlorides (K, Rb, Cs), the
mechanistic influence of Li* and Na* ions is more compli-
cated.

The BIMOVOx oxide family in general®? is noteworthy
as a result of these oxides’ interesting structural and materials
properties that attract considerable research attention as
illustrated by their most recent high-throughput synthesis.”*
Their tungsten-containing counterparts are equally promising
sources for new nanomaterials with advanced catalytic
features. Bi,WOq, for example, is an important visible-light-
driven photocatalyst and several groups have reported
synthetic pathways to hierarchically constructed Bi,WOjq
microspheres consisting of individual nanoparticles. Initially,
polymer additives, such as polyvinyl pyrrolidone (PVP), were
considered indispensable for the formation of such hierarch-
ical nanoscale arrangements.”2>2l However, Bi,WOjq
spheres can also be obtained in the absence of any templating
polymers and the initial pH value of the hydrothermal system
was identified as the crucial factor for steering phase and
morphology of the emerging products.®26426288] The wide
parameter window for the preparation of Bi,WOg micro-
spheres inspired us to perform further in situ EDXRD studies
on their template-free hydrothermal formation. Given that
the above-mentioned hierarchically grown M-W/Mo-oxides
(M=K, Rb, Cs) all have a three-dimensional diffusion-
controlled growth model in common (as shown by the
reaction exponent m=0.55),”"! mechanistic investigations
on hierarchical Bi,WOg¢ microspheres are of interest to
discover trends in the formation of self-organized architec-
tures. Therefore, we monitored the hydrothermal synthesis of
Bi,WO through insitu EDXRD experiments with special
emphasis on the reaction temperature and the initial
pH value. A typical insitu EDXRD pattern is shown in
Figure 13 and the growth rates and kinetic models were
determined according to the standard literature methods.*!
We found that an increase of the synthesis temperature
reduced both the onset time and the half-life time of the
crystallization process. Nevertheless, the growth profiles did
not vary significantly with temperature, thereby demonstrat-
ing that the growth mechanism of Bi,WOy particles is not
temperature-dependent in the interval from 150 to 170°C.
Furthermore, the corresponding reaction exponents varied
between 0.52 and 0.55: this is in good agreement with the
three-dimensional diffusion-controlled growth model that is
also applicable for the formation of hierarchically structured
spherical W/Mo-oxide particles.**>! Therefore, diffusion-
controlled mechanisms are clearly a common denominator
for the self-organization of nanosized building blocks into
microspheres in chemically different hydrothermal systems.
An initial increase in pH value does not only decrease the
onset and half-life time of the crystallization process of
Bi,WO, microspheres, but it also influences the reaction
exponent: a shift in pH value from 1.3 to 4 changes the
reaction exponent from 0.52 to 0.7. As a consequence, the
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Figure 13. a) Representative SEM image of hierarchical Bi,WOg, micro-
spheres, b) a time-resolved energy-dispersive X-ray powder diffraction
pattern of their formation.

three-dimensional diffusion-controlled growth model is not
applicable at pH values around 4, and the mechanistic change
is morphologically reflected in a disintegration of the Bi, WOy
microspheres into the individual nanoplate building blocks.
Insitu EDXRD studies are thus a powerful tool to track
morphology—kinetics relationships and to single out their
most influential reaction parameters.

Regarding the technically important bismuth molybdates,
a comprehensive insitu EDXRD study was performed to
investigate the hydrothermal formation kinetics of their
representatives with the highest catalytic activities, namely
a-Bi,Mo0;0,,, B-Bi;M0oO,, and y-Bi,MoO,.*? As a result,
both a-Bi,M0;0,, and y-Bi,MoO¢ were found to emerge
directly from the amorphous gel mixture without any
intermediates involved. Furthermore, the reaction kinetics
of y-Bi,MoO, nanosheet formation were correlated with the
structure and morphology of the material in terms of a 2D
diffusion-controlled model.

Despite their widespread and successful application, the
poor angular resolution of the position-sensitive detectors is
an inherent drawback of EDXRD methods. This renders the
extraction of detailed information about the crystal structure
and particle size often impossible, so that the required high-

www.angewandte.org

Chemie

845


http://www.angewandte.org

Reviews

846

quality data need to be obtained from in situ synchrotron X-
ray diffraction.

In situ high-resolution powder diffraction (HRPD) there-
fore provided a more detailed insight into the above-
mentioned crystallization kinetics of Bi,MoOg in combination
with XAS (X-ray absorption spectroscopy) and Raman
techniques.”™ The presence of isolated MoO,’” ions in the
initial stages of the reaction was confirmed through XANES
(X-ray absorption near edge structure) and Raman inves-
tigations and the following reaction pathway was proposed on
the basis of refined HRPD data (Figure 14 a): Firstly, a Bi,Os-
related intermediate with a distorted fluorite structure is
formed. These particles are converted into the layered
Aurivillius-type structure of Bi,MoOg, upon prolonged reac-
tion times.

In situ HRPD investigations can also shed new light on
well-established crystallization models, as demonstrated in a
recent study on the high-temperature, high-pressure forma-
tion of ZrO, nanoparticles from gels.”*! Generally, mono-
clinic ZrO, has been known as the thermodynamically stable
bulk phase, whereas the metastable tetragonal ZrO, is
stabilized in nanoparticles below a critical size limit of
30 nm as a result of the lower surface energy. However, for
the gels under investigation, the local structure of did not bear
a resemblance to any of these established modifications and
they were subsequently transformed into monoclinic ZrO,
particles with diameters of only few nanometers. The conven-
tional surface energy-stabilization model for free particles
fails to explain these experimental results and there is clearly
no lower size limit for monoclinic ZrO, nanocrystals.

Advanced in situ XRD studies furthermore reveal more
subtle phase transitions that are not accompanied by any
morphological changes, as has recently been demonstrated
for the hydrothermal formation of B-MnO, nanorods.”*"! The
first step is a dissolution—-recrystallization process leading to
y-MnO, nanorods as an intermediate. These undergo an
isotopological short-range rearrangement of MnO, octahedra
to yield f-MnO, nanorods as the final product. Another
representative example is the understanding of the dehy-
droxylation pathway from nanosized In(OH); to bixbyite-
type In,O; through in situ time-resolved synchrotron radia-
tion so that InOOH could definitely be ruled out as an
intermediate phase.”’"!

3.3. In Situ X-ray Absorption Spectroscopy

Although insitu X-ray diffraction techniques often are
the “method of choice” to investigate the formation kinetics
of nanostructured oxides, they do not permit the direct
observation of particles smaller than approximately 5 nm, as
these fall below the detection limits of Bragg diffraction
methods. Consequently, these techniques are not equipped to
monitor the decisive nucleation stages during the measured
induction periods. Moreover, rearrangements in liquid and
amorphous phases are not detectable either, so complemen-
tary X-ray absorption spectroscopy (XAS) methods are
required to obtain insight into the short-range order of
materials.””"! As XAS techniques provide information about
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Figure 14. a) Crystallization mechanism proposed for the growth of y-
Bi,MoO; under hydrothermal conditions.”*® Reproduced with permis-
sion from The Royal Society of Chemistry. b) Experimental setup for
SAXS and WAXS in situ studies.”* c) Normalized kinetics of benzyl
chloride and benzyl ether formation and of the reaction of ethoxy- and
ethyl-containing species in the growth of TiO, nanoparticles from non-
aqueous media.”*”! Reproduced with permission of The Royal Society
of Chemistry.

the coordination environment and oxidation state of the
absorber, regardless of its degree of crystallinity, their
combination with insitu X-ray diffraction is a very far-
reaching and comprehensive strategy. Furthermore, the
reaction pathways of nanomaterials within matrices, for
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example, the reduction of Fe,O; nanoparticles in amorphous
carbon, can be clearly traced with in situ XAS.?"

The efficiency of such combined in situ approaches has
been demonstrated by some of us for the hydrothermal
transformation of MoO;-2H,0 into MoO; fibers.?"! As the
educts and products bear close structural resemblance, a
topotactic transformation would have been quite a reasonable
reaction mechanism. However, in situ XAS studies of both
the liquid and solid phase during the conversion process, in
combination with insitu EDXRD measurements, showed
that the MoO; rods are formed by a quick dissolution—
precipitation mechanism—contrary to “chemical intuition”.
The products precipitate within a few minutes, a process in
which neither residual starting material nor intermediates
play a role.

However, the acquisition of high quality data for EXAFS
(extended X-ray absorption fine structure) investigations with
a high time resolution remains a difficult task. Most often,
only the XANES (X-ray absorption near edge structure) data
are used to investigate the local environment and the
oxidation state of the absorber. Thus, in situ XAS investiga-
tions should be combined with at least one backup technique
to reconstruct a given reaction process with a sound model.

A brief case study from our work on the formation of new
Bi¢S,0,5s nanowires””! may illustrate that in situ XAS is often
indispensable to get to the bottom of gradual transformations
of bulk precursors into nanomaterials that do not proceed by
quick and straightforward pathways, such as dissolution—
nucleation-recrystallization sequences. New Bi¢S,0,5 nano-
wires are formed from the direct hydrothermal reaction of
commercially available Bi,O; in highly concentrated K,SO,
solutions. Firstly, the induction time of the reaction was
estimated from ex situ quenching experiments to be around
5 min. Next, in situ EDXRD measurements did not point to
any structural changes or to dissolution of the Bi,Os
precursor, thereby suggesting a solid-solid transformation as
the most plausible mechanism. To acquire more detailed
insight into the liquid phase of the hydrothermal system, we
performed in situ QEXAFS (quick-scanning extended X-ray
absorption spectroscopy) investigations™¥ at the Bi-L; edge.
They indicated a solubility of approximately 0.4 mol % Bi at
160°C, thereby pointing to a slower reaction process. Indeed,
the in situ EDXRD results had created a misleading image of
the reaction sequence and Kkinetics, because the products
observed during the very first stages of the nanowire
formation are in fact bulk Bi,O; particles overgrown with a
thin layer of BisS,0,5 nanowires. Unfortunately, the reflec-
tions of the overgrown particles are concealed by the much
stronger scattering power of the residual Bi,O; precursor. In
addition, the strongest diffraction peak of the BisS,0,5 phase
overlaps with the much stronger (012) reflection of Bi,Os,
thereby rendering standard insitu X-ray diffraction tech-
niques entirely inappropriate in the present case. Two models
can now be proposed for the formation of BisS,0,5 nanowires:
The first option is a homogeneous solution-phase reaction
between dissolved Bi** and SO,*” ions (slow dissolution—
recrystallization mechanism). Another mechanistic option is
the heterogeneous transformation involving solid Bi,0; and
soluble SO,* ions. As our in situ QEXAFS studies show only
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a slight dissolution of Bi,O; under the given hydrothermal
conditions, they strongly support the dissolution-recrystalli-
zation route.

3.4. In Situ Small-Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering (SAXS) permits the size
evaluation of small particles up to around 100 nm through the
analysis of the scattering intensity of X-rays over a small
angular range from approximately 0.1° to 3°.F”271 In
addition, SAXS is also suitable for the analysis of amorphous
materials. The information obtained about particle size,
shape, and size distribution is crucial for elucidating the
nucleation processes of nanomaterials and furthermore is
complementary to the above-mentioned powder diffraction
or wide-angle X-ray scattering (WAXS) techniques.

In situ SAXS/WAXS is therefore a powerful experimental
combination, as has been demonstrated by the investigation
of the formation of TiO, nanoparticles in supercritical
fluids.* The supercritical sol-gel process offers the consid-
erable advantages of low reaction temperature (100°C) and a
fast time scale (ca. 50 min) compared to the corresponding
conventional strategy. This approach thus opens up new
avenues to the efficient fabrication of high-quality nano-
materials®”® within minutes rather than hours. Another
representative example for the efficient combination of
complementary in situ SAXS and WAXS techniques is the
monitoring of a fast (in minutes) and environmentally
friendly hydrothermal process leading to magnetite (Fe,Os;)
nanoparticles (see setup in Figure 14b).?*¥) According to
in situ SAXS data, an amorphous phase is formed only 40 s
prior to crystallization. These amorphous cluster intermedi-
ates decompose quantitatively and give way to magnetite
nanocrystals.

As outlined in detail in the previous Sections of this
Review, ZnO nanoparticles are among the most important
oxide tools for modern nanotechnology. Therefore, under-
standing the nucleation and crystallization processes of ZnO
nanoparticles is vital for optimizing their materials properties
and the synthetic routes for commercial purposes.?*!! This
goal has been frequently pursued with the help of in situ UV/
Vis absorption spectroscopy (see below), but in situ SAXS
approaches are more suitable for investigating the mecha-
nistic influence of the capping agents that are employed to
control the morphology of the emerging ZnO nanocrystals.
For example, kinetic in situ SAXS studies on the growth of
ZnO nanorods in the presence or absence of PVP as a capping
agent clearly demonstrate the mechanistic impact of the
organic additive: the ZnO nanorod growth follows a diffu-
sion-limited Ostwald ripening mechanism in the absence of
PVP, whereas the PVP-assisted growth mechanism is more
complex and data fits suggest that both diffusion and surface
reactions play an important role.**”

Layered hydroxides (LHs) are closely related to oxide
nanomaterials and they can be further transformed into
nanostructures by intercalation processes.”’”! As these com-
pounds represent a new class of multifunctional materials
with oxide building blocks, detailed insights into their
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formation Kkinetics in solution are also relevant for related
oxide nanoparticles syntheses. The recent investigation of
anion-exchange reactions of layered a-cobalt hydroxides is a
representative example for the efficient combination of in situ
SAXS/WAXS with in situ EDXRD techniques.”* Inter-
estingly,  different host compounds, Co(OH), s
(DDS),,50.6H,0 and Co(OH), ,Cl,5-0.4H,0 (DDS = dode-
cylsulfate), vary with respect to the extent of carbonate
exchange and the resulting stacking, whereas the exchange
reaction kinetics of both follow a two-dimensional diffusion
controlled model.

3.5. In Situ Spectroscopy (IR, Raman, and UV/Vis)

In principle, the growth of nanoparticles can also be
monitored through in situ vibrational spectroscopy, especially
with IR and Raman methods. Although these strategies might
at first glance be favorable from a practical point of view, the
spectra obtained are often difficult to interpret with conven-
tional evaluation methods owing to pronounced peak over-
laps. Furthermore, spectroscopic methods frequently require
the use of organic solvents so that their application window is
considerably narrowed. Nevertheless, the following examples
demonstrate that insitu spectroscopy can prove highly
efficient in the investigation of selected synthetic processes,
such as nanoparticles formation in non-aqueous media.

The non-aqueous sol-gel synthesis of TiO, nanoparticles
from TiCl, in the presence of benzyl alcohol and ethanol was
tracked with insitu FTIR spectroscopy to correlate the
transformation of the organic reagents with the TiO, particle
growth (Figure 14¢).”*”! The observed reaction kinetics for
the formation of TiO, nanoparticles from benzyl alcohol
reveals that benzyl chloride and benzyl ether are formed as
organic side products and that the corresponding consump-
tion of ethyl- and ethoxy species could be fitted to first-order
kinetics. As a result, two parallel mechanisms with different
kinetics, namely alkyl halide elimination and ether elimina-
tion, could be assigned and their roles in the formation of
TiO, nanoparticles were discussed.

As the optical properties of nanoparticles strongly depend
on their size, the crystallization of spherical particles can be
studied with in situ UV/Vis methods through monitoring the
change in absorption edges.*® This indirect approach corre-
lates the absorption edge to the particle size, thereby
providing reliable data on the average size and size distribu-
tion of the growing nanocrystal assembly. However, the
method is strictly limited to spherical particles and it is
therefore not suitable for materials with anisotropic features.

Once more, examples for unusual insights obtained with
the help of in situ UV/Vis spectroscopy can be found in the
field of ZnO synthesis.?**?? Interestingly, insitu UV/Vis
studies on the formation of ZnO nanoparticles from zinc
acetate and NaOH in isopropanol showed that the observed
growth mechanism deviates from the widely accepted diffu-
sion-controlled coarsening process (Ostwald ripening).
Instead, an intermediate scenario between the two well-
defined limits of diffusion control and kinetics control could
be assigned and the capping role of Na* ions opens up further
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interesting perspectives for inherent morphology control
through reactants.

Another multidisciplinary study employing UV/Vis,
Raman, XAS, and 'HNMR spectroscopy illustrates the
various growth steps of ZnO nanocrystals from a special
organometallic precursor in different organic solvents
(Figure 15).%*! Three different regimes for nucleation and

4n H,0

Figure 15. Selective formation of ZnO (wurtzite) from the reaction of
the organometallic zinc oxo heterocubanes precursors with water.
Reprinted from Ref. [243], with permission. Copyright 2010 American
Chemical Society.

growth could be identified: in the nucleation-dominated
regime, the solvent type is the most influential factor, whereas
the particle growth is proportional to the precursor concen-
tration in the growth-dominated regime. At very low pre-
cursor concentrations the growth of ZnO nanocrystals is again
concentration dependent.

Note that the possibilities of in situ Raman spectroscopy
using visible and IR wavelengths are usually limited through
strong fluorescence interference that is caused by organic
solvents, impurities, and surface defect sites. The recent
development of UV Raman techniques is a promising
approach to diminish the fluorescence-related interference
and to enhance the signal intensity as well as the resulting
sensitivity.”®] As the formation mechanism of microporous
materials, such as AIPO-5% and zeolite X,***! under hydro-
thermal conditions has been successfully investigated, in situ
UV Raman is an up-coming powerful option to study the
mechanisms of oxide nanomaterials formation.

Generally, the field of insitu investigations has grown
rapidly over the past years and a large methodological arsenal
is now available to monitor the growth kinetics and nucleation
processes leading to the formation of nanomaterials. How-
ever, even this brief survey demonstrates clearly that the
insight into the crystallization mechanisms of oxide nano-
materials is still limited to selected systems. As a consequence,
further studies are required, especially on ternary and higher
oxides which have a potential to be tuned for technological
applications. From the technical point of view, there is still
plenty of room for improving the time resolution of in situ
methods. Furthermore, the combination of different monitor-
ing techniques will certainly play a major role in future studies
to obtain complementary insight into a reaction system and to
shed light on the growth processes from different analytical
angles. The selected examples demonstrate the tremendous
potential of insitu methods to derive general trends for
structure and morphology control on the nanoscale level.
Finally, all these efforts towards a “nano-toolbox concept”
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would be incomplete without the development of theoretical
models for nucleation and growth processes in different
reaction media. As this highly dynamic and interesting
research area is beyond the scope of the present Review, we
just want to conclude this part by directing the reader’s
attention towards the tremendous potential of synergies
between experimental and theoretical studies on nanomate-
rials growth, for example, in the task of modeling nucleation
processes in solution.[0-286-258]

4. Oxide Nanomaterials for Innovative Applications

After the survey of the synthetic and analytical aspects of
nanostructured oxide materials in the previous Sections, we
round off our Review by looking at their status in today’s
industrial developments. We have selected a few examples
from different technological fields (catalysis, sensors, and data
processing) that exemplify how tailoring oxide nanoparticles
paves the way to hitherto unexplored properties and appli-
cations beyond the well-known macroscopic features. These
examples illustrate how transforming oxides onto the nano-
scale opens up new applications that are important in industry
as well as in everyday life.

Although many useful nanotechnological strategies are
based on the downsizing of macroscopic applications to
nanoscale dimensions, the most exciting scope of nanotech-
nology is the discovery of fundamentally new properties in
thin films, nanowires, or nanoparticles. Furthermore, on
conversion into nanomaterials, many materials properties
undergo a significant change below a critical size limit, these
properties include mechanical plasticity,? "' phase-transi-
tion temperature,*>?*! electronic properties,”**”! and mag-
netic behavior.”*®! To date, these manifold empirical
observations are explained with a limited number of concepts,
such as the particle dimensions approaching the characteristic
length scale of the property under consideration: this may be
the minimal size of a dislocation loop for plasticity in metals
or the domain size in ferroelectric and ferromagnetic
materials. These effects can, for example, be impressively
observed for the transition from ferromagnetic to super-
paramagnetic behavior in particles that are sufficiently small
for thermal vibrations to overcome the energy gain from
ferromagnetic ordering so that the uniform spin orientation is
lost.?

Another established feature of nanomaterials is their
large amount of surface atoms, which, for particles below
10 nm, can easily be increased to several tens of atom % .
The resulting structural rearrangements frequently give rise
to a significantly enhanced reactivity of the material which
can be described using a core-shell model with different
properties for bulk and surface regions. A typical example of
this kind of size effect is the reduction of the glass transition
temperature in thin films of polymer glasses.”*”!
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4.1. Industrial Trends for the Production of Oxide Nanomaterials

Despite the tremendous progress in the development of
elaborate nanomaterials over the past years, their large-scale
industrial application and production are still mainly focused
on a selection of commercially relevant “classics”. In the
previous Sections, ZnO, TiO,, and SnO, were chosen as major
“example oxides” to outline recent progress on the laboratory
scale. The key market position of binary oxide nanomaterials
is evident from a recent survey of companies dealing with
nanomaterials in the UK. The main markets are in the US
(49 %) and in Europe (30%) with TiO,, iron and aluminum
oxides being the leading nanomaterials in terms of the
quantities manufactured. Another representative study on
nano-toxicology identifies iron oxide, ZnO, TiO,, and CeO, as
the most important materials.** Whereas ZnO and TiO,
nanoparticles find widespread applications in sunscreens
and photocatalysts, nanoscale iron oxides are applied for
separation purposes (see Section 4.2) and for pigment fabri-
cation. Small CeO, nanoparticles (<10nm) are useful
additives in Diesel fuels. In Switzerland, for example, these
trends are reflected in the following annual production
statistics for oxide nanomaterials in 2008: TiO, (435 t/a),
iron oxide (365 t/a), aluminum oxide (100 t/a, particle sizes
>100 nm), SiO, (75 t/a), and ZnO (70 t/a).”" Over the past
years, the major industrial applications for nanoparticles in
general remained in the areas of paints/coatings, cosmetics,
catalysts, and polymer composites. Nanocomposites are
frequently produced using nano-clay (the fraction of natural
clay with particle sizes below 100 nm) as a cheap filler and
additive for enhanced strength and resistance.’”! Concerning
more specialized processes, quantum dots for authentication,
magnetic storage media, and nanoporous batteries/sensors
are in the focus of industrial interest.

In the following, we demonstrate how nanoscale effects
offer new and convenient application concepts.

4.2. Magnetic Separation of Catalytic Nanoparticles

Despite the outstanding catalytic features of nanomate-
rials, their separation and regeneration from the products of a
given reaction can turn into a major technical challenge,
especially for the most reactive particles with dimensions
lower than 10 nm. It goes without saying that the fixation of
the nanoparticles on an inert carrier surface is not an efficient
solution to this problem. Although the removal of nanoscale
catalyst particles through filtration or centrifugation is a
better option, both processes are too tedious for industrial
production.F*

The fast and selective separation of particles through
magnetic separation is therefore being industrially imple-
mented on a wide scale, ranging from ore refinement to the
food industry (Figure 16a and b).F*

As magnetic separation can only be applied on materials
with appropriate ferromagnetism, many catalytically active
nanoparticles have to be coupled with magnetic cores for this
purpose. Furthermore, an unwanted influence of the magnetic
material is often minimized through a core—shell approach. To
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Figure 16. a) Image of an industrial-scale magnetic separator. The
magnet is located in the box suspended above the conveyor belt;

b) laboratory scale setup for magnetic separation (1.5 ml vessel); c) a
polycarbonate-infiltrated Bragg stack can be peeled off its glass
substrate and d) redeposited onto a Si wafer.’* Reproduced with
permission from The Royal Society of Chemistry.

minimize the side effects of particle growth and subsequent
agglomeration into multicore particles, the materials can be
functionalized with a stabilizing agent after synthesis (pepti-
zation). Despite the extensive use of magnetic separation in
biotechnology,**""! the number of magnetically separable
inorganic catalysts is still limited. One of the most straightfor-
ward examples is the use of magnetite (Fe;O,) nanocatalysts
to catalyze the protection of hydroxy groups with trimethyl-
silyl (TMS) groups.F%/

Magnetite and maghemite (y-Fe,O;) are easily accessible
and inexpensive so that they are most widely used for core—
shell approaches to magnetize other catalyst materials.”
Although the higher saturation magnetization of magnetite
makes it the material of choice at first glance, its rapid
oxidation into maghemite is a drawback that may further-
more be difficult to detect with X-ray diffraction meth-
0ds.P”2*I The direct contact of the catalyst material with the
magnetic core can be avoided with a thin layer of amorphous
silica or through coating with synthetic- and biopolymers as
common practice in biotechnology.*® For applications
involving inorganic catalysts, though, there are many points
which speak for amorphous silica as the separation material,
for example, its easy deposition from solution with controlled
layer thicknesses, the electrically insulating properties and the
presence of hydrophilic silanol groups on the materials
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surface as anchors for further functionalization.B'*3"!

Although silica-coated magnetic cores can also facilitate the
removal of homogeneous catalysts,*'* we focus on their use in
heterogeneous catalysis in the following.

As mentioned above, the many applications of TiO, in
white pigments (rutile modification) and as (photo)catalysts
(preferably anatase modification) make it an oxide nano-
material with key industrial significance.”' After the direct
combination of photocatalytic titania nanoparticles with
magnetic iron oxide cores was unsuccessful due to mutual
degradation,” the magnetic center was protected with
amorphous silica layers.®'”! Recently, the conventional sol-
gel/calcination approach for the coupling of TiO, to the silica-
coated magnetic cores was optimized in a very detailed study
on the direct deposition of titanium dioxide on insulated
magnetic nanoparticles.”'”) Whereas the conventional sol-gel
process yields multicore particles with a relatively low surface
area, a significant increase of the water content in the reaction
system led to the homogeneous nucleation of titania nano-
particles and to their subsequent heterocoagulation with the
silica coated magnetite particles. This formation mechanism
requires a careful adjustment of the pH value in the range
between 3 and 4 to ensure that the particle types carry
opposite charges (Figure 17). Although the as-synthesized
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Figure 17. Zeta-potential as a function of pH value for silica-coated
magnetite and titantia nanoparticles; the isoelectric points (IEPs) of
the particles are highlighted.®'”! Copyright, Springer Verlag, 2010.
Reprinted with permission.

crystalline anatase nanoparticles already display a good
adherence to the silica-coated magnetite particles, the com-
posite formation could be further improved through calcina-
tion at 250°C and above, with a negligible decrease of the
specific surface area.

The major advantage of the heterocoagulation strategy in
comparison with conventional routes is the resulting high
surface area of the magnetically functionalized titania cata-
lysts. This approach is expected to be applied to the
preparation of other magnetically separable catalyst sys-
tems—provided that the following requirements can be
fulfilled: a) a pH window of opposite surface charges of the
catalyst and the silica particles has to be established and
b) the composite particles should exhibit sufficient mechan-
ical stability under post-treatment, that is, minimal losses of
specific surface area. A two-step heterocoagulation process
with separate syntheses of the catalyst particles and the
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magnetic nanocores, followed by mixing at a suitable
pH value would certainly provide access to a variety of
magnetically separable heterogeneous nanocatalysts. Repre-
sentative examples of such catalysts are listed in Table 8.

Next, we switch from synthetic to analytic applications of
nanoscale oxides and we have selected the interdisciplinary
field of photonic crystals for this purpose.

Table 8: Core—shell nanoparticles for magnetically separable catalysts.

Catalytic material Special features Ref.
Fe;O, catalyzes the protection of hydroxy [308]
groups with TMS
Fe;O,@SiO, linked to a Ru-complex catalyst [374]
Fe;O,@TiO, photodegradation of core observed [316]
Fe;0,@SiO,@TiO, effect of precursor concentration, [317]
time and temperature investigated
NiFe,O0,@SiO,@TiO, reverse micelle technique [318]
Fe;0,@SiO,@Si0,:Ti used for H,0,-based selective oxidations [309]
Fe,0;@SiO,@Au gold NPs electrostatically attached, 319

conversion of CO into CO, tested

4.3. Inorganic Nanoparticles for One-Dimensional Photonic
Crystals

Photonic crystals are periodic arrays of light-scattering
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photonic crystals, also known as Bragg stacks or thin optical
filters, are constructed from periodic stacks of thin films of
two materials with different refractive indices.”"*'! A part of
each wave travelling from one material to the other is
reflected with the ratio of reflectance to transmittance
depending on the difference in refractive indices. Each 1D
photonic crystal has a characteristic photonic band gap that
prevents the passing of specific wavelengths so that they are
reflected instead (for a more detailed description of this
phenomenon see Refs. [320,321]). The wavelength of max-
imal reflectivity A, depends on the layer-thickness of the
stack [Eq. (1)]

ﬂ'max = Z(nldl + nhdh) (1)

where n is the refractive index and d the layer thickness of the
material with higher (#) and lower (/) refractive index,
respectively. Note that Equation (1) is only valid for light
waves perpendicular to the stack. When the angle of
incidence is inclined, 4,,,, is usually shifted to larger wave-
lengths as illustrated in Figure 18. The fraction of light with a
given wavelength that is actually reflected R furthermore
depends on the refractive index difference with the refractive
index of the substrate n, and the number of layers N in the
stack [Eq. (2)].F2

entities with a periodicity in the order of magnitude of the . _ (1 - Y)2 with ¥ — (@) My 2)
radiation wavelength under consideration. One-dimensional I+Y n s
1.0
a b chlorobenzene
a) RN b) toluene 1°2
08| ". ethylene glycol
isopropyl alcohol
3 water
§ 401 l:l‘
= 04 <
@
13
0.2
40.0
0.0 s i L 1 1 L L 1
0.6 0.7 0.8 0.9 10 11 12 13 14 15
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@ isopropyl alcohol lo2
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Figure 18. Left: a) and b) Bragg reflector with four double layers of TiO, and SiO, nanoparticles in air; c) and d) the same Bragg reflector
immersed in ethanol; note the angular dependency of the wavelength of maximal reflection.”” Right: a), b) Optical response of a Bragg reflector
with eight double layers of SiO, and TiO, nanoparticles in air (dotted line), water (blue), ethylene glycol (green), and chlorobenzene (red);

c),d) show a Bragg reflector with an optical defect (one of the SiO, layers in the middle of the stack is thicker than the others) that allows a more
accurate determination of the peak position.®! Reprinted from Refs. [323,324], with permission. Copyright 2010 American Chemical Society.
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As the opacity of powders and colloids is due to light
being scattered by the particles, they become transparent
when the particle sizes are considerably smaller than the
wavelength of the incident light. These principles also apply
for porous thin films with according particle size dimensions
so that they can be treated as homogeneous materials with an
effective refractive index.*?

The advantage of porous Bragg stacks is that the wave-
length of maximal reflection of the stack depends on the
refractive index of the pore content. This feature can be used
for sensor applications: for example, the wavelength shift of
organic solvents can be distinguished with Bragg stacks
consisting of less than ten layers of SiO, and TiO, nano-
particles (Figure 18, left; see also Table 9)P%3* as has

Table 9: Porous Bragg stacks for sensing applications.

G. R. Patzke et al.

be constructed by infiltrating the pores of nanoparticular
Bragg stacks with polymers. The resulting nanocomposite
reflectors can be applied to mechanically strained substrates
that cannot be combined with the inherently brittle ceramic
thin-film Bragg reflectors.’*3% This approach was recently
demonstrated for polycarbonate-infiltrated nanostructured
Bragg reflectors: they can even be lifted off their substrate
and be reapplied to a different surface (Figure 16 ¢ and d).”>
In summary, nanoparticle based one-dimensional pho-
tonic crystals provide the exciting option to translate changes
of the chemical environment within their pores into an easily
readable optical signal with tunable wavelength. Even though
transparent materials are an indispensable requirement for
the preparation of Bragg mirrors, the wide arsenal for their
construction, namely the many

combinations of oxide and other

inorganic nanoparticles, polymers,

Components Remarks Ref. and functionalized surfaces, opens
TiO, and SiO, sensor for organic solvents within the pores [323-325] up almost endless possibilities. The
TiO, Bragg stacks from a single material [329] resulting devices can be used as
(<.j|ﬁ‘ere.nt particle sizes) ) ) ) sensors for gases and compounds in
SiO,, TiO,, SnO,, SnO,:Sb construction of semiconducting Bragg stacks [327] . ..
TiO, increase of the efficiency of Gritzel cells [328] solution, for .dye-sensltlzed solar
(different particle sizes) using a porous Bragg stack cells, or as easily applicable Bragg
TiO, and SiO, surface fictionalization of pores for [336] mirrors for decoration.
more specific sensing Finally, we conclude this brief

TiO, and poly-HEMA swelling of poly-HEMA is used for [330] insight into the technological poten-

_ very sensitive water sensors tial of oxide nanomaterials with an
polymer infiltrated stacks Flexible Bragg reflectors [332-335)

outlook on their key role in the

recently been demonstrated for the correlation of the wave-
length shift to the partial pressure of toluene.’*! The
sensitivity of this sensor type can be furthermore enhanced
by “doping” the stack with a thicker layer to create allowed
states in the optical band gap that lead to a sharp indentation
within the broad reflection peak (Figure 18, right).[+32°

TiO, and SiO, are a perfect match for Bragg stacks owing
to their pronounced difference in refractive indices, as are
other oxide combinations: the replacement of the insulator
SiO, with pure or antimony-doped tin oxide (Sb:SnO,, ATO)
would open up the opportunity to create photoconductive
Bragg stacks that could, for example, enhance the efficiency
of dye-sensitized solar cells.”***?! However, porous Bragg
stacks often do not even require the use of two different
materials, because the periodic modulation of the refractive
index can alternatively be achieved through an according
modulation of the pore size.F*’)

The application potential of Bragg stacks as well as their
options for advanced functionalization can be amplified in
combination with organic molecules and polymers. The
swelling of the organic layers in hybrid Bragg stacks can
thus precisely indicate even minimum amounts of solvent
vapor while the inorganic layer serves as a high refractive
index material, as has been recently demonstrated for a Bragg
stack with TiO, and poly-HEMA (poly(hydroxyethylme-
thacryl acid) layers.”*” Likewise, the introduction of magnetic
cores within flexible polymeric shells would allow the
interlayer distance of such Bragg stacks to be influenced
with magnetic fields.”™! Finally, flexible Bragg reflectors can
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developing field of nano-magnetic
applications.

4.4. Magnetic Behavior of Oxidic Nanostructures

Over the past years, diluted magnetic semiconductors
(DMS) have attracted increasing research interest owing to
their high application potential in spintronics (“spin-transport
electronics”). The concept of spintronics is expected to
revolutionize data processing and light-emitting diode
(LED) technology and to bring forward ultra-fast optical
switches.

The most basic option to generate a spin-polarized current
is to pass a current through a ferromagnetic medium, for
example, to create a giant magnetoresistance (GMR)
device,3% and complex oxide materials (such as, mangan-
ites, double perovskites, spinel ferrites) offer an exceptionally
rich spectrum of electronic properties that can be widely
tuned for applications in the field of spintronics.**” In
principle, electrical spin injection can also be evoked by
passing a current through a metallic ferromagnet, but the
large impedance mismatch between ferromagnetic materials
and semiconductors renders the injection across metal-semi-
conductor interfaces rather inefficient. As intrinsically mag-
netic semiconductors are only applicable at temperatures well
below ambient conditions to date,**3*! the doping of classic
semiconductor materials was proposed as a strategy to
combine the properties of both materials types into dilute
magnetic semiconductors (DMSs) with Curie temperatures
(T.) above room temperature.*
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This effect has, for example, been reported for the doping
of TiO, with approximately 7 atom % Co, and other oxides
(e.g. ZnO or Sn0O,) were transformed into diluted magnetic
semiconductors through doping with Co or Mn, and even
undoped oxides have been reported to show the desired
properties.’* However, these findings have to be handled
with great care, because their reproducibility and their
theoretical background are still being controversially dis-
cussed.?*3*"l From the practical point of view, these doping
processes are extremely prone to artifacts, such as minimal
contaminations that may be unintentionally picked up during
the preparation (such as, dust or particles from tweezers or
pigments in marker-inks).#34

The ongoing debate about high T, ZnO-based DMSsP*!
illustrates the “important difference between a magnetic
semiconductor and a semiconductor that is magnetic”.? As
outlined in a recent critical Review, several methodological
pitfalls readily lead to the latter scenario so that the observed
magnetic behavior may in fact arise from magnetic secondary-
phase formation when the solid solubility limit of the dopant
is exceeded.’™ Defect formation then leads to impurity band
formation above some percolation threshold. Correlated
substitution effects also have to be carefully ruled out,
because they can significantly reduce the average moment
per dopant atom through mutual spin-vector cancellation in
antiferromagnetic pairs.’> Conventional powder-diffraction
techniques are incapable of detecting these subtle effects so
that a sophisticated combination of high-resolution XRD and
XAS techniques is indispensable to ensure the quality of
DMS materials. X-ray linear dichroism (XLD), namely
XANES investigations with linearly polarized X-rays, fur-
thermore helps to track the detailed environment of dopant
ions as has been shown for cobalt-doped ZnO epitaxial films
that turned out to be paramagnetic.”™ To prevent the
formation of secondary ferromagnetic phases, copper has
been proposed as the ideal dopant for inducing room-
temperature ferromagnetism (RTFM) in ZnO.**! In the
course of a recent study on RTFM in copper-doped ZnO
nanowires synthesized by chemical vapor deposition, the
ferromagnetic ordering of the as-grown samples was ascribed
to extrinsic sources (CuO nanoparticles) as well as intrinsic
ones (Zn,_,Cu,O nanowires) and their influences on the net
ferromagnetism were differentiated through follow-up
annealing experiments in Zn vapor and Zn/O, vapor,
respectively.®!]

A different strategy towards interface-related magnetism
has recently been developed for ZnO nanoparticles that were
covered with a self-assembled monolayer (SAM) of dodec-
anethiol or dodecylamine.’® The ferromagnetism-related
properties of the composites are explained with a charge-
transfer mechanism from ZnO to the organic molecules and
similar phenomena have been reported for thiolated SAMs
on gold surfaces.?>34

These examples illustrate the emergence of new oxide
properties on the nanoscale and it will be interesting to
investigate whether this charge-transfer magnetic effect can
be expanded to a wide spectrum of substrate materials,
including semiconductors (e.g. Si, Ge, GaAs...) and other
oxide materials. If so, the replacement of the organic SAMs
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with thermally and mechanically robust inorganic coatings
would be desirable to generate extremely thin magnetic layers
and nanoparticles for future nano-magnetic technologies.

5. Summary and Outlook

Although this Review of recent developments in the
synthesis and application of oxide nanomaterials can only
tentatively sketch the dimensions of this vast research field, it
is clear that the initial question raised in the introduction can
be answered in a positive manner: over the past rich and
intense “Seven Fat Years”, we have witnessed tremendous
synthetic, methodological, and technological progress in
oxide nanomaterials, with no limits in sight. Compared to
the 1990s, most of the manifold individual studies on nano-
scale oxides are now multidisciplinary and application-
oriented and the general trend is moving from fundamental
preparative explorations to in-depth studies that are focused
on straightforward production strategies and on future
technical implementations.

On the synthetic front, the classic solution-based tech-
niques, such as sol-gel and hydrothermal methods, have
become more and more differentiated and this preparative
repertoire for nano-oxides is now being enriched with
innovative approaches, such as microwave and ultrasound
techniques. In the coming years, these new individual
strategies might thus be combined into hybrid tailored
approaches that can be used to selectively prepare techno-
logically important complex nanoscale oxides with the
individually adapted techniques (MW, US, HT, IL techniques,
...) serving as preparative building blocks.

At present, most preparative activities are still directed at
the commercially relevant binary oxide nanomaterials, such
as TiO,, ZnO, SiO,, and iron oxides, but the art of complex
nanomaterials synthesis has already paved the way to multi-
component oxide nanocatalysts and to the phase- and
morphology-selective preparation of ternary oxide nanoma-
terials (e.g. nanostructured spinels, garnets, and perovskites).
Whereas template-directed nanomaterials synthesis has been
greatly emphasized during the pioneering years of the field,
templates are currently more and more replaced with “smart
solvents”, such as ionic liquids and physico-chemical strat-
egies of morphology control: the potential of cavitation and
“hot spot” phenomena occurring in ultrasound- and micro-
wave-assisted processes is just beginning to be explored in
depth.

Consequently, it has become difficult to keep track of all
these dynamic developments on the mechanistic level. How-
ever, insights into the nucleation and growth processes of
nanomaterials are indispensable to navigate a reaction system
through the “Bermuda triangle” of phase, composition, and
morphology control towards the desired nanostructured
oxide. This task becomes increasingly difficult when two or
more cations have to be organized into a single nanomaterial,
not to mention the further options for anionic substitutions to
generate, for example, oxyhalides or oxynitrides. Fortunately,
the arsenal of in situ methods for mechanistic studies has also
been expanded continuously over the past decade so that the
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accuracy and efficiency of the key insitu diffraction tech-
niques now permits the monitoring of important ternary oxide
formation processes in real time. In this way, the influence of
templates and reaction parameters on the phase and mor-
phology of the resulting oxide materials is being clarified for a
growing number of examples, so that the first trends for
general synthetic strategies appear on the horizon. Highly
specialized in situ XAS and SAXS/WAXS techniques fur-
thermore deliver key information about the onset and
timescale of nucleation processes and the subsequent inter-
play between different product phases has been modeled for
many processes on the basis of high-quality data. Hopefully,
these developments will widen the preparative “bottleneck”
of morphology control in ternary oxide materials.

Most importantly, the insights from insitu techniques
need to be exploited for the large-scale industrial production
of oxide nanomaterials, for which, synthetic robustness,
efficiency, and reliability are indispensable criteria that can
be profoundly met with mechanistic knowledge.

The new applications of oxide nanomaterials, for example,
in magnetically separable catalysts or optical gas sensors,
require the most precise control of the deposition, precip-
itation, and coagulation mechanisms. Only joint preparative,
mechanistic, and theoretical efforts can fully convert current
technologies down to the nano level. In principle, chemists are
now methodologically well equipped to make oxide nano-
technology work for the urgent and world-wide issues of the
21st century, especially the depletion of energy and water
sources. Intense interdisciplinary efforts will be required to
systemize the vast amount of empirical knowledge into
general and clear-cut guidelines for the rapid and flexible
design of new nanomaterials. Oxide nanomaterials are a
fascinating and multifaceted research area that keeps attract-
ing scientists and they bear a great responsibility to come up
with solutions for the problems of our next decades, such as
water splitting for hydrogen-based energy technologies, the
large-scale photocatalytic recycling of waste water, miniatur-
ized energy storage and harvesting of all kinds, or personal-
ized nanosensors for the detection of increasing health and
atmospheric hazards. In short, future research on functional
oxides should be committed to address the needs of our ever
growing society.
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