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ABSTRACT:

An impressive library of functional oxide nanomaterials is now available, encompassing
multicompartment nanoparticles and heterostructures in general that enable further tuning of
the properties. Nonetheless, the vast majority of these nano-objects is built on relatively
common oxides, easily synthesized at the nanoscale by chemical methods known since decades.
This range of nanoscaled oxides is narrow compared to the library of bulk oxides. Extending
the portfolio of oxide compositions at the nanoscale is mandatory to strengthen research efforts
on the role of the nanoscale on the properties, and on the emergence of new properties. This
chapter provides an overview of the synthesis techniques developed since few years to address
complex oxide nanomaterials, encompassing multicationic oxides, oxides of metals with
uncommon oxidation states, and new oxide crystal structures accessible only at the nanoscale.
For each case, we illustrate the relevance of targeting such complex oxides by discussing their

specific properties.
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1. Introduction



Metal oxides encompass a very large family of solids reported in structural databases. This
extreme versatility in compositions and structures yields a wide range of properties. These
properties are very often combined to stability under ambient atmosphere to set the foundations
for an extended range of applications. While the family of bulk oxides is still expending,

nanoscaling offers an additional dimension to tune or to discover properties.

The relevance of nanostructuration for oxides is demonstrated by many application fields
pertaining to nanoparticles like e.g. nanomedicine,[1] catalysis,[2] energy conversion and
storage.[3] It is also well exemplified by the field of oxide epitaxial thin films. Indeed, planar
deposition techniques offer a mature and versatile toolbox to deposit various oxide films and
assess the role of nanoscale dimensions on magnetotransport and magnetism.[4] It is also
providing interesting models to study the mechanisms of catalytic and electrocatalytic[5—7]
reactions over oxides, including the structural and chemical modifications occurring at the
oxide surface during these reactions. Epitaxial thin film deposition can also be used to finely
tune the structural features of the oxide film. For instance, the strain can be adjusted by lattice
mismatch with the substrate and the nanoscale thickness as well as the interface can be used to
stabilize compositions that are very difficult to isolate otherwise or even not reported at the bulk

scale.[8—10]

Nano-objects as nanoparticles, nanowires and 2D materials offer other possibilities than
epitaxial thin films: adjusting the dimensionality enables probing the effect of nanoscale sizes
on properties such as surface plasmon resonance,[11] and developing free-standing nano-
objects that can be suspended in liquids opens the way to processing by using the nano-objects
as building blocks of larger structures.[12] Growth of epitaxial thin films of complex structures
and compounds, like many multicationic oxides, is well controlled because the conditions of
pressure, temperature and strain conditions enable the growth on well-chosen substrates that act

as seeds, thus limiting the energy input required for the nucleation of the compounds, which is
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typically achieved for bulk oxides by solid-state reactions above 1000 °C. The synthesis of free-
standing nano-objects of such compounds becomes a challenging task as we cannot benefit
from the advantages of epitaxial substrates. This may be one of the reasons why the range of
oxides reported as nano-objects is very limited compared to the wide compositional and
structural range of bulk oxides. Especially, most works on nano-objects have focused on crystal
structures achievable at low temperature, and/or on simple compositions, especially single
cation oxides. The other oxides, which may be qualified as “complex” in terms of structure
and/or composition, have mostly been left aside. As many bulk complex oxides or oxide thin
films show unique magnetic, electronic or spin properties, it is of utmost fundamental, if not
applied, interest to assess how these properties can be impacted by decreasing dimensionality

in nano-objects.

Achieving the synthesis of nano-objects of oxides that have been only reported in the
bulk state or as thin films calls for the use of advanced synthesis methods that can yield free-
standing nano-objects. Last years have seen a tremendous boost in this effort. Techniques that
could have been considered as traditional, such as the sol-gel process, aqueous precipitation
and colloidal syntheses in organic solvents have been revisited to be applied to nanomaterials
pertaining to the family of complex oxides, while new approaches, including high temperature
inorganic solvents and dedicated solid-state reactions have been developed to reach new oxides
at the nanoscale. In this chapter, we aim at providing an overview of such recent advances, with
an emphasis on new or revisited synthesis approaches and on the link between the targeted

compounds and the chosen synthesis conditions.

We use three large case studies: multicationic oxides, oxides of titanium and tungsten
bearing uncommon metal oxidation state or crystal structure, and crystal structures that have
been discovered only in nano-objects. By addressing these wide families of solids, we deal with

specific synthetic questions: how to obtain controlled nano-objects with low cost and



environmentally friendly aqueous media? What strategies, relying on crystal structure
relationships, can we use to target solids bearing transition metal oxidation states poorly stable
in aqueous or organic media? How to drive reaction pathways towards unexplored areas of
composition and structure maps? We will mostly show that answers to these questions can be
found by reinvestigating aqueous precipitation processes, colloidal chemistry in organic
solvents, the coupling of the sol-gel process with high temperature treatments and hard
templating, as well as the exploration of molten salts as high temperature liquid media. We will
discuss the underlying mechanisms, that encompass dissolution-recrystallization but also a
range of reactions within nano-objects, including topotactic transformations by cation

exchange, exfoliation, and reduction.



2. Multicationic oxides
2.1 Layered oxide-based materials

Two-dimensional oxides have attracted considerable attention in the last years owing to
the properties derived from their layered structures. The capacity to store and/or to exchange
species in the interlayer space, as well as the high accessibility to the catalytic active centers,
make them interesting in energy storage and catalytic applications.[13,14] We choose herein
two illustrative examples of layered oxides with simple composition: nickel and cobalt
hydroxides. Solids derived from both elements are disclosed later with the aim of searching
more advanced materials with multicationic compositions.

Layered nickelates show several structures that can be obtained as a function of the
nickel oxidation state as well as of the synthesis conditions. a-Ni(OH), is a kinetic reaction
intermediate obtained by precipitating Ni** in basic aqueous solution, commonly NaOH or NH3.
This polymorph evolves to most stable 3-Ni(OH), by aging in aqueous media or heating in
basic conditions.[15]

Both a-Ni(OH), and -Ni(OH) are composed of Ni(OH): layers. In a-Ni(OH),, water
or intercalated ions are located between these layers while no space is available in B-Ni(OH)2
for accommoding these species.[15] Doping the layers with other elements, such as trivalent
aluminum, has increased the o—polymorph stability.[16] In this case, the positive charge
introduced in the layers is compensated by the interlayer anions that remain strongly bonded.
Likewise, the ability to intercalate cations in the interlayer space is of high interest for the
electrochemical properties of a-Ni(OH), as positive electrode in alkaline batteries[17] or
electrocatalyst for the oxygen evolution reaction (OER).[18,19] Indeed, the substitution of
nickel with small amounts of iron, incorporated on purpose or from an impurity in the
electrolyte, produces one of the most active materials for the OER.[19,20] Additionally,

ultrathin Ni(0)-embedded o-Ni(OH). heterostructured nanosheets obtained by solvothermal



synthesis have shown remarkable activity in hydrogen evolution reaction (HER) and OER
electrocatalysis.[21] These performances have been shown to arise from the Ni(0)-Ni(II) active
interface and the Ni(Il) defects respectively, making Ni(0)/a-Ni(OH) heterostructures highly
interesting as durable and precious metal-free electrocatalysts for water splitting.[21]

Oxyhydroxides of Ni(III) can be obtained by precipitating a nickel(II) salt in basic and
oxidizing conditions.[22] B-NiOOH and y-NiOOH polymorphs are common positive electrodes
of alkaline batteries through the redox couples B-NiOOH/B-Ni(OH), and y-NiOOH/y-Ni(OH)z,
respectively.[23]

Inspired by methodologies of metal-organic frameworks (MOF) crystallization, a one-
pot synthesis of single-layered metal-organic nanoribbons built from nickel-oxo octahedral
clusters was accomplished.[24] For this purpose, alkyl benzene monocarboxylate was used
instead of rigid arylic dicarboxylate linkers used for MOFs growth. The flexibility of the alkyl
chain prevents conventional 3D growth, the monocarboxylate moieties acting as molecular
spacers, pointing towards opposite directions. The inorganic clusters are bifunctionalized,
which so that the four equatorial positions of the octahedral clusters can undergo condensation.
This produces consecutive edge-sharing NiO4(OH)z octahedra, forming inorganic chains which
are separated by alkyl benzene monocarboxylate ligands at both sides of the inorganic nodes
(Figure 1a). The inter-cluster separation can be controlled by modifying the length of the
molecular spacer. Post-synthesis treatment in non-polar solvents allows the expansion of the
ribbons, then the dispersion, and the exfoliation of the metal-organic 1D chains. These lamellar
hybrid materials can be used to store and release in a controlled fashion non-polar active drugs

such as semiochemicals (Figure 1b).
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Figure 1. (a) Synthesis of layered NiO¢-based hybrid materials obtained after condensation and
then after further exfoliation in apolar solvents and (b) Kinetics of the residual pheromone (3-
(S)-methyl-6-(R,S)-isopropenyl-9-decenyl acetate) in the layered NiOs-based hybrid material
(Ni-ITQ.HB) and 3D DUT-8(Ni) MOF. Source: adapted from Moreno et al. [25] with

permission of Wiley-VCH Verlag GmbH & Co. KGaA.

As for nickel, cobalt hydroxides exhibits two polymorphs: a-Co(OH); and 3-Co(OH)s.
Layered cobalt oxyhydroxides show significant deviations to stoichiometry that drive various
behaviors. For instance, the spontaneous transformation of a-Co(OH); to more stable -
Co(OH), can be hindered by introducing exchangeable anions in the interlayer space that
compensate the positive charge of the Co(OH),.. layers.[26] Higher oxidation state phases
related to a-Co(OH)> and B-Co(OH)> show also various conduction behaviors. Especially, 3-

CoOOH is insulating while y-CoOOH is semi-metallic thanks to the presence of higher amounts



of tetravalent cobalt that is concomitant to non-stoichiometry in the form of e.g. -
HxCo00..[27,28] The synthesis of cobalt oxyhydroxides is usually performed by treating cobalt
(IT) hydroxides under oxidizing conditions, indeed 3-Co(OH); and a-Co(OH), evolve through
topochemical transformations to B-CoOOH[29,30] and y-CoOOH[28], respectively. The
transformation of B-Co(OH). to y-CoOOH does not occur, unlike in the nickel hydroxides to
oxyhydroxides transformations, probably because of the difference in iono-covalence of the M-
O bond.[28]

Mixed nickel-cobalt oxyhydroxides have been synthesized with interesting capacities
and electrocatalytic properties.[30-34] B-Nio.g90Coo.11(OH), platelets of 20-30 nm diameter
obtained by coprecipitation with ammonia show higher capacities compared to the cobalt-free

materials as positive electrodes in Ni-based rechargeable batteries.[31]
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Figure 2. (a) FESEM image of Ni-Co oxide hierarchical nanosheets NCO-HNSs, (b) Linear
sweep voltammetry cycles (LSVs) in OER conditions in basic media of NCO-HNSs, Co0304
and Ni-Co oxide nanorods (Co304-NRs and NCO-NRs respectively), (¢) TEM micrograph of
amorphous Ni-Co hydroxide nanocages, (d) OER LSVs of amorphous Ni-Co hydroxide
nanocages with several Ni:Co ratios, (¢) SEM and TEM image of amorphous a-nickel-cobalt
hydroxide nanodendrite forests. The inset shows the superaerophobic behavior of the material
and (f) its corresponding cyclic voltammetry (CV) before (10 cycles) and after (1000 cycles)
the accelerated stability test. Source: adapted from (a) Wang et al. [32], (b) Nai et al. [33] with
permissions of Wiley-VCH Verlag GmbH & Co. KGaA and (c) Balram et. al [34] with

permission of American Chemical Society, Copyright 2017.
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Hierarchically structured mixed nickel-cobalt hydroxides have shown better
performances than their non-structured counterparts in OER. Ni-Co (Co/Ni ratio 1/1) layered
double hydroxides hierarchically composed by primary (smaller) and secondary (bigger)
nanosheets (Figure 2a) obtained hydrothermally by urea hydrolysis, evolves to Ni-Co spinel
through topotactic transformation by calcination. This Ni-Co oxide hierarchical nanosheets
(NCO-HNSs) promotes more efficiently the OER in basic media compared to Co304 and Ni-
Co oxide nanorods (Co304-NRs and NCO-NRs respectively) (Figure 2b). This activity
enhancement arises by the synergy between the large surface area provided by the 3D
hierarchical structure and the promotion of the formation of nickel oxyhydroxide on the surface
that acts as OER electrocatalytic active species.[32]. Amorphous Ni-Co hydroxide nanocages
with tunable composition (Figure 2c¢), synthesized using Cu,0 as template, also combine the
high accessibility of the reagent with catalyst stability under operando conditions in OER in
basic conditions, providing highly active an stable electrocatalyst (Figure 2d).[33] O2 bubbles
formation on electrode surface during OER can hamper the electrolyte-catalyst contact, thus
decreasing the catalytic activity. To overcome this limitation, electrodeposited “forests” of
amorphous a-nickel-cobalt hydroxide nanodendrites (Figure 2e) have been developed to
exhibit superhydrophilicity and ensure excellent contact between the electrode material and the
electrolyte and then to provide the catalyst with high activity and durability in OER
(Figure 2f).[34]

In the search for further tuning of electrocatalytic properties, widening of the
composition range of Ni-Co mixed layered compounds has been searched for. Nano-objects are
ideal platforms for such a study because they accommodate larger strains than bulk materials.
Hence, they might enable spanning a wide substitution range in Nag.cCoO;-based Ni-Co mixed
oxides. NaosNig.5C00.502 nanoflakes of 2-10 nm basal face and 1.5-3 nm thickness have been

obtained through topotactic transformation starting from B-CoOOH and exchanging H" by Na*
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under soft conditions at 120 °C (Figure 3a-b). Decreasing the particle size to this level allows
surpassing the Ni solubility level achieved in the bulk state (Ni:Co 0.1:0.9 ratio).[35,36] The
large surface area and the ability to preserve cobalt in high oxidation state (Co**/Co*") makes

these materials highly active and stable in in OER (Figure 3c-d).[37]
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Figure 3. (a) HRTEM and (b) atomically resolved STEM images of Nag.¢Nio.3C00.702, (¢) CVs
in OER conditions of sodium layered Ni-Co oxides with several compositions and
morphologies, compared to reference bulk BagsSrosCoosFeo203 (BSCF bluk) and (d)
chronopotentiometry curves at current density 5 mA-cm 2. Source: adapted from Azor et al.

[37] with permissions of American Chemical Society, Copyright 2018.
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Exfoliation of layered materials is also a good strategy for obtaining high-aspect-ratio
nanosheets with high surface area, ideal for applications where the active surface plays a key
role. A general strategy consists in a first proton exchange of the interlayer specie followed by
amine intercalation. Successive intercalation of larger amines allows decreasing the interaction
between layers and splitting them apart in colloidal suspensions. This approach has been
successfully applied for lepidocrocite layered titanates,[38] protonated Ruddlesden-Popper
phases,[39] layered manganates,[40] Aurivillius phase tantalates,[24] etc. Microwave heating
fasten the exchange and intercalation steps[24] while selective centrifugation at different speeds
allows the isolation of nanosheets with different levels of agglomeration.[41]

Layered Mn;xCoxO> (x = 0.2-0.25) nanosheets have been synthesized following this
exfoliation strategy.[42] Nao.sMn;xCoxO2 was acid-exchanged and then exfoliated with tetra-
n-butylammonium cations yielding single-layer Mn;xCoxO> nanosheets with 0.8 nm of
thickness. Compared to other layered manganese and cobalt-based oxides obtained through
bottom-up approaches, the material obtained by exfoliation shows larger lateral size and higher
crystallinity, which is beneficial for electrochemical devices application. Indeed, these
exfoliated nanosheets showed improved cycle performance compared to MnO> and higher
capacitance than Mn;xRuxO> nanosheets in Li-ion batteries.

In this part, Ni and Co oxides have been discussed as illustrative examples of layered
materials. Even showing simple composition, the corresponding hydroxides shows rich variety
of structures obtained through control of the basic and oxidation-reduction synthesis conditions.
Also, the versatility of organic moieties, such as monocarboxylates, allows the production of
single-layered metal organic nickel oxide nanoribbons. Good control over morphology of the
mixed Ni-Co hydroxides has been accomplished in aqueous synthesis conditions, with great
implications in electrocatalytic applications. Finally, the more challenging synthesis of layered

materials with complex compositions is illustrated with materials obtained through soft cation
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exchange or chemical exfoliation. The synthesis of these materials at the nanoscale enlarges the

chemical composition in a range not achievable in the bulk state.

2.2 Oxidation states stables in organic media: the case of perovskites

BaTiOs; is one of the most important perovskites because of its piezoelectric,
ferroelectric and dielectric properties, which yield important applications in electro-ceramics
and materials for optics.[43,44] The synthesis of BaTiO3 by liquid-phase methods has allowed
producing small and discrete nano-objects with different ferroelectric and dielectric properties
compared to the bulk state, which depends on the crystal size.[44]

The first range of methods is aqueous-phase syntheses. Especially hydrothermal
synthesis of BaTiOs3 is well known and the reaction mechanisms and kinetics have been deeply
studied.[45—47] A barium precursor (BaCl, or Ba(OH);) and TiO> (usually amorphous or
anatase polymorph) are mixed in a basic aqueous solution and heated under hydrothermal
conditions, typically at 80-200 °C. Two synthesis pathways have been identified (Figure 4):
in situ transformation and dissolution-reprecipitation. During in situ transformation, dissolved
barium species react with suspended TiO: particles, forming a shell of BaTiOs;. Then Ba**
diffuses through the particle until TiO has completely reacted (Figure 4a). In the dissolution-
reprecipitation pathway, BaTiOs crystallization goes through dissolution of TiO,, formation of
titanium and barium species that undergo condensation yielding homogeneous nucleation of

the titanate or its heterogeneous nucleation at the surface of remaining TiO> (Figure 4b).[47]
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Figure 4. Hydrothermal crystallization mechanisms proposed for barium titanate: (a) in situ
transformation and (b) dissolution-reprecipitation pathway where homogeneous nucleation
occurs in the solution or heterogeneous nucleation occurs on TiO;. Source: adapted from

Modeshia et al. [45] with permissions of Royal Society of Chemistry.

The high versatility of hydrothermal synthesis allows the design of nanostructures with
controlled morphology such as ultrathin nanowires [48] or nanotubes.[49] On one side,
nanowires with high aspect ratio (more than 1300) and a diameter of less than 10 nm (Figure
Sa-d) were synthesized using titanium alkoxide and barium hydroxide precursors dissolved in
a basic aqueous-ethanol solution of polyethylene glycol and treated under hydrothermal
conditions. The nanowires formation occurs through a combination of Ostwald ripening and
cation exchange. Under solvothermal conditions, terbutyl titanate reacts with KOH producing
K,TigO17 intermediate. Then, potassium is exchanged by barium species in solution. On the
other side, hydrothermal treatment of H>TiO3 exchanges H" with barium species in an aqueous-
ethanol solution producing BaTiOs; nanotubes.[49] Both materials show high microwave
radiation absorption.[48,49]

The stability of Ba?" and Ti*" species allows the synthesis of BaTiOs in organic solvents,

which provide access to a wide range of surface binding molecules — solvent or ligands — to
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control the particle size and shape. Organic solvents also enable the use of alternative soluble
precursors compared to aqueous media, especially single source barium-titanium alkoxides.[50]
8 nm barium titanate nanoparticles with narrow size distribution could be readily obtained from
such a single source precursor dissolved in diphenyl ether in the presence of oleic acid. The
injection of hydrogen peroxide followed by heating at 100 °C over 48 h was used to trigger the
decomposition of the single source complex (Figure Se-f). By increasing or decreasing the
alkoxide/oleic acid ratio, the particle size could be tuned from 10 to 5 nm respectively.[50]
Likewise, thermal decomposition of barium-titanium isopropoxide in heptadecane and in the
presence of H»O» yielded single crystalline barium titanate nanorods.[51] Solvothermal
synthesis in a water-butanol mixture in basic conditions and in the presence of oleic acid also
produced well faceted barium titanate cubes easily dispersable in nonpolar solvents.[52]

The high versatility of the benzyl alcohol solvent route was also instrumental in
developing highly dispersible BaTiO3 nanoparticles of 6 nm diameter (Figure Sg-h).[53,54]
The synthesis mechanism involves Ti-O-Ti bridge formation via C-C coupling between
isopropoxyl ligands and benzyl alcohol which produces 4-phenyl-2-butanol.[54] In such routes,
benzyl alcohol plays the role of solvent, reagent and surface ligand (or precursor of surface
ligand). Hence, the approach offers a very simple path by limiting the number of partners to

introduce in the reaction medium.
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Figure 5. Electron microscopy images and selected area electron diffraction (SAED) of BaTiO3
(a-d) ultrathin nanowires, nanoparticles obtained in (e-f) diphenylether and oleic acid and (g-h)
benzyl alcohol synthesis. Source: adapted from (a-d) Yang et al. [48], Copyright 2013, (e-f)

from O’Brien et al. [50], Copyright 2001 and (g-h) from Niederberger et al. [54], Copyright

2004, with permission of American Chemical Society.

Inorganic molten salts have also been employed to enable the production of well-
crystallized barium titanate with several morphologies and controlled particle size. The
synthesis of nanowires was first reported by using barium oxalate and anatase TiO; in molten

NaCl with nonylphenyl ether additive as ligand. By treating this mixture at high temperature
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(820 °C), single-crystalline nanowires of ~50-80 nm diameter and 1.5-10 pm length were
obtained.[55] One may however raise the question of the role of the organic ether molecule that
is decomposed at the temperature of synthesis. The local temperature raise coming from ether
combustion could favor the reaction. Hence, ligand-free synthesis of BaTiO3 was performed in
an equimolar NaCl:KCl mixture, again from barium oxalate and anatase. After treating the
medium at 950 °C, BaTiO3 nanostrips were obtained.[56] Barium titanate nanostructures with
controlled morphology have been described by starting from TiO, with different nanoscale
morphologies and by varying the nature of the Ba®" precursor.[57] When spherical or rod-
shaped TiO; reacted with BaCOj3 in NaCl:KCl eutectic mixture at 700 °C, the morphology of
the titanium precursor was preserved. On the other side when rod-shaped TiO» were reacted in
the same conditions with BaO, cube-shaped BaTiOs particles were produced. The authors
suggest that the difference in the morphology of the resulting powders arises from the difference
in barium precursor solubility. BaCO3 may be more soluble in the reaction media than TiO»,
thus directing the synthesis through in situ transformation that results in an isomorphic
transformation of the particles, keeping the morphology of the less soluble component. On the
other side the lower solubility of BaO, closer to TiO, gives the chance to break rod-shaped
TiO; in several fragments before reaction with Ba?" species, thus producing the particles with
cubic morphology. Using the same synthesis protocol in the NaCl:KCl eutectic mixture from
BaCO3, BaTiOs particles with controllable size were obtained as a function of the thermal
treatment (600-1000 °C): the higher the temperature the larger is the particle size.[58] Well-
faceted barium titanate nanocubes of 30-50 nm were obtained in softer conditions (200 °C) by
using more reactive solvent and barium precursors (NaOH and BaCl,, respectively) and
reacting them with Ti0,.[59]

This section has shown with the case study of BaTiOs that the synthesis protocols to

reach nanostructures of multicationic oxides with common and stable metal oxidation states
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span a wide range of reaction media. The stability of the aforementioned cations enables the
use of different reaction media for liquid-phase synthesis. If aqueous media rely on
environmentally friendly protocols, organic solvents provide the ability to further tune
nucleation and growth pathways, especially by enabling the use of a wide range of surface
stabilizing species, solvent molecules or ligands. These species enable facile control of particle
size and colloidal stability, and can drive growth of anisotropic shapes. If organic species cannot
be used in high temperature inorganic molten salts, the latter however enable to a certain extent
the control of particle faceting and shape, for instance by tuning the relative solubility of the
reagents. Nonetheless, inorganic molten salts become an essential tool when one focuses on

oxides bearing high oxidation state metal cations, which are not stable in organic media.

2.3 Oxidation states poorly stables in organic media: the case of perovskites

Organic solvents hold reductive properties that are not compatible with obtaining high
oxidation state metal cations. This is especially the case of oxide perovskites bearing Bi*" and
Mn*" cations: bismuth-based ferrates and manganates perovskites.

BiFeOs; is an important multiferroic material, showing both ferroelectric and
ferromagnetic properties at room temperature. These properties raise interest in memory
devices, spintronics and sensors.[60—62] BiFeO; also exhibits interesting properties in
photocatalysis. BiFeOs has been obtained through the Pechini process, by using tartaric acid as
a complexing agent in an aqueous acid solution of bismuth (III) and iron (II) nitrates.[63] The
resulting gel is then calcined under air. When citric acid is used instead of tartaric acid, BiFeO3
is the minor phase accompanied by single cation iron and bismuth oxides as well as other
bismuth ferrates. The authors suggest that the difference in phase selectivity arises from the
ability of tartaric acid to form a heterometallic polynuclear polymeric network, which ensures

a homogeneous mixture of the cations. Upon decomposition, this homogeneous gel yields the
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targeted phase. On the other side, citric acid forms dimeric bismuth complexes avoiding the
formation of Bi-Fe heteronuclear complexes and thus yielding single-metal oxides. Similar
approaches in the presence of ethylene glycol[61,62] produces BiFeOs; nanoparticles because
of the ability of ethylene glycol to crosslink the gel and to enhance the homogeneity of the
cationic distribution. The particle size can be tuned with the calcination temperature.

Phase selectivity in the bismuth ferrate system has been accomplished under
hydrothermal conditions. BiioFeo.63018.945, Bi2Fe4O9 and BiFeOs micro and nanoparticles have
been obtained with tunable morphology by adjusting the precursor ratio, the pH conditions or
by adding H,02.[64] Equimolar Bi**:Fe*" starting solution in moderate basic (pH 8-12) media
treated under hydrothermal conditions yields sillenite-type compound Bii2Feos3018.945
accompanied with Fe(OH)3 that is easily removed by washing. Harsher conditions (pH 14,
higher temperature (200 °C) and H»>O> addition) equalize cation reactivity allowing the
incorporation of both Bi** and Fe’" in the same structure and yielding pure BiFeO;. Similar
results are obtained when starting with Bi*":Fe*" 1:2 ratio in harsh conditions to produce pure
BixFesO9 without the need of adding H»>O».

Phase and size control have also been achieved by the addition of several mineralizers
in the reaction media under hydrothermal basic conditions. Then, pure BiFeOs, Bio2Fe4sO9 and
Bii2(BiosFeos)Oi9s can be isolated by adding K*, Na* and Li", respectively.[65] Reactant
solubility differences depending on the counter cation of the mineralizer could lead to
differences in the dissolution-crystallization pathway, guiding the phase selectivity. On the
other side, smaller particles are obtained when the mineralizer concentration is increased.
Higher ionic strength may favor the nucleation at the expense of the particle growth.[65,66]
Changing conventional heating by microwave-assisted heating yields well faceted BiFeOs
cubes of 50-200 nm.[67] Sonochemical synthesis is also convenient for the selective synthesis

of 25-30 nm BiFeOs; cubes, allowing doping of the structure with other elements such as
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Sc**.[60] Molten salts have also produced BiFeOs particles, but sizes could not be downscaled
below the submicron scale.[68,69]

Besides bismuth, manganese also holds oxidation states not stable in organic media,
especially Mn*". Mn*" is often met in functional manganese oxide-based materials, so that its
controlled incorporation in oxide nanostructures is of utmost important to control properties of
catalysis,[ 70] electrocatalysis,[71,72] and magnetic properties.[73] Some attempts have been
performed under solvothermal conditions, but they all required an additional calcination step at
high temperature in order to crystallize Mn**-based compounds.[74,75]

In order to reach Mn*'-based oxides through one-step liquid-phase synthesis,
comproportionation of permanganate Mn(VII) and Mn(Il) salts in water between room
temperature and 250 °C has been proved as an efficient pathway.[76] This approach has been
especially explored to synthesize rare-earth and alkali-earth manganite perovskites Lni.
xAxMnOs.s (Ln= lanthanide, A = alkali-earth metal cation and 6 < 0.1 ). The Mn(VII)/Mn(II)
reagents ratio guides the final manganese oxidation state in the perovskite, and enables avoiding
impurities.[45] Some studies suggest that the synthesis through aqueous-phase
comproportionation at low temperature (<300°C) with half-doped A site, is only
thermodynamically possible with compositions corresponding to a Goldschmidt tolerance
factor close to 1 and an A-site variance (cation disorder) closest to zero.[45,77] Other
approaches able to work at high temperature for triggering perovskite crystallization, should
overcome this limitation in the synthesis of perovskite at nanoscale.

The sol-gel process permits the synthesis of films,[78] ordered meso-/macro-
structures,[79] and nanoparticles,[80—82] thus allowing the production of materials with
relative high surface area and enhanced electrocatalytic activity, eg. in oxygen reduction
reaction (ORR). Through a related approach, poly(methylmethacrylate) colloidal crystal

templates have been used to produce three-dimensionally ordered macroporous LaMnO3 with
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a surface area of ~20 m? g!. Good performances have been recorded in ORR
electrocatalysis.[79]

Solid-state gelation has been developed recently to increase the surface area of LaMnOx
aerogel up to 74 m? g'.[82] Preformed amorphous lanthanum oxide/Mn3;Os (core/shell)
nanoparticles of 10 nm are deposited on carbon. Carbon acts as a continuous phase matrix
promoting the gelation of the reaction medium. It is then removed upon further calcination, thus
yielding a perovskite-aerogel formation. The resulting material shows high mass-normalized
activity in ORR thanks to the high surface area achieved. This methodology has been extended
to other perovskites compositions using various metal salts as precursors. Hence, LaFeQOs3,
LaNiOs;, LaCoQOs, LagsSrosCo0Os, and LagsSrosCoosFeosOs could be obtained as
nanostructured materials.

Synthesis in molten salts is a very interesting synthesis strategy to combine the
advantages of the two above-mentioned strategies: on-step synthesis and high surface area of
the resulting materials. The approach has been used to produce single crystal nano-objects with
high crystallinity, controlled morphology and particle size. 20 nm Lag.¢7S1r033MnO3 well-
faceted nanocubes were obtained using nitrate precursors and KNO3 as solvent (Figure 6a-b).
This nanomaterial shows large magnetoresistance at low temperatures. This behavior has been
shown to arise from a 0.8 nm thick surface layer where manganese is partially reduced to a
mixed Mn**/Mn*" perovskite layer due to oxygen vacancies, independently of the spin
polarization of the ferromagnetic core with the right oxidation state (Figure 6c-d).[ 73] The high
crystallinity mimicking epitaxial thin films, the surface free of any organic ligands that could
hinder charge transfer, and the relatively large surface area (36 m? g'!) provide Lao 67S1033MnOs3
nanocrystals with high electrocatalytic activity and remarkable stability in ORR (Figure

7¢).[72]
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Figure 6. Laoe7Sr033MnO3 nanocubes obtained through the molten salts method (a) low
magnification TEM and (b) STEM-HAADF images (c) magnetization curves at several
temperatures and (d) decomposition of the magnetic signal. Inset: scheme of a core-shell
nanocube, with well aligned core magnetic moments. Source: adapted from Thi N’Goc et al.

[73] with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

The high versatility of molten salts synthesis allows tuning the composition of well-faceted
nanocubes, thus yielding not only Lags7Sr033MnO3, but also Lags7Cao3sMnO3 or
Lao.33Pr0.33Ca03Mn0s.[83] The phase selectivity could also be changed by adjusting the metal
reagent ratio and by increasing the oxo-basicity of the molten salt used as solvent. Therefore,
nanoparticles of the layered perovskite Ruddlesden-Popper phase LaosSrisMnOs could be
synthesized in NaNO,. The high oxo-basicity of NaNO results in high amounts of O* released
in the liquid medium, allowing the synthesis of the oxygen-rich LaosSr1sMnO4 phase at the
nanoscale for the first time.[72] This strategy was also successfully applied to the synthesis of

Sr-La-Ni perovskites. The high reactivity of nitrites compared to nitrates allows the synthesis
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of well faceted LaNiO3 nanoparticles at lower temperature (200 °C) as well as the synthesis of
La;NiO4 and LaSrNiOs4 layered perovskite Ruddlesden-Popper nanoparticles.[84] The
synthetic descriptors inferred in these works highlight the importance of the transition metal
oxidation state, which governs the perovskite formation. The synthesis mechanism is directed
by the reaction temperature: at low temperature topochemical transformation is preferred while
at high temperature the energy input is high enough to promote a dissolution-reprecipitation
pathway (Figure 7 a-b). This descriptor allows the design of nanoscaled perovskites with

different activity and selectivity (number of electrons) in ORR (Figure 7¢). [72,84]
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American Chemical Society, Copyright 2020. (c) Source: F. Gonell, from data in [72] and [84].
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3. Ocxides with uncommon metal oxidation states: the case of titanium (III) in oxides
and extension to tungsten oxides
Titanium oxides have been paid attention due to their technological applications on a wide range
of fields such as fuel cells, batteries, photovoltaics, photocatalysis and environmental
remediation, among others.[85,86] The potential implementation of these oxides on different
devices is due to their excellent chemical stability, corrosion and mechanical resistance, as well
as their low cost, as titanium and oxygen are two of the most abundant elements on Earth.[87]
The three main polymorphs of stoichiometric TiO> (anatase, rutile and brookite) are insulators
with large electronic bangap (3.0-3.2 eV), limiting light absorption to the ultraviolet range of
the solar spectrum. As a consequence, their potential applications in photocatalysis and
photovoltaics are restricted. Nonetheless, partial titanium reduction, from Ti*" to Ti**, gives rise
to a modification of electronic, optical and charge transport properties related to crystal
structure modifications. For photovoltaics, Ti*" partial reduction is a promising approach for
achieving narrower electronic band gap towards broader spectrum range absorption.[9,88]
Likewise, similar positive effects, related with band gap decrease on TiO> polymorphs, have
been observed in other properties such as photocatalytic water splitting.[87-90]
Traditionally, the most common approach for obtaining bulk reduced titanium oxides
has been TiO; reduction at high temperature (<1000 °C) by hydrogen or metallic titanium for a
long period of time.[91,92] The properties and applications described above involve
interactions between the material surface and other solution-phase or gas-phase species. As a
consequence, developing synthetic approaches to decrease particle size is a suitable approach
to probe the impact of the surface on the properties and possibly to enhance materials
performances. A huge effort has been devoted to this trend by several groups during last years.
With the aim of preventing the crystal growth, studies are focused on two kinds of approaches:

encapsulating the precursors by templating to restrict particle growth, and exploring less
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energetically demanding processes by increasing the precursor reactivity, with the aim of

decreasing the reaction temperature.

3.1.Crystal structures and requirements for the synthesis of oxides bearing
titanium(III) species

To understand requirements in terms of synthesis conditions, it is instructive to scrutinize the
crystal structures of oxides bearing titanium(IIl) species. Simple doping of Ti(IV) oxides is
discarded from this discussion, as TiO> doped with Ti(Ill) as a consequence of oxygen
vacancies or aliovalent cationic doping is poorly stable and readily undergoes re-oxidation to
the stoichiometric compound. Likewise, related multianionic compounds, like barium titanium
oxyhydride (BaTiO>xHx)[93] have never been observed at the nanoscale to our knowledge and
are not discussed in this chapter.

On the extreme range of oxygen stoichiometry with no Ti(Ill), TiO, exhibits several
polymorphs. The Ti(Ill)-bearing compounds are all related to the rutile polymorph of TiO»
(Figure 8). The rutile structure is built on TiOs octahedra sharing edges to form octahedral
chains. These chains are linked together by sharing corners of their respective octahedra. Upon
reduction of Ti(IV) by O* removal, one encounters Magneli phases of titanium with formula
Ti200n-1. They were discovered in the 1950's by A. Magnéli.[94] It is worth noticing that this
kind of structure is not only established by titanium, but also by vanadium,[95]
molybdenum[96] and tungsten,[97] although the two latter give rise to another general formula.
For titanium and vanadium, the » value is usually accepted as an integer number between 3 and
10, however there are studies which suggest its maximum value could be higher.[98] The
structure of Magneli phases Ti2,On-1 can be understood by a thought experiment. Removal of
O* from TiO; rutile would create unstable oxygen vacancies. To stabilize the structure and

eliminate these oxygen vacancies, some TiOg octahedra would shift in order to share faces and
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form Ti2O9 octahedra dimers. This shift is accompanied by ordering of the dimers into shear
planes and the formation of corundum structure blocks separating rutile domains
(Figure 8).[86] Further reduction yields the corundum polymorph of Ti,03, the most common

polymorph that can be prepared in not highly demanding experimental conditions.[9]

\

/

Figure 8. Schemes of the crystal structures of rutile TiO>, corundum Ti>O3, and titanium

Magneli phases. Face-sharing TiOs octahedra are plotted in orange. Source: Dr. Isabel Gomez-

Recio.

Between Ti407 and Ti203, one encounters the few polymorphs of Ti3Os (Figures 8 and
9)[99]. There are some ambiguities in the literature related with Ti3Os. Based on the general

formula TinO2n-1, =3, T1305 could be included as the first member of Magneli phases. However
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considering the absence of crystallographic relationship involving the presence of shear planes,
not all Ti30s5 polymorphs should be included in the family of Magneli phases.[99] The first
studies of A. Magneli[100] described the two polymophs a and B (Figure 9a) with anasovite-
type structures, related to each other by slight atomic displacements maintaining the symmetry
and similar unit cell dimensions. The absence of crystallographic share planes on both
polymorphs was interpreted as an anomaly among titanium Magneli phases, until v-
T1305,[101,102] isostructural to V30s, and 8-Ti1305[103] were obtained, which are again related
to each other by slight atomic displacements. y-Ti3Os (Figure 8) again shows face sharing
octahedral related to shear planes and we then ascribe it to the family of Magneli phases. The
last polymorph described, A-T130s (Figure 9b)[104] shows a reversible photoinduced phase
transition with B-Ti30Os. It should not be considered as a Magneli phase. As a-Ti30sand 06-Ti30s
can be consider as B-Ti30s and y-Ti130s distortions, respectively, their structures have not be

included in Figures 8 and 9, for the sake of simplicity.

Figure 9. Schemes of the crystal structures of (a) B -Ti30s, (b) A -Ti30s and (¢) y-Ti30s. Source:

Dr. Isabel Gémez-Recio.

Overall, the structural relationship between some TiO2> and Ti2O3; polymorphs and the

Magneli phases highlights some guidelines for efficient syntheses of Ti2O3 and TinO2n-1 (n > 3)
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compounds, by considering most common TiO; as a starting material. First, the reduction of
TiO; into Magneli phases and Ti2O3 can only proceed through the TiO» rutile polymorph,
whether it is prepared on purpose or it is formed in situ during the reaction. In other words, the
topotactic transformation of TiO; rutile is the only relevant reduction pathway towards Ti,03
corundum or Magneli phases. This statement is supported by the outcome of reduction
processes from the TiO» anatase polymorph. Indeed, the reduction of anatase does not yield the
above mentioned rutile-related phases, but other materials, especially the so-called “black
anatase”.[105] Second, and as pointed out by Tominaka, Cheetham et al.,[106] the topotactic
transformation from one phase to another involves collective atom displacements that are easier
to trigger into nanomaterials than into bulk materials. Hence, nanomaterials are especially
suited to explore such phase transformations and how they can yield full structural
transformations while maintaining the overall shape of the nano-objects in so-called isomorphic
transformations. In the following parts, we explore the current reaction pathways to trigger such

transformations.

3.2.Ti203 nanostructures
The small bad gap (=0.1 eV) of Ti203 corundum enables solar light absorption in the full visible
range, which is improved in nanosized particles in comparison with bulk counterparts, as light
scattering is enhanced with nanoparticles.[90] This characteristic accompanied by efficient
solar-thermal conversion suggests that Ti2O3 can be used as photothermal material. Under light,
the material could generate steam from water, as a first step in desalination or water purification,
using sunlight as power source. As a proof of concept, Wang et al.[90] performed an experiment
where Ti2O3 nanoparticles were deposited on a cellulose membrane at the surface of water

(Figure 10a). After 15 minutes under light illumination, the temperature difference between

31



the top and bottom part was 23 °C and water evaporation was observed (Figure 10b,c). In a
reference experiment without nanoparticles, water was only heated by 0.5 °C, giving rise water

evaporation rates between 2.65 and 4.18 times higher than pure water evaporation (Figure
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Figure 10. (a) Schematic set-up for proof-of-concept solar water steam production, (b)
photograph of the water steam generation and (c) IR imaging of (b). Evaporation water weights
against time with and without Ti2Oj3 thin-film device under the solar illumination, under 1 kW
m—2 (d) and 5 kW m—2 (e). Source: adapted from Wang et al.[90] with permission of Wiley-

VCH Verlag GmbH & Co. KGaA.

P. Zeng et al.[107] have coupled the sol-gel process with high temperature reduction to
synthesize Ti203; nano- and micro-structures as cathode materials for lithium-sulfur batteries.
Titanium glycolate microspheres (Figure 11a,b) were thermally decomposed into 1.5 um rutile

microspheres (Figure 11¢,d) at 800 °C. Then, the TiO2 microspheres were reduced into Ti20O3
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microspheres (Figure 11e,f) by magnesium at 1000 °C. Upon reduction, the surface of the

microspheres became faceted, showing clear crystal growth and microparticles as aggregates

of nanoscale particles.

Figure 11. SEM images of (a,b) titanium glycolate, (c,d) rutile and (d,e) Ti2O3 microspheres.
(g,h) SEM and (i,)) TEM images of (g,i) reduced TiO; nanoparticles and (h,j) corresponding
Ti0> nanoparticle precursors. The insets in are (g,h) photographs of the powders and (i,))
selected area electron diffraction patterns. Source: adapted from (a-f) P. Zeng et al.[107] and
(g-7) S. Tominaka et al.[86] with permission of American Chemical Society, Copyright 2019,

and Wiley-VCH Verlag GmbH & Co. KGaA, respectively.

Although solid-state synthesis usually yields bulk phases, S. Tominaka et al.[86,106,108]
opened an elegant route for solid-state TioO3 nanoparticles synthesis. The authors were able to
successfully reduce rutile TiO2 nanoparticles into ca. 25 nm Ti2O3 nanoparticles (Figure 11g-
j) by using different hydrides as low temperature reducing agents (350-420 °C): CaH>[86] and
NaBH4.[108] Shifting from calcium hydride to sodium borohydride enabled shortening the
reaction time from 2 weeks to 24 h. Interestingly, it is possible to use such hydride-based
reduction processes to trigger conformal transformations of TiO» nanostructures to TirO3

nanostructures, not only in nanoparticles,[86,106,108] but also in thin films and nanorods.[108]
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Although extremely efficient in terms of morphology control, these hydride-mediated
topochemical and isomorphic transformations do not enable a precise control of the
composition, since an excess of hydride must always be used to ensure reduction of Ti(IV), thus

yielding only the fully reduced Ti2Os.

3.3 Mixed valence Ti(IIT)/Ti(IV) oxides: Magnéli phases
In Magneli phases, the mixed valence Ti(Ill)/Ti(IV) ensures electronic conduction while
corundum blocks scatter phonons, which decreases thermal conductivity without impacting
strongly electrical conductivity (Figure 12).[108] Ti4O7 (n=4) has a metallic behavior and is
the most conductive phase of the Magneli titanium phase family (tabulated electronic
conductive 10° S-cm™), comparable to graphite and metals.[109] When n increases, the

proportion of Ti(IIT) decreases with 2Ti*" for (n-2)Ti*" centers.
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Figure 12. Picture of a TisO7 nanocomposite. Electrical resistivity, thermal conductivity,
Seebeck coefficient, thermoelectric power factor and figure of merit for TigO1s and TisO7
monoliths. Source: adapted from D. Portehault et al. [110] with permission of American

Chemical Society, Copyright 2011.
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Low thermal conductivity and large electrical conductivity are of interest for designing
thermoelectric materials for power generation by recovering waste heat (Figure 12).[110-113]
Magneli phases have also metal-semiconductor-insulator transitions, which can be controlled
by external stimuli, as temperature, light and pressure.[87] Magneli phases of titanium are
studied for electrochemical applications as fuel cells and batteries due to their mechanical and
chemical resistance.[114,115] Due to their high electrical conductivity and chemical inertness,
Magneli phases could indeed be alternative substrates to poorly stable carbon materials
implemented in electrodes for Li-O» batteries.[114] Another field of interest arises from the
expected affinity of sulfur for the Ti4O7 surface.[116—119] Ti4O7 nanostructured substrates have
been designed, taking benefit from the strong adsorption of sulphur to enhance the stability of
the sulphur electrode in Li-sulfur batteries.[116—119] Note however that these Ti4O7 materials
showed surface contamination by carbon coming from the synthesis process (see below), which
may have a big role in the adsorption of sulphur as well. Magneli phases are also studied in
electrochemical wastewater treatment, as electrodes for the electrooxidation of pollutants such
as dye methyl orange (Figure 13).[120,121] In all these prospective applications, increasing
the surface-to-volume fraction ratio through nanostructuration is a viable approach to enhance

performances.
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Figure 13. (a) Electrochemical oxidation of azo dye methyl orange by Ti4O7 at different current
densities with (b) quasi-first-order kinetics fitting. Source: adapted from G. Wang et al. [120]

with permission of Elsevier Ltd.

As discussed above, the most efficient way to envision the synthesis of nanostructured
Magnéli titanium phases is to trigger topotactic reduction of TiO; rutile. Despite the observation
by Tominaka et al.[86] of Ti4O7 as an intermediate phase during the solid-state reduction of
nanoparticles of TiO: rutile into nanoparticles of Ti2O3 with CaH»z, which exemplifies the
structural relationship described above in section 3.1, no report has shown yet the production
of nanostructures of titanium Magnéli phases without using templating approaches. Indeed, the
two strategies available to produce titanium Magnéli nanostructures rely on templating.

The first approach for the design of nanostructured Magneli phases is to simply consider
the high temperature reduction of TiO> rutile by templating the TiO2 nanostructure in order to
limit grain growth and maintain nanoscale features. Y. Kuroda et a/.[109] described a synthetic
pathway for obtaining mesoporous TisO11. A colloidal crystal made of 50 nm silica
nanoparticles was infiltrated by a solution of titanium precursor, followed by inorganic
polymerization of this precursor to form a silica template-TiO> material. This material was

reduced under H» at 800 °C to form the Magnéli phase TisO11, before dissolution of the silica
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template (Figure 14a). Although no structural characterization of the initial TiO> material is
provided to assess the presence of the rutile polymorph, it is likely that it is present in the initial
stage or formed upon heating during the reduction process. In a similar manner, X. Cao et
al.[114] fabricated particles of Ti4O7 with average diameter of 300 nm, by H» reduction of TiO>
nanoparticles coated by an ordered mesoporous SiO; shell. The mesoporous coating prevented
Ti1407 agglomeration and allowed diffusion of H, through the pores. Afterwards the SiO; shell
was dissolved by an HF solution. This method was further refined by E. Baktash ez al.[118] to
be applied to 50 nm nanoparticles by combining silica templating with the use of anatase
particles as diluting agent for limiting particle sintering. This method produces selectively Ti4O7
and TicO11 nanoparticles of 50 nm by controlling the temperature of H> reduction, by taking
advantage of the selectivity of topotactic reduction for the rutile phase, while the anatase
component did not react with H». Finally silica and anatase could be selectively dissolved by

HF (Figure 14b) to release 50 nm free-standing Magnéli nanoparticles.
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Figure 14. Schemes of silica templated syntheses of (a) mesoporous TicO11 and (b) phases
selective Ti407 and TigO11 Magnéli phases. Source: adapted from (a) Y. Kuroda et al.[109] and
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(b) E. Baktash et al.[118] with permission of Springer Science Business Media, LLC, part of

Springer Nature and Wiley-VCH Verlag GmbH & Co. KGaA, respectively.

The second approach consists in using the template as a reducing agent. For this purpose,
carbonaceous templates are used in order to trigger carbothermal reduction of TiO; rutile
nanostructures. In these syntheses, the TiO» nanostructures and the template are produced
concomitantly in a single step by using a sol-gel route (Figure 15). The initial reaction medium
is a gel or a viscous solution made of a Ti(IV) alcoxide, a polymer and a volatile alcohol.[110]
The condensation of Ti(IV) species is triggered by heating, yielding TiO, nanoparticles. Upon
temperature increase under inert atmosphere, the polymer decomposes into a carbonaceous
matrix embedding the particles. The matrix confines the particles and maintains their nanoscale
size. In agreement with the topotatic transformation pathway, the rutile phase appears upon
further heating after anatase formation in the early stages of TiO; crystallization. TigO15 and
then Ti4O7 crystallize after rutile formation, at 900 and 1000 °C, respectively. This approach
enables implementing the various shaping methods applied with the sol-gel process.[12,122]
This has been demonstrated by using electrospinning in order to produce nanostructured
microfibers of different terms of Magneli phases (Figure 15).[123] These fibers show a specific
internal structure, encompassing a carbon-free shell of large submicrometric particles and a
core of nanoparticles still embedded into a carbon matrix. This observation highlights the need
of the carbon template to limit particle growth and shows also a limit of this approach, since
the reactivity of the template strongly depends on the gas flow near its surface, as the products
of carbothermal reduction are gaseous CO and CO; species. The other limitation is the presence
of carbon-byproducts at the surface of the Magnéli nanostructure, which can strongly modify

the interaction of the material with the surrounding environment.[119,124]
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Figure 15. Synthesis and nanostructured processing of Magneli phases. Source: adapted from

D. Portehault ez al. [123] with permission of American Chemical Society, Copyright 2018.

3.4 Comparison to metal oxidation states stable in organic media: mixed
W(V)/W(VI) oxides
Crystal structures based on shear planes are not only encountered in titanium oxides, but also
with VII)/V(IV), Mo(V)/Mo(VI), and W(V)/W(VI) oxides. The parent structure of
molybdenum and tungsten Magnéli oxides is MOz (M = Mo, W) with the ReO; perovskite-
related structure where the A site is empty and MOg octahedra are connected by corners.[125]
Shearing leads to the formation of edge-sharing octahedra. Mo and W Magnéli oxides do not

obey a general formula, although they can be described as MyO3n-1, MyO3n2, MnO3n-3, MpOsn-
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4, MiOzns, etc. (Figure 16).[125] They are usually described as WOy (2.625 <x < 2.92). For
low reduction degree, (x >2.90), shearing yields trimers of edge-sharing octahedra, while
stronger reduction yields pentagonal columns of edge-sharing octahedra. Among W Magn¢éli
oxides, only W1sO49 has been isolated as a single phase. W13O49 nanostructures have also been

extensively reported.[97,125]
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Figure 16. Stoichiometric and substoichiometric tungsten oxides. Source: adapted from Y.

Lee et al. [125] with permission of American Chemical Society, Copyright 2019.

The gas sensing properties of W1sO49 have been widely explored for the detection of
reducing gases, as CHs, NH3, H> or H2S, and of oxidizing gases, such as NOx or CO. The redox
properties of the W(V)/W(VI) oxide are the key of the detection mechanism as redox reaction
with the gas modifies reversibly the W(V)/W(VI) ratio and then the electrical conductivity of
the material. This change of conductivity can be measured to enable quantitative evaluation of
the analyzed gas (Figure 17).[126] The detection is enhanced by the high specific surface area

of nanostructures, which drove efforts in their synthesis.
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Figure 17. (a) Resistance change and (b) response signal of a W13O49 nanowire thin film with
respect to various concentrations of Hz at room temperature. Source: adapted from W. Cheng

et al.[126] with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

Owing to the strong oxidizing properties of W(VI), syntheses in organic solvents, often with
reducing properties, usually do not result in stoichiometric WO3, but in mixed W(V)/W(VI)
phases, including WigOa49. Solvothermal syntheses have been largely developed to reach
nanostructures of this compound. One of the most efficient approaches is the synthesis in benzyl
alcohol from WCls, that results in controlled growth of thin nanowires (Figure 18) with an

optimized surface area to optimize the detection sensitivity.[126—129]
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Figure 18. (a) Response and recovery curve of a W13sO49-based sensor when exposed to acetone,
(b) W13049 detection response to different acetone concentration, (c¢) calibration of a W1gOa9-
based resistive sensor of acetone, W1sO49 (d) nanowire and (e) sea unchin-like nanoparticles.
Source: adapted from W. Zhang et al.[129] with permission of American Chemical Society,

Copyright 2020.

In the presence of alkali cations, the crystallization pathway proceeds differently, as
alkali tungsten oxides spontaneously form. These so-called tungsten bronzes are formed by
insertion of alkali cations into the host structure of WO3. Hexagonal tungsten bronzes AxWO3
(A =Na',Cs", Rb" and NH4" or even smaller hydrated cations as Li" and H") contain A" cations
inserted in the hexagonal tunnels of the parent h-WO3 phase (Figure 19),[130] delineated by 6
WOgs octahedra sharing corners. Cation incorporation causes tungsten reduction, which is
accompanied by color change from light yellow to deep blue,[131] as in Magnéli phases. This
feature is largely exploited for the design of electrochromic devices, as smart windows or

adjustable mirrors.[130,132,133]
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(c) Schematic drawing of particle shapes corresponding to (d-f) TEM images. (g) Optical

absorption spectra of h-CsWOs platelets (green), isoprisms (orange) and rods (blue) dispersed

in tetrachloroethylene showing the aspect ratio dependence of LSPR. (h) LSPR peak splitting

vs particle aspect ratio of nanocrystals (open circles) and by theoretical modelling assuming

isotropic (blue stars) or anisotropic (pink stars) dielectric functions. Source: adapted from (a-b)

T. Mattox et al.[130] and (c-h) J. Kim et al.[134] with permission of American Chemical

Society, Copyright 2014 and 2016, respectively.
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An interesting feature of nanoscaled tungsten bronzes is the emergence of surface
localized plasmon resonance, a phenomenon related to collective oscillations produced by free
or conductive electrons in large carrier density materials, in response to electromagnetic
radiation which leads to a strong absorption in the near-IR or visible ranges, depending on the
composition and morphology of the nano-objects.[11,135] On semiconductor materials, carrier
density can be tuned by chemical doping, in such a way that the dopant type, concentration and
distribution oin the crystal structure as well as particles morphology have an impact on the
localized surface plasmon resonance (LSPR) response.[11] In this context, Manthiran et
al.[136] described a plasmon shift and intensity decrease for WOz g3 nanoparticles prepared by
colloidal synthesis when they were treated thermally in an oxidizing environment, consistent

with oxygen incorporation.

WOs.5 has been mostly studied for its suitable energy band gap (2.6 e¢V) for interaction
with visible light and for its stability in a wide range of conditions.[136] However while in bulk
WOs.5 color changes are related with oxygen deficiency and small cations intercalation, in
nanoparticles the strong absorption in the near-IR (NIR) region is interpreted as a consequence
of small polaron hopping and/or LSPR, as it has been reported for WO»72[137] and
WO.33,[136] respectively. Polaron hopping is due to oxygen deficiencies that produces
electrons trapped in 5d orbitals of tungsten atoms, followed by surrounding lattice polarization
to generate polarons, which gives rise to polaron transitions between adjacent nonequivalent

tungsten sites.[11,135]

To date, the studies about intense NIR absorption on WOs3_s nanoparticles are still under
discussion. As mentioned above, WO»7 color change has been interpreted as a result of

polarons hopping process, nonetheless T. Masuda et al.[135] revealed an intense magneto-
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optical activity on WO».72 as consequence of circular modes of LSPR (magneto-plasmon). This
magneto-optical behaviour is apparent from the differential absorption of left- and right-
polarized light under a magnetic field. The magneto-optical activity of WO2.72 nanoparticles
exceeds the one of typical Ag nanospheres, which are among most promising candidates for
plasmonic and magneto-plasmonic applications. Therefore, WO3.5 will likely attract attention

as low cost and high stability potential substitute to silver nanostructures.

Again, colloidal synthesis has proved highly efficient for the precise control of
morphology and particle size for tungsten bronzes. Different nanoparticles of Cs-WOs have
been obtained from solutions of WCl4 and CsCl in mixtures of oleylamine and oleic acid heated
at 300 °C.[130] By increasing the amount of oleic acid, more faceted particles were produced,
in a manner that spheres, truncated cubes and hexagonal prisms were obtained.[130]
Nanoplatelets with adjustable aspect ratio, as well as LSPR peak splitting (Figure 19g,h) could
also be designed in a similar way by J. Kim et a/.[134] by tuning reaction temperature, aging
time and tungsten precursor degassing time (Figure 19¢-h). Likewise, aqueous soft chemistry
has allowed to stabilize thin nanoplatelets of a new Hoo7WO; hexagonal bronze structure
(Figure 20), firstly reported by J. Besnardiere et al.[138] The optimal combination of
nanoparticles morphology and framework preferential orientation give rise to promising
electrochromic properties. Owing to structural tunnels perpendicular orientated versus the
nanoplatelets basal plane, cation exchange properties are optimized in such nanostructures,

enabling for instance reversible extraction of protons and fast electrochromic switching.
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Figure 20. (a) SEM and (b) TEM images of Ho.07WO3 hexagonal bronze nanoplatelets. inset in
(b) shows a typical SAED pattern. (c) HAADF-STEM and (d) ABF-STEM micrographs
showing the arrangement of tungsten octahedra (blue, inset of c). Source: adapted from J.

Besnadiere et al.[138] with permission of Springer Nature.

A quick parallel between mixed valence titanium and tungsten oxides, especially
Magnéli phases, shows that the crystallization of these structures is not occurring at the same
temperature of synthesis. While tungsten Magnéli phases are readily obtained between 200 and
300 °C, to date no process has been suitable to reach titanium Magnéli phases below ca. 800 °C.
The reason for this discrepancy has not been assessed to our knowledge, but one may attempt
to provide several guidelines that could be useful for future investigation of these phases. A
first obvious difference is the nature of the stoichiometric parent compounds. Rutile TiO> and
ReOs-type WOs3 show a different connectivity, as the latter is built only from corner-sharing
octahedra while the former encompasses also edge-sharing octahedra. This difference is
reflected in the relative stability of the compounds. This could explain why WO3 is more prone
to structural transformation than rutile TiO>. Likewise, the shearing involved in the

transformation of the parent phases into Magnéli phases implies the formation of edge-sharing
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octahedra for tungsten and of face-sharing octahedra for titanium. The latter may be related to
larger activation energy, especially because it requires breaking some Ti-O bonds to enable

shifting of Ti centers.

4. Stabilization of new crystal structures at the nanoscale

Upon decreasing of particle size, the surface-to-volume ratio increases, resulting in the
exaltation of the contribution of the surface to the total enthalpy. Because creating a surface has
an energetic cost, this surface contribution to the total free enthalpy is destabilizing.
Nanostructures and nanoparticles are then intrinsically metastable. An important additional
consequence of this surface effect is that at a given size, the extent of the destabilization depends
on the nature of the facets exposed, but also on the crystal structure. Indeed, the surface enthalpy
depends on the atomic arrangement of the surface, and then on the crystal structure as well. The
result is that not all solids are destabilized by the same energy increase. Therefore, inversion of
the relative stability order can take place. This effect is well known in the case of polymorphism,
especially for TiO, where the bulk thermodynamic stable phase is rutile, while it becomes
anatase below the crossover particle size, which is situated between 10 nm and several tenth or
hundreds of nanometer.[139,140] Other examples of stability inversion at the nanoscale
encompass the brookite polymorph of TiO», but also alumina and zirconia phases.[141] This
trend is driven by the relatively general situation that (1) the difference in Gibbs free energy
between polymorphs is of 1-10 kJ mol™!, which is commensurate with the surface enthalpy
when the particles are small enough (~1 J m™~ 8 kJ mol™! for TiO2 of 100 m? g');[140,141] (2)
the surface enthalpy decreases with increasing metastability, which often relates to decreasing
density.[141] As a consequence, metastable phases in the bulk state may become the
thermodynamic ones below a critical size. This explains not only why metastable solids are

more easily accessible at the nanoscale, but also why exploring nanostructures with high surface
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area can give rise to the discovery of new structures. This field is described in the next

paragraphs.

4.1.Hard templating to isolate bulk metastable oxides at high temperatures

Perhaps the earliest example of discovery of new compounds at the nanoscale is the case of ¢-
Fe>Os. It has been first reported in 1934,[142] then in the 1960s,[143,144] before being
reinvestigated in the 1990s[145] when it became clear that an efficient pathway to this
compound required templating into silica. 10 nm maghemite y-Fe,O3; nanoparticles were
embedded by a sol-gel-derived silica matrix. Upon heat treatment under air above 1400 °C, a
structural transformation occurs in the nanoparticles that also slightly coalesce, yielding 30 nm
e-Fe2O3 nanoparticles (Figure 21). The material has been reinvestigated when its extremely
high coercive magnetic field (2 T at room temperature) raised a large interest for data
storage.[146,147] Few years later until very recently, other properties were identified for doped
or undoped &-Fe>O3, including efficient absorption of millimeter electromagnetic waves,[ 148]
multiferroicity[149] and magneto-optical properties.[150] Further refinement of the
encapsulating approach included the design of free-standing iron oxide-silica core-shell
nanoparticles with 30nm &-Fe;Os; cores.[151] &-FexO3 nanorods could also be
designed.[146,152] Investigation of the energetic landscape highlighted that e-Fe,Os; was an
intermediate in the transformation from y-Fe>Os3 to a-Fe>O3 and was stabilized for particle sizes

below ca. 30 nm, although the exact crossover size is still conversial.[152]
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Figure 21. (a) Crystal structure of &-Fe;Os, (b) and (c insert) TEM images of &-FexO3
nanoparticles embedded in a silica matrix, (c) TEM and (d) HRTEM images of e-Fe.O3
nanoparticles after removal of the silica template matrix (¢ insert). Spherical &-Fe>O3
nanoparticles in silica (e) shells and (f) matrix. e-Fe>Os3 (g, h) nanowires and (i, j) nanorods.
Source: adapted from (a) Sakurai et al. [153] with permission of American Chemical Society,
Copyright 2009, (b) Tronc et al., 145] with permission of Elsevier, Ltd., (c, d) Gich et al.[154]
with permission from of IOP Publishing, Ltd, and (e-j) Tucek et al.[152] with permission of
American Chemical Society, Copyright 2010, (¢) Taboada et al. [151] with permission of
American Chemical Society, Copyright 2009, (f) Popovici et al.[155] with permission of
American Chemical Society, Copyright 2004, (g) Morber et al.[156] with permission of
American Chemical Society, Copyright 2006, (h) Sakurai ef al. [157] with permission with
permission of American Chemical Society, Copyright 2008, (i) Kelm and Mader [158] with
permission of Wiley-VCH Verlag GmbH & Co. KGaA, (j) Sakurai et al. [ 159] with permission

of Elsevier, Ltd.
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Another example of the templating strategy to isolate new oxide phase arising at the
nanoscale is A-T1305.[104] Again, TiO2 nanoparticles where produced while being encapsulated
into a sol-gel derived silica matrix. Upon reduction by heating at 1200 °C under a dihydrogen
atmosphere, A-Ti30s5 was formed as 10 nm nanoparticles and added a term to the polymorphs
of Ti30s (Figures 8, 9 and 22). The crystal structure of A-Ti30s is maintained up to ~500 °C
before it transforms into a-Ti30s. A-Ti130s also undergoes a reversible phase transformation to
B-Ti130s triggered by high pressures or short light pulses.[104] Interestingly both polymorphs
have very different colors, blue for A and yellow for . The authors took benefit of this property
to design optical data storage devices.[104] Later, a carbothermal reduction pathway towards

A-Ti305 was also explored,[160] in a similar way as described above for Magnéli phases.
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Figure 22. (a) TEM image of A-Ti30s into a silica matrix. (b) photo-induced phase transition
between A-Ti30s and B-Ti30s. (¢) TEM image of bixbyite V203, corresponding (d) SAED
pattern and (¢) HRTEM image. Source: adapted from (a, b) Ohkoshi et al.[ 104] with permission
of Springer, and (c-e) Bergerud et al.[161] with permission of American Chemical Society,

Copyright 2013.
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4.2.Beyond hard templating for isolating nanostructures of metastable oxides

Templating is not always mandatory to take benefit from the effect of the nanoscale if the
growth of the nanostructures can be limited, even at high temperature. This has been
demonstrated both on g-Fe2O3 and A-T130s. e-Fe>O3 nanowires and nanobelts could be obtained
by pulsed laser deposition (PLD) through a vapor-liquid-solid mechanism catalyzed by gold
nanoparticles, which restricts lateral growth of the wires.[156] Epitaxial growth of thin films &-
Fe>O3 over several substrates, especially AlFeOs, has also been reported by PLD at
ca. 800 °C.[162] Likewise, A-Ti30s flakes made of 25 nm nanoparticles could also be obtained
by treating 7 nm TiO; anatase at 1200 °C under hydrogen,[104] thus suggesting that anatase is
the actual TiO; precursor of A-Ti30s, contrary to rutile for Magnéli phases. These experiments
show that hard templating is not mandatory to isolate high temperature phases thanks to the
nanoscale, as long as nanocrystal domains remain small enough to ensure that the crystallite

surface contribution can still impact the overall energetics.

4.3. Colloidal syntheses

The structural transformations described above occur at high temperature. Other compounds
can be formed at much lower temperature and thus do not require stringent templating or
deposition strategies. This is the case of bixbyite V.03 (Figure 20c-e), which was discovered
recently by D. Milliron ef al.[161] The authors used a colloidal synthesis to form 5 to 30 nm
nanoparticles from vanadyl acetylacetonate in squalane with oleylamine and oleic acid at 310-
370 °C. These nanoparticles are able to store reversibly oxygen in the interstitial sites of

bixbyite in mild conditions.[163]
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Concluding remarks

In this chapter, we have focused on multicationic oxides and/or oxides bearing metal oxidation
states that are difficult to stabilize in solids and then that require specific synthetic conditions.
These case-studies enable us to provide an overall survey of the synthesis strategies that have
been and are currently developed to target such materials at the nanoscale. We have stressed
out that, obviously, the choice of the synthesis conditions, including the temperature, the nature
of the solvent, the use of a hard template must be driven by the compositional and structural
features of the targeted materials and when possible, we have drawn some guidelines for

choosing the right method, which we hope will be useful for the reader.

While this overview of course has not been exhaustive, let us stress out that, as detailed
in the last section, some new oxides like e-Fe>O3 and A-Ti2O3 have been isolated only at the
nanoscale, and sometimes with new crystal structures. To our knowledge, these new oxides
have been first obtained by serendipity. Despite studies performed afterwards to identify the
crossover particle size in which range these oxides can be isolated, it is striking that up to now,
there is no possibility to predict the emergence of a new oxide when decreasing the particle
size. This can be explained by the fact that the crossover size is often in the range of 10 nm,
which represents a large number of atoms and then is extremely costly in terms of computation
to enable tracing (composition, structure, size) maps. In view of this lack of exploration, it is
likely that many new oxides are still to be discovered at the nanoscale. Because e-Fe>O3, A—
Ti20;3 and bixbyite V203 are showing original properties with a potentially large societal impact,
it appears of utmost importance to intensify efforts in exploring the role of nanoscaling for

isolating new oxides.
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