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Abstract  

We provide an overview of currently emerging areas in the solvothermal synthesis of 

polycrystalline oxide materials that illustrate how tailoring synthesis may be possible to target 

the formation of functional solids. We illustrate various levels of control in preparation of 

functional oxides with interesting structures and new chemistry by choosing examples of 

three aspects of recent chemistry: (1) materials discovery (2) substitutional chemistry and (3) 

adjustment of crystal morphology and size. This includes new oxides of ruthenium, iridium 

and of bismuth, novel substitutional chemistry of CeO2 and TiO2, and control of crystal form 

of binary and ternary oxides. The accumulated research illustrates the potential for fine 

control of the properties of materials by targeted crystallisation of solid oxides with selected 

chemical composition and particle shape and dimensions from the nanoscale to the 

micronscale. These benefits uniquely arise from chemical variation possible by use of 

solution-mediated crystallisation. We conclude by discussing how future work must focus on 

developing predictive synthesis, where synthesis conditions could be selected to design a 

solid material with desired properties.  

 

1. Introduction 

 

The study of the properties of oxides has a long history and this leads to functionalities that 

are well-established in numerous well-known applications, from everyday uses to state-of-

the-art technologies.
1
 Contemporary applications in the fields of energy, electronics, 

heterogeneous catalysis and magnetism drive ongoing research into new ways of preparing 

oxide materials in new forms.
2
 This Highlight is focussed upon chemical routes to 

polycrystalline, powdered samples of oxides; this is the form that many are used directly 

(consider high surface area heterogeneous catalysts) or available for easily processing into 
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2 

 

devices (such as densified ceramics or as layers and coatings). At the present time particular 

emphasis is placed on physical properties emergent with nanoscale structure in the solid state. 

Alongside crystal morphology control,  substitutional chemistry, partial replacement of one 

metal by another whilst retaining average crystal structure, continues to play a key role in 

tuning properties of oxides, thus most functional oxides are ternary, or higher, systems.
3
  

Conventional synthesis approaches to polycrystalline samples of mixed-metal oxides 

involve elevated temperatures.
4
 Heating in air is easily carried out to induce reaction and 

crystallisation and, if necessary, provides a convenient way to oxidise appropriate precursors 

with often no need to control gas atmosphere, as might be the case for other classes of 

inorganic materials (nitrides, or sulfides, for example). In the simplest case, for the 

preparation of a ternary oxide AxByOz a mixture of binary oxides xAOn and yBOm would be 

ground together and heated, typically to temperatures in excess of 1000 °C. Such solid-state 

reactions may require repeated cycles of heating and grinding to achieve homogeneity on the 

atomic scale, and while this may be aided by the use of carbonates that decompose in situ 

with release of CO2 (i.e. calcination), the reactions are inherently inefficient since they rely 

on diffusion of ions in the solid state, which has a large energetic barrier to overcome. The 

use of precursor chemistry is well established, whereby an amorphous precipitate, which 

already includes the desired atomic mixing of elements, is first prepared and then heated to 

induce crystallisation, often at lower temperatures than the direct solid-state reactions. Such 

sol-gel or co-precipitation (generally chimie douce) procedures have been well documented,
5
 

but still rely on the use of high temperatures in the finally annealing step and thus preclude 

the isolation of metastable compositions or structures and some loss of control of crystal 

morphology is inevitable.  

In this Highlight we will describe recent advances in direct crystallisation of oxide 

materials from solution using solvothermal conditions (or hydrothermal when water is used 

as the solvent). The discussion thus focuses around synthesis methods that use a solvent 

heated close to or above its boiling point in a sealed system to bring about solubilisation of 

otherwise insoluble reagents and crystallisation of desired materials from the resulting 

medium.
6
 Our article is divided into three sections to illustrate levels of control emerging in 

preparation of materials with interesting structures and new chemistry: (1) materials 

discovery, (2) substitutional chemistry to control properties, and (3) adjustment of crystal 

morphology and size. Our overview of the literature is not intended to be exhaustive: there 

are already review articles about the historical development of solvothermal synthesis of 
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dense ceramic materials
7
 and the use of hydrothermal methods for the growth of large 

crystals.
8
 Furthermore, some recent review articles focus upon specific aspects of 

hydrothermal oxide chemistry, such as understanding crystallisation mechanisms,
9
 as well as 

the benefits of solvothermal synthesis of particular classes of materials.
10-13

 All of our chosen 

examples are all solvothermal synthesis: the material is crystallised as phase-pure powder 

from the solution without the need for any further annealing or calcination. As will be 

apparent, this allows the formation of unusual crystal morphologies, unique chemical 

compositions, or polymorphs of materials that would otherwise be inaccessible by any 

method that employs high temperature as a reaction parameter. 

 

2. Materials Discovery: Crystallisation of New Structures and Compositions 

 

In this first section we will include examples of how solvothermal chemistry can be used to 

isolate materials with either structures or compositions never before reported, and not (yet) 

accessible by other synthetic routes. This is field of materials discovery, and from the point of 

view of a chemist is perhaps the most appealing benefit in exploring new reaction conditions 

for the synthesis of solids. We will take two examples from our own work in the chemistry of 

precious metals to illustrate this idea, the cases of ruthenates and of iridates, and a third 

example from others’ work in the field of superconducting perovskite oxides. Complex 

ruthenium and iridium oxides are of interest in heterogeneous catalysis,
14

 and in the 

electrocatalytic splitting of water.
15

 Recently their magnetic and electronic properties have 

been part of the current focus on properties of oxides of 4d and 5d elements due to strong 

correlated electronic behaviour and strong spin-orbit coupling, not seen in 3d analogues.
16

 

The range of striking magnetic and electronic properties of ruthenates
17

 is exemplified by 

superconductivity in Sr2RuO4,
18

 ferromagnetism in SrRuO3,
19

 and non-Fermi-liquid 

behaviour in La4Ru6O19.
20

 Similarly, iridates have attracted much interest for their complex 

physics properties, such as frustrated magnetism and topological insulating behaviour in 

iridate pyrochlores.
21

 Around ten years ago Müller-Buschbaum systematically reviewed the 

structural chemistry of ruthenates
22

 and iridates,
23

 and those articles provide useful catalogues 

of materials known at the time, including examples prepared by a variety of synthesis 

methods. 

As with all transition-metal containing materials the concept of oxidation state is an 

informative way of accounting for the number of valence electrons associated with the metal 

centres when rationalising properties such as magnetism or conductivity. From a synthetic 
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chemistry point of view, the synthesis of ruthenates present an interesting challenge since a 

wide range of oxidation states of Ru in oxides are accessible in ruthenium oxides, ranging 

from +2 (in SrFe0.5Ru0.5O2, a material accessed by topochemical reduction of a parent 

phase
24

) through to +8 (in RuO4), possibly the largest range of oxidation states seen for any 

element in its oxide chemistry. Mixed-valent materials are also possible.
17

 Iridium shows a 

smaller range of oxidation states in bulk oxides of +3 to +6 (although it is interesting to note 

that  recently the +9 oxidation state has recently been reported in the species [IrO4]
+
, detected 

spectroscopically
25

), and again synthetic conditions must be carefully chosen if control of 

metal oxidation state is to be achieved. When preparing new complex ruthenates and iridates, 

highly oxidising environments are often required to access oxidation states of the metals 

higher than +4, and, indeed, to prevent reduction to the metal itself, however high partial 

oxygen pressure at elevated temperatures can lead to formation and volatilisation of 

considerable quantities of Ru
VIII

O4 in the case of Ru, making control of composition 

challenging. This is where hydrothermal chemistry provides an interesting possibility in the 

control of oxidation states of Ru and Ir, particularly since oxidising or reducing conditions 

can be provided in solution with sacrificial reagents whose decomposition leads to soluble 

side products after reaction.  

We initially considered the hydrothermal chemistry of iridium since the solution 

chemistry of the element is rather less explored than others. Taking inspiration from earlier 

hydrothermal synthesis of alkali-earth titanates under hydrothermal conditions,
11

 we explored 

the reactivity of iridium chloride with alkali-earth salts  in aqueous alkali solutions.
26

 This 

lead to the crystallisation of a set of hydroxides (rather than oxides), Figure 1 (a-c), in which 

the oxidation state of iridium is +4, as confirmed by Ir LIII-edge XANES (X-ray absorption 

near edge structure) spectroscopy. These are all novel materials: BaIr(OH)6·H2O and 

Sr2Ir(OH)8 are new compositions isostructural with known Pt and Sn hydroxides, 

respectively, while Ca2IrF(OH)6·OH has a unique structure. In the last case the inclusion of 

fluoride resulted from the use as NaF as a mineraliser during synthesis. All were formed as 

large enough single crystals for crystallographic analysis. Hydroxides, however, are 

inherently unstable thermally and also reactive to even dilute acid conditions, which might 

limit their applications.  Hence we adjusted the synthesis conditions to explore the possibility 

of isolating iridates; thus by adding peroxide (either as hydrogen peroxide or, more 

conveniently as solid Na2O2) under similar conditions (aqueous NaOH as the reaction 

medium, heated to 200 – 240 ° C) two novel oxides crystallised as polycrystalline powders. 

Their structures were refined from powder neutron diffraction data, Figure 1 (d-e). Ir LIII-
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edge XANES spectroscopy allowed confirmation of the Ir oxidation state, which was 

between +4 and +5, higher than in the hydroxides, due to the oxidising hydrothermal 

synthesis conditions. (Na0.27Ca0.59)2Ir2O6·0.66H2O is a new pyrochlore (see below for more 

discussion of pyrochlores) while Na0.8Sr2.2Ir3O10.1 is a novel KSbO3-structured phase.  

Sodium is included in both structures, and this comes from the aqueous NaOH used as the 

reaction medium. While these phase possess dense structures, of the type expected to be 

produced by conventional solid-state synthesis methods, upon heating both materials collapse 

little above 400 
o
C, with phase separation to mixtures of other phases. This shows their 

metastable character and suggests that the materials would be inaccessible under 

conventional synthesis conditions.  

In the case of ruthenates we developed a simpler strategy to providing oxidising 

conditions and used alkali-earth peroxides in combination with potassium perruthenate 

(KRu
VII

O4) in pure water (i.e. with no other mineraliser) and thus were able to produce a set 

of alkali-metal ruthenates (oxyhydroxides for the barium materials).
27-29

 Figure 2 shows a 

phase-diagram representation of the compositions of the new materials, plotted along with all 

reported analogous compounds in the literature. All of the hydrothermally prepared materials 

contain Ru in (average) oxidation state +4.7 or higher, up to +5.5, as verified by bond valence 

sums from the refined crystal coordinates and Ru K-edge XANES spectroscopy. As with the 

iridates prepared hydrothermally, the ruthenates are all metastable and begin to phase 

separate upon heating in air at ~400 °C. The composition space occupied by the 

hydrothermally-prepared samples in Figure 2, appears to be distinct from the materials 

prepared using conventional synthesis methods.  The solution chemistry used in synthesis 

more commonly allows access to higher oxidation states of ruthenium, compared to phases 

prepared by solid-state reactions, and also mixed-valent materials also appear more 

frequently. The new phases are metastable and all collapse on heating, phase separating into 

materials that contain Ru(IV); this illustrates how they would be difficult to isolate using 

conventional high temperature reactions. The phase SrRu2O6 has proved to be of particular 

interest since it shows unusually high temperature magnetic ordering, with antiferromagnetic 

order persisting to ~560 K.
29

 This is unprecedented in a layered material and understanding 

this phenomenon has been the focus of attention by several independent research groups.
30

 

When barium is used as the partner metal two new oxyhydroxides are formed depending on 

the Ba:Ru molar ratio used in the synthesis: Ba2Ru3O9(OH) and Ba4Ru3O10.2(OH)1.8. The  

former has a novel structure with puckered layers of edge- and corner-sharing Ru(V) 

octahedra,
27

 while the latter is an example of a previously unreported, complex hexagonal 
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perovskite with a unique 8H stacking sequence with partially occupied sites for Ru in average 

oxidation state +4.75.
28

  

The use of KRuO4 as an oxidising reagent has been subsequently used by Jansen and 

co-workers to prepare a novel mixed-metal Ru(V) oxide under hydrothermal conditions: by 

reaction with freshly precipitated Ag2O in water at 190-200 °C a new polymorph of Ag3RuO4 

crystallises directly.
31

 The phase was formed as large enough single crystals for structure 

solution, which revealed a novel cation-ordered NiAs structure, with segregated [Ru4O16]
12−

 

units that behave as molecular magnetic clusters. 

The A2B2O7 pyrochlore structure has emerged as a common link between the 

hydrothermal chemistry of iridates and ruthenates (see Figures 1 and 2) and a number of new 

compositions in this family have now been reported. Figure 3 describes the pyrochlore 

structure with a compilation of the A-site metals that we
26, 32-34

 and others
35

 have included by 

hydrothermal synthesis in ruthenates and iridates (i.e. with B = Ru or Ir).   

While the iridate pyrochlores have interesting magnetic properties,
21

 and the 

magnetism of Ru(IV)-containing pyrochlores is also of fundamental interest,
36

 we have 

additionally studied the properties of the ruthenate and iridate pyrochlore family as novel 

electrocatalyst materials.
33, 34

 In particular their use in electrochemical oxygen evolution from 

water, of relevance for applications such as electrolysers and in polymer electrolyte 

membrane fuel cells, is topical. The range of composition ranges possible in the pyrochlore 

structure is particularly useful for heterogeneous catalysis applications for a number of 

reasons. Firstly, because the pyrochlore structure has a tendency for various types of oxide-

ion disorder, with either displacement from its ideal site towards a fluorite-like structure, or 

partial replacement by water, hydroxide or monovalent anions, aided if the metal sublattice 

can adjust metal oxidation state;
37

 this can give rise to redox properties in the solid state. 

Secondly, because variety of A and B site substitutions are possible involving many chemical 

elements and hence the properties can be fine-tuned by composition, allowing, for example, 

interatomic separation to be adjusted, or further control of oxidation states, to give, for 

example, conducting oxides. One major challenge in the field of electrocatalysis area of 

chemistry is to discover catalysts that are robust to acid conditions, where at low pH many 

oxide materials dissolve: oxides of iridium in particular are suited for this chemistry and 

addition of ruthenium enhances activity (albeit at the expense of stability).
38

 We have 

recently shown how mixed ruthenate-iridate pyrochlores present a step forward in developing 

acid-resilient electrocatalysts for this application, and how the materials prepared by 
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hydrothermal synthesis provide nanocrystalline powders that can easily be fabricated into 

robust electrodes.
34

 Although the use of precious-metals may be economically inhibitive the 

pyrochlores provide a way of diluting the use of Ru or Ir since the partner A site metal(s) are 

present in a similar molar quantity.  

Another important example of materials discovery by hydrothermal chemistry is 

provided by the work of Kumada and co-workers who have prepared a family of 

superconducting bismuthate perovskites by direct hydrothermal crystallisation, Figure 4.
39-42

 

This was inspired by the long-known BaBi1-xPbxO3 and Ba1-xKxBiO3 materials where K or Pb 

are introduced into BaBiO3 to give mixed valent Bi
3+

/Bi
5+

 resulting in superconductivity with 

transition temperatures up to ~30 K.
43

 For the hydrothermally prepared materials of Kumada, 

the synthesis method employs the oxidising Bi(V) salt NaBiO3·2H2O as a reagent under basic 

conditions at 180 – 220 °C, with addition of other metal salts.  

The first example, formulated as (Ba0:75K0:14H0:11)BiO3·nH2O, is a mixed A-site 

material with Ba
2+

, K
+
 and H2O. The A site substituents are ordered with distinct sites for 

Ba
2+

 and (K,H2O), Figure 4b. This material shows a superconducting transition of ~8K, as 

measured by the onset of diamagnetism, yet is metastable: upon heating in air water is lost 

above 500 °C to give a Ba,K mixed perovskite.
39

 The A-site-ordered (Na0.25K0.45)Ba3Bi4O12 

has essentially the same A’A’’3B4O12 structure with the A’ site randomly occupied by both 

Na and K along with  vacancies, and the A’’ site by Ba; the material shows a Tc of ~27 K, 

and decomposes above 600 °C with loss of O2 and reduction of Bi
5+

 to Bi
3+

.
40

 The mixed 

lead-bismuth B-site perovskite (Ba0.82K0.18)(Bi0.53Pb0.47)O3 was crystallised from 

PbBi2O5.9·H2O (itself prepared from NaBiO3·nH2O in Pb(NO3) at room temperature) and 

Ba(OH)2 in aqueous KOH at 240 °C.  This ‘double double’ perovskite has mixed A-site and 

mixed B-site, with randomly distributed Ba,K and Bi,Pb, respectively, Figure 4a. This 

compound exhibits a superconducting onset of ~ 22.8 K, and its thermal decomposition 

occurs above 600 °C.
41

  Finally, KBa3(Bi0.89Na0.11)4O12  is a mixed B-site material 

A’A’’3B4O12 with a large shielding volume fraction, exceeding 100%, and onset of 

superconductivity at ~ 31.5 K.
42

 This set of materials illustrates well the idea of materials 

discovery: where novel compositions representing new superconducting phases are found in a 

family first studied more than 40 years ago.  
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3. Control of Oxide Properties by Substitutional Chemistry  

 

Although mentioned above for the case of pyrochlores and perovskites, in this section we 

discuss how substitutional chemistry can be used to modify properties of oxides. We will 

emphasise how the hydrothermal method allows inclusion of unusual elements in binary 

systems to then modify the properties of the parent material for specific applications. First we 

consider the case of cerium dioxide (ceria). This material has been extensively studied for its 

important applications in heterogeneous catalysis, where it provides a redox-active support in 

which the ready interconversion between Ce
4+

 and Ce
3+

 allows release and uptake of 

oxygen.
44

 When loaded with small particles of precious metal the resulting cooperative effect 

finds use in areas such as water-gas shift catalysis, the conversion of CO and water to 

hydrogen and CO2, which is of relevance for purifying hydrogen produced from steam 

reforming,
45

 and in automotive three-way catalysts, which are under continual development 

to meet ever stringent legislative demands.
46

Also emerging are other catalysis applications 

for precious-metals supported on ceria in oxidation catalysis, such as in the methane 

oxidation reaction.
47

 and in solar induced water splitting.
48

 The properties of ceria have also 

been explored in other areas, such as abrasive agents for chemical mechanical planarisation 

of integrated circuits,
49

 cosmetic UV-shielding,
50

 and humidity sensing.
51

 

Substitution of Ce
4+

 in the fluorite structure of CeO2 by other cations is a widely used 

strategy for tuning the redox properties of the solid. Replacement by an aliovalent cation, 

such as a trivalent rare-earth (La
3+

, Gd
3+

, for example), introduces oxide-ion defects that may 

enhance oxide-ion mobility and redox properties, while addition of an isovalent cation of 

different size can give local structural distortion and lattice strain, also enhancing properties 

associated with oxide-ion mobility, and the case of Zr
4+

 has been well documented.
52

 Figure 5 

presents a survey of all the chemical elements that have been included in ceria, using a 

variety of synthesis methods, but use of solvothermal synthesis is highlighted, where it can be 

seen that these routes often permit the highest level of elemental substitution.
53

 This has often 

been proved experimentally by a combination of lattice parameter expansion (or contraction) 

and local structural probes such as Raman spectroscopy. We choose some selected examples 

to show the benefit of solvothermal synthesis in this chemistry. 

In early work in this field Li et al. showed how Fe could be included into 

nanocrystalline ceria by hydrothermal crystallisation from aqueous solutions of Ce(NO3)3 and 

Fe(NO3)3 in the presence of NaOH, despite the fact that mixed oxides of Ce and Fe cannot be 
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accessed by high temperature solid-state chemistry.
54

 Materials of composition Ce1-xFexO2 

with x up to 0.2 could be produced, with a lattice contraction and EPR spectroscopy proving 

the presence of octahedral Fe
3+

. The authors proposed that Fe
3+

 must be present in interstitial 

sites, and yet with a low level of oxide-ion deficiency. However, the issue of incompatibility 

of octahedral substituents into the ceria structure that contains cubic (eight-coordinate) metal 

sites is one that has not yet been resolved, and it is clear that detailed structural studies are 

needed to understand properly how such a dopant can be included in the ceria structure. The 

incorporation of other trivalent cations into ceria can result in considerable distortion of the 

average structure. In the case of Bi
3+

 this is because of the unsymmetrical coordination 

preference of this ‘lone-pair cation’, although it may be noted that Bi2O3 does have an 

(average) oxide-deficient fluorite structure at high temperature.
55

 In our hydrothermal 

synthesis we found that using NaBiO3·2H2O as an oxidising source of Bi, in combination 

with CeCl3 in aqueous NaOH at 240 °C gave nanocrystalline Ce1-xBixO2-δ with x up 0.6.
56

 In 

this case the presence of oxide-ion deficiency is expected since XANES spectroscopy proved 

that Bi is present in the +3 oxidation state, and pair distribution studies derived from neutron 

scattering showed how the local structure is distorted to accommodate the bulky substituent 

but with the Bi residing close to the expected Ce sites in the structure. Bi-substituted ceria 

undergoes structural collapse under strongly reducing conditions, with extrusion of metallic 

bismuth upon heating in even dilute hydrogen: this illustrates the instability of such a 

distorted and heavily substituted ceria,
56

 although the material may still be beneficial for 

other catalytic applications that involve oxidative conditions.
57

 

While the use of precious metal nanoparticles supported on ceria is commonplace, 

where an atomic scale interaction between the precious metal and the ceria surface gives 

catalysis properties,
44

 it is interesting to consider the possibility of including a precious-metal 

cation within the ceria lattice. This is something difficult to do by high temperature annealing 

due to the high likelihood of reduction of any precious metal salt or oxide into the metallic 

state, hence solution synthesis offers a viable proposition. We have thus shown recently how 

Pd may be included within the ceria lattice, formally substituting Ce
4+

 by Pd
2+

 to give 

compositions Ce1−xPdxO2−δ, where 0 ≤ x ≤ 0.15.
58

 This was achieved by a hydrothermal 

reaction involving CeCl3·7H2O and PdCl2 in aqueous NaOH with oxidising conditions 

provided by the use of hydrogen peroxide. This gave nanocrystalline powders with a 

homogeneous distribution of Pd, for which EXAFS spectroscopy was used to prove the 

presence of square-planar Pd
2+

 in interstitial positions in the fluorite structure, Figure 6.  
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Despite shorter Pd-O distances compared to Ce-O, the lattice is expanded when Pd is added: 

this is because of its location in the otherwise unoccupied square of oxide ions forces 

expansion to accommodate the coordination preference of Pd
2+

.  

Another binary oxide at the focus of attention for its widespread applications is TiO2: 

research centres upon properties for use in photocatalysis, such as in solar energy conversion 

devices, destruction of organic pollutants or in water splitting as a route to hydrogen and 

oxygen.
59

 TiO2 differs from the case of CeO2 in that it exists as a number of polymorphs, all 

stable at close to room temperature and all containing octahedral metal centres: anatase and 

rutile are the two most common forms, with latter being the thermodynamically most stable 

and hence the phase that results upon any prolonged annealing.  Solvothermal synthesis 

conditions have already been proven to allow selective formation of one TiO2 polymorph 

over another often in nanostructured form,
60

 and in recent work desirable mixtures of anatase 

and rutile polymorphs have been produced by hydrothermal treatment to convert amorphous 

interfacial material into crystalline solid.
61

 An additional focus is, however, the inclusion of 

other cations to adjust its light absorption properties and hence to optimise photocatalysis. 

Solvothermal synthesis plays a role here and the past few years there have been reports of 

inclusion of a range of chemical elements into TiO2. Some of these may be anticipated since 

other tetravalent metals adopt the rutile structures, as found for SnO2 or RuO2, and indeed 

these can be substituted in rutile TiO2 to give solid-solutions across the whole composition 

range from hydrothermal reactions such as Ti1-xSnxO2,
62

 or with controlled levels of Sn 

inclusion to optimise photoelectrochemical properties;
63

 alternatively very small amounts of 

substitution may be beneficial such as in the case of  Ti1-xRuxO2 where addition of even a 

small amount of Ru, 0.8 mol %, gives enhanced visible-light-driven H2 production over pure 

TiO2.
64

 For other substituents, the anatase structure is produced by solvothermal 

crystallisation. For example, La
3+

 can be included in TiO2 by a solvothermal reaction from 

titanium butoxide  and La(NO3)3 in an acetic acid-hydrofluoric acid mixture, and Zhang et al. 

produced nanoscale plates of the La-TiO2 anatase directly onto an transparent conductive 

fluorine-doped tin dioxide substrate.
65

 Although annealing was needed to form highly 

crystalline materials, this illustrates the scope of the method for forming devices based on 

layers of solvothermally deposited complex-oxide films; in this case photocatalytic 

degradation of model organics was studied. By crystallisation from ethanolic solutions of 

titanium(IV) isopropoxide and cerium nitrate hexahydrate, Ce-substituted TiO2 can be 

formed in the anatase structure: in this case the Ce is predominantly present as Ce(III), 

something difficult to achieve by any method that involves post-synthesis annealing due to its 
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ready oxidation to Ce(IV), but in this as-made form at low levels, the material shows 

photocatalytic hydrogen production from water under UV irradiation.
66

 

As well as cation substitution, anion substitution is another approach for modifying 

the electronic properties of oxides and for TiO2 a number of solvothermal approaches have 

developed to achieve this.  While replacement of oxide by other monatomic anions such as 

nitride or fluoride in solvothermal reactions has been reported,
67

 Liu et al. considered the case 

of carbonate inclusion and produced substituted anatase TiO2 microspheres by a solvothermal 

reaction between titanium alkoxide and acetone at 200 °C, where an aldol condensation is the 

driving force for reaction.
68

 Computational modelling allowed the location of carbonate in the 

lattice to be proposed, Figure 7, and also provided a rationale for the narrow band gap of the 

substituted material compared to pure anatase; this was proven by successful hydrogen 

evolution in photo-catalytic water splitting with visible light. It would be difficult to envisage 

carbonate substitution by any other method since high temperatures would inevitably lead to 

thermal decomposition. 

 

4. Solution Chemistry to Control Crystal Morphology and Form 

 

The examples we have so far chosen in our review illustrate how solution chemistry can be 

used to control the composition and/or crystal structure of new oxide materials, whether in 

stoichiometric systems, or in cases where substitutional chemistry is performed. A further 

important aspect in the tuning of properties of any real material for practical applications is 

the ability to engineer the size and shape of individual crystals making up a polycrystalline 

powder. The morphology of a crystal is what defines its applications, beyond the underlying 

inherent properties of the chemical structures, since materials must be processed, shaped, and 

formed into devices, and, in addition, the surface chemistry of crystals can dictate the 

reactivity of the material, in catalysis, for example. Thus solution-based synthesis is an 

extremely attractive proposition for control of crystallite size and shape, since crystal growth 

occurs under moderate conditions without the need for high temperature annealing that might 

destroy any intricate crystalline morphologies. Further, there are many experimental variables 

that potentially allow crystal growth to be fine-tuned: solution concentration, temperature, 

heating (and cooling) rates, pH, and inclusion of solution additives that might stabilise certain 

crystal faces, etc. Wu et al. have recently reviewed some of the fundamentals of shape control 
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of solids from solution crystal growth.
13

  In this section we will take some recent examples of 

oxide chemistry from the literature, from a variety of different researchers; these provide 

some striking examples of how solution chemistry is being used to produce unusual crystal 

morphologies of oxides under solvothermal conditions. As with the earlier sections, this is 

not a complete review of the literature: we instead have taken relevant examples that illustrate 

some key emerging trends that may in the future lead to routes to materials applicable in 

applications. 

First we consider some binary oxides. Chen and Xue studied the crystallisation of 

Cu2O using a hydrothermal method from Cu(II) nitrate in the presence of starch as reductant 

and various concentrations of NaOH at 120 °C.
69

  They proved a remarkable dependence of 

crystallite size and morphology on simply the pH of the solution used, with evolution of 

shape from nanowires, through aggregated spheres and octahedra to truncated octahedra and 

cuboctahedra, Figure 8. A mechanism of formation was proposed in which the role of 

solution species, dictated by the pH dependence of redox potential of Cu
2+

, was key to the 

resultant crystal form.  Cu2O has been the focus of much systematic study in this respect, 

with various reducing agents surveyed along with pH and reaction temperature giving 

intricate crystal forms that provide a useful model system for understanding hydrothermal 

crystal growth of oxide, and Chen et al. have reviewed this chemistry, along with analogous 

routes to other binary oxides such as CuO and MnO2, with emphasis on their relevance for 

application in electrode materials for energy applications.
70

  

 Xu et al. studied the formation of the mixed-valent iron oxide spinel magnetite 

(Fe3O4) using a solvent mixture of ethylene glycol and H2O with urea as an additive.
71

  They 

showed an evolution of 50-facet Fe3O4 polyhedral crystals, Figure 9, by adjusting the reaction 

temperature, the reaction time, the amount of urea, the choice of iron precursor, and the 

volume ratio of ethylene glycol to water in the solvent mixture. The authors proposed that 

coordination of ethylene glycol to the iron at the crystal surface led to the high index {311} 

and {110} facets on the polyhedral nanocrystals.  

 

 Zinc oxide is a material that is focus of much attention for its applications arising 

from its semiconductivity and the control of crystal form may be of relevance for practical 

uses such as in sensors, field-effect transistors, optoelectronics and photocatalysis. Yin et al. 

used a mixed water-ethanol solvent system in the presence of glycine at 200 °C to form 

polycrystalline ZnO materials from zinc acetate dihydrate.
72

 With increasing amount of water 
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in the solvent mixture the crystal shape was modified from assemblies of nanoparticles and 

discs, through pure discs to pure rod-shaped, Figure 10. While the mechanism of action of 

glycine was not established it clearly behaves as a potent growth modifier and the authors 

suggested that the change in solvent composition changed its solubility and hence mode of 

action.   

 Das et al. used citrate as a crystal growth modifier for ZnO under hydrothermal 

conditions and proposed that surface binding of the citrate directed the formation of 

hexagonal faces of the ZnO crystallites by match of the Zn---Zn interatomic distances with a 

favourable bonding mode of the polydentate ligand.
73

 In this case, depending on citrate:Zn 

ratio, a variety of intricate crystal forms could be isolated. In a related study, Wang et al. used 

ethanolamine as a crystal habit modifier and produced ZnO with a variety of particle 

morphologies based upon primary needle-shaped crystallites.
74

 It may be noted that earlier 

work has shown how much milder conditions can be used for the solution formation and 

crystal habit modification of ZnO: for example, Raula et al. used ascorbate as an additive and 

between 30 and 60 °C formed various shapes of hierarchical ZnO nanostructures from a 

range of different zinc salts with water as the main solvent.
75

 This illustrates that strictly 

solvothermal conditions may not always be necessary, although it may be the case that upon 

heating at or above the boiling point the solubilisation of a much greater choice of reagents 

and additives may be possible.  

The control of crystal form of ternary oxides also has proved possible by solvothermal 

synthesis. One prototypical material that has been studied in this respect is the perovskite 

BaTiO3, well known for its dielectric properties in its tetragonal polymorph. Earlier work had 

proved that when using TiO2 or alkali-metal titanates as starting materials under 

hydrothermal conditions then the size and shape of the BaTiO3 formed was a direct replica of 

the size and shape of the titania or titanate precursor.
11

 This retention of crystal form strongly 

suggests that little dissolution of the solid precursor takes place: either crystallisation occurs 

by transport of a second metal ion into the solid reagent or local dissolution occurs such that 

the reagent particles have a templating influence on the solid product that is formed.  Some 

recent work by various groups has taken this ‘shape preserving’ synthesis route further to 

form intricate morphologies, with properties being measured to prove their potential use in 

applications.  

Lamberti et al. produced vertically oriented TiO2 arrays of nanotubes by ultra-fast 

anodic oxidation of titanium foils and then converted them to tubular structures of BaTiO3 in 

alkali solutions of barium acetate at 150 – 200 °C.
76

 At the lower temperatures, Figure 11, the 
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BaTiO3 was partially in the paraelectric cubic phase, but for samples prepared at 200 °C for 

24 hours, which retain the tubular morphology, electrical characterisation confirmed 

ferroelectric behaviour expected for the tetragonal phase. The coercive fields related to the 

tetragonal domain switching are higher than in bulk samples, which is characteristic of 

nanoconfinement of ferroelectric domains.  

 Caruntu et al. produced nanocrystalline BaTiO3 from solvothermal reactions using 

various alcohols as solvents in the presence of NaOH and oleic acid with Ba(NO3)2 and 

Ti(OBu)4 as precursors.
77

 Size-control of the cubic crystals was demonstrated, depending on 

the concentrations of reagents used and the polarity of the solvent, Figure 12. The as-made 

particles are coated with oleic acid molecules on their surfaces and so are hydrophobic, 

allowing the formation of highly stable colloidal solutions in nonpolar solvents. The authors 

showed that upon oxidative cleavage of the oleic acid the surface molecules are converted 

into azelaic acid, thus adjusting the perovskite nanocrystals to be hydrophilic and dispersible 

in polar solvents. The significance of this post-synthesis modification and control of surface 

chemistry, is that this paves the way for controlled assembly of functional particles for the 

formation of, for example, hierarchical or composite structures. The same synthesis method 

was used for the related perovskites BaZrO3, PbTiO3 and SrTiO3.
77

 

 Friderichs et al. also used oleic acid as a surface modifier, in this case to prepare 

monodisperse SrTi1-xZrxO3 nanocubes, of size ~10 nm, using a two-phase oil/water solvent 

mixture.
78

 Their work has some significant novelty since they used an optically transparent 

autoclave from which the evolution of reaction at the oil/water interface could be followed. 

They also proposed a model for the evolution of crystal morphology, based on the steric 

constraints of the oleate moieties at the growing crystal surface.  

Hydrothermal synthesis of perovskite manganites have attracted much attention since 

earlier work that proved that mixed-valent AA’MnO3 with A = divalent alkali earth and A = 

trivalent rare-earth could be isolated by judicious choice of manganese precursors.
79

 These 

materials are of interest for their magnetic and electronic properties, such as the presence of 

magnetoresistance. Furthermore, hexagonal polymorphs of the perovskite structure can be 

obtained for manganites, such as in the base of BaMnO3, where hydrothermal routes form the 

2H polytype,
80

 and for YMnO3 hydrothermal synthesis yields a layered hexagonal 

polymorph.
81

 Recent work on the hydrothermal formation of manganites has focused on 

understanding crystal growth mechanism, and in the control of crystal form to produce novel 

nanostructures that might have unusual magnetic properties. González-Jiménez et al. made a 
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systematic study of the formation of 4H-SrMnO3 under hydrothermal conditions using salts 

of Sr
2+

, Mn
2+

, and [MnO4]
−
 salts and aqueous KOH.

82
 This work represents one of the most 

detailed investigations of the hydrothermal formation of a mixed-oxide, with extensive 

screening of sets of reaction conditions and in-depth analysis of the isolated products using 

advanced characterisation. This allowed the optimum conditions for the production of phase-

pure perovskite to be established and various side products were identified: crucially by this 

hydrothermal method it was concluded that nanocrystalline 4H-SrMnO3 could never be 

formed even at extremes of the pH range. The synthesis is also complicated by the formation 

of K0.04Sr0.16MnO2·nH2O is formed as an intermediate, and other crystalline byproducts; 

nevertheless the 4H-SrMnO3 that is formed is well ordered, with no evidence of extended 

defects. This work illustrates the complexity of hydrothermal oxide chemistry and the need to 

explore systematically synthesis conditions. 

More complex manganites also have been prepared in unusual morphologies.  

Makovec et al. crystallised single-crystalline dendrites of the quaternary system 

La1−xSrxMnO3 using a hydrothermal method from metal salts of Sr
2+

, La
3+

, and Mn
2+

  in 

NaOH solution, without the use of any other solution modifiers.
83

 In related work, Huang et 

al. found that use of ammonium salts allowed shape modulation of La1−xSrxMnO3; in this 

case solutions of La(NO3)3, Sr(NO3)2, MnCl2 and KMnO4 were used with the amount of 

Mn
VII

 and Mn
II
 in the precursors adjusted to give the desired average oxidation state of the 

product.
84

 They showed a complex evolution of crystal morphology from cubic to multi-

facetted, pyramidal clusters, Figure 13. The same group have also published an informative 

review article proposing how crystal facet tailoring in perovskite oxides may be possible by 

hydrothermal chemistry.
12

 This concept can confer useful properties: for example in the case 

of PbTiO3, Yin et al. found that PbTiO3 nanocrystals with well-defined {111} facets from a 

hydrothermal method by using LiNO3 as solution modifier, have enhanced visible-light 

photocatalytic activity for the photocatalytic degradation of the model organic methylene 

blue.
85

  

 

5. Summary and Outlook  

 

We have presented selected examples of the key papers from the recent literature that 

illustrate various advantageous aspects in the solvothermal crystallisation of oxide materials. 

This includes the discovery of new materials, both with unprecedented crystal structures or 

compositions, the inclusion of unexpected substituent elements in familiar structures, the 
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formation of intricate nano-scale or micro-scale structures. The use of oxidants in solution 

allows access to high oxidation states of second and third-two elements such as Ru and Ir: a 

convenient feature of this solution chemistry is the use of solid peroxides as reagents, which 

yield soluble decomposition products that can be washed away from the solid product.  On 

the other hand, solution additives (organic carboxylic acids, amino acids, or simple inorganic 

ions) have been employed to modify crystal morphology, but even variation of pH can have 

similar effects. Shape-preservation of morphology is also proving a valuable strategy for 

controlling crystal form, where an oxide product has microstructure that mimics the form 

(size and shape of crystals) of a chosen precursor.  

If solvothermal synthesis of oxides is truly to be controlled to give materials with 

properties tailored for application, clearly some predictive ability in synthesis is needed. At 

present while there hints of being able to achieve this, the wide variety of reaction parameters 

means that conditions used for the synthesis of one material are not necessarily transferable to 

another. The case of crystal habit modifiers clearly falls into this category, although some 

systematic trends are emerging in specific families of materials; for example solvothermal 

engineering of crystal facets in perovskite oxides.
12

 It is clear that a detailed knowledge of 

crystallisation kinetics and mechanism is urgently required to put the solvothermal synthesis 

of oxide materials on a firmer fundamental basis. There have been huge advances in the use 

of in situ experimental probes to follow crystallisations within sealed reaction vessels, using 

for example, high energy X-rays at synchrotrons where structural information can be refined 

as a material evolves.
86

A particularly noteworthy development in this respect is the 

introduction of in situ, time-resolved pair distribution function analysis, where the evolution 

of short-range and long-range structure can be tracked by use of high energy X-rays (and 

hence large Q-range scattering data): this has allowed the emergence of binary oxides of 

cerium,
87

 tin,
88

 and tungsten
89

 from hydrothermal reactions to be observed and pre-

crystallisation building units to be proposed. High intensity synchrotron X-rays also allow 

other in situ experiments to be designed: for example, the use of small-angle X-ray scattering 

permits observation of large-scale structure such as particle size and porosity. Xia et al. used 

this to great effect to study the solvothermal formation of mesoporous TiO2 (anatase) beads, 

with the evolution of porosity tracked in real time from solution at temperatures between 140 

and 180 °C.
90

 Together, these in situ studies provide the first information towards proposing 

crystallisation mechanisms to aid prediction of future syntheses. With greater access to 

facilities for such experiments available to many researchers, this should create a substantial 
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body of data to allow the effect of synthetic variables to be mapped and crystallisation to be 

understood.   

Computer modelling is highly likely to play a part in understanding crystallisation and 

in predicting the formation of new materials. At the present time, however, while computer 

modelling is been significantly advanced to allow prediction of likely candidate structures for 

new materials,
91

 there remains a huge disconnect with prediction of the synthetic chemistry 

needed to access them. Some recent works some promise in this area, however: for example, 

Raccuglia et al. recently described a machine-learning approach to predictive materials 

synthesis where by input of a database of failed, as well as successful, synthesis conditions, 

predictions of new reaction parameters could be made with a statistically significant success 

rate.
92

 Notably this work was applied for the solvothermal crystallisation of organic-inorganic 

hybrid materials, so could conceivably be applied for the type of chemistry we have 

described in this Highlight. Earlier work, more than 20 years ago, by Lencka and Riman and 

co-workers applied  thermodynamic calculations, using tabulated standard-state properties 

and solution activity coefficients, to allow stability-yield diagrams to be calculated showing 

pH regions for the successful hydrothermal crystallisation of ternary titanates, such as 

BaTiO3 and PbTiO3.
93

 It would be interesting, and timely, to return to such calculations with 

the new examples described in this Highlight, where redox chemistry is an additional 

consideration and the greater synthetic complexity would benefit from a guided synthesis 

approach. 

 Another consideration when discussing materials synthesis is whether the production 

of materials for applications can be scaled up to produce the amounts needed for commercial 

use.  In this respect it is interesting to note that there have been advances in the development 

of continuous flow technology that permit hydrothermal and solvothermal reactions to be 

performed to yield materials at a scale and in time viable for commercial manufacture.
94

 This 

work includes a number of oxides spanning binary materials (CeO2, TiO2, Co3O4  etc.) to 

more complex systems (Y5Al3O12, KNbO3, Ba1-xSrxTiO3 etc.), and these can be formed as 

nanocrystalline powders with production rates of 100s of grams per hour or higher.
94

 This 

points towards solvothermal oxide crystallisation being commercially viable in the future, as 

well as continuing to uncover new materials with interesting properties.  
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Figure Captions 

 

Figure 1:  Structures of alkali-earth iridium hydroxides and oxides crystallised by using 

hydrothermal chemistry.
26

  

 

Figure 2: A phase diagram representation of composition space for the synthesis of 

alkali-earth ruthenates and oxyhydroxides. Red circles represent hydrothermally 

prepared materials with closed circles those materials prepared in our work at 200 °°°°C, 

27-29
open red circles the work of others and black circles are those materials prepared 

using solid-state synthesis. Coloured zones indicate ruthenium average oxidation state 

of < 4 (green), between 4 and 5 (blue) and > 5 (pink), with boundaries as dotted lines. A 

full list of compositions and literature references is available in the ESI. 

 

Figure 3: Representation of the pyrochlore structure with (a) showing a single unit cell 

with cyan eight-coordinate A-centred polyhedra and green six-coordinated B-centred 

polyhedra and (b) showing the connectivity of A- and B-centred polyhedra for the case 

where the B-site is a regular octahedron. The table gives a summary of A and B 

combinations found in ruthenate and iridates prepared using hydrothermal methods.  

 

Figure 4: Structures of perovskites found for novel bismuthates produced from 

hydrothermal chemistry:
39-42

 (a) shows the conventional perovskite ABO3, as found for 

(Ba0.82K0.18)(Bi0.53Pb0.47)O3 where the A-site and B-site substituents are randomly 

distributed and (b) shows the A-site ordered A’A’’3B4O12 structure found for 

(Ba0:75K0:14H0:11)BiO3·nH2O, (Na0.25K0.45)Ba3Bi4O12, and KBa3(Bi0.89Na0.11)4O12, where 

A-site metals show long range order (represented by the orange and blue spheres). The 

purple octahedral represent the B site in both cases.   

 

Figure 5: A Periodic Table of substituted ceria, Ce1-xMxO2-y or CeO2-zEz. The shades of 

blue represent different levels of substitution that have been reported in the literature, 

with the green borders highlighting materials produced by hydrothermal reactions. 

Also shaded are the cases of anion-substituted materials (in yellow). Further details and 

literature references are provided in the ESI. 
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Figure 6: Pd-substituted ceria from hydrothermal synthesis. The left images are 

elemental maps measured using electron microscopy that show the distribution of Ce 

and Pd, while the EXAFS spectrum measured at the Pd LIII-edge (bottom right) can be 

fitted to a model with Ce
4+

 replaced by Pd
2+

 and the substituent located in interstitial 

square-planar sites as indicated on the top right. Reproduced from Ref. 
58

 with 

permission from the Royal Society of Chemistry. 

 

Figure 7:  Crystal structure models for pure anatase (a) and carbonate substituted TiO2 

(b). The lower panels show two different calculations of band structure for the two 

situations showing the reduction in band gap for the substituted material. Reproduced 

from Ref. 
68

 with permission from the Royal Society of Chemistry. 

 

Figure 8: SEM images of different Cu2O morphologies obtained with different 

concentrations of NaOH in the work of Chen and Xue. Scale bars: (a, b) 500 nm, (c–o) 1 

µm, insets in (d–o) 200 nm. Reproduced from Ref. 
69

 with permission from the Royal 

Society of Chemistry. 

 

Figure 9: Facetted Fe3O4 polyhedral crystals produced from solvothermal synthesis in a 

mixed solvent of ethylene glycol and H2O. Facet assignments are shown from simulation 

in panel a, while individual polyhedral nanoparticles viewed from different directions 

are shown in b–e. Scale bar = 200 nm. Reproduced from Ref. 
71

 with permission from 

the Royal Society of Chemistry. 

 

Figure 10: Morphologies of ZnO reported by Yin et al. from solvothermal synthesis in 

mixed water-ethanol solvent in the presence of gylcine.
72

  Panels a – j denote increasing 

quantities of water used in the synthesis from. Reprinted by permission from Macmillan 

Publishers Ltd: Scientific Reports 4, 3736, copyright (2014). 

 

Figure 11: TEM images of nanotube arrays of (a) TiO2 and (b-e) BaTiO3 produced after 

hydrothermal treatment (150 °°°°C for 2 h with a 0.1 M barium acetate) with varying 

concentrations of KOH (0.05, 0.1, 0.25 and 1 M, respectively).  (f) shows a bright field 

TEM image of the sample in (d). Reproduced from Ref. 
76

 with permission from the 
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Centre National de la Recherche Scientifique (CNRS) and the Royal Society of 

Chemistry. 

 

Figure 12: TEM micrographs of variable-size BaTiO3 cuboidal nanocrystals obtained 

by varying the concentration of the precursors in solvothermal reactions.  Reproduced 

from Ref. 
77

 with permission from the Royal Society of Chemistry. 

 

Figure 13: La0.75Sr0.25MnO3 microstructures crystallised in a 260 °C hydrothermal 

environment in the presence of ammonium ions. Reproduced from Ref. 
84

 with 

permission from the Royal Society of Chemistry. 
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Table of Contents Entry 

Three aspects in the synthesis of oxides under solvothermal conditions are reviewed: 

materials discovery, substitutional chemistry and crystal habit control.  
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