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Abstract

Perovskite oxides with general composition ABOs are a large group of inorganic
materials that can contain a variety of cations from all parts of the Periodic Table and
that have diverse properties of application in fields ranging from electronics, energy
storage to photocatalysis. Solvothermal synthesis routes to these materials have become
increasingly investigated in the past decade as a means of direct crystallisation of the
solids from solution. These methods have significant advantages leading to adjustment
of crystal form from the nanoscale to the micron-scale, the isolation of compositions
not possible using conventional solid-state synthesis and in addition may lead to
scalable processes for producing materials at moderate temperatures. These aspects are
reviewed, with examples taken from the past decade’s literature on the solvothermal
synthesis of perovskites with a systematic survey of B-site cations, from transition
metals in Groups 4-8 and main group elements in Groups 13, 14 and 15, to solid
solutions and heterostructures. As well as hydrothermal reactions, the use of various
solvents and solution additives are discussed and some trends identified, along with
prospects for developing control and predictability in the crystallisation of complex

oxide materials.

1. Introduction

Multinary metal oxides are compounds of oxygen and two or more metallic elements.
They are long-studied materials that form the basis of a large variety of important
technological applications, ranging from materials in advanced electronic devices to
industrial catalysts. This makes use of solid-state properties such as electronic

conductivity, ionic conductivity, magnetism, ferroelectricity, oxygen storage and redox



activity. Commonly encountered examples of multinary oxides include ferroelectric
titanates such as BaTiOs and Pb(Ti1xZrx)Os (PZT) used as dielectrics in capacitors and
piezoelectric sensors, lithium cobalt oxides, used as cathodes in rechargeable lithium-
ion batteries, and barium ferrite used in magnetic data storage. With the contemporary
need for new efficient materials for energy-related applications the focus on the design
of new solid-state materials is intense.l* In addition to application as electrodes in
batteries, there is a pressing need for new electrolyte materials, not only for cation
transport in the same batteries, but in other devices such as solid-oxide fuel cells, where
anion transport is required, and multinary oxide materials are likely candidates. In the
field of catalysis, emerging work relies on oxide materials in areas such as
electrocatalysis? photocatalysis,®! or combinations of both in photoelectrochemical
devices,/ for energy-efficient splitting of water, where a judicious choice on
component metals in the oxide allows electronic structure to be fine-tuned. All of these
applications rely on the stability of oxides, and this spans thermal stability, mechanical
robustness, resilience towards aqueous acidic or alkali conditions, and also towards
atmospheric conditions, and this stability is far superior to many other classes of solid

materials.

An important aspect of the development of multinary oxides for practical applications
is exploration of synthesis conditions. As with all solid-state materials that possess
infinitely connected structures in 1-, 2-, or 3-dimensions, the synthesis and
crystallisation of oxides essentially occur in one single step. This is unlike molecular
substances where the synthesis, even if in one step (but commonly multiple steps for
complex organic molecules), is performed in solution from which crystallisation
(usually) is a separate, subsequent operation. Furthermore, unlike the case of molecular
solids that can be recrystallised or subject to separation procedures to remove
impurities, extended solid materials must be produced as phase-pure samples as there
is little scope for purification, unless any impurity happens to be conveniently soluble
or volatile. This makes synthesis of extended solid structures challenging and means
that careful exploration of a wide variety of conditions (temperature, time, pressure),
with a large choice of reagents, and many possible reaction media (solvents, molten
salts, solid-gas mixtures, etc.). Jansen compared the investigative synthesis of inorganic
solids to the exploration of a landscape: in this case an energetic landscape where

interesting materials lie not just in valleys but at peaks.[®! He thus proposed that a wide



variety of conditions need to be studied to access all possible phases, and that this must
be underpinned by theory to provide models of the energy of a system, to then predict
ultimately the conditions for synthesis. These ideas were laid out almost 20 years ago
but are still very relevant now and although the idea of rational design of new materials
remains elusive and computational prediction of synthesis conditions has rarely been

attempted, there have been significant advances in prediction of candidate materials.

Of all the methods for the formation of ternary, or higher, oxide materials,® the use of
a solution phase in synthesis provides a rich set of reagents and conditions for
exploration of chemistry leading to novel solids, even if predictability of the outcome
of reaction is uncertain. Solvothermal chemistryl” is now well developed as a tool for
the synthetic chemist: the principle is simply to heat a mixture of reagents and solvent
close to or above the boiling point of the solvent to bring about chemical reaction. When
water is used then hydrothermal conditions are implied and these have been long
studied in materials science, initially for the preparation of silicate zeolites, mimicking
conditions in the Earth’s crust for the formation of minerals,®! or for the crystal growth
of dense materials like quartz.[®! The properties of water when heated in a sealed vessel
to generate autogeneous pressure are well defined and for synthetic chemistry,
parameters like ionic strength, viscosity, dielectric constant and density can affect the
solubility of reagents, the rate of nucleation and the kinetics of crystal growth.[% While
these solvent properties vary greatly above the critical point (374 °C and 218 atm for
water), even under much lower temperatures the reaction medium is modified from
under ambient conditions so that dissolution and reaction takes place to allow the
crystallisation of complex materials. Indeed, much hydrothermal synthesis reported in
the chemistry literature use temperatures below 250 °C. Rabenau first reviewed the role
of hydrothermal chemistry in preparative chemistry and showed its applicability to

many classes of materials from oxides, halides, nitride, chalcogenides, to metals.[*’]

In the case of oxide materials, several groups have highlighted the role of hydrothermal
chemistry in synthesis.[** Others have emphasised the use of non-aqueous solvents.!*?
The advantages of solvothermal synthesis of oxides can be summarised as: (1) the
formation of fine powders with access to various morphologies from the nano-scale to
the micron-scale, (2) the isolation of metastable compositions and structures not seen
under conventional, high temperature synthesis, and (3) access to solid-solutions and

substitutional variants of familiar structure types, not otherwise seen.*3l More specific
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works have highlighted the use of the solvothermal method for preparation of
electroceramics,i*¥! thus emphasising the application of the synthesis route for the

production of functional materials.

In this review article we will focus on the solvothermal synthesis of one oxide structure
type: the perovskite structure. This provides a set of materials that represents a
significant family with many contemporary applications in fields such as electronics,
photocatalysis and energy storage/conversion. As will be seen, the review illustrates the
power of solution synthesis for accessing useful materials as well as the scope for
control in their formation and the prospects it offers to access novel functional solids.
We will focus only on the case where the solvothermal method has been used for the
materials crystallisation, rather than cases where a solvothermal step has been used to
prepare a precursor that is subsequent annealed to induce crystallisation: i.e., we draw
a distinction between solvothermal synthesis and processing and discuss only the
former. Following an introduction to the perovskite structure, the review will be divided
by chemistry, classifying the materials by the B-site constituent of the perovskite, and
finishing with the growing work on complex-solid solutions and heterostructures. Our
focus will be on the literature in the past 10 years, following from an earlier review
article published in 2010.5]

2. Perovskites

The perovskite chemical composition is ABOs, where A and B are cations with
appropriate charge to achieve neutrality, commonly, A*B%*, AZ*B*, A3*B3* .1l Other
possible combinations exist, as well as cation- or anion-deficient forms, as will be
described below with specific examples. The ideal, primitive-cubic unit-cell of
perovskite can be visualised as an A-centred or B-centred cell, Figures 1la and 1b,
illustrating how the A cation adopts coordination number 12, while the smaller B cation
adopts octahedral coordination. A more convenient representation is that of three-
dimensional network of corner-shared [BXe] octahedra that form a network in which
the larger A cations reside, Figure 1c. The versatility in the structure lies in its
structurally flexibility, in particular distortions of the structure are possible to
accommodate a range of relative ionic sizes. The most common of such distortions are
concerted rotations of the corner-shared octahedra to maintain their connectivity, while
lowering the coordination number of the A-site cations, Figure 1d. Another often found



distortion is displacement of the B-site cations within their octahedra. This can give rise

to polar properties, exploited in ferroelectric devices.

Figure 1: Representations of the perovksite structure: (a) the A unit cell, (b) the B unit
cell, (c) the [BOs] octahedral network of the ideal cubic structure with red spheres oxide
ions, green 12-coordinate A cation, and grey octahedral B cations, (d) a distorted
orthorhombic unit cell as found for YFeOs where the octahedra are tilted with respect

to each other,

The ABO3 composition is found in other structure types, some of which are named as
perovskites, even though they have different atomic connectivity. One example is the
hexagonal structure found for YMnOs, Figure 2a and 2b, with five-coordinate Mn
centres connected to give layers, and another, the family of hexagonal materials
containing chains of face-sharing octahedra, illustrated by 4H-SrMnQ3, Figure 2c, and
2H-BaMnOs, Figure 2d.



Figure 2: Examples of hexagonal perovskites (a) the hexagonal layered YMnO3
structure with (b) showing a view perpendicular to the layers, (¢) 4H-SrMnOzand (d)
4H-BaMnOsa. In all cases the blue octahedra are [BOs] with red oxide vertices, and the

green spheres are the A cations.

The properties of perovskites will be illustrated in the examples chosen in the following
sections, and many of these are long established, such as the dielectric properties of
Pb(Zr1xTix)O2 used in capacitors in many electronic devices. But many properties are
still being investigated and discovered, such as complex magnetism and
superconductivity. The use of perovskites in heterogeneous catalysis is also becoming
the focus of growing attention,*™ in areas such as photocatalysis for water splitting
and pollutant abatement.l*® This growing emphasis on bulk materials’ properties leads
to a need for innovative chemical synthesis for perovskites, not only for convenience,
but that may offer a higher level of tuning of properties from crystal morphology or
novel compositions. One example is in the formation of nanocrystalline forms of
perovskites that may have properties different from bulk materials, particularly those

prepared by conventional high temperature annealing methods.[*°!
3. Survey of perovskites isolated under solvothermal conditions
3.1 Titanates, zirconates and hafnates

BaTiOz is a material long-studied as the prototypical dielectric and ferroelectric oxide

and its properties find use in a range of applications in electronic devices including



multilayer capacitors, transducers, transistors, thermistors actuators, and has related
properties such as electrooptical activity, electromechanical, and for dynamic random-
access memory devices.??! The hydrothermal synthesis of BaTiOs was reported in
patents in 1940s,?!1 and described briefly by Flaschen in a 1955 paper.[??l Since that
time numerous studies of the hydrothermal, and more generally solvothermal, synthesis
of BaTiOs have been reported and this provides a model system for understanding the
solution-mediated crystallisation of multinary oxides, as highlighted in our earlier
review article, where aspects of crystal growth mechanism and control of crystal

morphology was highlighted.[*5!

For practical applications, solution-mediated synthesis of BaTiOs also gives significant
advantages, particularly for device fabrication, and this has become more intensely
investigated in the past decade. As well as growth of thin films, recent attention has
focussed on the preparation of nanoscale powders of BaTiOs, since this is relevant for
the miniaturisation of devices, and for the preparation of nanocomposites, where oxide
particles are dispersed in, for example, a polymer matrix.[?®! The fabrication of polymer
composite materials requires the surface of particles to be functionalised to ensure
compatibility and the advantage of solution-produced oxide particles is often the
prevalence of surface hydroxide moieties for easy chemical modification.? The use of
high aspect ratio particles is of particular interest in the production of polymer
nanocomposites as the resultant properties may be significantly different than those of
the individual components. For example, Feng et al. prepared nanowires of BaTiOs by
a hydrothermal reaction in the presence of polyethylene glycol (PEG 6000) and then
fabricated a composite with poly(vinylidene fluoride-trifluoroethylene) that showed a
higher dielectric constant than a similar composite prepared using nanoparticles of
BaTiOs.[”®! Tu et al., prepared nanowire BaTiOs using nanowires of Na;TizO7 as a
precursor in a hydrothermal conversion, and then were able to disperse the BaTiOs
fibres in the thermo-polymer poly(arylene ether nitrile) to give a composite with energy

storage density appropriate for application in film capacitors.[?¢]

There is also continued fundamental interest in studying the effect of nanoscale
confinement on the phase transitions and resulting dielectric response. It was
established earlier that the high temperature cubic polymorph of BaTiOs may be
stabilised in small particles prepared by hydrothermal chemistry, but that this may also

be due to the presence of trapped defects, such as hydroxyl groups.?”! Interestingly, the
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addition of chloride to the hydrothermal synthesis solution produced the expected
tetragonal polymorph,?8 and hydrothermal reactions in the presence of ethylene glycol
also gave the tetragonal phase.!?® Hongo et al. proved that the ethylene glycol modified
synthesis gave a level of hydroxide three times higher than in conventional aqueous
synthesis and then used a combination of powder X-ray diffraction and modelling to
identify likely locations of hydroxide defects in BaTiOs.2% This work ascribed the
stabilisation of the tetragonal perovskite, to a trans orientation of substituent hydroxide
ions in the oxide sublattice. Defects have been reported in more complex titanate
perovskites from hydrothermal synthesis, such as NaosBiosTiOsY and NaCe;.
«LaxTi206 (0 < x <1),[*2 where in the former, the piezoelectric properties showed
evidence of polarisation pinning due to oxide vacancies after sintering. Recent work
has studied hydrothermally prepared BaTiOs nanocrystals in combination with
scanning transmission electron microscopy and showed how different directions of
titanium-ion shifts are found near the top surface compared to in the middle of the
nanoparticles, Figure 3.3 This illustrates how the availability of fine powders of the
material may allow properties to be tuned, beyond the average crystal structure, with

local atomic displacements and their distributions providing novel characteristics.
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Figure 3: Maps of ferroelectric shift of a BaTiOs nanoparticle from hydrothermal
synthesis derived from scanning transmission electron microscopy imaging at two
different focuses showing contrast between (a) surface and (b) centre titanium-ion shift.
The positions, directions, and lengths of the arrows indicate the titanium-ion positions

and the directions and magnitudes of the shifts. Reprinted with permission from Y.
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Sato, M. Aoki, R. Teranishi, K. Kaneko, M. Takesada, H. Moriwake, H. Takashima, Y.
Hakuta, ACS Appl. Nano. Mater. 2019, 2, 5761-5768. Copyright (2019) American

Chemical Society.

As well as fundamental studies of properties, and fabrication of devices, there has been
continued work on the size and shape control of BaTiOs particles by solvothermal
synthesis. As mentioned above, pre-made Na>Ti3O7 nanowires could be used as a
‘template’ to form nanowires of BaTiOs upon hydrothermal treatment, 26! and this
method was also used by Xie et al. who formed BaTiOs nanowires with length up to
tens of micrometres via a stirred hydrothermal method, where the stirring speed allowed
control over the materials formed.*! The idea of ‘shape memory’ of products based on
choice of particle morphology of precursors was previously used in BaTiOs
hydrothermal synthesis to prepare various shaped particles, from rods to platelets.[*]
The formation mechanism clearly cannot involve complete dissolution of the precursor,
as that would imply loss of the shape memory, but must instead involve some
heterogeneous pathways with diffusion of Ba?* into the solid precursor, corresponding
to the ‘in situ mechanism’ proposed earlier by Eckert et al.*®! Cao et al. used ‘nano-
whiskers’ of K2TisOg and proposed that ion-exchange of K* by Ba?* initially occurs,
followed by recrystallisation, such that the anisotropic particle morphology is first
retained; this is then followed by secondary growth of nanoparticles, leading to coated
rods and then ultimately dispersed nanoparticles as the rods are completely consumed,
Figure 4.571
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Figure 4: Proposed mechanism for the hydrothermal formation of BaTiOs
nanostructures from a K>TisOg precursor with different alkaline concentration (a) 0.2
M (b), 0.4 M (c), 0.6 M (d), 0.8 M (e). Reprinted from Materials Research Bulletin,
Vol 57, Y. Cao, K. J. Zhu, Q. L. Wu, Q. L. Gu, J. H. Qiu, Hydrothermally synthesized
barium titanate nanostructures from K>Ti4Og precursors: Morphology evolution and its

growth mechanism, Pages 162-169, Copyright (2014), with permission from Elsevier."

Lamberti et al. exploited the shape memory effect to convert aligned arrays of TiO>
nanotubes into arrays of BaTiOs, and measured their ferroelectric properties.*8 Using
hollow TiOz spheres as precursors was shown to yield ‘nano-torus’ crystals of BaTiOs,
that were shown to have enhanced microwave absorption compared to solid BaTiO3
nanoparticles, suggesting promise as effective microwave absorbers.° Ye et al. used
intricately shaped TiO2 precursors prepared from ZnO templates for the hydrothermal
formation of various ATiOz materials (A=Sr, Pb or Ba) from acetate precursors
A(CH3COO)z2: the complex flower-shaped precursor yielded a ‘garden’ of crystal
morphologies with superior photocatalytic activity for the degradation of methyl
blue.[*"!

Another method of shape control of crystals is to use solution additives that may
coordinate to the surface of growing crystals, adjusting their final morphology, or may
complex with solution species, controlling their release to the growing crystals. Maxim

et al. surveyed a range of such additives, poly(acrylic acid) (PAA),
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poly(vinylpyrrolidone)  (PVP), sodium  dodecylsulfate  (SDS), hydro-
xypropylmethylcellulose (HPMC), and D-fructose and found that PAA prompted
oriented attachment secondary growth, PVP, SDS and HMPC acted as growth
inhibitors to yield nanoscale crystallites, while D-fructose increased the activation
energy for nucleation.!] Ma et al. used a highly water-soluble Ti precursor,
bis(ammonium lactate) titanium dihydroxide, Ba(OH)2, and additives tert-butylamine
and oleic acid to form 25-nm cubes of BaTiO3z from NaOH solutions, finding that the
addition of oleic acid produced roughened, facetted surfaces, Figures 5a and 5b.[?]
Monodisperse hollow perovskite BaTiO3z nanostructures were prepared by a sol gel
hydrothermal method using acetylacetone as a modifier in the initial TiO2 sol itself
prepared from hydrolysis of tetrabutyl titanate, Figure 5¢ and 5d.11 Zhan et al.
performed synthesis in polyethyleneglycol-20 and proposed a reaction mechanism by
which colloidal TiO; initially forms and nucleation of BaTiOs occurs at the surface,
followed by orientated connection and crystal extension via an Ostwald ripening

process; this ultimately lead to dodecahedral crystals with {110} crystal faces.[*4]

Figure 5: Examples of shapes of BaTiOs produced by hydrothermal synthesis: (a) and
(b) Cubes shown by scanning electron microscopy and transmission electron
microscopy images, respectively. Reprinted from Journal of Alloys and Compounds,
Vol 655, Q. Ma, K. Mimura, K. Kato, Tuning shape of barium titanate nanocubes by

combination of oleic acid/tert-butylamine through hydrothermal process, Pages 71-78,
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Copyright (2016), with permission from Elsevier. (c) and (d) Hollow nanocubes shown
by TEM at two magnifications with the green boxes indicating the higher magnification
areas. Reprinted from Ceramics International, Vol 40, X. Yang, Z. H. Ren, G. Xu, C.
Y. Chao, S. Jiang, S. Q. Deng, G. Shen, X. Wei, G. R. Han, Monodisperse hollow
perovskite BaTiO3z nanostructures prepared by a sol-gel-hydrothermal method, Pages
9663-9670, Copyright (2014), with permission from Elsevier

Similar principles have been applied to the synthesis of various other ATiOz perovskite
powders. For example, Yang et al. produced hollow cubes of CaTiOz from
poly(ethylene glycol) (PEG-200)-water mixed solutions.[*®! In the absence of water
agglomerates of 40 nm primary particles were observed, but with increasing water
content hollow cube-shaped particles of several hundred nanometres in dimension were
found, and a mechanism of oriented aggregation was proposed, aided by the polymer
additives, Figure 6.1l Such hollow nanocrystals were later shown to possess useful

photocatalytic properties.!!
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Figure 6: Formation mechanisms proposed for the hydrothermal formation of CaTiO3
hollow crystals in the presence of poly(ethylene glycol) with different microstructures
in (a) water-free, (b) 1.25 vol % water, and (c) 5 vol % water. Reprinted with permission
from X. F. Yang, J. X. Fu, C. J. Jin, J. A. Chen, C. L. Liang, M. M. Wu, W. Z. Zhou,
J. Am. Chem. Soc. 2010, 132, 14279-14287. Copyright (2010) American Chemical
Society.

Many other shapes of CaTiOs nanoparticles have now been reported from solvothermal
reactions depending on the combination of the choice of starting materials, solvents,

pH and reaction time and temperature, and some examples are shown in Figure 7. This
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includes cross-shaped, solid cuboid,® solid spheres, tubular,*®! rod-shaped,®°!
concave-faced cubes,® spheres of agglomerated nanosheets,> as well as more

complex dendritic morphologies,® and intergrowths of primary particles.!

Figure 7: Various shapes of CaTiOs crystals from solvothermal synthesis. (a) Tubular
from aqueous sodium hydroxide. Reprinted with permission from D. B. Yu, J. H.
Zhang, F. Wang, M. H. Zhao, K. Du, S. W. Shu, J. W. Zou, Y. Wang, Cryst. Growth
Des. 2013, 13, 3138-3143.. Copyright (2013) American Chemical Society. (b) Cuboid
from water. Reproduced from Ref. 48a with permission from the Centre National de la
Recherche Scientifique (CNRS) and The Royal Society of Chemistry. (c) Dendritic
from ethanolic tetramethylammonium hydroxide. Reproduced from reference [52d], ©
IOP Publishing. Reproduced with permission. All rights reserved. (d) Microspheres of
agglomerated sheets from water-ethanol-NaOH. Reprinted from Applied Surface
Science, Vol 349, W. X. Dong, B. Song, W. J. Meng, G. L. Zhao, G. R. Han, A simple
solvothermal process to synthesize CaTiOz microspheres and its photocatalytic

properties, Pages 272-278, Copyright (2015), with permission from Elsevier

In the case of SrTiOs, formed under solvothermal conditions in mixed PEG-200/water,
Zhan et al. showed the photocatalytic activity for dye degradation was correlated with
the growth stage of the nanocrystals, being related to the surface morphology and defect
chemistry.5 This suggests that a fine tailoring of bulk material properties for such
perovskites should be possible dependent on precise crystal architecture on the
nanoscale. For the distorted perovskite PbTiOs, hydrothermal synthesis yielded
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nanosheets by use of employing layered K,TisO13 nanofibres as titanium sources,®
but the nanosheet morphology could also be obtained when using KNO3 as a solution
additive, which was attributed to the interaction of the alkali cations with the growing
crystal faces.®®! These results imply that the shape-memory effect may be more

complex and that the role of counter-ions is also important to consider.

The quaternary titanate Nao sBiosTiOs, which contains a randomised distribution of Na*
and Bi®* on its A-site, is another oxide of interest for its ferroelectricity, and its complex
phase transitions.®” The synthesis of this material by conventional solid-state synthesis
can be challenging since bismuth and its oxides are rather volatile and so when using
high temperatures, achieving the desired composition can be difficult, leading to
defective materials. By hydrothermal synthesis the material crystallises directly,]
although several competing phases must be avoided by choice of pH and alkali reaction
medium.® Morphology control is possible from spherical agglomerates of primary
nanocubes, nanowires and microcubes, depending on NaOH concentration and reaction
temperature,® and Zhou et al. used piezoresponse force microscopy to analyse the

ferroelectric response of individual crystallites, Figure 8.6

Figure 8: Atomic force microscopy images of NaosBiosTiO3: topographic images,
piezoresponse force microscopy (PFM) amplitude images and PFM phase images from
left to right, of spherical agglomerates, nanowires and microcubes, from top to bottom.

Reproduced from Ref. 61 with permission from The Royal Society of Chemistry.

The fine powders of NaosBiosTiO3, and KosBiosTiO3, produced hydrothermally can be

processed more easily than those prepared using conventional solid-state synthesis into

14



densified ceramics,[%? although as noted above the presence of defects may diminish
bulk electronic properties upon annealing into ceramics.®l The photocatalytic
properties of NaosBiosTiO3 nanocubes from hydrothermal synthesis have also been
studied, and degradation of nitric oxide proved possible, more efficiently than a
reference TiO; catalyst.[%] A low level of Zr-substitution in Nao sBiosTiO3 has also been
proven possible by a direct hydrothermal reaction, and densified ceramics from the fine
powder of NaosBiosTio99Zro0103 showed lower remnant polarisation and enhanced

piezoelectric response.[64

More complex perovskite-related structures are found for titanates and some of these
have been accessed by hydrothermal routes. K,La,TizO10 belongs to the Ruddlesden—
Popper family of layered perovskites that can be considered as intergrowths of
perovskite-type and rocksalt-type slabs; hydrothermal synthesis provided micron-sized

crystallites with enhanced photocatalytic activities over solid-state samples.[®°!

Zirconate and hafnate perovskites, AZrOs and AHfOs, have also been prepared by
solvothermal routes for A = Ca, Sr, Ba, Pb, Zn. Microwave synthesis has been
particularly effective for the formation of BaZrO3: Longo and co-workers produced the
material as micron-sized decaoctahedron-shaped crystallites at 140°C in just 40
minutes, 8 and proposed a crystallisation mechanism based on the mesoscale self-
assemblies of nanoparticles, which was dependent on the surfactant used as a solution
additive, Figure 9. The samples were shown to have photoluminescence properties,
which were rationalised on the basis of defects using computation. Borja-Urby used
the method to form Bi/Si doped samples for use in photocatalysis.%l In general it is
found that the microwave method offers the best prospect for synthesis of fine powders
with narrow particle size distribution.[%% Conventional heating does not necessitate long
reaction times, however, or very high temperatures for the formation of crystalline
BaZrOz: Boschini et al. showed that precipitation of the solid occurs below 100 °C in
only 15 minutes with sufficiently high concentration of NaOH,["® while Yamaguchi et
al. showed that BaZrO3 and BaHfOs crystallised at only 50 °C from a zirconia or hafnia
gel and barium hydroxide after 10 days.’ More typically, however, higher
temperatures have been applied: for example, Dong et al. heated agueous KOH
solutions of salt precursors at 200 °C for 24 hours to yield hollow spherical particles of

BazrO3."4 Kanie et al. used a seeding approach, by heating zirconium oxyacetate and
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barium hydroxide for 200 °C in methanol for 24 hours to yield seed crystals that were
returned to hydrothermal conditions with a barium hydroxide and a Zr-triethanolamine
complex at 250 °C to finally produce BaZrOs as monodisperse spherical crystallites.[”!
The same group have also investigated control of particle shape by changing metal ion
concentrations, to give spherical, rhombic dodecahedral, and flower-shaped BaZrOs
particles; this also allowed Eu®*-doped samples to be prepared that had modified
photoluminescence properties.[’'¥  Ce**-substituted BaZrixCexOs materials were
prepared by Zhang et al. directly from aqueous NaOH, who used the powders as a
sonocatalyst for the degradation of a model organic pollutant,[’®! while Yb®*-doped
samples were studied for their photoluminescence.l”® Using EDTA as a solvent gave
hollow BaZrOs nanocrystals that were shown to have a high concentration of oxygen

vacancies that gave photocatalysis properties for hydrogen evolution from water.[’"]
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Figure 9: Formation mechanism of BaZrOgz in microwave hydrothermal reactions in the
presence of surfactants proposed by Macario et al. Reproduced from Ref. 6 with

permission from The Royal Society of Chemistry.

In the case of SrZrOs, SrHfO3 and BaZrOs, aggregation of primary particles led to
hollow nanocubes in the absence of any template from Sr(NO3z), and HfCls as the
starting materials in aqueous KOH: these nanostructures showed enhanced
photoluminescence properties.[’8 Thin films, around 5 um thickness, of PbZrOs were

grown directly onto NiTi alloy substrates using an ultrasonic-assisted hydrothermal

16



method.[”®! The material ZnZrO3 has also been produced directly via hydrothermal

crystallisation.[®

In this section we also consider the hydrothermal synthesis of PZT, i.e. Pb(Zr1-xTix)O3
that contains mixed B-site Group 4 cations. This is another well-studied dielectric
material that finds common application in electronic devices, despite the push to
remove lead from commercial products.[Y Compositions close to x ~ 0.47 are
particularly relevant since these lie close to the morphotropic phase boundary, the
boundary between the tetragonal and the rhombohedral phases, where maximum values
of dielectric permittivity, piezoelectric coefficients and electromechanical coupling
factors of PZT are found at room temperature.[®? Early work on hydrothermal synthesis
of PZT investigated the formation of both polycrystalline powders and thin films from
hydrothermal chemistry using various precursors in KOH solution up to 180 °C.[83 As
with BaTiOs, in the past decade, work on the synthesis of PZT from solution has
focussed on the control of crystal form. This includes the formation of powders of well-
dispersed, sub-micron particles,® intricate microstructures,’® and arrays of
nanowires.[® Direct growth of films on various substrates has proved possible, [14° 871
and hydrothermally grown particles have been used to form composites, for example,
by embedding in polymer host matrices.®® In many cases favourable electronic
properties were reported, either from ceramics formed from sintered powders or from
the layers deposited. Bian et al. concluded that that A-site deficiency may degrade the
sinterability of PZT powders, and showed how hydrothermal synthesis of PZT powders
with appropriate Pb excess was a useful method to increase sinterability, lower sintering
temperature and lessen the loss of Pb by volatilisation during the fabrication of
ceramics.[® Datta et al. produced nanoparticles of PZT by pulsed laser deposition on a
strontium titanate substrate and then by hydrothermal treatment converted these to
hierarchically ordered surface structures to allow the fabrication of capacitors with
symmetric ferroelectric hysteresis loops and a high remnant polarisation, Figure 10.[°!
Takada et al. formed plate-like particles using oleic acid as a solution additive and then
could align these on a substrate to give a layer that was conveniently annealed into a
film at low temperature (600 °C) and from which local piezoelectric properties were

measured via piezoresponse force microscopy.[®!
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Figure 10: SEM images of the hierarchical growth of PZT (a,b,c) 10h and (d)
12 hour of hydrothermal treatment on PZT seeds on a strontium titanate substrate.

Reproduced from Datta et al.[*"]

3.2 Niobates and tantalates

ANDbO3s and ATaO3z perovskites (A = Na, K) are of great interest as parent members of
solid solutions that have been intensely studied as ferroelectric materials to replace the
lead-containing PZT materials that find widespread use in electronic devices.[® %2 The
hydrothermal synthesis of the ternary end members is now well established, following
on from a body of work more than 15 years ago, in which the direct reaction between
Nb2Os (or Ta20s) and aqueous solutions of NaOH or KOH yielded the perovskites
directly as fine polycrystalline powders.[®® The simplicity of the synthesis could easily

be adapted to allow epitaxial growth of films of the perovskite on suitable substrates.[*!

The early studies of NaNbOs crystallisation pointed out that the formation of the
polyoxometallate anion [NbeO1g]® (the hexaniobate Lindqvist ion) was commonly
observed as a competing product in these reactions, especially at short reaction times,
lower temperatures or as a function of solution pH.[%% 9491 The Lindqvist ion is
structurally unrelated to the perovskite product so cannot be considered an intermediate
in the sense of structure formation. It is rather a metastable phase that redissolves on
continued reaction time to yield ultimately the dense product, following Ostwald’s rule

of successive crystallisations. In fact other phases are observed at early times in the
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hydrothermal ~ formation of  NaNbOs, including the tunnel-structured
NazNb20g-nH20.1%3% %1 Our own in situ X-ray diffraction study of the hydrothermal
crystallisation of NaNbO3 showed the transient presence of these, and other crystalline
phases, at reaction temperature (and pressure), i.e. not just upon quenching.’”l This
work also revealed that by how adjusting the pH, a second polymorph of NaNbOs could
be isolated, with the rhombohedral ilmenite structure instead of the perovskite structure.
Kong et al. subsequently used the potassium salt of the hexaniobate [NbsO10]® as a
reagent in hydrothermal reactions to isolate various niobates, depending on pH and
temperature, including polymorphs of the perovskite KNbOs.[®®! The crystallisation of
KNbOs in supercritical water has also been investigated and proposed to occur by
rearrangements of connectivity of [NbOe] octahedra via the intermediate phase
K4NbgO17.1%

More recently Skjaervg et al. studied the kinetics of the hydrothermal growth of
NaNbOs and KNbOs using time-resolved in situ X-ray diffraction with high intensity
synchrotron X-rays.['%! This work showed how KNbOj3 crystallises directly from
dissolved Nb2Os precursor at 250°C-300°C and 250 bar, whereas NaNbOz forms via
crystalline intermediate phases at 225°C-325°C and 250 bar.[*%% At higher
temperatures a sequence of transient phases were observed on very short-timescales,
Figure 11.129%I These experiments illustrate how reaction conditions often must be

chosen carefully to isolate the desired product phase as a pure sample.
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Figure 11: 2D contour plot of the evolution of phases in the Na-Nb-O system during
hydrothermal synthesis in 9 M NaOH during rapid heating approaching supercritical
conditions (423°C and 250 bar), including a schematic showing the phase development.
Reprinted with permission from S. L. Skjaervg, K. H. Wells, S. Sommer, T. D. Vu, J.
R. Tolchard, W. van Beek, T. Grande, B. B. lIversen, M. A. Einarsrud. Copyright (2018)
American Chemical Society.

It should also be noted that the hydrothermal crystal growth method can be exploited
to grow large crystals of KNbOs and KTaOs when more extreme temperatures are used:
Mann et al. used silver ampoules containing concentrated aqueous KOH and powders
of the perovskite as precursors, heated to 400-600 °C and produced high quality
millimetre-sized crystals.l*®] They noted that these conditions avoided problems of
imperfections in conventionally-grown crystals, such as inhomogeneity, non-
stoichiometry, and crystal cracking which occur from resulting from phase transitions.
In particular, hydroxide defects were reduced at high temperature compared to in
nanocrystalline materials formed at lower temperature, where their presence could

influence phase transition behaviour.[%

In the past decade, a huge attention has been focussed on control of crystal form for
alkali niobates and tantalates, and the effect that this has on the resulting properties of
the material. The majority of these studies have focussed on the formation of
polycrystalline powders containing submicron crystallites. Song et al. found that a low
concentration of Nb2Os leads to nanorods or nanoplates of NaNbOs, while a lower
concentration of NaOH yields NaNbOs cubes, but all samples possessed an
orthorhombic perovskite crystal structure.[*®d Crystallite morphology of NaNbOj3 can
also be influenced by the choice of niobium oxide precursor, 2% the pH of solution, 4]
and the choice of solvent, for example composition of water-methanol mixtures.!%]
The fast synthesis offered by microwaves allowed the material to be formed as highly
agglomerated micron-sized cubes in just 15 minutes at 180 °C using 6 M NaOH as the
reaction medium.[*%1 All of these studies interpret the powder X-ray diffraction
patterns as an orthorhombic distorted perovskite, which is expected for NaNbOs3,
although it should be noted that other polymorphs do exist, resulting from different

tilting patterns of the perovskite,*%1 and that high resolution diffraction studies, or
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NMR spectroscopy,1%! are needed to assign properly the true crystal symmetry of
many samples. Only in one case was such detailed characterisation of hydrothermal
NaNbOs made, and this showed the presence of a polar polymorph (space group P2:ma)

alongside the expected Pbcm polymorph.[0°]

As with titanates, the hydrothermal route allows the growth of niobates with
morphological control from choice of precursors. Wu et al. used directed the formation
of arrays of NaNbO3s nanorods by first crystallising a Nb2Os rod-like array on niobium
foil, which was then exposed to NaOH solutions along with ethylenediamine and
treated hydrothermally.[**®1 This uses a similar idea to that discussed above for titanate
synthesis and gave intricate microstructures, as illustrated in Figure 12. On the other
hand, Joung et al. found that KNbO3z nanowires formed directly from KOH solution at
rather low temperatures of 120 °C,M% and Kim et al. produced nanowires using
metallic Nb as reagent, which they found to be a more reactive precursor than
Nb20s.[**2] NaTiO3 was grown using Ta metal foil as precursor in the form of films on
the foil, with crystal morphology adjusted by the addition of hydrogen peroxide to the

reaction solution.[3]

Figure 12: Views of NaNbOgz hierarchical structures derived from hydrothermal
treatment of arrays of Nb2Os rods in aqueous ethylenediamine-NaOH solutions.

Reproduced from Ref. 110 with permission from The Royal Society of Chemistry.
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It may be noted here that the hydrothermal synthesis of the metastable rhombohedral
ilmenite form of NaNbO3 has also been studied by various groups, and this material
typically forms as hexagonal plate-like crystals, a reflection of its underlying crystal

symmetry.[114

Piezoelectric ceramics formed from hydrothermally prepared alkali niobates and
tantalates have shown characteristics comparable to ceramics made by conventional
methods, but with the advantage of lower sintering temperatures to achieve
densification.!® Jung et al. prepared nanowires of NaNbOs; from hydrothermal
reactions and then used them to form a polymer composite to construct piezoelectric
devices, making use of the fact that the nanowires crystallised in the polar P21ma
structure.!® Others have made composites from nanorods of NaNbO3z and
polyvinylidene fluoride to prepare capacitorst*'” and to modify the polymorph of the
polymer itself to enhance piezoelectric properties.[!'8l The growth of films or arrays of
nanoparticles also allows the measurement of electronic properties directly, as well as
the fabrication of devices. KNbOs thick films (tens of microns) have been grown
epitaxially at 240 °C onto (100)cSrRrO3//(100)SrTiOs substrates, but measured
ferroelectric and piezoelectric responses suggest the presence of contaminants.*]
Piezoelectrically active hydrothermal KNbO3 thin films were produced by Goh and co-
workers that could be rendered free of lattice hydroxyls and they reduced the
concentration of oxygen vacancies by a post growth O, plasma treatment and thermal
annealing,™*? while Shiraishi et al. grew KNbOj3 onto flexible polysulfone substrates
that had been sputtered with LaNiOs, and recorded ferroelectric and piezoelectric
properties.[*?! In contrast, a nanorod array of KNbO3 was produced when Nb:SrTiO3
was used as a substrate at 150 °C for 12 hours using Nb metal and an aqueous KOH
solution, Figure 13; this was tested as a piezoelectric energy harvester and second
harmonic generator.l*??l Tu et al. have produced high-aspect-ratio potassium niobate
ferroelectric crystals by use of MXene Nb,C as a reagent in KOH: this uses the idea of
crystal growth by morphological control dictated by the precursor, similar to the idea
used in titanates described above, and ferroelectric loops of the anisotropic particles

were measured directly using piezoresponse force microscopy. %3
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Figure 13: Vertically aligned single-crystalline KNbO3s nanorod array on a Nb:SrTiOs
(Nb:STO) substrate. Scanning electron microscopy images of (a) top and (b) 45¢° tilt
views, (c) high-resolution transmission electron microscopy image with inset showing
selected area electron diffraction, (d) spatial distribution of chemical elements near the
interface. Reprinted from Nano Energy, Vol 17, P. G. Kang, T. K. Lee, C. W. Ahn, 1.
W. Kim, H. H. Lee, S. B. Choi, K. D. Sung, J. H. Jung, Vertically aligned epitaxial
KNbOs nanorod array for piezoelectric energy harvester and second harmonic
generator, Pages 261-268, Copyright (2015), with permission from Elsevier.

Photocatalytic properties of the alkali niobates and tantalates have been the focus of
much attention for environmental and energy-related applications and hydrothermally
grown materials demonstrate the possibility of tuneable properties either by adjustment
of crystal morphology or by formation of composite materials. Relevant literature is
summarised in Table 1. In the case of NaNbOs, the surface area is important: Shi et al.
prepared nanocubes (surface area 4.8 m?gt) and compared them with nanowires formed
by calcination of fibrous Na:Nb.Oge-H.O (surface area 12 m?g?), as well as literature
data, and found a correlation with photocatalytic activity for hydrogen evolution

from water/methanol.[*?41 Gu et al. produced nanowires directly by fluctuation the
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solvothermal synthesis temperature in ethylene glycol and produced materials with
activity for hydrogen evolution.[*?®! Jiang et al. found that agglomerates of oriented
cuboids were effective for photocatalytic methane oxidation, as well as the
degradation of rhodamine B.[*?®1 Using LaAlO3(111) and NaNbOs/LaAlOs(111) as
substrates, triangular pyramidal crystals of NaNbO3s could be grown hydrothermally

that showed photocatalytic degradation of organics.*?”]
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Table 1: Summary of photocatalysis studies of alkali-metal niobate and tantalate perovskites from hydrothermal synthesis

ethylene glycol
200°C for 4 h with
temperature
fluctuation

nanowires, 10 nm

diameter

water/methanol

Perovskite | Synthesis Crystal Co-Catalyst | Light Source Photocatalytic Reference
morphology Reaction(s)
NaNbO3 Nb(OC2Hs)s + NaOH | Cubes Pt 400 W  high- | Hydrogen evolution from | (124
in water/polyethylene pressure Hg | water/methanol
glycol 200°C for 24 h lamp
Nb.Os + NaOH in | Agglomerate  of | Pt 300 W Xe lamp | Degradation of | [128]
water 200°C for 24 h | cuboids rhodamine B
Oxidation of methane
Nb2Os + NaOH in | Intergrown Pt 300 W Xe lamp | Hydrogen evolution from | 1%
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Nb,Os + NaOH in | Cubes, micron | Cu20 250 W Xe lamp | Degradation of methyl | %]
water 200°C for 12 h | sized orange
Nb.Os + NaOH in | Triangular - 300 W Xe lamp | Decomposition of 2,4- | 127
water 180°C for 3 h | pyramids, micron dichlorophene and
LaAlO3(111) and | sized rhodamine B
NaNbOs/LaAlO3(111)
substrates
Nb.Os + NaOH in | Nanowires (2 hour | Pt 300 W Xe lamp | Hydrogen evolution from | 129
water 200°C for 2-3 | reaction) water/methanol
hours ]
Agglomerated Degradation of
cuboids (3 hour rhodamine B
reaction)
Nb2Os + NaOH in | Intergrown cuboids | Ru or Ag 500 W Xe lamp | Hydrogen evolution from | 130

water 200°C for 24

hours

~10 nm

(420 nm< ) <800

nm)

water/methanol
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KNbO3

Nb.Os + KOH in | Aggregated - 300 W Xe lamp | Degradation of | (3
water 200°C for 12 h | nanowires, 10 - 20 rhodamine B

nm diameter (low

KOH

concentration)

Agglomerated

cubes (high KOH

concentration)
Nb,Os + KOH in|Rod shaped | Pt 250 W Xe lamp | Hydrogen evolution from | 132
water and sodium | (orthorhombic water/methanol
dodecyl sulfate 180°C | polymorph)
for 24 h
Nb,Os + KOH in| Cube (cubic | Pt 250 W Xe lamp | Hydrogen evolution from | 132
water 160°C for 12 h | polymorph) water/methanol
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NbCls + KOH + H,O, | Nanowires  (self | Pt 300 W Xe lamp | Hydrogen evolution from | 33
in ethanol 160°C for | doped) with 420 nm cut- | water/methanol
16 hours off filter

(simulated visible

light)
NbCls + KOH inwater | Needles ~ 2 pum | - 300 W Xe lamp | Degradation of methyl | (134
180°C for 24 h +|long blue
vermiculite support
NbCls + KOH in water | Submicron cuboids | Ag 300 W Xe lamp | Photocatalytic Ny | [1%]
160 °C or 260 °C for with 420 nm cut- | fixation
24 h off filter ]

(simulated visible iz evolution

light) Degradation of

rhodamine B

Nb.Os + KOH in | Agglomerated - Not specified Degradation of | [136]
water 200 °C for 30 | cuboids/cubes rhodamine B
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minutes (2600 W

microwaves)

dependent on KOH

concentration

NaTaOs3

Impregnation of Ta(n-
OBuU)s, into
mesoporous  carbon
followed by
calcination in air and
hydrothermal
treatment in aqueous
NaOH/ethylene
glycol/
polyvinylpyrrolidone
at 120 °C for 3 days

array of spheres 20-

100 nm diameter

NiO

450 W
pressure

lamp

high-
Hg

Total water splitting

[137]

Ta20s (ball milled) +
NaOH in water at 100-
220 °C 20 minutes
(1600 W microwaves)

Submicron cubes

NiO

450 W
pressure

lamp

high-
Hg

Total water splitting

[138]
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TaCls + NaOH + H,0
in ethanol at 110 °C
for 24 hours

Nanospheres ~ 1
nm diameter (self
doped)

300 W Xe lamp
with 420 nm cut-
off filter
(simulated visible
light)

Water splitting

Degradation of Safranine

@)

[139]

Ta(OEt)s + NaOH in
water at 200 °C for 16

hours

Micron-sized cubes

700 W Hg mid-
pressure

immersion lamp

Hydrogen evolution from

water/methanol

[140]

TaCls + NaOH + | Interconnected 20 | - 300 W simulated | Destruction of NOx [141]
glucose in | nanocrystals; solar light
water/ethylene glycol | carbon  modified
at 110 °C for 24 hours | mesostructures
KaTOs Ta,0s + KOH in water | Cubes (from | Pt or Ag 300 W Xe lamp | CO- reduction [142]
+ ethanol or hexane at | ethanol)
160 °C 24 hours
Flakes (from
hexane)
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Ta,0s5 + KOH in water
+ PEG-400 at 200 °C
24 hours

Micron-sized cubes

Au, Ag, Pt
Pd, Rh, Ru,
Au/Pt,

Ag/Pd,Rh/Ru

1000 W Xe lamp
(with UV filter to
simulate visible
light)

Degradation of phenol

and toluene

Hydrogen evolution from

aqueous formic acid

[143]
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KNbOs has been similarly explored for its photocatalytic activity.[3!-132 1361 Wang et
al. used vermiculite as a substrate on which to grow KNbO3 needles that showed
photoactivity for degradation of methyl blue,[*3* while nitrogen-doping of KNbO3
prepared hydrothermally was possible by heat treatment in the presence of urea to tune
photocatalytic properties.'*41 Using ethanol as solvent and NbCls as precursor, Nb**-
containing KNbO3 was prepared with improved water splitting properties; these could
also be readily nitrided in a second step with ammonia to give a surface modified with
NbsNs that showed enhanced photocatalysis properties, ascribed to the introduction of

some Nb**, and the junction between the oxide and nitride.[**3l

In the case of NaTaOs3, hydrothermal reaction between NaOH and Ta2Os in the pores
of a three-dimensional mesoporous carbon gave a colloidal array of NaTaOs
nanoparticles 20 nm in size, whose photocatalytic performance for overall water
splitting under UV irradiation was evaluated after loading of a NiO cocatalyst: these
showed higher activity than a bulk sample of NaTaO3.**1 Microwave synthesis
provides a rapid route to NaTaOsz, and if the Ta2Os precursor is milled prior to use, the
materials are effective for photocatalytic water splitting.[*38! Wang et al. showed that
by use of ethanol as solvent and TaCls as precursor, self-doped (i.e., Ta*-containing)
nanocrystalline samples could be produced with smaller band-gaps and enhanced
photocatalytic properties than stoichiometric samples.[*3! The formation of the defect-
pyrochlore Na;Ta»0s is found at lower KOH concentrations, but mixed Na>Ta2Oe-
NaTaOs samples provide photoactive phase-junctions for water splitting in the absence
of a co-catalyst.*% Addition of glucose to ethylene glycol/water mediated reactions
yields mesostructures of agglomerates of primary NaTaOs crystallites bound by
carbonaceous material, that were tested for NOx destruction under visible light.}4!1 pPt-
or Ag-loaded KTaOs was tested for photocatalytic CO> reduction and nanoflakes
prepared via solvothermal reaction in hexane,!**?l while a systematic study of various
metallic co-catalysts has been made on micron cubes (Figure 14) with 0.5 Au/1.5 Pt-

KTaOs3 showing the highest rate of hydrogen evolution from splitting of water.}4]
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1.0Au/1.0Pt-KTa0:

1.0Rh/1.0Ru-KTaO;_both

Figure 14. Cubes of KTaOs decorated with nanoparticles of precious metals used as
photocatalysts for water splitting. The insets show expanded regions studied by EDS
mapping. Reprinted from Applied Surface Science, Vol 441, A. Krukowska, G.
Trykowski, M. J. Winiarski, T. Klimczuk, W. Lisowski, A. Mikolajczyk, H. P. Pinto,
A. Zaleska-Medynska, Mono- and bimetallic nanoparticles decorated KTaOs3
photocatalysts with improved Vis and UV-Vis light activity, Pages 993-1011,
Copyright (2018), with permission from Elsevier.

Other properties of hydrothermally-prepared niobates and tantalates that have been
measured include the second harmonic generation response of KNbOs nanoneedles,[*4°]
sonocatalytic degradation of organic dyes over KNbOs, [*46] and humidity sensing on
nanocrystalline NaTaOs.**"] Recent work has investigated further modification of the
properties of niobate perovskites via the hydrothermal synthesis of composites: for
example, nanowires of hydrothermally prepared KNbO3z were modified by a second
hydrothermal reaction with thiocarbamide dissolved in 20 mL oxalic acid to give a
surface coating of flakes of MoS; and the composites showed enhanced photocatalytic
H> production and organic pollutant degradation, compared to the individual
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components.l**8 Hu et al. have recently used hydrothermally prepared NaNbO3s as a
support for Ru nanoparticles via surface functionalisation with a silane, to produce a

heterogeneous catalyst for selective hydrogenation of a-pinene.*4

As well as ternary niobates and tantalates, solid-solutions (K,Na)(Nb,Ta)O3 have also
been proven possible to access directly via hydrothermal synthesis, providing
atomically homogeneous samples. (K,Na)NbOz has been the focus of much attention
and this includes polycrystalline samples[**! that have been sintered into ceramics,*5!!
[1521 grown directly as epitaxial films on suitable substrates,[*>® or as arrays of
nanostructures.'®! Skjaervo et al. used in situ X-ray diffraction to follow the
crystallisation of KxNai1xNbO3z and observed directly the formation of an intermediate
mixed sodium-potassium hexaniobate (analogous to those seen in studies of NaNbO3)
and showed that using a water-ethanol mixture prolonged the reaction time by
stabilising the intermediate phase and gave a smaller final crystallite size for the
perovskite.'>® Toyama et al. developed a synthesis of KixNaxNbOs nanoparticles
using a supercritical water flow at 480 °C and 25 MPa.[*>®! Most recently, Park et al.
investigated the crystal symmetry of (K;-xNax)NbOz and found that while conventional
hydrothermal synthesis yields the orthorhombic perovskite, a monoclinic polymorph
was isolated when high-intensity ultrasound irradiation was used for mixing and cubic
materials were formed when ethylene glycol was used as a co-solvent, Figure 15.[57]
This work illustrates the possibility of control of polymorphism via solution-mediated
reactions; each phase was formed via intermediate layered structures and the particles
were used to form polymer nanocomposites for use as piezoelectric harvesters.
Nb,O; (Orthorhombic) KNN (Orthorhombic)
(Kg.gxNag,)NbgO,4-nH,0

(Monoclinic)

NbO; layer

| ® Nb
ea » a
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Figure 15. Structures of niobates found during the hydrothermal conversion of
Nb2Os to (Ki-xNax)NbOs (KNN), depending on reaction conditions (see text).
Reprinted with permission from (S. Park, M. Peddigari, J. H. Kim, E. Kim, G.-T.
Hwang, J.-W. Kim, C.-W. Ahn, J.-J. Choi, B.-D. Hahn, J.-H. Choi, W.-H. Yoon, D.-S.
Park, K.-1. Park, C. K. Jeong, J. W. Lee, Y. Min, Inorg. Chem. 2020, 59, 3042-3052).
Copyright (2020) American Chemical Society

Mixed tantalate-niobates have also been prepared using hydrothermal approaches.*58!
Other substitutions in the this family of perovskites include lithium, in (Na,K)NbOs-
LiTaOs thin films,[** and also epitaxial (K,Na,Li)NbOs films which were grown
hydrothermally on (100)-La:SrTiOz substrates to give layers that showed ferroelectric
hysteresis loops,[** and sulfur-containing NaTaOs produced directly by use of

Na2S203-5H,0 as a hydrothermal reagent.[*64

Other niobates whose hydrothermal synthesis has been studied include AgNbO3, whose
photocatalytic properties have been studied,[®? and Pb(Mg1sNb2;30s), which was
formed at high KOH concentrations in preference to a pyrochlore phase.l*®%! The
hexagonal niobate perovskite BasNbsO1s*%! and the layered Dion-Jacobson-type

perovskite CsSroNbsO10*%® have also been prepared by direct hydrothermal routes.

3.3 Chromites

Early work on the hydrothermal synthesis of chromite perovskites, ACrOz (A =
trivalent cation, such as a rare-earth) in the 1980s, used high temperatures and hence
high autogeneous pressures to bring about crystal growth: using 400 °C and 100 MPa
to form LaCrOs, for example.[*®®] Sr-substituted lanthanum chromite powders, with
partial oxidation of chromium above +3, with two different compositions,
Lao.oSro.1CrO3 and Lao.sSro2CrOs were produced by similar high temperature/pressure
methods,*6"] Ca-substituted LaCrOs was prepared by Rivas-Vazquez et al. above 350
°C, 168 while Zheng et al. found that the temperature of synthesis of LaCrO3 could be
lowered to 260 °C if high KOH concentrations were used as reaction medium.[*¢°! In
our own work we found that temperatures above 300 °C were needed to induce
crystallisation of ACrOsz perovskites, from an initial precipitate of an amorphous mixed-
metal hydroxide, but this then led to highly crystalline specimens for A = La, Pr, Sm,
Gd, Dy, Ho, Yb, Lu and Y),[*"® for which a detailed Raman spectroscopic study was
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made to provide benchmark spectra for the family of materials.*”* Materials were all
formed as rather large crystals, up to a micron in dimension. The formation of the mixed
A-site chromites La;xSmxCrOs and LaixThxCrOs by the same method also proved
possible.’"?l These materials show some structural subtleties, seen by use of high
resolution TEM methods: in the case of LaosSmosCrOs the La and Sm cations are
apparently homogeneously dispersed on the nanoscale, but in LagsThosCrOs there is
evidence for separation of La and Th into layers, Figure 16. Although this layering does
not propagate through the crystallites, and hence in not seen using diffraction methods, the
magnetic properties are distinct from an annealed sample in which the La and Th become
randomised. Attempts to make the same composition by conventional solid-state synthesis
methods lead to phase-separation, suggesting that the local segregation is a metastable
arrangement and hence a kinetic phenomenon, most likely driven by the large size miss-
match between large La® and smaller Tb* which leads to local ordering in their

distribution.

Figure 16: Local atomic structure seen by EELS mapping of the mixed rare-earth
perovskite LaosThosCrOs produced by hydrothermal crystallisation illustrating local
layering of the A-site cations. The left image shows a scanning transmission electron

microscopy image. Reproduced from Daniels et al.["?]
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The group of Feng have also produced samples of rare-earth chromites by hydrothermal
reactions: Lao.oSro1CrOz and Lao.sSro2CrOs were prepared at 260 °C as micron-sized
cubes and were shown to have composition-dependent magnetism and conductivity, "]
while LaCrOs was shown to have crystallite shape modulated by use of urea as an
additive in synthesis.'”¥ Other groups have now reported high quality samples of a
range of ACrOs materials, using temperatures as low as 260 °C, thus verifying the
synthesis route as reliable.[*®! [176] Wang et al., showed how addition of urea allowed
crystal shape to be tuned for LaCrOs, PrCrOsz and NdCrOs, Figure 17,1171
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Figure 17: Shape-tuning of LaCrOz synthesised hydrothermally with different masses
of urea at 260°C: (a) 0 g, (b) 0.2 g, (c)0.49,(d) 0.6 g, (e) 08¢, (f) 1.0g, (g) 1.2 g, ()
1.4g, (i) 1.6 gand (j) 1.8 g. The arrows in (b) show the initial effect of addition of urea
on crystal shape. Reproduced from Ref. 177 with permission from The Royal Society

of Chemistry.

Girish used a different approach to the hydrothermal formation of LaCrOg, by first
preparing LaCrO4 and then treating it in supercritical water at 700 “C to reduce the
precursor to the desired product.[*® The use of supercritical conditions has also allowed
a continuous flow synthesis of the same material and this provided fine powders for
fabrication into dual-phase oxygen transport membranes for solid-oxide fuel cells.[*"]
The higher temperatures needed for the formation of chromites, compared to the
titanates already discussed, and the manganite discussed below, may in part be due to

kinetically limited ligand substitution of Cr3* in solution.

3.4 Manganites

Manganese-containing perovskites introduce further complexity into synthesis since
the Mn may be present in either the +3 or +4 oxidation state, or in mixtures of both.
These materials have long been of attention for their exotic magnetic and electronic
properties, and the interplay between the two, such as magnetoresistive behaviour.[*&!
In our earlier review article we highlighted the successful hydrothermal synthesis of
A1xA’xMnOs perovskites, where A = trivalent rare-earth cation and A’ = divalent
alkali-earth cation.[') These syntheses, first reported by Feng’s group at Jilin
University,[*8 use a comproportionation reaction between KMnO4 and Mn?* to target
the desired oxidation state in the oxide product. This proved a versatile method to
prepare some unusual phases, such as LagsBagsMnOs in which the La®" and Ba?* show

ordering such that they are arranged in layers.[18?l

The manganese-containing AMnO3 perovskites also provide examples of hexagonal
structures. For example, BaMnO3z and SrMnOs crystallise as 2H and 4H structures,
respectively, Figures 2c and 2d, and these Mn(1V) phases form directly from solution
under alkali hydrothermal conditions.[*8 The case of YMnOs, which possess a layered
hexagonal structure, Figures 2a and 2b, is particularly interesting because of the
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physical properties of the material. YMnOs has been widely studied for its multiferroic
properties, showing a combination of magnetic order; antiferromagnetism below 74 K
and spontaneous polarisation that persists up to 1270 K.'84 Typically, synthesis is
performed using high temperature annealing of binary oxides in oxygen gas at 1100
°C,'®1 \well above the polar ordering temperature, but via hydrothermal chemistry,
crystallisation can be brought about directly from solution at 240 °C.[1 High
resolution TEM of the micron-sized platey crystals formed, shows the spontaneous
formation of polar domains, even at this low temperature, Figure 18. Interestingly,
Zheng et al. produced YMnOs, apparently in the absence of hydroxide,*®” while
Kumar and Jayavel prepared nanorods of YMnOgz using hydrothermal synthesis in
dilute NaOH (0.5 M) and using Mn(I1) acetate as a precursor:[188l these results illustrate
how change in mineraliser and precursor salts can influence the product form under
hydrothermal conditions. YMnOs also has an orthorhombic perovskite polymorph and
this was accessed as single crystals by hydrothermal treatment of a polycrystalline
sample of hexagonal YMnOg in aqueous KCI at 5.5 GPa up to 1280 °C to give high

quality specimens for magnetic and electrical polarisation measurements. &

B 200,nm

Figure 18: Electron microscopy of hydrothermally produced YMnOs Electron
diffraction patterns along (a) the [001], (b) the [100] zone-axis directions, showing the
triple superlattice reflection spots correlated with the trimerisation of MnOs polyhedra
and the buckling of Y layers. Superlattice dark-field TEM images showing (c) the
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typical curved stripe domain pattern, (d) the coexistence of curved stripe, cloverleaf
patterns and annular domains in one area, and (e) a typical cloverleaf pattern domain.
Reprinted from M. H. Harunsani, J. Li, Y. B. Qin, H. T. Tian, J. Q. Li, H. X. Yang, R.
I. Walton, Appl. Phys. Lett. 2015, 107, 062905 with the permission of AIP Publishing

Since the initial reports of the hydrothermal synthesis of perovskite manganites, work
in the past decade has focussed on the study of the properties and applications of the
materials, in particular those that might take advantage of the low temperature synthesis
approach and the unusual crystal forms. This includes magnetic properties, for
example, Chu et al. prepared hollow Lao7Sro.3MnO3z microspheres formed from
aggregates of primary cube-shaped particles with room temperature ferromagnetism
(Tc = 301 K).[*% Datta et al. produced nanowires of LaosSrosMnOs, from which as
well as magnetisation, they were able to measure resistivity from focussed ion beam
attachment of electrodes.’®] Composition-dependent magnetic properties of Yi.
xCaxMnOs (x= 0, 0.07, 0.55, 0.65) have been studied, with the x = 0.55 and 0.56
materials found to show a low temperature antiferromagnetic state that is stabilised by
charge ordering. 12921 The magnetic order and dielectric properties of TboMnOs platelets
prepared by hydrothermal crystallisation were studied to prove its multiferroic
character.[*% Other applications of manganite fine powders prepared by hydrothermal
crystallisation include LaosSrosMnOz as a cathode material for solid-oxide fuel
cells,*% Lag77Sro2sMnOs for magnetic nanohyperthermia cancer treatment, where
biocomptability was tested,’®! and LaosSrosMnOs for electrocatalytic oxygen

reduction, where properties were shown to depend on the crystal morphology. %!

Size and shape control of manganite crystallites has also been the focus of continued
study. Makovec et al. produced dendrites of Lai-xSrxMnQOsz directly from
hydrothermally treated solutions with no additive.l**”1 Huang et al. used NH4* to control
the shape of the same materials and proposed that the ammonium ion interacted directly
with octahedral MnOg units and with increasing concentration hindered propagation of

crystal growth in certain directions to give rise to various crystal morphologies, Figure
19_[198]
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Crystal growth along {111} facets

Crystal growth along {100} facets

Figure 19: Proposed model for the shape evolution of LaosSrosMnOz crystal shape
evolution in aqueous NH4*. Reproduced from Ref. 198 with permission from The Royal

Society of Chemistry.

Finally, it is worth pointing out that a continuous flow synthesis of LaixSr<MnQO3 at
390-410 °C and 30 MPa provided access to high surface area powders, suggesting that

practical application of the solids should prove possible.[**’]

3.5 Ferrites and ruthenates

In a forthcoming review article innovative synthesis routes to mixed-metal iron oxides
will be surveyed, including the solvothermal synthesis of ferrite perovskites,?%% and
here only the key findings in the case of the perovskites will be summarised. Extensive
work has been carried out in the past decade on the solvothermal synthesis of the
perovskite BiFeOs, and this has been driven by first its multiferroic properties, where
the coexistence of magnetism and polar properties has emerged of being
importance,?!l and second its potential use in photocatalysis, where its band gap is
appropriate for solar light activation, and it has been widely studied for the degradation
of organics.[?°d The hydrothermal synthesis of BiFeO3 was established independently
by Chen et al.l?%! and Han et al.?°! in 2006 who produced the material in alkali
hydrothermal conditions, showing crystallite-shape dependence on pH and
temperature, along with the competitive formation of other bismuth iron oxides,

including BixsFeOso and Bi2FesOo, that are structurally unrelated to the desired
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perovskite. Numerous other reports of solvothermal synthesis of BiFeO3 have followed,
and the ease of its formation has led to extensive exploration of the use of solution
additives, such as NH4ClI,12%! and Na2CO3,1?%! the use of non-aqueous solvents such as
acetone,?°’l 2-methoxy ethanol 2% triethanolamine,?®! polyethylene glycols,?%,
polyvinylalcohol,?*Y and use of microwaves instead of conventional heating.[2%6: 222
All of these works have been focussed on optimising synthesis parameters for precise
size and shape control of particle morphology, and some examples are shown in Figure
20.

Figure 20: Examples of particle morphologies of BiFeOs from solvothermal synthesis:
(@) and (b) Rods from Dhanalakshmi et al. prepared in 2-methoxy ethanol. Reprinted
by permission from Springer-Verlag, Applied Physics A, Materials Science &
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Processing, Enhanced photocatalytic activity of hydrothermally grown BiFeOs
nanostructures and role of catalyst recyclability in photocatalysis based on magnetic
framework, R. Dhanalakshmi, M. Muneeswaran, P. R. Vanga, M. Ashok, N. V.
Giridharan (2016). (c) Microcubes of assembled submicron primary particles from Li
using polyethylene glycol. Reprinted with permission from (S. Li, Y. H. Lin, B. P.
Zhang, Y. Wang, C. W. Nan, J. Phys. Chem. C 2010, 114, 2903-2908). Copyright
(2010) American Chemical Society (d) Spindle-shaped crystallites formed in aqueous

NaOH, reproduced from Han et al.[2%4

The properties of BiFeO3 prepared from solvothermal routes can depend upon crystal
form: for example, the rod-shape nanocrystallites produced by Dhanalakshmi et al.
showed enhanced photocatalytic properties,’?°! and Li et al. also produced nanorods
with favourable photocatalytic properties via a polyvinylpyrrolidone-assisted
hydrothermal route.?®l You et al. prepared nanosheets via ammonia-mediated
hydrothermal crystallisation that showed mechanically-activated catalytic properties
for water splitting and dye-degradation,?*4! while Huang et al. performed epitaxial
growth of the material on orientated surfaces of SrTiOs to give micron-thick films with

favourable dielectric properties.?*°]

Mi et al. produced BiFeOz nanocrystals in rapid reactions at temperature of up to 350
°C at 250 bar from Fe(NO3)3-9H20 and Bi(NO3)3-5H20 and followed the reaction using
in situ X-ray diffraction, observing Bi>Os under reactions conditions which they

proposed reacted with an amorphous iron hydroxide phase.[?¢!

In contrast to BiFeOs, whose solvothermal synthesis appears straightforward and so
allows for the wide exploration of reaction condition and control of crystal form, the
solution synthesis of the rare-earth ferrites, REFeOz (RE = lanthanide or Y) has been
rather less studied. Early work by Yoshimura et al. found that the direct hydrothermal
synthesis of LaFeOs from KOH solution required temperatures above 300 °C from
lanthanum oxide and hydrated iron oxide as reagents with optimum reaction
temperatures around 450 — 500 °C,?*" and although more recently nitrates have been
used as precursors, still reactions temperature of 450 °C were needed.[?*®l In fact the
synthesis of LaFeO3 at more moderate temperatures, less than 300 °C, has only proved

possible if sodium carbonate!?'®l or ureal*’# 2291 js added as a crystallising agent at high
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KOH concentration. The materials then formed consist of highly crystalline particles

with highly facetted morphologies, Figure 21.

Figure 21: LaFeOs from urea-aided hydrothermal synthesis showing the effect of
mineraliser concentration on crystal size and shape from addition of different masses
of KOH:4.5g (a, b), 5.0 g (c, d), 5.5 g (e, f). Reprinted with permission from L. Yuan,
K. K. Huang, S. Wang, C. M. Hou, X. F. Wu, B. Zou, S. H. Feng, Cryst. Growth Des.
2016, 16, 6522-6530. Copyright (2016) American Chemical Society.

Feng and co-workers have proposed that the role of urea is to release ammonium ions
into solution upon decomposition, which coordinate to the [FeOs] octahedra at the
surface of the growing perovskite crystals leading to a modulation of their
morphology.[?29% 2211 |t was found that urea could then be used to control the crystal
shape of the materials REFeOs (RE = La, Pr, Sm, Dy, Er, and Y).[?2% For YbFeQs, the
choice of base, NaOH or KOH, or the addition of NH4", could be used to adjust the
crystal shape to give a wide range of morphologies.[???! In fact, a body of work has
showed how the rare-earth ferrites of other lanthanides are more readily synthesised:
those of all of the elements Pr—Lu (except Pm) crystallise at 240 °C from aqueous KOH

in 24 hours without the need for solution additives:!?%®] the as-made materials are
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polycrystalline powders and their magnetic behaviour corresponds to solids prepared

by conventional synthesis routes.

The rare-earth ferrite YFeOs also crystallises directly from solution and although some
groups have reported that temperatures of 300 °C are required,??*! others have used 240
°C with concentrated aqueous KOH as reaction medium.[??°l The ferrites of the smaller
rare-earth cations may adopt a hexagonal perovskite structure, like YMnOs3 already
discussed, and this may be formed selectively by solvothermal synthesis instead of the
orthorhombic polymorph. Using rare-earth (RE) acetates (RE= Tm-Lu) and iron
acetylacetonate in 1,4-butanediol at 300 °C gave hexagonal REFeO3z materials, which
irreversibly transformed into the orthorhombic perovskite on subsequent heating to
around 980 °C. 2261 The choice of reagents can have a subtle effect on which polymorph
initially crystallises: the solvothermal reaction between YbCls and iron acetylacetonate
in 1,4-butanediol in the presence of 1,6-hexanediamine gave the orthorhombic
perovskite YbFeOs directly, in contrast to the hexagonal polymorph prepared when

using the prior method.?%"]

As yet, there are few reports of the hydrothermal crystallisation of perovskites that
contain the other Group 8 metals, Ru and Os. In our own work we discovered a novel
phase BasRuz010.2(OH)1.8, a member of the cation deficient hexagonal perovskite AnBh.
sOzn series, which contains partial replacement of some oxide by hydroxide and
partially ordered Ru vacant sites to give a complex and not-before-seen variant of the
8H hexagonal perovskite structure.??l As with other ruthenium(V) oxides prepared
hydrothermally, the material collapses on heating in air at around 500 °C,1??l which
suggests that other new metastable phases may yet be discovered by exploration of

hydrothermal chemistry.

3.6 Main group perovskite oxides

There are various possible perovskite oxides that contain a main-group metal cation as
the B-site metals. The lanthanide aluminates LnAlOsz (Ln=La, Sm and Gd) were
prepared by a hydrothermal supercritical fluid technique using a co-precipitated gel as
a precursor using sealed gold capsules at 600-700 °C and 100-200 MPa,?*! and
LaAIOs was separately reported as forming at 450 °C and 30 MPa from nitrates in

aqueous KOH.[?*81 The method was applied to include Nd**, Eu3*and Er®* dopants in
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YAIO32%1 put still the phases are only directly accessible under hydrothermal

conditions when high temperature and pressures are used.

In contrast to aluminates the formation of ASnOj3 stannates, with A" a variety of partner
cations, occurs readily under mild hydrothermal conditions. Note that the composition
ZnSnO3, whose hydrothermal synthesis has been extensively studied, usually has
LiNbOs-type structure with both metals octahedrally coordinated,?®? although under
specific conditions the perovskite polymorph can apparently be prepared.[*31 CaSnOs;
has been prepared using various reactive solutions for hydrothermal reactions, and
investigated for applications in photocatalysis,?** and as an anode material for lithium-
ion batteries,[?® while materials doped with lanthanide cations formed by one-step
hydrothermal crystallisation have been shown to have upconversion luminescence
properties.[?%! Similar investigations have been made on SrSnOz and BaSnQsg,[234: 234¢,
2871 and the magnetic properties of Fe-doped CaSnOs were characterised as room
temperature ferromagnetism.[?® Hu et al. prepared carbon-coated nanotubes of
CaSnOs by used of nanotubes of a CaSn(OH)s precursor that were solvothermally
treated in water-ethanol in the presence of glucose; calcination gave the perovskite
product with carbonisation of glucose having occurred at the surface and the materials

were assessed for use as anodes in lithium batteries.[2%

The Group 15 perovskites whose hydrothermal synthesis has been developed include
the double perovskites BazMSbOs (M = Pr, Nd, Sm, Eu, In and Fe) that contain Sb°* as
one of the B-site cations. These materials are superstructures of the classical perovskite
with ordering of the B-site cations driven by their differing charges and coordination
preferences. For Ba2InSbOs**? and Ba;SbLnOg (Ln = Pr, Nd, Sm, Eu),[*Yl the Sh3*-
containing precursor Sh>Os was used as a reagent with oxidising conditions provided
by hydrogen peroxide and the presence of Sb®" in the perovskite was confirmed using
1215 Mossbauer spectroscopy: this combination of reagents provided impurity-free

samples. For BazFeShOs, dielectric properties were measured.[242]

The hydrothermal chemistry of bismuth oxides provides some striking examples of
novel perovskites with interesting properties: the group of Kumada have produced a
number of perovskites that contain mixed-valent Bi**/Bi®* on the B-site and that show

superconductivity characterised by the characteristic transition to diamagnetism upon
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cooling. These have complex chemical compositions, with multiple A-site cations, in
some cases also including water, and in some cases also mixed B-site cations. Table 2
shows the compositions, synthesis conditions and critical superconductivity
temperature measured for these novel materials. The reagent in the synthesis of all of
these perovskites is the Bi®*-containing NaBiO3.nH20 (or KBiOs), which under alkali
hydrothermal conditions is known to reduce, wholly or partially, to Bi*-containing
species, depending on the pH of solution and the temperature used.™*'¢! Some of the
perovskites shown in Table 2 were proven to show order of the A-site cations to give
superstructure evident in powder neutron and X-ray diffraction measurements. For
example, the material (K1.00)(Bai.00)3(Bio.ssNao.11)s012 shows ordering of the A-site K
and Ba, while the B-site Bi and Na share the same crystallographic position to give a
body-centred cubic unit cell with edge length double the conventional perovskite
structure, Figure 22.12#%1 In the case of (Bao.s2Ko.38)(Bio.s2Mgo.08)O3, the A-site and B-
site cations show no ordering,?*4 and the metallic nature of the material was verified
using first-principles calculations.’s!  For several of these materials the onset of
superconductivity was measured by detecting the characteristic diamagnetism in a
polycrystalline powder, but also from resistivity measurements of pressed pellets.
Zhang et al. also reported two sets of materials Bai—xKxBiOz (x = 0.06, 0.35, 0.5, 0.55)
and Bai—xKxBi1-yNayOs (x=0 y=0.25, and x=0.15 y=0.17) using similar hydrothermal

reactions, and for the former superconductivity was detected.[?4¢]

(Bi,Na)-0
=2.1336(3) A |G

/Na,Bi-0-Na,Bi
=176.0(3)°

Figure 22: Crystal structure of (Ki.00)(Bai.00)3(BiossNao11)sO12 double perovskite
showing ordering of A-site K and Ba. Reprinted with permission from M. H. K. Rubel,
T. Takei, N. Kumada, M. M. Ali, A. Miura, K. Tadanaga, K. Oka, M. Azuma, M.
Yashima, K. Fujii, E. Magome, C. Moriyoshi, Y. Kuroiwa, J. R. Hester, M. Aydeev,
Chem. Mater. 2016, 28, 459-465. Copyright (2016) American Chemical Society
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Table 2: Superconducting bismuthate perovskites prepared using hydrothermal chemistry by Kumada and co-workers, with the superconducting

critical temperature Tc indicated.

KOH 240 °C for 2 days

Material Synthesis Tc Reference

(Bao.75Ko0.14Ho0.11)BiO3-nH20 NaBiOs.nH:20, 8 K [247]
Ba(OH)..8H20, and KOH 180 | (increased to 15 K upon heat
°C for 2 days. treatment to dehydrate at 500

°C).

Bao.96Bi0.8602.50(OH)0.41 NaBiOs-nH20 and None detected above 4 K [248]
Ba(OH).-8H20 at 180 °C for
2 days

(Nao.25Ko.45) (Ba1.00)3(Bi1.00)2012 NaBiO3.nH20,Ba(OH)2.8H20, | 27 K [249]
and KOH 220 °C

(Bao.82Ko.18)(Bios3Pb0.47) O3 PbBi»0s5.9-H,0,* 228 K [250]
Ba(OH)2-8H20 and KOH at
240 °C for 2 days

(K1.00)(Bax.00)3(Bio.ssNag.11)4012 NaBiOs3.nH20,Ba(OH)..8H20, | ~31.5 K [243]
and KOH 240 °C for 2 days

(Bao.s2Ko.38)(Bio.92Mgo.08) O3 MgBi.Os**, Ba(OH)2-8H20 ~30K [244-245]
and KOH 220 °C for 2 days

(Bao.54Ko.46)4Bi4012 KBiOs, Ba(OH)2-8H0, and ~30K [251]

* PbBi20s-9H20 was synthesised in a separate reaction from NaBiOz-nH20 and Pb(NOs3). in water at 10 °C.

** MgBi20s was synthesised in a separate hydrothermal reaction using NaBiOz-nH20 and MgCl,-6H20 at 130 °C.
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3.7 Substitutional chemistry and solid-solutions of perovskites

As well as the ternary ATiOsz and quaternary (A,A’)TiOs and A(Ti,Zr)Os materials
already discussed above in Section 3.1, and the mixed tantalate-niobate materials in
Section 3.2, in the past 10 years hydrothermal synthesis of complex solid-solutions of
perovskites has been increasingly studied, coupled with in depth investigation of the
atomic-scale structure and nanoscale characteristics. In this section we consider mixed
B-site materials containing elements from different groups of Periodic Table, often with
different charges and so requiring mixtures of A-site cations for charge compensation.
This includes substitutional chemistry on both the A-site and the B-site of the prototype
ferroelectric BaTiOs to give atomically homogeneous phases, and also compositionally
inhomogeneous phases, where the concentration gradient of elements varies across the

particles.

The solid-solution 0.5BaTiO3-0.5BiFeOs was produced directly from hydrothermal
reactions in aqueous KOH at a reaction temperature of 200 °C, with lower temperatures
or low KOH concentrations giving impurity bismuth ferrites.[52 Wada et al. used
BaTiOz powdersto prepare a BaTiO3-KNbO3z composite via an ethanolic solvothermal
synthesis of the second perovskite;?>3 this gave nanostructured ceramics with a
heteroepitaxial interface structure, Figure 23, that showed enhanced dielectric

properties that were ascribed to the strained interface.
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Figure 23: Chemical composition distribution from EDS maps of BaTiO3-KNbO3 (BT-
KN) nanostructured ceramics with KN/BT molar ratio of 0.5 illustrating the KNbOs
shell. Reproduced from Wada et al.[?>*1 Copyright (2012) The Japan Society of Applied
Physics.

Within the titanate perovskite family, gradient core-shell structured nanoparticles of
BaTiO3-Ba1-xSrxTiO3 have been prepared using BaTiOs seed particles that were first
acid-treated to leach Ba from the surface before being hydrothermally treated in
aqueous Sr(OH)2-8H,0 at 200 °C.[?5%1 Other substituted titanate perovskites whose
hydrothermal synthesis has proved possible include, (BiosKos)(ZrxTi1-x)Os with x <
0.1,2561 and Fe**-containing SrFexTi1xOzs With x < 0.1 that showed photocatalytic
activity for NO oxidation.["1 Co-doping of Bi and Co into strontium titanate gave
materials with photocatalytic properties under visible light irradiation,?® and La/Cr
co-doping of hollow CaTiOz cubes allowed for efficient photocatalytic hydrogen
production.?°l The solid solution NagsLaosTiOz-LaCrOs produced by hydrothermal
crystallisation gave materials of high purity, and (NaosLaos5TiO3)1.00(LaCrOz)o.08 Was
produced with few defects, and regulated morphology in which solely Ti** and Cr®*
were present; this supressed the recombination of photogenerated carriers to enhance
photocatalytic H, evolution from water.[?% Widening the solid solution showed that
with higher amounts of LaCrOs, Cr®" was found with resulting defects that decreased
the photocatalytic activity.[?®*] Hydrothermal synthesis of (1-x)KosNaosNbOs-
xBiosNaos5TiO3 was investigated and depending on composition, phase separation was
often found, and piezoelectric properties of ceramics formed from the powders were

not optimal.l?521 Enhanced piezoresponse and electric field induced relaxor-ferroelectric
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phase transition was found in NBT-0.06BT ceramics prepared from hydrothermally

synthesised nanoparticles.[?6%

Zirconate solid solutions have similarly been prepared: for example, BaZrixHfxOs
from microwave-heated hydrothermal reactions,?®* and growth of Bai-xSrxZrOs (0 < x

< 1) nanoparticles in supercritical water (26

As well as solid-solutions and substitutional variants of titanate perovskites, some focus
has been made on the preparation of heterostructures of ATiOs perovskites and TiO-
prepared via hydrothermal synthesis. TiO2 nanofibres have been used as a host to grow
surface cubic particles of SrTiO3 that show photocatalytic activity, which may be due
to the heterostructure junction effect.l?661 Yang et al. produced TiO2-BaTiO3 core-shell
nanowires, by two separate hydrothermal syntheses, first preparing TiO2 nanowires and
then growing BaTiOz3 surface coatings to fabricate photoelectrochemical photoanodes

for water splitting, Figure 24.1%67]

Figure 24: TiO2/BaTiOz core/shell nanowires: (a,b) Representative TEM images and
(c) high-resolution TEM image of an individual nanowire synthesised with an inset of
the corresponding FFT image, (d) Selected inverse FFT image obtained from the
marked FFT spots in the inset, which corresponds to (002) and (002) planes of BaTiOs.
The bright area represents the BaTiOs composition. (e) STEM image of the
TiO2/BaTiOz NWs. (f-h) EELS elemental mapping of the dashed-square marked
region in panel e for (f) Ba, (g) Ti, and (h) O. Reprinted (adapted) with permission from
W. G. Yang, Y. H. Yu, M. B. Starr, X. Yin, Z. D. Li, A. Kvit, S. F. Wang, P. Zhao, X.
D. Wang, Nano Lett. 2015, 15, 7574-7580. Copyright (2015) American Chemical
Society
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Other perovskite solid-solutions whose hydrothermal synthesis has been studied
include (1-x)Ko.sNaosNbO3-xLiSbO3,?%®! REFeq 5Cros03 (RE = La, Tb, Ho, Er, Yb, Lu
and Y), 29 LaCr1-xMnxOs (x=0.1, 0.2, and 0.3).7% In the niobate and tantalate family,
the Na(BixTa1-x)O3 solid-solution (x = 0-0.10) has been prepared from hydrothermal
reactions,’?"! and the formation of the (K,Na)(Nb,Sb)Os solid solution was studied.?”?
La-doping in NaTaOs was investigated at low La levels,? and similarly Sr-
substitution in NaTaOs,2"# and La in KaTaOs have been reported.!?”! While low levels
of the substituent metal modify properties, such as for photocatalysis, the distribution
of the additional metal and the charge-balancing mechanisms needs -careful
consideration. Co-substitution in BiFeO3z has been reported by direct hydrothermal
reaction to give Bio.gsSro.05Fe0.95C00.0503 as well as singly substituted Bio.gsSro.05FeOs
and BiFeo.95C00.0s03 and this allowed a significant reduction in the band gap to provide
enhanced photocatalytic properties.?’ In the case of B-site manganese perovskites,
substitutional variants of both orthorhombic RMnosFeos0s (R = Tb, Dy, and Ho)?7"]
and hexagonal RMn;—FexOs (R =Er, Tm, Yb and Lu; x=0, 0.1, 0.3 and 0.5)12"
materials have been reported using similar solution redox chemistry to the manganites

discussed above in Section 3.4.

In addition to the titanate-TiO> composite materials already mentioned there have been
reports of other oxide heterostructures from hydrothermal reactions. For photocatalysis
the aim has been to generate heterojunctions that may modify optical properties, such
as minimising charge recombination and this has been investigated for NaNbO3/ZnO
2791 and NaNbO3/CeOy, the latter case CeO, added to hydrothermally prepared NaNbOs
by a precipitation-calcination approach.[?®l Other properties that have been
investigated by such approaches, include electrical and magnetic anisotropy in grain-
oriented BisTi3O12—LaosSrosMnOz ceramics produced from powders formed under
hydrothermal conditions.l?®] Magnetoelectric properties of (1-Xx)Pb(Zros2Tio.4s8)O3-
(x)CoFe204 composites were studied from samples made from fine powders of PZT

annealed with the cobalt ferrite spinel.[2%?]

4. Summary and Outlook

The past decade has seen a rapid growth of interest in the use of solvothermal routes to

perovskite oxides, expanding upon earlier work on prototypical materials such as
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BaTiOs, NaNbOs and rare-earth manganites, to explore almost all possible
compositional variants of B-site perovskites. This has been further expanded to include
solid solutions containing up to five different cations, and also heterostructures that
contain interfaces between a perovskite and a different structure type. A large focus of
this work has emphasised control of product form, with crystal size and shape being
dictated not only by choice of chemical reagents, but also temperature and time of
reaction. In some cases intricate crystal morphology results in apparently ‘template
free’ conditions, while in others, solution additives have been purposely introduced that
affect the pathways of crystallisation, or non-aqueous solvents used that can influence
the resultant crystal form. Despite the large body of work in this respect, and the success
in growing complex crystal forms, it remains difficult at present to predict the effect of
the balance of reaction conditions on the crystal morphology. It is most likely the case
that one set of reagents and conditions cannot be applied to another perovskite family,
bearing in mind the different solubilities of cations, and, in some cases, the redox
chemistry at play during the crystallisation. The group of Feng have reviewed some of
the aspects of faceting in the formation of perovskite crystals and have proposed crystal
growth mechanisms for some families, such as chromites and ferrites;[??!1 this provides
a basis for control of crystal growth, but at the same time highlights the need for a

greater fundamental understanding.

The ability to control crystal form is nevertheless having implications on the properties
of the resulting materials: examples discussed above include the production of fine
powders of titanates than can be easily sintered, at lower temperatures than otherwise,
into dense electroceramics, or with oriented grains, and how shape of crystals can
influence photocatalytic properties of BiFeOs or NaNbOs. Particularly relevant for the
applications of materials is the growth of layers or coatings, which may be continuous
films, or arrays of attached and oriented particles, and there is clearly increased effort

in this area for formation of devices.

To put crystal growth mechanism on a more quantitative basis, much experimental
work is still needed, and the challenges here lie in the need to develop methods for
following crystallisation in situ from within reaction vessels to track the formation of
crystalline products from reactive solutions. Reviews of the progress of such methods
have appeared in the past few years,?%1 [2841 and as illustrated above, some striking

results have been obtained from study of niobate perovskites where a sequence of
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crystalline phases appears.['® This occurrence of transient, metastable phases,
emphasises the need to understand the solution chemistry, in order to translate
laboratory preparative chemistry to reliable, reproducible, and scalable manufacture of
materials. The use of in situ studies is heavily reliant on access to powerful radiation
sources such as synchrotrons, but continued developments at such central facilities
mean that availability of such methods is increasing, and new techniques are emerging
that can provide fine detail about the assembly of matter. For example, the pair
distribution function method has been applied to follow crystallisation of oxides from
hydrothermal solutions,?®°! and kinetics of formation of BaZrO3z nanoparticles from
supercritical water have been followed on the millisecond timescale using in situ X-ray
diffraction.!88] The quality of data obtained in these in situ experiments means that, for
example, the evolution of lattice parameters and crystallite domain size can be tracked
by refinement against diffraction profiles, as shown for BaTiOs formation.[?#”l The
combination of spectroscopy and diffraction measurements is especially powerful and
Philippot et al. used IR, Raman and X-ray photoelectron spectroscopy to rationalise the
observations made by in situ diffraction on the growth of BaxSr1 - xTiO3 in supercritical
water, to reveal that the density of surface —OH groups strongly influenced particle
growth, 28]

It is also useful to consider how computational modelling may contribute to
understanding, and then predicting, new hydrothermal reactions. In the case of
perovskites, in the 1990s Riman and co-workers used tabulated standard-state
thermodynamic data for solid and aqueous species to generate phase stability diagrams
for the hydrothermal formation of the perovskites PbTiO3z and BaTiOs as a function of
pH,28 and similar methods have been used for other oxides.?®1 This approach has,
however, not been adopted for other perovskites, which may be due to the additional
complexity of studying redox-active metal cations, but could be worth reinvestigating
with the large number of synthetic parameters now reported. Another predictive
approach for materials synthesis that has recently emerged is based on machine-
learning: Raccuglia et al. used a database of synthesis variables for the solvothermal
crystallisation of organic—inorganic hybrid materials that parameterised conditions for
not only successful but also failed reactions, to predict reaction conditions for new
materials with a statistically significant success rate.[?®!] Kim and co-workers have used

machine-learning to search published experimental details to derive a collection of
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synthesis parameters for oxides[?°, and more recently, Ceder and co-workers have also
created a database of reaction conditions for solid-state materials synthesis by text-
mining of literature: this includes more than 19,000 entries;?*® although these
approaches do not necessarily allow prediction of new conditions, these methods could
provide another way to guide the synthesis of perovskites and could conceivably

include synthesis parameters that related to crystal morphology

In terms of scaling laboratory preparations for materials manufacture, the hydrothermal
synthesis is already known in industry, where large batch reactors are used to
manufacture, for example, zeolites?*!! and quartz crystals!?®! on a commercial scale.
More recently, a large effort has been made on developing continuous-flow reactors for
the efficient production of large volumes of polycrystalline material in hydrothermal
conditions, and, on various scales, mixed-metal oxide materials have been produced
with particular emphasis on nanostructured powders.[?® This includes perovskites,
such as BaZrO3,?°"1 BaTiOs, 2% Ba;—,Sr«Ti0s,?* with the last being produced at pilot
scale of 80 g h™%, as well as the already-mentioned cases of LaCrOs1*™! and Lay-
«SrxMn03.11%1 These works illustrate the possibilities of scaling laboratory chemistry
to make functional materials for applications in industry and technology, and this is an
area that will undoubtedly be of future attention, given the need to develop energy-
efficient and environmentally benign ways of manufacturer. Related to the use of
materials in real applications is the issue of structural defects and how these affect bulk
properties: for example, as highlighted above, the presence of even low levels of
hydroxide ions in the perovskite structure, with associated charge-balancing vacancies,
may diminish certain electronic properties. This must be a consideration in future
research and synthetic chemistry optimised to minimise or control defects should be

developed.

Returning to point of view of fundamental chemistry, it is especially important to note
that in some cases the hydrothermal method has allowed access to new perovskite
compositions not seen under conventional synthesis conditions. This is exemplified by
the work of Kumada and co-workers (Section 3.6) who have prepared a set of
bismuthate perovskites that show superconductivity but whose synthesis at elevated
temperature is impossible due to phase collapse, probably due to the volatility of
bismuth and its binary oxides. It is also pertinent to note that while many perovskite

compositions are accessible under solvothermal conditions, for certain materials
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synthesis appears impossible, or at least has not yet been achieved, suggesting that
precise conditions of stability for certain phases may be narrow. For example, in
contrast to the now extensive work on ferrite perovskites, there is very little evidence
for the direct hydrothermal, or solvothermal synthesis of cobaltite, ACoOg, or nickelate,
ANIO3, perovskites. Only the formation of BiCoOsz has been reported as occurring
directly from solution, in this case with poly(vinylpyrrolidone) as additive in aqueous
NaOH at 120 °C, giving distinctive ribbon-shaped crystallites, Figure 25, from which
a bipolar resistive switching property was measured.*®@ BiCoO; possesses a highly
distorted variant of the perovskite structure (PbTiOz-type) in which the Co is shifted far
from the centre of the octahedra to reside in five-coordinate sites. It may be the case
that the difficulty in oxidising Co and Ni to the +3 oxidation state (especially for the
latter) makes the solution synthesis of cobaltites and nickelates challenging, but this

could be an interesting area for future investigation.

Figure 25: Ribbons of BiCoOs at two magnifications prepared by hydrothermal
crystallisation. Reprinted from Chemical Physics Letters, Vol 613, B. Sun, W. X. Zhao,
H. W. Li, L. J. Wei, P. Chen, Reversible resistive switching behaviors of multiferroic
single-crystalline BiCoOs microribbons, Pages 100-103, Copyright (2014), with

permission from Elsevier

In earlier work we examined the possible relationship between perovskite tolerance
factor and accessibility of various manganite perovskites under mild hydrothermal
conditions.[®3 This showed that hydrothermal synthesis was possible for materials
with Goldschmidt tolerance factor of close to 1 and whose variance of A-site radii in
multi-element systems was close to zero: i.e., the least structurally distorted materials

could be isolated under mild reaction conditions. Earlier work by others had proved by
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calorimetry that the least distorted (A,A’)MnQO3 perovskites possessed the largest
enthalpy of formation (albeit from solid-state synthesis using the constituent binary
oxides),! providing a possible link between crystal structure energetics and synthetic
accessibility. Yamaguchi et al. suggested a similar relationship between tolerance
factor and successful low temperature synthesis for BaZrOs and BaHfOs, by a gel
conversion route.l™Y! To update these ideas, Figure 26, shows a plot of tolerance factor
vs synthetic accessibility for various manganite and chromite perovskites prepared in
our own work,[170. 172,820, 3021 5 from others’ work. 8% 3% This is simply a scatter
graph to represent successful synthesis or not (under otherwise identical conditions),
but illustrates a principle concerning the relationship between crystal chemistry and
possibility of synthesis. This could provide a semi-quantitative guide to future
solvothermal synthesis of perovskites and could provide a starting point for computer

simulations to lead to the deeper understanding of materials synthesis.
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Figure 26: Scatter plot of tolerance factor and A cation radius variance for AMnOs and
ACrOs perovskites with successful and unsuccessful hydrothermal synthesis indicated
at T < 300 °C for manganites and T < 450 °C for chromites. This contains materials
with two or more A-site cations, as well as ternary phases, and Table S1 contains the

chemical compositions for the data points.
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