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Abstract 
Hydro(solvo)thermal synthesis was used to synthesise a range of oxide, oxyhydroxide 

and hydroxide materials. Their structures were characterised by a wide variety of 

diffraction, spectroscopic, and other analytical techniques. Many of the oxides were 

screened for potential applications in catalysis. 

High energy X-ray diffraction was used to follow in situ the crystallisation of a cobalt 

gallium oxide prepared from metallic gallium in ethanolamine. Two transient 

metastable layered double hydroxide phases were observed prior to the formation of 

the spinel product when a solvent of 1:1 water:ethanolamine mixture was used. 

Photocatalytic studies showed that the spinel had activity as a water oxidation catalyst. 

A different cobalt gallium oxide spinel was prepared by solvothermal reaction using 

pre-formed γ-Ga2O3 and a solution of Co2+. Its metastable structure was characterised 

by a variety of techniques including analysis of Bragg and diffuse neutron scattering 

data. The material was investigated for three-way catalysis. 

The polymorphism of Ga2-xAlxO3 was investigated and the structures of materials 

characterised. The solvothermal synthesis of the defect spinel γ-Ga2-xAlxO3 in 2-

propanol was optimised for 240 °C with up to 90% of the Ga replaced by Al. A novel 

oxyhydroxide Ga5-xAlxO7(OH) was prepared by solvothermal reaction in 1,4-

butanediol. Solid-state MAS NMR was used to determine the coordination of the 

metals in these materials. All the materials are found to be metastable, transforming 

into thermodynamically stable polymorphs above 1400 °C. Ga2O3 and Ga2-xAlxO3 

polymorphs were tested as palladium supports in the diesel oxidation reaction and the 

semi-hydrogenation of acetylene. 

A novel oxyhydroxide, Ga2.52V2.48O7.31(OH)0.69, was prepared by reaction of Ga metal 

and Na3VO4 in a 1:1 ethanolamine:water mixture. The structure of this material was 

investigated by neutron diffraction and found to isostructural with the minerals tohdite 

and nolanite. The material is metastable, dehydrating around 300 °C to form 

Ga2.52V2.48O8, and then decomposing above 500 °C. The material was found to show 

good activity as a catalyst for oxidative propane dehydrogenation. 

A new chromium substituted γ-Ga2O3 has been prepared and characterised. This 

material was prepared by solvothermal reaction in 1,4-butanediol and found to be very 

poorly crystalline. The spinel is stable to 900 °C before phase separating into its 

respective binary oxides. 

The hydrothermal reaction of RhCl3·3H2O with AO2 or A(OH)2 (A = Ca, Sr, Ba) in 

either NaOH or KOH at 200 °C yielded a range of hydroxides. Ca3Rh2(OH)12 and 

Sr3Rh2(OH)12 are hydrogarnets which can be dehydrated to oxides on heating. A new 

hydroxide in the system Ca-Na-Rh-OH was synthesised. Reaction with barium salts 

in NaOH yielded BaNaRh(OH)6 a new hydroxide. The structure of this material was 

solved by single crystal diffraction and found to contain isolated Rh-OH octahedra, 

two crystallographically different 8 coordinate Na sites and a 10 coordinate Ba site. 
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1. Introduction 

1.1 Metal oxides as supports for precious metals 

The study of catalysis remains at the forefront of scientific research in the chemical, 

physical and material sciences. The importance of heterogenous catalysis to industry 

cannot be stressed enough. Some examples include ammonia synthesis (Haber 

process), hydrogenation of fatty acids (for margarine production), hydroformylation 

of propene, sulfuric acid synthesis (Contact process), nitric acid synthesis, (Ostwald 

process), steam reforming (for hydrogen production) and the Ziegler-Natta 

polymerisation of olefins. Of particular importance is the use of heterogeneous 

catalysis for the mitigation of vehicle exhaust fumes. With ever increasing stringent 

emissions legislation on petrol and diesel vehicles, research into the discovery and 

design of new catalysts with improved function remains strongly active. For example, 

the current legislation in Europe, the so-called Euro6b, requires a 56% reduction in 

NOx compared to the previous stage of legislation.1 The use of precious metals, which 

includes the platinum group metals: Ru, Rh, Pd, Ir, and Pt in catalysis such as in 

vehicle exhaust catalytic convertor systems for example, (Figure 1.1), is well 

documented.2–12 In the 2017 status report by Johnson-Matthey PLC the gross demand 

for precious metals for the autocatalysis industry remained highest representing just 

over 40% the total supply compared to the jewellery, industrial and investment 

demand. 

Although there is a move to electric powered cars which will remove some of the 

necessity of these catalytic systems (by 2040 the sale of all new diesel and petrol 

vehicles in the UK will be banned), there will still be a drive to produce catalysts which 

will produce cleaner emissions when fuel is burnt for a long time to come. 

The study of bulk oxide catalysts, such as LaRhO3 and SrRuO3,
13,14 initiated in the 

1970s, revealed that platinum-group metal ions may have a catalytic advantage over 

the metallic state metals. Whilst bulk oxides of the precious metals have been studied 

as catalysts the routine employment of such oxides is not economically viable. The 

more familiar use of the platinum-group metals in catalysis is when highly dispersed 

over a relevant metal oxide support. The types of support vary but γ-Al2O3 is very 
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widely used for such purpose,5 but other oxides15 including TiO2,
16 SiO2,

17,18 ZrO2
19 

among others such as Fe3O4,
20 and zeolites21,22 are commonly employed as supports. 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic of a typical catalytic convertor system in a vehicle. Reproduced and 

modified from Heck et al.23 HC refers to hydrocarbons. 

The most common metals used in heterogeneous catalysts are the platinum-group 

metals Pd, Pt and Rh, and these are typically supported on a γ-Al2O3 coated 

monolith.9,12 For example, alumina supported Pd and Pt are excellent catalysts for CO 

and hydrocarbon oxidation in the diesel oxidation system and, whilst Rh is 

occasionally used too for this catalyst since it can provide stability to Pt-based diesel 

oxidation catalysts,23 it is more frequently found in the three-way catalyst system in 

petrol engines for reduction of NOx.
9 

As well as supporting platinum-group metals, alumina supported metallic Co or Co3O4 

are of importance in heterogeneous catalysis, for example in the Fisher-Tropsch 

reaction,5,24–26 (a collection of reactions by where liquid hydrocarbons are prepared 

from CO and H2 over a catalyst). Much focus remains on the study of Co deposition 

on the oxide surface, whilst other studies regard the formation and elucidation of the 

active Co species. As an example, the temperature at which the wet impregnation 

method is carried out influences whether Co(OH)2 or CoAl2O4 predominates on the 

surface.27 

The catalytic activity of a metal is crucially determined by its oxidation state, an 

example is found in hydrocarbon oxidation where the platinum-group metals show 

very different activities depending on their oxidation state.28 The operation 
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temperature also has a profound effect on the catalytic performance of the precious 

metal.29 Palladium catalysts are affected by high temperatures as PdO is reduced to 

the metallic state, decreasing its activity.30 Furthermore, palladium catalysts are more 

strongly affected by sulfur oxides, a common catalyst poison in diesel oxidation 

systems, as PdO interacts with both SO2 and SO3.
31 Where high levels of sulfur oxides 

are present often Pt-catalysts are required. There is ongoing research suggesting the 

sulfur also strongly interacts with the alumina support material also leading to catalyst 

deactivation.32 

The activity of the active component usually depends on how it is introduced on to the 

support with the major route being wet-impregnation, though homogeneous 

deposition-precipitation, and ion-exchange are other techniques used.5 

The choice of alumina as a support for catalysis is based on a variety of reasons aside 

from the obvious reasons of its being cheap and readily available. It is selected for its 

textural properties: γ-Al2O3 can be prepared with very high surface areas, and its pore 

volume and pore size distribution tuned for its application. The surface chemical 

composition and local microstructure affect the acid-base characteristics of the oxide, 

a property which again can be modified by the method of fabrication.4,5 The support 

itself is not only a carrier for the active compounds and the interaction between the 

metal and the support is also very important affecting the dispersion of the metal, 

which may help to supress sintering at high temperatures, in turn enhancing catalytic 

performance and durability.4 The interaction between the precious metal and the 

support must be neither too strong nor weak for good catalytic activity. For example, 

it has been found that too strong an interaction inhibits the catalytic activity of the 

catalyst Pt(1%)/Ce0.6Zr0.4O2 when reduced at 1050 °C, as inward diffusion of Pt occurs 

reducing the amount of surface active Pt.33 

In another example, sintering of Ag nano-particles supported on cerium oxide, CeO2, 

was suppressed enhancing catalytic activity, compared to larger Ag particles, owing 

to a stronger metal-support interaction; the support acting as an anchor for Ag.34 The 

interaction between metal and support can also influence properties of the support 

itself. For example, Pd, Pt and Rh supported on CeO2 is well-known to promote the 

reduction of surface oxygen of CeO2.
35  
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Exposure of Rh/Al2O3 catalysts under oxidising conditions not only causes loss of the 

active area by particle growth but also by inward diffusion into the bulk of the support 

and furthermore, Rh is cited to react with Al2O3 forming rhodium aluminate.36 

1.2 Overview of hydro(solvo)thermal synthesis and its application to 

catalyst preparation 

In this thesis, the majority of materials that are presented were prepared under hydro 

or solvothermal conditions. In some instances, materials that were precursors to other 

functional oxides were prepared hydro(solvo)thermally. This method of preparation 

features heavily throughout this thesis and so a brief overview of the technique is 

presented. 

Hydrothermal synthesis may be described simply as a reaction between reagents in 

water in a sealed vessel above the boiling point.37 Alternatively, if a solvent other than 

water is used then the synthesis is described as solvothermal and the temperature 

adjusted to be above the boiling point of the solvent used. Upon heating above the 

boiling point an autogenous pressure develops within the reaction vessel, and this 

pressure will be dependent on the temperature used and the fill in the autoclave.  

Usually no external pressure is applied. It takes its name from geothermal conditions 

by where many minerals in the Earth’s crust may form under these sort of conditions.38 

Early important examples of this technique were used to synthesize microcrystalline 

quartz and in the mid-20th century to synthesize CrIVO2 (reaction scheme 1) the latter 

which was hugely important in the recording industry as CrO2 is ferromagnetic and 

was used as a magnetic recording medium.39 

 

Reaction scheme 1.1 

As well as mineral analogues and dense metal oxides, hydro(solvo)thermal synthesis 

is widely employed in the synthesis of porous materials such as zeolites, and metal-

organic frameworks (MOFs).40–43 

Reagents which are often insoluble in the solvent at room temperature and pressure 

are solubilised under the solvothermal conditions and then upon reaction form 

insoluble materials which crystallise out of solution.44 Often a mineraliser is 
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introduced into the reaction to aid solubilisation. Hydrothermal synthesis has many 

advantages over the traditional high temperature procedures, the so called “ceramic” 

method. In the ceramic method, solid reagents are usually ground mechanically so 

that, ideally, they are well mixed and often the ground precursor powder is pressed 

into a pellet. The powder, or pellet, is then placed inside a furnace and heated to 

temperatures usually in excess of 1000 °C in order to aid diffusion between the grains 

of the reagents at the interface. Often repeated cycles of this are required in order to 

synthesise a homogenous material and reaction times of days or weeks are common.45 

Owing to the high temperatures used it is difficult to control particle size and shape as 

sintering and agglomeration occurs at these high temperatures. Inert or reactive gases 

are frequently needed to prepare materials other than oxides. 

The lower temperatures and milder conditions of hydrothermal reactions in particular 

the use of a solvent as a reaction medium offer scope for control over particle size and 

morphology46,47 which can sometimes be tuned by addition of additives48 or by 

adjusting the pH of the reaction medium.49 This is of huge importance in the catalysis 

industry where nano-crystalline materials with high surface areas are highly desirable. 

It is in part for this reason why hydrothermal synthesis was used in this work since 

many of the materials synthesised were made with interest in their application in 

catalysis. 

The lower temperatures of hydrothermal synthesis also offer scope for the formation 

of new metastable materials which would not normally be accessible from the ceramic 

method since the high temperatures used often results in isolation of only the 

thermodynamically stable material.50,51 The low temperature used has been cited by 

some to hail hydrothermal synthesis as a “green” chemistry route, which is attractive 

in industry.  

Other advantages of hydro(solvo)thermal reactions are that quite often the materials 

are prepared directly, that is, no post-synthetic annealing is required, which is often a 

necessary step in other chimie-douce methods such as sol-gel.52–54 

The role of precursor and solvent are often very important in the formation of 

crystalline materials from hydro(solvo)thermal synthesis. Often the choice of 

precursor dictates the oxidation state of the final product formed, occasionally 

allowing access to metals in unusual oxidation states.55 This is especially true for the 
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hydrothermal synthesis of some manganese and some ruthenium containing materials 

(Table 1.1). The choice of reagent can also have an effect on the crystallinity of the 

material formed. The choice of solvent also can play an active as well as passive role 

in the synthesis. For example, in the solvothermal synthesis of a glycol derivative of 

boehmite using glycols and aluminium isopropoxide the number of carbons in the 

glycol chain was found to be important: a chain of 4 carbons allowed formation of a 

5-membered ring transition state allowing heterolytic cleavage of C-O in the C-O-Al 

bond, yielding -O-Al. Longer and shorter chains proved ineffective in the synthesis.53 

Table 1.1 Some examples of transition metal containing materials in different oxidation states, 

formed from careful choice of precursor. 

Product Metal oxidation state Precursor Solvent Reference 

MnO +2 Mn(ac)2 Benzyl alcohol 56 

Mn3O4 +2.67 Mn(acac)2 Benzyl alcohol 56 

SrMn(OH)6 +2 MnCl2·4H2O H2O 57 

Na2Mn3O7 +4 MnO2 H2O 57 

Sr5(MnO4)OH +5 KMnO4 H2O 57 

La0.5Ba0.5MnO3 +3.5 MnSO4·H2O + KMnO4  H2O 58 

Ca1.5Ru2O7 +5.5 KRuO4 H2O 55 

SrRu2O6 +5 KRuO4 H2O 55 

Ba2Ru3O9(OH) +5 KRuO4 H2O 55 

 

It is not too unusual to find examples where hydrothermal reactions are performed at 

high temperatures (~400-900 °C)39,59 though typically the standard temperature used 

in many hydrothermal reactions is 240 °C. This is because the cup in which reactions 

are performed is usually made from Teflon, (PTFE), which begins to melt and deform 

above 250 °C. 

1.3 Synthesis of γ-Al2O3 

Polymorphs of Al2O3 are traditionally prepared by thermal dehydration of aluminium 

hydroxides and oxyhydroxides.60,61 Since there are at least 11 known Al2O3 

polymorphs the choice of precursor and temperature becomes very important when 

preparing a certain polymorph. γ-Al2O3 can be prepared from the oxyhydroxide 

boehmite, AlOOH, and is reported to appear as a crystalline phase between 350 – 

1200 °C.5 γ-Al2O3 has a cubic defect spinel (Section 1.6.2), with a cubic close packed 

oxide lattice. Whilst hydrothermal synthesis typically favours the formation of 
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aluminium oxyhydroxides,62,63 the works of Inoue et al. have shown that γ-Al2O3 can 

be prepared from solvothermal synthesis from Al(O-iPr)3 in some organic solvents at 

a temperature of 300 °C.64  

1.4 Non-platinum metal group oxides as heterogeneous catalysts. 

Metal oxide spinels are not restricted to just being a support for the active catalyst 

component and have found use as catalysts themselves. Examples include the use of 

γ-Al2O3-Ga2O3 which has found remarkable activity when employed as a catalyst in 

selective NO reduction in the presence of hydrocarbons.64–67 Further details on this 

catalyst is found in Chapter 4. 

Rare-earth perovskite single crystals containing manganese and cobalt were found to 

rival platinum in CO oxidation in vehicle exhaust emissions.68 It has been noted by 

other authors that these single crystal perovskites were prepared in platinum crucibles 

which may have led to contamination by the catalytically-active platinum metal.7 

Nano-crystalline CeO2 has been prepared by a hydrothermal method for use in the 

catalytic oxidation of volatile aromatic compounds (VOCs),69 whilst copper oxide, 

CuO, supported on ceria zirconia, CexZr1-xO2 (x = 0.8) has also been prepared by a 

hydrothermal method for this application.70 A copper containing catalyst was prepared 

by a high temperature hydrothermal reaction (500 °C) and found to have a high 

activity in converting NOx to N2 (>90%).71 

1.5 Platinum group metal substituted oxides for catalysis 

In order to counter sintering, ablation and catalyst deactivation often it is found that 

high loadings of the precious metal must be used to provide a catalyst which is durable 

and has adequate activity over its lifetime.7 Substitution of precious metals into oxide 

hosts offers an effective strategy in an attempt to overcome these issues. 

Isovalent, or aliovalent substitution of a precious metal for a cation in an oxide presents 

an alternative method to supporting precious metals on an oxide surface for use in 

heterogeneous catalysis. The redox properties of CeO2 have led to wide-spread 

industrial application of it in diesel oxidation, three-way catalysis, and other 

heterogeneous catalysis systems.3,72 Whilst platinum-group metals dispersed on the 

surface of cerium oxide have been found to improve the low temperature reducibility 
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of ceria, incorporation of these platinum-group metals into the oxide lattice also offers 

improvement on the mobility of the oxide by direct causation of formation of oxide 

vacancies or other lattice distortions.73 

Among the preparative techniques of substituted cerias, including sol-gel and solution 

combustion, hydrothermal synthesis features quite regularly.74 A wide range of metals 

from all parts of the Periodic Table have been substituted into CeO2
51 of which many 

can be incorporated using mild hydrothermal synthesis. In terms of precious metals 

ruthenium has been incorporated into CeO2 by mild hydrothermal synthesis, whilst a 

recent publication shows that up to ~15% Pd2+ in a square planar geometry can be 

incorporated into CeO2.
75 The incorporation of palladium into ceria leads to low 

temperature, <200 °C, reduction of the oxide. 

1.6 Introduction to spinels and their applications 

1.6.1 The spinel structure 

Spinels feature widely throughout this thesis and so it is worthwhile providing an 

introduction to the structure and synthesis of spinels. 

Spinel is the name given to the mineral MgAl2O4. The spinel oxides are a large family 

of materials usually found in the cubic space group 𝐹𝑑3̅𝑚 . The spinel structure 

consists of a close packed array of anions with cations occupying the tetrahedral and 

octahedral interstitials, (Figure 1.2 and Table 1.2).76 Most frequently the composition 

of the spinel contains divalent and trivalent cations, the latter of which is usually twice 

the amount of the former, but binary metal oxides and metals in higher or lower 

oxidation states than +2 and +3 can also adopt the spinel structure.77,78 For the oxides, 

AB2O4, there is great flexibility in the arrangement of cations which can range from a 

normal spinel, to a fully inverse spinel, or an arrangement in between the two 

extremes. A normal spinel contains divalent cations on the tetrahedral 8a site and 

trivalent cations on the octahedral 16d site. An inverse spinel has the tetrahedral 8a 

site fully occupied by half the total amount of trivalent cations, whilst the remaining 

trivalent and all the divalent cations occupy the octahedral 16d site. Spinels in between 

normal and inverse have a random distribution of metal cations. The degree to which 

a spinel is inverted can be quantified by the inversion parameter, x, such that 
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IV(A1-xBx)
VI[AxB2-x]O4 (i.e. the inversion parameter is the total amount of trivalent 

cation on the tetrahedral site), therefore x = 0 represents a normal spinel and x = 1 a 

fully inverse spinel. Cation distribution in spinels has been studied intensively and can 

often be rationalised by taking into account the Madelung potential,79–83 anion 

polaraization,84 ionic radii, the covalent contribution to chemical bonds82 and crystal 

field theory.79 Crystal field theory is routinely used to predict the cation site preference 

if transition metal ions are involved. The cation arrangement in the spinel is also 

influenced by the synthesis procedure and so the cation distribution can also be 

sensitive to temperature and pressure.85 The cationic distribution is also sensitive to 

and influenced by crystallite sizes and a cationic rearrangement can be very different 

at the nano-scale compared to larger crystallites. 

Table 1.2 Ideal crystal parameters for a spinel in space group 𝐹𝑑3̅𝑚 

  Coordinates 

Site Wyckoff position x y z 

A 8a 0.125 0.125 0.125 

B 16d 0.5 0.5 0.5 

O 32e 0.375* 0.375* 0.375* 

*0.375 represents a perfect cubic close packing of oxygen atoms, the atomic coordinates of 

the oxide may deviate from these positions in reality. 

 

. 

 

 

 

 

 

Figure 1.2 (left) The normal cubic spinel structure and (right) unit cell of a spinel displaying 

a tetrahedral and octahedral unit. Yellow spheres are the divalent metal occupying tetrahedral 

sites and blue spheres the trivalent cations on octahedral sites, red spheres are oxygen. 

Spinel oxides containing at least one transition metal have attracted a great deal of 

attention in both fundamental and practical areas of material science research86  and 

are routinely employed for catalytic applications.87–89  This is largely due to their 

interesting electronic and magnetic properties, which is a consequence of the type of 
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metals present and their arrangement within the structure. Owing to the flexibility of 

the spinel structure the cation distribution can often be tuned to tailor the properties of 

the oxide, for example, by adapting the synthetic approach. In particular, magnetic 

properties are very sensitive to the cation distribution and knowledge of, and how to 

control, the inherent crystal structure can forecast the magnetic property.90 

1.6.2 Defect spinels 

If only trivalent cations are present, then the defect spinel is adopted that is deficient 

in metal cations, (e.g. some binary metals sesquioxides of the general form M2O3, such 

as γ-Al2O3 or γ-Ga2O3, which can be written as γ-󠄁󠄁0.33M2.67O4, where 󠄁 represents 

vacant sites in the structure). The trivalent cation may still be distributed over 

tetrahedral and octahedral sites. 

γ-Al2O3 is an important oxide for it is routinely employed as a support for dispersed 

precious metals in many areas of catalysis. This is elaborated upon in Chapter 4 so no 

further discussion will provided here. γ-Ga2O3 has only found limited use as a support 

for precious metals though there has been a recent surge in interest owing to the 

formation of intermetallic Ga-Pd compounds that can form when Ga2O3 supports with 

Pd are reduced in situ.91 Again, further discussion on this is found in Chapter 4 and so 

it is not the purpose to discuss catalysis with these defect spinels here. Important to 

the current discussion is that both γ-Al2O3 and γ-Ga2O3 adopt the defect spinel 

structure. The defect spinel structure is also found for some first-row transition metals: 

γ-Fe2O3, maghemite, and γ-Mn2O3 both adopt the defect spinel structure. 

Is it interesting to note that all known defect spinels, that is of Al, Ga, Fe and Mn are 

metastable polymorphs transforming to different polymorphs at higher temperature 

and therefore low temperature techniques are required to form them. γ-Al2O3 

transforms into the well-known and well-studied α-Al2O3 (corundum), whilst γ-Ga2O3 

transforms into β-Ga2O3 a material well studied for power devices 92,93 since it has a 

large band gap of ~4.7 eV. γ-Fe2O3 becomes α-Fe2O3 (corundum) when calcined 

vigorously in air, and γ-Mn2O3 can be converted into the black Mn3O4 (hausmannite) 

above 1000 °C. Mn3O4 is also a spinel though there is, however, a tetragonal distortion 

due to the Jahn-Teller d4 Mn3+ cation. Among the first-row transition metals the cubic 

bixbyite M2O3 polymorph is more prevalent (Figure 1.3 and Table 1.3). This structure 

type is adopted by both β-Fe2O3 and α-Mn2O3 (in fact the mineral bixbyite is an oxide 
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of manganese usually stabilised by the presence of iron: (Mn, Fe)2O3) and contains 

only 6-coordinate metals. For Mn2O3 the bixbyite structure is more thermally stable 

than the defect spinel polymorph though both eventually convert to Mn3O4 above 

1000 °C. The most common structure found for the sesquioxide formulation, M2O3, is 

certainly the corundum structure which is adopted by many first-row transition metals 

(Figure 1.3 and Table 1.3). Unlike its Group 13 congeners indium does not crystallise 

in a binary defect spinel probably due to its larger size but does adopt both the bixbyite 

and corundum type polymorphs. Indium can, however, be incorporated into the defect 

spinel structure for example as found in the defect spinel systems γ-Al2O3-Ga2O3-

In2O3
94 and γ-Ga2O3-In2O3, where it resides in octahedral sites.95 

 

Table 1.3 Common sesquioxide phases adopted by first row transition metal oxides and oxides 

of Group 13 metals. 

M2O3 

polymorph 

Ti2O3 V2O3 Cr2O3 Mn2O3 Fe2O3 Al2O3 Ga2O3 In2O3 

Corundum 

˟ ˟ ˟ ˟ ˟ ˟ ˟ ˟ 

Bixbyite  
˟ 

 
˟ ˟ ˟ 

 
˟ 

Spinel    
˟ ˟ ˟ ˟ 
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Figure 1.3 (left) α-Mn2O3 bixbyite-type structure showing two crystallographically different 

Mn3+ cations, (right) α-Al2O3 corundum-type structure, with and blue spheres trivalent cations 

in octahedral coordination. Both structures show there is edge-sharing and face-sharing 

octahedra. 

Whilst vanadium was only known until recently to crystallise in the corundum 

structure type a metastable bixbyite polymorph has been prepared via a high-pressure 

synthesis.96 V2O3 is not known to crystallise with the defect spinel structure but the 

defect spinel AlVO3 has been synthesised. 2/3 of available Al3+ cations on the 

tetrahedral sites with the rest of the Al3+ together with all the V3+ cations randomised 

on the octahedral sites.97 Other mixed-metal defect spinels are known such as the 

partially defective Mg0.3388Al2.408O4 prepared at a temperature of 2050 °C.98 

Defect spinel oxides of lithium and manganese, for example 

{□0.15Li0.85}[Mn1.74Li0.26O4], have been investigated as insertion electrodes for 

rechargeable lithium batteries.99  

No known defect spinels are known for the binary oxides of the 2nd and 3rd row 

transition elements, the reasons are probably two-fold: a larger cation size, and an 

increased crystal field stabilisation energy would not favour the tetrahedral 

coordination required in the spinel. Furthermore, the binary oxide chemistry of the 

platinum group metals is much less structurally diverse than the first-row metals in 

general owing to their oxophobic nature. Au for example is not known to form any 

binary oxides at ambient pressure. Bixbyite and corundum type structures for 2nd and 

3rd row transition metals are known which includes the platinum group metals (one 

polymorph of Rh2O3 has the corundum structure type).100,101 
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Sesquioxides with purely tetrahedral coordination do not exist: Au2O3 crystallising in 

an orthorhombic cell with space group 𝐹𝑑𝑑2 has 4-coordination but contains square 

planar Au3+.102 

1.7 Solvothermal synthesis and catalysis of Fe2O3 and Mn2O3 defect 

spinels 

Fe3O4 can be oxidised to γ-Fe2O3 under carefully controlled oxidation environments. 

For example, acicular γ-Fe2O3 nanoparticles, required for magnetic data storage, are 

typically prepared by hydrolysis of Fe2+ salts, followed by dehydration to α-Fe2O3 

haematite, followed by reduction to magnetite and then by re-oxidation to γ-Fe2O3 

maghemite.103 Thus, there is a desire for a one step synthesis to maghemite. This can 

be achieved by solvothermal synthesis as Seshadri and co-workers have shown: by 

solvothermal reaction of iron cupferron complex (Fe(cupf)3) in a solution of toluene 

and n-octylamine at 220 °C for 1 hour.104 

Solvothermal synthesis of pure γ-Fe2O3 can be problematic due to the possible 

formation of Fe3O4 or the thermodynamically stable α-Fe2O3. Synthesis of γ-Fe2O3 

can be achieved via solvothermal reaction of Fe(NO3)3·9H2O dissolved in a solution 

of ethanol and polyvinylpyrrolidone at 240 °C yielding nano-platelets. These nano-

platelets were then shown to be reduced to Fe3O4 using hydrazine solution whilst 

maintaining their nano-plate morphology.105 

γ-Fe2O3 is studied primarily for its use in magnetic applications but finds some use in 

catalysis. Nanoconfined γ-Fe2O3 in a nitrogen doped graphene framework was 

recently shown to be a highly efficient oxygen reduction catalyst,106 a critical reaction 

for electrochemical energy storage in fuel cells. 

Whilst solvothermal synthesis of a variety of manganese oxides exists in abundance 

in the literature (in particular MnO, MnO2 and Mn3O4) there is limited information on 

solvothermal syntheses of γ-Mn2O3. It is usually prepared by firing MnO2 in air at 

800 °C107 but the material suffers from sintering and agglomeration which is 

undesirable for catalytic applications. A low temperature solvothermal route takes β-

MnO2 and reacts it with ethanol under solvothermal conditions at 130 °C.108  

Polymorphs of Mn2O3 have found application as catalysts for removing CO and NOx 

from waste gases,109 as an oxygen storage component for a three-way catalyst,110 but 
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it is most widely researched for its use in battery materials as precursor to lithium 

intercalated manganese oxide compounds.107,111 

1.8 Solvothermal synthesis of AB2O4 and ternary spinels and their 

catalytic and energy applications 

Mixed metal spinels find application in a variety of catalysis5,67,86 and the following 

provides a mini-review into the solvothermal synthesis of ternary spinel oxides and 

their application in heterogeneous catalysis. The solvothermal synthesis of binary and 

ternary metal oxides is developing as a useful route to obtain oxides, often metastable 

phases, from low temperature synthesis. The synthesis of nano-scale binary and 

ternary metal oxides by non-aqueous synthesis (sol-gel, surfactant-assisted, 

solvothermal etc.) was reviewed extensively by Pinna and Niederberger.112 The same 

authors have also published work regarding the solvothermal synthesis of CoO, ZnO, 

Fe3O4, MnO, Mn3O4 and BaTiO3 from reaction in benzyl alcohol in a “one-minute 

synthesis.”56 

1.8.1 Ferrites and cobaltites 

Fe3O4 and mixed-metal spinels with iron are well-studied for their magnetic properties 

and it is not the purpose to review that here. Instead the focus of these spinels is their 

application to catalysis and energy applications. 

Niederberger reported that Fe3O4 can be synthesised under microwave-solvothermal 

conditions using Fe(acac)2, Fe(acac)3 or Fe(ac)2 using benzyl alcohol as the solvent.56 

However, another solvothermal preparation is to take FeCl3·6H2O and dissolve it in 

diglycol prior to addition of sodium acetate.113 Whilst stirred vigorously at room 

temperature the orange solution turns black, presumably amorphous Fe3O4, which 

becomes crystalline Fe3O4 after solvothermal treatment at 200 °C forming hexagonal 

nano-plates of about 100 nm in diameter. More recently, a very similar method but 

using polyvinylpyrrolidone instead of diglycol was found to produce porous 

magnetite, which served as effective recyclable catalysts for the degradation of xylenol 

orange.114 Fe3O4 encapsulated in a shell of amorphous carbon has been produced from 

simple solvothermal reaction with a tuneable size of the Fe3O4 core made possible by 

changing the amount of glucose used in the reaction. The iron core is protected from 

degradation and agglomeration by the carbon shell. The material is useful for 
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removing toxic Cr6+ from waste solvents by adsorption of the ion onto the surface of 

the carbon shell.115 

As for Fe3O4, nano-particles of mixed-metal ferrites AFe2O4 (A = Mn, Co and Ni) can 

be prepared by a simple modification of the benzyl alcohol method using 

acetylacetonate salts of the transition metals and reacting them between 180 – 190 °C 

for 24 – 48 h.116 

CoFe2O4-TiO2 nanocomposites have successfully been prepared from a hydrothermal 

route. This nano-composite showed excellent photocatalytic activity in the photo-

degradation of organic dyes.117  

Hydrothermally prepared MnFe2O4 has been assessed for its application as a hydrogen 

storage material, in particular how well MgH2 is adsorbed on the spinel.118  

Hydrothermal synthesis of ZnFe2O4, a normal spinel, has intensified as researchers 

looks for ways to control particle shape and size for a variety of applications. ZnFe2O4 

has found use as a high capacity anode material for lithium ion batteries,119 as a 

heterogeneous catalyst for multi-substituted imidazoles (for anti-inflammatory 

purposes),120 as a heterogeneous photo-Fenton catalyst,121 and as part of a Fe2O3-

ZnFe2O4-ZnO composite for the photocatalytic degradation of malachite green in 

aqueous media.122 The activity of ferrites prepared by a variety of methods focusing 

on how the structure/property relationships between method of synthesis and 

photocatalytic activity was scrutinised in a review in a 2012.123 

ZnFe2O4 prepared by hydrothermal synthesis was reported as non-stoichiometric as 

well as containing a large portion of tetrahedral Fe (i.e. more inverse than the usually 

reported normal spinel structure found for ZnFe2O4). This sample was applied for the 

catalytic oxidative dehydrogenation of 1-butene to butadiene and it was found that the 

activity of the spinel was different dependent on the method of preparation as the 

choice of synthetic method produced zinc ferrites with differently arranged cations in 

the structure.124 

Ni, and Mn substituted Fe3O4 have been prepared by hydrothermal synthesis and were 

tested as catalysts for total oxidation of toluene.125 
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Co3O4 is a normal spinel due to the large crystal field stabilisation energy gained from 

the low-spin Co3+ d6 configuration. This oxide has also been studied for its catalytic 

applications, in particular it finds use as a water oxidation catalyst in the photocatalytic 

splitting of water to form O2 and H2.
88,126 Nanoscale Co3O4 used for this purpose was 

prepared by hydrothermal treatment of cobalt acetate tetrahydrate in ethanol-water 

media. The BET surface area and water oxidation activity were found to be very 

different depending on the duration of the hydrothermal treatment with the surface 

area generally decreasing with increased reaction time. The O2 turn-over-frequency 

(TOF) as might be expected was not determined by surface area alone and a complex 

interplay of other factors including the morphology, crystallinity, and cobalt valence 

states ultimately determined the TOF of these cobalt oxide catalysts. Solvothermal 

synthesis of Co3O4 has been studied by other researchers for similar applications127 

with nanoflakes displaying excellent photocatalytic activity,128 whilst niche 

applications have been found for flower shaped Co3O4 prepared by a two-step 

solvothermal synthesis from cobalt acetate. These are cited to show remarkable 

catalytic activity for thermal decomposition of ammonium perchlorate.129 Incidentally 

the morphology of nano-cubed Co3O4 has been found to show good catalytic activity 

for oxidation of 1,2-dichloroethane.130  

Mesoporous NiCo2O4 was prepared via a facile hydrothermal strategy by dissolving 

the respective metal nitrates in water, followed by addition of dilute sodium hydroxide 

and then heated under autogenous pressure at 140 °C for 12 h. The catalytic behaviour 

for methanol electro-oxidation and hydrogen peroxide electro-reduction was tested 

and the high activity for both reactions suggested that the spinel should be considered 

for further development as a non-Pt catalyst for alkaline fuel cell applications.131   

Hydrothermal synthesis has been employed in the development of FeCo2O4 and 

MnCo2O4 spinels with the former applied for electrode materials in lithium ion 

batteries132 and the latter for supercapacitor applications,133 but also as a catalyst for 

the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR).134 As has 

been highlighted, the need for hydro(solvo)thermal synthesis for these materials is 

often a requirement to synthesise mesoporous materials, or for tuning the morphology 

of the spinel which often has a direct influence on its catalytic properties. 
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1.8.2 Vanadates and manganates 

Vanadium containing spinels have received very little attention for catalysis and are 

instead researched for their interesting magnetic and electronic properties.136–138 

Solvothermal synthesis using the reagents VO(acac)2 and ZnCl2 in N,N-dimethyl 

formamide at 220 °C for 4 h yields ZnV2O4. Electron microscopy revealed the 

formation of spherical hollow particles in the range 0.8-1 μm.139  

The synthesis of hierarchical ZnV2O4 nanospheres was achieved through an involved 

hydrothermal route: first ammonium metavanadate was dissolved in methanol, 

followed by sonication, which was then followed by addition of zinc nitrate. Oxalic 

acid was then added to the reaction mixture as the chelating agent. After equal volumes 

of hydrogen peroxide and nitric acid were added to the solution the mixture was sealed 

in a PTFE lined autoclave and reacted at 200 °C for 24 h. Hydrogen storage 

measurements of these novel hierarchical nanospheres of ZnV2O4 suggested this 

material should be considered for applications in energy storage. 140  

A range of vanadium spinels AV2O4 (A = Mg, Mn, Fe and Co) have been prepared by 

a microwave-assisted solvothermal synthesis using vanadium triisopropoxide, and the 

acetate tetrahydrate of the divalent metal, with tetraethylene glycol as the solvent.141 

A temperature of 300 °C was used and it was found that the reaction dwell 

significantly affected the crystallinity of the material formed. The CoV2O4 prepared 

by this method was found to be metastable, because it decomposed at high 

temperatures. It was further claimed that by systematically tuning the V-V distance in 

the spinels by changing the spinel composition in Co1-xAxV2O4 (A = Mg, Mn, or Fe) it 

would be possible to understand the role of V-V distance on localized to itinerant 

electron transition. 

LiV2O4 displays heavy fermion behaviour, which is rare to see among d-electron 

metals, whereas most heavy fermions are f-electron compounds. In order to study this 

phenomenon single crystals are required. The first report of single crystal LiV2O4 was 

from a hydrothermal synthesis in 1967.142 Research remains ongoing into growing 

crystals of this spinel though researchers have typically moved away from 

hydrothermal synthesis towards flux reactions.143 

Manganese oxide spinel, Mn3O4, has been studied for a few catalytic applications. For 

example, Pd supported on Mn3O4 has shown tremendous activity for the low 
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temperature oxidation of CO.144 Mn3O4 outperformed α-Mn2O3 and MnO2 as a 

catalyst for the decomposition of volatile aromatic compounds (VOCs), in particular 

benzene and toluene.145 Mn3O4 has been more frequently studied as an electrode 

material for lithium ion batteries and in high performance supercapacitor 

applications.146–148 Nanocrystalline Mn3O4 can be prepared by solvothermal reaction 

of KMnO4 in ethanol,149,150 or by reduction of KMnO4 in benzyl alcohol also under 

solvothermal conditions.151 Mn3O4 single crystals can be prepared from a low 

temperature hydrothermal synthesis in a solution containing hydrated manganese 

acetate and potassium thiosulfate. The level of oxygen saturation in the solution was 

identified as a key determinant on whether single crystals of Mn3O4 or MnOOH 

formed.152 

Mn3O4 nanorods on graphene sheets were synthesised from a facile hydrothermal 

reaction and showed long cycle stability for supercapacitor electrode applications. To 

synthesise these nanorods, KMnO4 was first added to a solution of suspended 

graphene particles followed by addition of ethylene glycol. The mixture was then 

transferred to an autoclave and heated under autogenous pressure at 120 °C for 4 h.153 

In a very recent study, solvothermally prepared Mn3O4 with a sphere-like morphology 

exhibited the highest activity for methyl-ethyl-ketone oxidation at low temperature 

when compared against other manganese and iron based catalysts.155 

γ-MnOOH nanorods have been prepared by a simple hydrothermal route using 

KMnO4 in a mixed water:ethanol solvent, which upon heat treatment, the nanorods 

can be transformed into Mn3O4. Experiments showed that the spinel had good catalytic 

activity for oxidation and decomposition of methylene blue dye with H2O2.
156 

The spinel LiMn2O4 has received a great deal of attention as a cathode material in 

lithium ion applications.157–159 Nanosized LiMn2O4 offers improved capacity and rate 

capability owing to shorter Li diffusion pathways within the particle and hence 

controlling the particle shape and size becomes important both can often be tuned by 

hydrothermal synthesis. It is then no surprise that there have been many studies into 

hydro(solvo)thermal synthesis of LiMn2O4.
107,160–162 An in situ powder X-ray 

diffraction (PXRD) study of the hydrothermal synthesis of LiMn2O4 has been reported 

by Iverson and co-workers.163 The synthesis of LiMn2O4 takes place from reduction 

of KMnO4 in ethanol. At room temperature an exothermic reaction takes place when 
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ethanol is added to KMnO4 forming disordered δ-MnO2 (birsennite). The reaction to 

LiMn2O4 proceeds first by an ordering of the MnO2 prior to spinel formation. 

However, LiMn2O4 was found to be unstable and prolonged reaction times led to 

formation of Mn3O4 as an impurity phase. These in situ experiments can therefore be 

used to probe reaction kinetics, phase purity control and particle size by analysis of 

the time resolved X-ray diffraction data, which may often reveal favourable conditions 

to synthesise materials with desirable textural properties. 

1.8.3 Ternary spinels of Group 13  

Ternary spinels with metals in Group 13 (Al, Ga and In) can be prepared with the 

transition metals (Mn, Fe, Co, Ni, Cu and Zn) and also with Mg. The following 

summarises some recent literature regarding solvothermal synthesis to such spinels 

and their application to catalysis. 

Of particular importance is the aluminium spinel CoAl2O4 which is a well-studied 

oxide.164–170 It has an intense blue colour, Thénard’s blue, and early applications of 

this oxide were largely in ceramics and as a pigment by artists. In terms of catalytic 

applications CoAl2O4 has been studied for the selective catalytic reduction, (SCR), of 

NOx to N2 with hydrocarbons,171 and as a Fisher-Tropsch catalyst.24 Co supported on 

Al2O3 has also been studied for catalysis applications.172 CoAl2O4 has been described 

as a largely normal spinel with divalent cobalt cations occupying the tetrahedral 

interstitials and trivalent aluminium cations on the octahedral sites. CoAl2O4 has been 

prepared by a variety of solvothermal preparations in the recent literature. One method 

takes cobalt acetate and aluminium isopropoxide and reacts them in a benzyl alcohol 

solvent between temperatures of 150 – 300 °C for 2 days. The nanoparticles formed 

by this method were of an average size between 2.5 – 6.2 nm with reaction temperature 

controlling the average size.173 

Rojanapipatkul and co-workers have prepared a Co on CoAl2O4 catalyst by a similar 

one-pot solvothermal process using aluminium isopropoxide, cobalt(II) 

acetylacetonate and reacting them in toluene at 300 °C. The spinel showed higher 

activities for CO hydrogenation than the conventional solvothermal-derived alumina-

supported cobalt catalyst.174  
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Cobalt aluminate nanocrystals have also been reported from hydrothermal synthesis 

in which the use of an organic additive could provide control over the size and shape 

of the crystals.175 

In addition to the ternary oxide CoAl2O4, a solvothermal approach has been used to 

synthesise Co3O4/Al2O3 hollow core-shell microspheres. These hollow core-shell 

microparticles are prepared by first dissolving aluminium nitrate in water, followed by 

addition of acetone and trisodium citrate dihydrate. The mixture is stirred vigorously 

for 30 minutes and then urea is added to the mixture and finally an appropriate amount 

of cobalt nitrate. The reaction takes place at 200 °C for 24 h. These microstructures 

were found to show high performance for the catalytic oxidation of CO attributed to 

their large surface area, high porosity and mesoporous structure.176 

A microwave-assisted solvothermal synthesis was implemented to synthesise 

colloidal Pd and a nanocrystalline ZnAl2O4. After preparation of each material the two 

were combined to yield a catalyst which showed good activity for light hydrocarbon 

oxidation.177 More recently a solvothermal synthesis using 1,4-butanediol was used to 

react aluminium isopropoxide with zinc acetate at 200 °C to yield nanocrystalline 

ZnAl2O4, which when supporting 1% Pt was found to exhibit good activity in iso-

butane combustion.178 

Unlike CoAl2O4, CoGa2O4 has not been studied as much for catalytic applications, but 

has been studied for potential magnetic properties and recently as a water oxidation 

catalyst.170,179,180 ZnGa2O4 has been investigated as a photocatalyst for the degradation 

of benzene,181 CuGa2O4 for the photocatalytic evolution of solar hydrogen,182 and 

NiGa2O4 has been applied as a catalyst for the reduction of NO with propene.183  

Gallium spinels containing a transition metal (Fe, Co, Ni, Zn) can be prepared by 

solvothermal oxidation of gallium metal in an aminoalcohol based solvent.184,185 

Hollow rods of nano-crystalline NiGa2O4 can be prepared hydrothermally directly 

from commercial Ga2O3 and an appropriate Ni reagent. Ga2O3 is used as a template as 

the morphology of the original material is retained after reaction, thus rod-like 

NiGa2O4 can be prepared from rod-like Ga2O3 (the precursor polymorph is 

unidentified). The material shows promising photocatalytic activity as a water splitting 

catalyst when loaded with 1 wt% RuO2.
186 
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A microwave-assisted hydrothermal synthesis was used to prepare spinels with a 

composition in the system (Co, Mn)Ga2O4. These spinels are promising candidates as 

water oxidation catalysts.187 The spinels produced from this synthesis contained a high 

portion of both Co3+ and Mn3+ and the spinels showing high thermal stability up to 

1400 °C.  

Microwave-assisted hydrothermal synthesis is becoming an increasingly more popular 

route to synthesise oxides with energy and time saving attributes considered to be 

attractive. In recent years this microwave synthesis has lent itself to the preparation of 

other mixed-metal gallates including ZnGa2O4,
188,189 and in synthesising a Cu2+ doped 

γ-Ga2O3 spinel with the latter considered a preparative challenge by many other 

synthetic approaches.190 

1.9 Aims of the work described in this thesis 

The primary aim of this work was to investigate the performance of gallium oxides as 

supports for palladium in catalysis with particular emphasis on γ-Ga2O3. A recent 

detailed study into the structure by analysis of the Bragg and total neutron diffraction 

data by Rietveld and Monte Carlo simulations have confirmed the structure of γ-Ga2O3 

to be structurally analogous to γ-Al2O3, but with a different distribution of metals 

occupying octahedral and tetrahedral sites191,192 and therefore γ-Ga2O3 may display 

interesting and potentially useful catalytic properties when used as a support. Three 

areas of catalysis were identified for screening samples: diesel oxidation, three-way 

catalysis and acetylene semi-hydrogenation. 

For diesel oxidation the use of three gallium oxide polymorphs was to be examined: 

α-Ga2O3, β-Ga2O3 and γ-Ga2O3. For three-way catalysis the spinel γ-Ga2O3 and a 

cobalt gallium oxide spinel were to be studied. For semi-hydrogenation of acetylene 

mixed metal γ-Ga2-xAlxO3 oxides were to be studied. The latter required an 

investigation into the synthesis and polymorphism of this system prior to any catalysis 

as although the polymorphism in Ga2O3, and Al2O3 is now well-understood an in-

depth understanding of the polymorphism in Ga2-xAlxO3 is currently lacking.  

For an in-depth understanding of the catalytic activity of functional oxides it is crucial 

to understand how these dense oxides crystallise under different reaction conditions. 

Materials prepared by different reaction techniques often have different catalytic 
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activities often owing to many different reasons including differences in surface 

chemistry, and the arrangement of cations in a material. An understanding of this 

would be highly desirable in that it might provide information on how to alter the 

synthesis conditions to tailor materials with useful catalytic properties. For this 

purpose, an investigation into the crystallisation and reaction pathway of a cobalt 

gallium oxide under solvothermal conditions, the synthesis of which has only recently 

been reported,184 was to be investigated using high energy X-rays. 

In addition, this solvothermal reaction of mixed metal gallium oxide spinels was to be 

developed in order to try and synthesise new materials from early first row transition 

metals. 

A series of new Group II ruthenates prepared by hydrothermal reaction of AO2 

(A = Ca, Sr, Ba) with KRuO4 has been investigated recently.55 Similar reactions were 

to be investigated with RhCl3 in an attempt to synthesise new oxide materials with 

interesting magnetic and electronic properties, and potentially catalytic properties. 
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2. Experimental 

2.1 General overview 

In this chapter a brief description of the experimental techniques that were used in this 

work are outlined. 

2.2 Hydro(solvo)thermal synthesis 

In this thesis most hydro(solvo)thermal reactions presented took place inside 23 ml 

PTFE lined cups, with fill volumes typically 10-12 ml. These were then placed into a 

stainless-steel autoclave and sealed first with a PTFE lid. On top of this is placed a 

steel cap, a thin corrosion disc and then a thicker bursting disc. Since the thermal 

coefficient of PTFE is much greater than steel a spring loaded top lid is placed on top 

of everything else to maintain constant pressure on the PTFE cup. A schematic of the 

autoclave reaction vessel is given in Figure 2.1 This fully sealed autoclave was then 

placed inside a pre-heated oven at the desired temperature and heated for however 

long was required. The autoclaves were removed and left to cool naturally to room 

temperature and the solid materials formed were collected by either vacuum filtration 

or by centrifugation (depending on particle size). Since the conditions required to 

synthesise the materials in this work are highly specific to each reaction no further 

detail will be provided here: instead a synthesis procedure is given for every material 

in the relevant section of this thesis. 

 

 

 

 

 

 

 

Figure 2.1 Schematic of an autoclave 
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Typical amounts of material obtained from hydro(solvo)thermal reactions using 23 ml 

PTFE cups ranged anywhere between 0.01 – 0.8 g, whilst typical amounts of material 

obtained from reactions in the 100 ml PTFE cups were found to yield anywhere 

between 0.5 – 5 g. Many hydro(solvo)thermal reactions described in this thesis were 

found to be reproducible (non-reproducibility of reactions is described where 

necessary in the experimental section of each chapter). Whilst every effort was 

provided to ensure or maximise reproducibility (such as using the same autoclave(s) 

and liner for reactions, using the same oven, the same precursor, the same length of 

time and temperature, and whether the mixture was stirred on not), other factors may 

influence the course of and ultimately affect the outcome of the reaction. Such factors 

include positioning of the autoclave in the oven, and whether the oven door was 

opened during the reaction causing a small fluctuation in temperature gradient, as well 

as the duration of cooling down after reaction, and the duration of stirring and stirring 

vigour and whether the stirrer bar was left in the autoclave during the reaction. 

Whether and how the reagents were ground and mixed together using a pestle and 

mortar may also affect the outcome of the reaction.  

2.3 Ceramic method 

High temperature reactions, whether to bring about reaction between two solid 

reagents or to cause a change in phase of the starting material, were carried out in box 

furnaces within a temperature range typically between 700 °C - 1400 °C. Details on 

individual experiments are provided in the relevant synthesis sections of materials 

presented in chapters 3, 4, 5 and 6. 

2.4 A Brief Overview of Crystallography and X-ray Diffraction 

Powder X-ray crystallography was the primary method of characterisation of the 

materials presented in this thesis and therefore a brief overview of crystallography and 

diffraction is presented below. 

If a solid has a regular periodic repetition of atoms in space, then it is said to possess 

long range order and is crystalline. The periodicity can be described by a unit cell 

which is the simplest representation of the ordered arrangement and can be constructed 

by translational parameters. Six lattice parameters define the unit cell: a, b, c, α, β, γ. 
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There are seven different crystals systems ranging from cubic with the highest 

symmetry to triclinic with the lowest, (Table 2.1).  

Table 2.1 The seven crystal systems 

Crystal system Unit Cell Parameters Bravais Lattices 

Triclinic a ≠ b ≠ c, α ≠ β ≠ γ P 

Monoclinic a ≠ b ≠ c, α = γ = 90°, γ ≠ 90° P, C 

Orthorhombic a ≠ b ≠ c, α = β = γ = 90° P, C, I, F 

Hexagonal/Trigonal a = b ≠ c, α ≠ β = 90°, γ = 120° P, R* 

Tetragonal a = b ≠ c, α = β = γ = 90° P, I 

Cubic a = b = c, α = β = γ = 90° P, I, F 

* R = Rhombohedral; translational symmetry (𝑥 + 2
3⁄ , 𝑦 +  1

3⁄ , 𝑧 + 1
3⁄ ) and (𝑥 + 1

3⁄ , 𝑦 + 2
3⁄ , 𝑧 + 2

3⁄ ). 

A lattice is a three-dimensional array of points describing the translational symmetry 

of the crystal. The centring of a lattice can be primitive (P), body-centred (I), base-

centred (C), or face-centred (F) (Figure 2.2). When combined with the possible 

centring of points within the unit cell there are then 14 Bravais lattices.  

 

 

 

 

 

 

Figure 2.2 The four types of lattice centring  

Since not all lattices can be combined with every type of lattice centring to give a 

unique Bravais lattice as some combinations will lead to duplicates there are only 14 

and not 28 as might initially be expected (7 crystal systems and 4 lattice centrings). 

Other elements of symmetry (rotation, mirror plane, glide plane and screw axis etc.) 

give rise to a space group of which there are 230. The space group 𝑃3221 describes a 

primitive Bravais lattice with a 32 screw axis and a 2-fold rotational axis. 

This ordered array of atoms can act as a diffraction grating for radiation with a 

wavelength of an appropriate size such as X-rays. When X-rays are scattered 
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coherently from interaction with the electron cloud around the nucleus of an atom 

interference occurs and a diffraction pattern can be measured.  

The father and son team, William and Lawrence Bragg first put forward a model for 

X-ray diffraction from crystals. The Bragg theory requires a crystal to consist of 

parallel planes of atoms and it is from these planes that X-rays are said to be reflected, 

(Figure 2.3).1  

 

 

 

 

 

 

Figure 2.3 Bragg reflection of X-rays from lattice planes within a crystal 

In accordance with the Bragg theory, constructive interference of X-rays occurs when 

X-rays are diffracted from these parallel planes of atoms in a crystal at certain angles 

of incidence so that they are in phase. The angle at which this constructive interference 

occurs is dependent on the wavelength of the radiation and the interplanar separation. 

The incident waves are considered parallel and reflect from a plane. A parallel wave 

may penetrate further and reflect from the plane below and must travel the extra 

distance AB + BC. From trigonometry the d-spacing can be determined from this extra 

path difference (Equation 2.1): 

𝐴𝐵 = 𝑑𝑠𝑖𝑛(𝜃) 

𝐵𝐶 = 𝑑𝑠𝑖𝑛(𝜃) 

𝐴𝐵 + 𝐵𝐶 = 2𝑑𝑠𝑖𝑛(𝜃) 

Equation 2.1 

The scattered waves will be in phase, and hence constructive interference will occur, 

when the extra path difference travelled is an integer value of λ which gives the Bragg 

equation, (Equation 2.2): 
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𝐴𝐵 + 𝐵𝐶 = 2𝑑𝑠𝑖𝑛(𝜃) = 𝑛𝜆 

Equation 2.2 

Hence, different interplanar separations, dhkl, can be calculated provided the 

wavelength is constant and the angle of incidence measured. Different planes will 

therefore meet the Bragg condition at different angles. 

2.4.1 Powder X-ray diffraction 

The ideal powder should have a large number of randomly oriented crystallites such 

that each orientation is represented equally. The X-ray powder diffraction experiment 

typically records the intensity of the diffracted radiation as a function of 2θ by varying 

the angle of incidence and the detector angle (the Bragg-Brentano configuration is 

commonly used). Each lattice spacing produces a cone of diffraction, with 2θ being 

the angle between the incident and diffracted beam, (Figure 2.4).  

 

 

 

 

 

Figure 2.4 Illustration of diffraction from randomly orientated crystallites producing cones of 

diffraction at different angles. 

 

This is typically represented as a 1-dimensional diffraction pattern with each peak 

representing a plane of atoms within the unit cell of the crystal. Miller indices can be 

assigned to these planes, (Figure 2.5). 
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Figure 2.5 Powder pattern of ceria (λ = 1.54056 Å) (left), and unit cell displaying the (002) 

Miller plane (right). 

 

Miller indices, h, k and l, are integer numbers and are the reciprocal of the fractional 

coordinates of the unit cell where the lattice plane intercepts the x, y and z axes. The 

relationship between the unit cell parameter, the interplanar separation and the Miller 

indices of that plane for a cubic system is presented below in Equation 2.3. 

𝑑ℎ𝑘𝑙 =  
𝑎

√ℎ2 + 𝑘2 + 𝑙2
 

Equation 2.3 

The relationship between d-spacing, unit cell parameter(s), and the Miller indices 

become increasingly more complicated as the symmetry is lowered with different 

crystal systems. 

The intensity, position and shape of the Bragg reflections observed in a 1-D powder 

XRD pattern are mainly a consequence of the inherent crystal structure. For example, 

position of the Bragg reflections provides information on the translational symmetry: 

the size and shape of the unit cell. The intensity of the Bragg reflections is a 

consequence of the electron density inside the unit cell. The intensity of diffraction 

peaks is determined by the arrangement of atoms in the crystal and is proportional to 

the square of the sum of the structure factor. The structure factor Fhkl sums the result 

of scattering from all the atoms in the unit cell to form a diffraction peak from the (hkl) 

planes of atoms. The amplitude of the scattered X-ray is therefore determined by 

where the atoms are on the atomic planes and what type of atom it is. The shape of the 

peak is largely dependent on the crystallite size and the instrument. Large crystallites 
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often produce sharp diffraction peaks whilst broader reflections are measured for small 

particle sizes. Microstrain within the crystallite can also cause peaks to broaden. 

The scattering power of an atom is related to the number of electrons it has. The 

strength of the scattering scales with the number of electrons and so light atoms such 

as hydrogen can be almost invisible in the presence of heavier scatterers such as 

barium. Each atom has its own scattering factor, fj, (Equation 2.4). 

𝑓𝑗 =  
𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑣𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑎𝑡𝑜𝑚 𝑗

𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑣𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑏𝑦 𝑎 𝑠𝑖𝑛𝑔𝑙𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛
 

Equation 2.4 

The size of the electron cloud is similar to the wavelength of the X-ray so there is also 

an angular dependence in that the intensity of the scattered wave rapidly becomes 

smaller with increasing 2θ. 

In a unit cell containing multiple scatterers the scattering factor of each scatterer 

contributes to the amplitude of the diffracted wave. The structure factor, Fhkl, is the 

sum of these atomic scattering factors, (Equation 2.5): 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗

𝑗

𝑒2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗) 

Equation 2.5 

Where xj, yj and zj are the atomic coordinates of the jth atom and h, k, and l refer to the 

Miller indices of the reflection. Fhkl is complex which is a result of the diffracted waves 

exhibiting a phase difference relative to the incident wave. In the diffraction 

experiment the intensities are measured and are proportional to the square of Fhkl, but 

information on this phase relationship is lost: this is the phase problem, and whilst it 

will not be considered here it is the focus of single crystal structure solution to 

determine these phases, often by direct methods. 

The observed intensity of a diffracted peak is not only related to the structure factor 

but also on other terms shown in Equation 2.6. 

𝐼ℎ𝑘𝑙 = (
𝑁2𝑒4𝜆3

2𝑚2𝑐4
) |𝐹ℎ𝑘𝑙 |

2  (
𝑇𝐿𝑝

𝐴
) 

Equation 2.6 



 

40 

 

Where, N = number of unit cells, e = charge on an electron, m = mass of an electron, 

c = speed of light, T = temperature factor, Lp = Lorentz polarisation, and 

A = absorption factor. 

The intensity of a reflection is proportional to the square of the structure factor, and 

the electron density can be calculated as a Fourier transform of the structure factors 

and the phases, (Equation 2.7). 

𝜌ℎ𝑘𝑙 = (1
𝑉⁄ ) ∑ ∑ ∑|𝐹ℎ𝑘𝑙|𝑒[−2𝜋𝑖(ℎ𝑥+𝑘𝑦+𝑙𝑧)+𝑖𝛼ℎ𝑘𝑙]

𝑙𝑘ℎ

 

Equation 2.7 

Powder X-ray diffraction (XRD) was routinely used throughout the work presented in 

this thesis. Three laboratory diffractometers were used. A Siemens D5000 

diffractometer with Cu Kα1/2 radiation (λ1 = 1.54056 Å, λ2 = 1.54443 Å) was used for 

phase identification of materials and other general measurements. Samples were either 

loaded into an aluminium holder which resulted in the presence of aluminium Bragg 

reflections in the diffraction patterns or samples were loaded on to a zero-background 

sample holder made from silicon cut in such a way that no plane fulfils the Bragg 

condition and thus no Bragg scattering is observed. The step size for a typical scan 

was 0.02 °2θ and the time step was 1.1 seconds per step. For poorly crystalline samples 

the step size was increased to 0.05 °2θ and the time at each step was increased 2.75 

seconds per step thus improving the overall signal:noise. 

A Bruker D8 Advance powder diffractometer with Kα1/2 and equipped with a 

VÅNTEC-1 solid state detector with an Anton Parr XRK900 chemical reaction 

chamber was used to collect powder XRD with in situ heating. A typical data 

collection would involve heating from 30 °C to 810 °C or 900 °C at 10 °C min-1 with 

30 °C intervals holding for 300 seconds at each interval prior to data collection. 

High resolution data were acquired from a Panalytical X-Pert Pro MPD with 

monochromated Kα1 radiation and was equipped with a PiXcel solid-state detector. A 

typical scan ranged from 10 – 80 °2θ with a step size of 0.0131 ° and a time per step 

of 2300 seconds. 
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2.5 Time-of-flight neutron diffraction theory 

The neutron, discovered by Chadwick in 1932,2 is described as having wave-particle 

duality by the de Broglie equation, (Equation 2.8),3 and so the neutron may be 

described as a wave which could be diffracted. The energy of a neutron is proportional 

to the temperature and the speed of a neutron can be estimated using classical 

mechanics, (Equation 2.8). Consequently, the wavelength of a neutron may be 

calculated using de Broglie equation. At 293 K this equates to ~1.81 Å. Therefore, the 

wavelength of neutrons is of a size that can be scattered by an atomic lattice.  

𝜆 =  
ℎ

𝑚𝑣
 

𝐸 =  𝐾𝑏𝑇 =  
1

2
𝑚𝑣2 

Equation 2.8 

Where 𝜆 is the wavelength, ℎ is the Plank constant, 𝑚 is the mass of the neutron, 𝑣 is 

the velocity of the neutron, 𝐾𝑏 is the the Boltzmann constant, 𝑇 is the temperature, and 

𝐸 is the energy associated with the neutron. 

Unlike X-rays, neutrons are scattered by the nuclei of atoms rather than the electron 

cloud. This offers advantages over X-rays since unlike X-rays the neutron scattering 

length is independent of atomic number. Light atoms, such as hydrogen, can have large 

scattering lengths, and usually elements next to each other in the Periodic Table have 

widely differing scattering lengths. This is useful for studying metal oxides since it 

allows for the oxygen parameters to be sensibly refined in the presence of heavier 

metals. In general scattering lengths do not vary as widely as form factors, but they do 

so in a random way with Z. Secondly the angle dependence which sees X-ray intensity 

fall with increasing angle is much less intense for neutrons as the nucleus can be 

considered a point charge meaning that small d-spacings can be measured more 

accurately. Thirdly, neutrons possess spin which means that they can have an 

interaction with spins on unpaired electrons (i.e. the magnetic moment) and so in the 

powder neutron diffraction data magnetic Bragg peaks may also be present, for 

example, if long range antiferromagnetic order is present. 

Two types of neutron source may provide neutrons: steady state reactors, such as the 

ILL in Grenoble which can generate neutrons at a constant wavelength, and pulsed 
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spallation sources such as at ISIS in the UK. Neutrons from pulsed sources are suited 

to time-of-flight diffraction and stationary fixed angle detectors surround the sample 

and neutrons are counted related to their time-of-flight as opposed to their angle.  

The time-of-flight is related to the Bragg equation from which the d-spacing may be 

calculated by the derivation shown below in Equation 2.9. 

𝜆 = 2𝑑𝑠𝑖𝑛(𝜃) 

𝜆 =
ℎ

𝑚𝑣
       (=

ℎ𝑡

𝑚𝐿
) 

𝑡 = (
2𝑚

ℎ
) 𝐿𝑠𝑖𝑛(𝜃)𝑑 

Equation 2.9 

Where 𝜆 is the wavelength, 𝑑 is the interplanar separation, ℎ is the Plank constant, 𝜃 

is the angle of diffraction, 𝑚  is the mass of the neutron, 𝑣  is the velocity of the 

neutron, 𝑡 is the time taken, 𝐿 is the distance the neutron travels from the sample to 

the detector. 

This is the theoretical time of flight and is referred to as DIFC and is a property which 

can be refined if multiple banks of data are being used in the refinement provided it 

remains fixed for the highest resolution bank. 

The neutron absorption cross-section is wavelength dependent. Low time-of-flight 

neutrons (short wavelengths) are absorbed less than longer time-of-flight. This means 

that the average penetration into the sample, and therefore the apparent total flight path 

will vary with neutron wavelength and the observed times-of-flight reflections may be 

noticeably different from that expected from the theoretical time-of-flight. Longer d-

spacings, where the absorption is greater, are affected more. A correction for this is 

introduced, DIFA, and it is a parameter which can be refined. 

Small differences between various timing signals in the accelerator and the instrument 

data acquisition time can be accounted for by the “zero” parameter and this is a 

parameter dependent on the instrument and may not be refined. 

The real time-of-flight is really a function of these three diffractometer constants 

related to the equation shown below (Equation 2.10): 
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𝑡 = 𝐷𝐼𝐹𝐶 𝑑 + 𝐷𝐼𝐹𝐴 𝑑2 + 𝑍𝐸𝑅𝑂 

Equation 2.10 

All powder neutron data were collected on the Polaris instrument at ISIS. Diffraction 

data from the vanadium gallium oxyhydroxide material presented in Chapter 5 were 

collected by Dr. Ronald I. Smith. Samples were dried in a vacuum oven overnight 

prior to data collection to remove any surface contaminants (in particular surface 

bound water or organic molecules) to keep the incoherent scattering from the protons 

associated with these contaminants to a minimum. Since vanadium has a scattering 

cross section of 0.0184 barns it is essentially invisible to neutrons and so was used as 

the holder into which samples were loaded. These loaded vanadium cans of 6 mm 

diameter were then placed inside a chamber which was subsequently evacuated.  

2.6 Analysis of diffraction data 

Structure solution of an unknown material using powder diffraction data can be a 

monumental challenge. Faced with diffraction data of a new or unknown material the 

first step is to index the powder pattern and obtain lattice parameters. Examination of 

systematic absences provides a set of potential space groups. It is often the case that 

the unknown material may have a similar structure type to known materials. Then, 

using the structure of the known material it is possible to calculate the powder pattern 

of the unknown material and compare it against the observed data and the fit may be 

improved through a cycle of least squares refinement of structural parameters. 

Ultimately, the quality of the refinement, which is not a structure solution, depends on 

how good the initial model was and on how good the collected data was. The Rietveld 

method, developed in the 1960s,4,5 is used to perform this least squares refinement. It 

was a big step forward in powder diffraction which at the time was regarded as inferior 

to single crystal structure refinement. 

The Rietveld method does not focus on individual peaks but rather on every data point 

in the powder pattern, described in Equation 2.11.  

𝑆𝑦 = ∑ 𝑤𝑖

𝑖

(𝑦𝑜𝑖 − 𝑦𝑐𝑖)
2 

Equation 2.11 
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Where yoi is the observed data, yci the calculated intensity, and 𝑤𝑖 the weighted profile. 

Algorithms were developed to compare the full measured pattern with the calculated 

and then reduce the difference through adjusting the instrument, structure and profile 

parameters. The initial calculated pattern must be reasonably close to the measured 

pattern otherwise the refinement may immediately become unstable and diverge.  

Structural parameters that may be refined include the lattice parameters, fractional 

coordinates of the atoms, the site occupancies and the thermal parameters. Other 

structural information such as microstrain, particle shape may also be determined by 

refining, for example, the peak shape. 

Instrumental and other non-structure parameters that should be considered include the 

background, Lorentz-polarisation and the instrumental contribution to the peak shape. 

Profile terms for peak shapes may be described by a variety of different functions but 

typically for X-ray data peak shapes are accurately described by a pseudo-Voigt 

function which is a convolution of Gaussian and Lorentzian components which 

generally provides a better fit to the observed Bragg peaks, (Figure 2.6). 
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Figure 2.6 (a) Gaussian and Lorenztian peak shapes overlaid: note the longer tail for the 

Lorentzian shape, (b) Gaussian fit to the (111) reflection of ceria, (c) Lorentzian fit to the same 

reflection, and (d) pseudo-Voigt peak shape fitted to the same reflection. 

Time-of-flight neutron peaks often have a complex shape (Figure 2.7) caused by the 

moderated neutron pulse but can be modelled by convolution of a pseudo-Voigt 

function with an Ikeda-Carpenter function. 

 

 

 

 

 

 

 

Figure 2.7 Neutron time-of flight peak shape displaying a sharp leading edge and then a 

slowly decaying tail. Data is of yttrium aluminium garnet measured on bank 5 of the Polaris 

instrument at ISIS. 
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There are other parameters which should be refined such as a zero point and sample 

displacement offset. The former has a linear dependence and the latter a cosinusoidal 

effect on the observed peak position. The sample displacement offset has a greater 

effect on the lower angle peaks and more accurate lattice parameters are determined 

using higher angle reflections. 

As much known information should be provided before proceeding with the 

refinement of the structural parameters. However, given the large number of 

parameters it is not unusual to fall into a local minimum where the residual between 

the observed and calculated gives a false impression of a good fit. Similarly, refining 

too many parameters can also make the calculated pattern appear well fitted but might 

really be unphysical which would be represented in the refined parameters. 

Knowledge of chemistry and X-ray diffraction are also of significant importance when 

refining crystal structure data: the refined composition must make chemical sense, and 

it would be unfavourable to refine the lighter atoms in a structure before refining the 

heavier atoms, for example. 

Often the parameters must be refined one at a time at the start of the refinement in 

order to obtain a stable refinement. Once a few parameters have converged more and 

more parameters can be refined, and at the same time, until a stable refinement is 

achieved and the difference between the observed and calculated patterns is minimal. 

Towards the end of a refinement it is usually possible to refine all parameters at the 

same time. This description is of course an over-simplification of a very complex and 

powerful technique but was intended to explain why the least squares method is useful 

and routinely used for analysis of the Bragg scatter from X-ray and neutron diffraction. 

If a good starting model cannot be obtained or a Rietveld refinement does not converge 

a Pawley refinement may be undertaken instead.6 The intensities calculated in a 

Pawley refinement are arbitrary i.e. the calculated intensities do not reflect the 

structure contents of the unit cell, however it is possible to refine the lattice parameters, 

profile parameters and the background, which often serves as a very good starting 

point for a Rietveld refinement.  

The progress of a refinement can be monitored through a series of refinement statistics, 

R-factors.7 Commonly Rwp is quoted. Rwp is a measure of how well the calculated 

pattern agrees with the observed data as is given in equation 2.12: 
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𝑅𝑤𝑝 = √
∑ 𝑤𝑖(𝑦𝑜𝑖 − 𝑦𝑐𝑖)2

𝑖

∑ 𝑤𝑖(𝑦𝑜𝑖)2
𝑖

 

Equation 2.12 

Where yoi is the observed data, yci the calculated intensity, and 𝑤𝑖 the weighted profile. 

In this work indexing, Pawley and Rietveld refinements of both X-ray and neutron 

diffraction data were performed using TOPAS implemented with jEdit.8 GSAS,9 

implemented with EXPGUI10 was often used for calculating the FWHM for all 

observable reflections in Scherrer analysis. Scherrer analysis estimates domain size 

from the peak broadening given that information of instrumental broadening is taken 

into account. 

2.7 Total neutron scattering 

Total scattering is a combination of both the Bragg and diffuse scattering. It is 

particularly useful for glasses and other amorphous materials where the Bragg 

scattering is weak or absent. It is a very powerful technique providing information on 

the local structure which may deviate substantially from the average crystal structure 

observed in the Bragg diffraction only. In the Bragg diffraction described above the 

diffuse scattering is treated by a background function as the intensity is very weak. In 

order to obtain the diffuse scattering the non-sample scattering components include 

scattering from the instrument, from the air, and from the sample container and these 

must be subtracted. A simple treatment of the data is provided in Equation 2.13. 

Computer programs are used to treat the data to perform the corrections and 

normalisations. 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑑𝑎𝑡𝑎 =  
𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐸𝑚𝑝𝑡𝑦 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟

𝑉𝑎𝑛𝑎𝑑𝑖𝑢𝑚 𝑟𝑜𝑑 − 𝑒𝑚𝑝𝑡𝑦 𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡
 

Equation 2.13 

A Fourier transform then transforms the corrected and normalised data to a differential 

correlation function D(r) which is also known as the pair distribution function, 

(Equation 2.14). The pair distribution function provides information on the 

distribution of differences and the probability of finding a pair of atoms at a certain 
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distance, r, and therefore reveals structural information on the interatomic distances in 

a material.  

𝐷(𝑟) =
2

𝜋
∫ 𝑄𝑖(𝑄)𝑠𝑖𝑛 𝑟(𝑄)𝑑(𝑄)

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

 

Equation 2.14 

Where Q is the wavelength independent scale of plotting diffraction data, and 𝑖(𝑄) is 

the distinct scattering which needs to be obtained as accurately as possible. 

In this work total neutron scattering was performed on Polaris at ISIS, UK. Data was 

processed using Gudrun.11 

A pair distribution function of a known material can then be calculated from its crystal 

structure and compared against the pair distribution of the measured data and, 

providing the calculated starting model is sufficiently close to the measured PDF, the 

calculated PDF can be refined against the measured data in a similar way as the 

Rietveld method described above. For a material whose average structure is known 

then comparison of the calculated average structure PDF against the measured PDF of 

the material can often reveal the presence of any local structural disorder in the 

material. 

In this work analysis of the pair distribution function was carried out using PDFGUI.12 

 

2.8 Other techniques 

2.8.1 Electron microscopy 

2.8.1.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to collect images of the materials in 

order to visually ascertain the particle shape and size. Images were recorded using a 

Zeiss Supra 55-VP field emission gun scanning electron microscope (FEGSEM) or 

ZEISS GEMINI. A FEGSEM was used owing to high electron brightness and small 

spot sizes achieved from low accelerating potentials. A small amount of sample was 
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placed on to a carbon tape prior to analysis. Energy dispersive X-ray analysis (EDX) 

is element specific and was therefore used to provide an estimate of the compositional 

ratio of metals within the material. Some images presented in this thesis were collected 

by Dr David Burnett or Alexander Dunn. The software Genesis, and AZtec were used 

to collect spectra and quantify the metal ratio. 

2.8.1.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) was used for similar purposes as SEM but 

also to show atomic scale resolution of materials. Energy dispersive X-ray 

spectroscopy, (EDX) and electron energy loss spectroscopy, (EELS) were also used 

to quantify the metal ratio within samples. Images were collected on a JEOL 2000FX 

instrument or by Dr Reza Kashtiban on a JEOL 2100 or JEOL ARM200F instrument. 

2.8.2 Infrared spectroscopy  

Fourier transform infrared spectroscopy was performed using a Perkin Elmer Paragon 

1000 FT-IR spectrometer. This technique was often used to look for strong structurally 

bound O-H stretching modes typically found in hydroxides at around 3300 cm-1. 

2.8.3 BET surface area measurement 

Surface area measurements of samples were performed using either a Micromeritics 

ASAP2020 Gas Adsorption Apparatus, or a Quadrasorb-evo. Samples were degassed 

at 200 °C for 6 hours prior to analysis to remove surface contaminants. Then known 

amounts of N2 were introduced into the evacuated sample tubes and adsorbed onto the 

particle surface at cryogenic temperature whilst measuring the change in relative 

pressure from which the surface area is determined based on the theory by Brunauer, 

Emmett and Teller.13 

2.8.4 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was used to determine mass loss in samples upon 

heating from room temperature to usually 1000 °C. This was carried out by Alexander 

Dunn, James Crosland or David Hammond using a Mettler Toledo TGA/DSC 1-600 

instrument. TGA coupled with mass spectrometry used a Mettler Toledo TGA/DSC 
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1-600 thermogravimetric instrument with a Hiden HPR-20 WUIC R&D specialist gas 

analysis mass spectrometry system. 

2.8.5 Nuclear magnetic resonance 

Solid-state 71Ga MAS NMR spectra were recorded using a Bruker Avance III 

spectrometer equipped with a 20.0 T superconducting magnet (Larmor frequency of 

259.3 MHz). Samples were packed into standard ZrO2 rotors with outer diameters of 

1.0 or 1.3 mm and rotated at the magic angle at 50-75 kHz. The spectra were recorded 

with signal averaging for 16384-23768 transients with a recycle interval of 0.5-1 s. 

Spectra were recorded with a rotor-synchronised spin-echo sequence with an echo 

delay of 1 rotor period. Chemical shifts are reported in ppm relative to Ga(NO3)3 (1 M 

in H2O) using GaPO4 berlinite (δiso = 111.2 ppm, CQ = 8.8 MHz, ηQ = 0.45) as a 

secondary solid reference. 

Solid-state 27Al NMR spectra were recorded using a Bruker Avance III spectrometer 

equipped with a 14.1 T superconducting magnet (Larmor frequency of 156.3 MHz). 

Samples were packed into standard ZrO2 rotors with outer diameters of 3.2 mm and 

rotated at the magic angle at 20 kHz. The spectra were recorded with signal averaging 

for 2048 transients with a recycle interval of 1-3 s. To ensure the spectra were as 

quantitative as possible, a short flip angle pulse (0.1 μs, ~π/90). Chemical shifts are 

reported in ppm relative to Al(NO3)3 (1 M in H2O) using Al(acac)3 (δiso = 0.0 ppm, CQ 

= 3.0 MHz, ηQ = 0.2) as a secondary solid reference. 

All solid-state NMR presented in this thesis was collected by Dr Daniel Dawson and 

Joe Hooper, both affiliated with the University of St. Andrews. 

2.8.6 SQUID magnetometry 

A superconducting quantum interference device (SQUID) was used to measure the 

magnetic susceptibly of samples presented in this thesis. Interpretation of the data was 

carried out with the assistance of Dr Martin Lees. Two instruments were used: a 

Quantum Design MPMS XL7 SQUID and a Quantum Design MPMS-5S SQUID. 

Samples (5 – 25 mg) were placed inside a small gel capsule, in turn placed inside a 

plastic straw. Experimental conditions varied for each sample but a general 
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measurement was carried out between 5 – 300 K with an applied magnetic field of 

1000 Oe. 

2.8.7 XANES 

X-ray absorption near-edge spectroscopy was performed on Beamline B1814 at the 

Diamond Light Source, UK in order to probe the oxidation state and local coordination 

environment of materials. The samples were diluted with polyethylene powder and 

then pressed into a thin pellet of 12 mm diameter and approx. 1 mm thick. Absorption 

data were collected in transmission mode, and spectra were normalised using 

ATHENA.15 

X-ray absorption spectroscopy is element specific due to the specific absorption 

required to eject a core electron. The measured X-ray absorption spectroscopy (XAS) 

is split into two regions: X-ray absorption spectroscopy (XANES) and Extended X-

ray Absorption Fine Structure. The work in this thesis concerns only the XANES data, 

as this offers a suitable amount of information to infer the oxidation state of a metal 

and its local environment, (Figure 2.8). 

 

 

 

 

 

 

 

Figure 2.8 (a) Raw spectrum of Co3O4 showing both the XANES and EXAFS region and (b) 

normalised spectra of three Co references showing increase in energy with increasing 

oxidation state.  

 

The oxidation state can be determined from the position of the edge jump relative to 

appropriate standards whilst the intensity of the pre-edge feature is a consequence of 

the symmetry of the local environment. The position of the edge is affected by the 

oxidation state since generally more energy is required to eject a core electron as the 
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oxidation state of the metal increases. The pre-edge feature (in transition metals) arises 

from an electronic transition (1s3d) that is forbidden in an environment possessing 

a centre of inversion. Hence, a strong pre-edge feature is typically observed with a 

tetrahedral environment and a much weaker transition in an octahedral environment, 

(often other effects such as 3d4p orbital mixing causes the absorption to deviate 

from a perfectly centrosymmetric environment resulting in a small pre-edge intensity). 

2.9 Catalysis 

2.9.1 Diesel Oxidation and Three-way Catalysis 

Diesel oxidation catalysts (DOCs) were introduced to limit the amount of harmful 

emissions released into the environment from diesel engines and new DOCs are still 

needed to meet the stringent legislation being introduced.16–20 The primary objective 

of a diesel oxidation catalyst is to oxidise CO, unburnt hydrocarbons, and NO.19 The 

oxygen rich environment (lean fuel) of a diesel engine usually means that reduction of 

NOx to N2 is difficult, whilst oxidation of NO to other nitrogen oxides helps improve 

NOx abatement systems further downstream in the exhaust. Pd or Pt supported on a 

high surface area alumina is a typical catalyst used in diesel oxidation offering good 

oxidation capability and thermal durability. Owing to the lean environment of diesel 

engines three-way catalysts (TWCs) do not effectively operate and are better suited to 

petrol engines where the air/fuel ratio is stoichiometric. The DOC is typically the first 

component after the engine and has been used since their inception in 1967. The 

positioning of the DOC component close to the engine means that a higher temperature 

is achieved improving the oxidation function of the catalysts and reaching light-off 

earlier (the temperature at which oxidation begins to occur).  

Whilst Pd and Pt are good catalysts for oxidation it is found that a supported Rh 

catalyst is better for the reduction of NO to N2 which is added to some systems. 

Usually NOx abatement systems are used in conjunction with diesel oxidation catalysts 

and are usually the component immediately after the diesel oxidation catalysts. In 

diesel oxidation NO is oxidised to NO2 which is the preferred nitrogen oxide species 

in some NOx abatement systems such as the lean NOx trap (LNT) and NOx storage and 

reduction (NST). Selective catalytic reduction (SCR) using NH3 as the reducing agent 

is also used for the reduction of NOx to N2. For fast SCR of NOx an equimolar ratio of 



 

53 

 

NO and NO2 is required, and since the level of NO2 is well below 50% in diesel 

engines the DOC plays a crucial role in NO oxidation to reach the 50% for the fast 

SCR of NOx to N2 (Equation 2.15).19 

2NO + 2NO2 +4NH3  4N2 + 6H2O (fast SCR) 

4NO + 4NH3 + O2  4N2 + 6H2O (standard SCR). 

Equation 2.15 

Since the 1980s three-way catalysts have been installed and used in petrol engines. 

The primary objective of these catalysts is to reduce NOx to N2 and O2, whilst 

oxidising the unburnt hydrocarbons and CO. The air-rich environment, necessary for 

diesel engines is not a requirement for petrol engines. As such the three-way catalysts 

can operate in a nearly stoichiometric environment. When the engine is running lean 

(higher oxygen to fuel ratio), then the oxidation of CO and unburnt hydrocarbons is 

maximised but the catalyst becomes inefficient in reducing NOx, and the opposite is 

true when the engine is running rich (higher fuel to oxygen ratio). An oxygen sensor 

and feedback loop alternate the environment around the stoichiometric point of the 

air/fuel ratio, i.e. between the rich and lean conditions in an effort to maximise the 

overall efficiency of the catalyst. 

Diesel oxidation experiments were performed on the SCAT 3 rig and the three-way 

catalysis experiments on the Transient 2 rig at the Johnson Matthey Technology 

Centre site in Sonning Common. The diesel oxidation catalyst testing was performed 

under the supervision of Dr Mark Feaviour who also helped interpret the data after 

collection. The three-way catalyst testing experiments were performed by Dr Kerry 

Simmance who also collected and helped to provide an interpretation of the data. Both 

rigs are fixed-bed flow reactors. The polycrystalline powders were coated with a 

precious metal by the wet impregnation method and then dried in an oven. (Full details 

of experimental conditions are reported in Chapters 3 and 4 for three-way catalysis 

and diesel oxidation respectively).  

The catalysts are then pelletised to within a narrow range (250- 355 μm) so that the 

fine powder catalysts do not pack and restrict the gas flow, and not too large that the 

diffusion of the gases becomes the rate limiting step. The catalysts are loaded into a 

sample holder packed between quartz wool. The rig is then heated to 500 °C whilst 
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passing a controlled flow of a gas mixture over the sample. The effluent gas mixture 

is monitored by FTIR outputting an intensity vs time plot. These measured data are 

then converted to a function of temperature. Photographs of a typical rig used in three-

way catalysis is shown in the following figures (Figures 2.9 to 2.11) and have been 

reproduced from the Transient 2 rig log book with permission from Dr Kerry 

Simmance. 

 

 

 

 

 

 

 

 

Figure 2.9 Photograph of the Transient 2 rig showing (1) FTIR and Bypass flow meters, (2) 

Furnace, (3) Sample oven, (4) IN/OUT pressure transducers, (5) Heated rotameter enclosure 

(6) MFC control panel, (7) Oxygen analyser, (8) Micro GC monitor. 

 

Figure 2.10 Photograph of the Transient 2 rig showing (9) FTIR control computer, (10) 

Lambda sensors, (11) bubblers, (12) Front gas isolation valves, (13) FTIR, (14) Water pump 

controls, (15) DI water tank, (16) Furnace controls, (17) General pump controls, (18) 

Perturbation unit/controls, (19) Controls for heated lines and tapes, (20) mA controller, (21) 

Remote panel. 
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Figure 2.11 Photograph showing inside the sample oven displaying thermocouples 

2.9.2 Oxidative propane dehydrogenation (ODH) 

As the demand for olefins increases, in particular for ethylene and propylene for the 

production of polymers, so does the need to devise better synthetic methods of 

obtaining them. Currently steam-cracking, fluid-catalytic-cracking, and catalytic 

dehydrogenation are among the widely employed techniques.21 However, all these 

techniques suffer from certain restraints: steam cracking and fluid-catalytic-cracking 

do not meet the required production of propylene favouring ethylene, and 

thermodynamics restraints limit alkane conversion in catalytic dehydrogenation. 

Therefore, there is increasing interest in oxidative dehydrogenation, which is less 

energy intensive, being an exothermic process and can therefore operate at lower 

temperatures as opposed to the endothermal dehydrogenation and cracking methods, 

and it is thermodynamically unrestrained. Currently ODH is not as widely used as the 

older technologies partly owing to the yields obtained from the reactions and 

formation of unwanted side productions from consecutive and parallel combustion 

reactions (propene is more reactive than propane). Thus, a catalyst for ODH to increase 

conversion and selectivity of propylene from propane remains highly desirable. 

Several excellent reviews have critically analysed the current literature in the search, 

and design of suitable catalysts for this area of catalysis.22–25 Supported vanadium 

oxides (in particular V2O5) and molybdenum oxides are the most widely studied 

catalysts for ODH.26–28 The presence of a relatively inert secondary surface metal 

species (such as MoOx or WOx) can weakly adsorb propane in a precursor state that 

supplies the catalytically active VOx site for propane activation to propylene.29 The 

best current conditions for propylene conversion also produce unwanted side products 
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Oxy-dehydrogenation 

propane propylene 

oxygen 

coke 

CO/CO2 

such as other propylene derivatives as well as coproducing ethylene so there is a major 

objective in finding a catalyst capable of producing a high conversion of propane under 

conditions which also maintain a high selectivity to propylene, whilst also minimising 

the formation of unwanted side products such as CO, CO2 and coke (Figure 2.12). 

 

 

 

 

 

Figure 2.12 Schematic showing desired reaction scheme for ODH. 

 

All catalysts were tested at the Johnson-Matthey Technology Centre in Sonning 

Common by Dr Pilar Gomez Jimenez who also collected and normalised the data. The 

catalysts were tested on a high-throughput screening rig with 8 fixed bed reactors in 

parallel located inside an oven in order to reach the desired temperature. The catalyst 

was held inside the reactor between two layers of glass wool. The outlet gases were 

analysed by gas chromatography. An example of a typical rig used in this catalyst is 

shown in Figure 2.13. 

The catalysts were tested for propane oxy-dehydrogenation under a gas flow consisted 

of 20% propane and 20% oxygen in nitrogen. The temperature was varied between 

350 and 500 °C, with the purpose of obtaining data at different conversion levels. 
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Figure 2.13 Oxidative dehydrogenation testing rig, (left) photograph of rig, (right) photograph 

of sample container. 

2.9.3 Semi-hydrogenation of acetylene 

The catalytic semi-hydrogenation of acetylene is an important reaction for removing 

acetylene in the feed for the production of polyethylene.30 The presence of acetylene 

can lead to deactivation of the ethylene polymerisation catalysts and so a catalyst 

which selectively hydrogenates acetylene to ethylene and does not hydrogenate the 

ethylene in the feed is highly desired. Supported palladium catalysts are active 

catalysts for this but usually suffer from poor selectivity and stability.31,32 Part of the 

reason for the poor selectivity is due to the large number of active sites enabling side 

reactions such as full hydrogenation to ethane. This active-site isolation to increase 

selectivity in this reaction was first achieved with palladium-silver alloys33 but too few 

active palladium sites were found to be present. Currently well-ordered palladium-

gallium intermetallic compounds are being studied and have shown excellent stability 

and selectivity in the semi-hydrogenation of acetylene.34–38 These catalysts generally 

show high selectivity owing to the ordered crystal structure where palladium is 

isolated by gallium, unlike in the binary palladium-silver alloys which show a 

disordered distribution of metals. These catalysts also have a higher stability owing to 

the partly covalent bonding between palladium and gallium which preserves the 

structural motive of isolated palladium sites under the reaction conditions.35 Recently 

an aluminium-iron catalyst has been investigated as a low-cost alternative for 

acetylene semi-hydrogenation.39 
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All catalytic testing for the semi-hydrogenation of acetylene in this thesis were 

conducted at the Jonson-Matthey Technology Centre in Sonning Common. 

Experiments were performed by Dr Pilar Gomez Jimenez who also collected and 

helped interpret the data. 

Approximately 0.1 g of each solid in the form of a powder was used for each reaction. 

The catalysts were tested on a fixed-bed reactor located inside an oven in order to 

reach the desired temperature. The catalyst was held inside the reactor between two 

layers of glass wool. The outlet gases were analysed by gas chromatography. 

The catalysts were subjected to an in situ pre-reduction step at 140 °C with hydrogen. 

The samples were flushed with nitrogen while cooling to room temperature. Then the 

catalysts were tested for acetylene hydrogenation under ethylene rich conditions. Full 

details on the experimental conditions can be found in Chapter 4. 

CO chemisorption on palladium was conducted at the Johnson-Matthey Technology 

Centre by Dr Loredana Mantarosie to probe the palladium species present on each 

support. All samples were diluted with KBr (75% catalyst / 25% KBr) in order to allow 

preparation of self-supporting wafers. Samples were measured on a Perkin Elmer 

Frontier instrument using a Harrick transmission cell with calcium fluoride windows. 

Measurements were performed in transmission mode; 4200-700 cm-1; 2 cm-1 

resolution; 64 accumulations; 122.2 sec/spectra; spectra reported to the spectrum of 

the material measured under the same conditions before the CO adsorption. Samples 

were pre-treated in 10% H2/He at room temperature and heated to 150°C at 

10 °C min-1 and held for 30 min. 

For CO adsorption the samples were cooled to 30 °C; purged with He; then exposed 

to 500 ppm CO/He for 30 min. 

Due to the very low Pd loading and respectively the low intensity of the CO associated 

bands spectra from minute 2.5 to min 30 were averaged, normalised by sample weight 

and then CO gas phase subtracted. 
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Chapter 3: Solvothermal 

Synthesis and Characterisation 
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3.1  Introduction and scope of this chapter 

This chapter presents the findings from two different studies.  

The first study made use of synchrotron X-rays to follow in situ the crystallisation of 

a cobalt gallium oxide from gallium metal under solvothermal conditions, showing 

that crystalline intermediate phases are present depending on the choice of solvent.  

The second study presents the synthesis and characterisation of a cobalt gallium oxide 

prepared by adding cobalt directly to γ-Ga2O3 under solvothermal conditions. A 

particular emphasis will be on the characterisation showing how the oxide made at 

low temperature solvothermally is metastable and changes upon application of heat 

after synthesis highlighting the flexibility and stability of the spinel structure. 

Tests of photocatalysis and three-way catalysis with these cobalt gallium spinels is 

presented at the end of the chapter. 
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3.2  Time-resolved in situ X-ray diffraction of the crystallisation of 

cobalt gallium oxide under solvothermal conditions 

3.2.1 Introduction 

The high temperatures required for solid state reactions usually prohibit the study of 

the mechanistic and kinetic pathways of the formation of the materials formed. It has 

recently been demonstrated that using high energy X-ray sources, such as at 

synchrotrons, time resolved in situ powder X-ray diffraction can be carried out to 

identify unambiguously and follow reaction pathway of dense metal oxides, such was 

the case for the Aurivillius phase Bi5Ti3Fe0.5Cr0.5O15.
1 The use of high energy X-rays 

allowed for structural refinements to be undertaken on a host of metastable 

intermediate phases observed during the reaction. Powder X-ray diffraction is, of 

course, only one of many different methods for studying the early stages of 

crystallisation and there are examples in the literature where other techniques such as 

spectroscopic analysis have been carried out on the formation of materials.2 There is 

a growing body of data regarding the crystallisation of porous materials such as metal 

organic frameworks (MOFs) in the literature which, since they typically require low 

temperatures (~100° C), reactions can be carried out in sealed glass vessels.3–5 There 

are fewer reports of the in situ study of crystallisation of dense oxide materials and 

fewer still on their formation under hydro(solvo)thermal conditions.6–9 

 

The solvothermal synthesis of gallium oxide can be effected directly from oxidation 

of gallium metal in an aminoalcohol.10,11 Mixed metal spinels can also be synthesised 

by a similar preparation if a transition metal salt (e.g. of Fe, Co, Ni, Zn) is included in 

the reaction.12 It was found that for some mixed metal spinels their formation was 

facilitated by the presence of an aqueous solution of the aminoalcohol.  

The time resolved in situ experiment described here was performed at the Diamond 

Light Source, UK on beamline I1213 to probe the reaction pathway of the formation of 

cobalt gallium oxide from cobalt nitrate and gallium metal with different reaction 

media. High energy X-rays are used on this beam line (65.62 keV, λ = 0.18893 Å). 

These high energy X-rays combined with a fast acquisition time allow the 

crystallisation to be followed directly and in real time also offering the advantage that 
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real hydro(solvo)thermal conditions that would be used in conventional laboratory 

synthesis can be mimicked in the synchrotron environment. However, the quality of 

the data may be affected since diffraction of the vessel will dominate the pattern. 

Although some groups have used reaction vessels such as glass capillaries and 

miniature reactors are used to obtain data from which the pair distribution function 

can be calculated, the reactions will not necessarily be representative of real 

hydrothermal conditions. Developments in in situ diffraction techniques show that 

lattice parameter, phase evolution, full Rietveld analysis and in some favourable cases 

atomic scale analysis and total scattering can be studied.14–17  

Gallium metal was selected as the precursor owing to its being a liquid above 29 °C 

and so would be amorphous to X-rays under solvothermal conditions at 210 °C. The 

oxide formed from a similar solvothermal reaction was previously shown to be a 

largely inverse spinel with composition Co0.973(8)Ga1.767(8)O3.752(8),
12 a composition and 

inversion parameter different to cobalt gallium oxides prepared from high 

temperature.18,19 The results from two studies are presented. The first study is the 

solvothermal reaction of gallium metal and cobalt nitrate in 1:1 

monoethanolamine(MEA):H2O. The second study has the same reagents but the 

reaction is conducted in MEA only. 

3.2.2  Synthetic Procedure 

To follow the synthesis reactions were carried out within the Oxford-Diamond In Situ 

Cell (ODISC)20 on beamline I12 at the Diamond Light Source, UK13 which makes use 

of a large 43 × 43 cm2 Thales Pixium RF4343 image plate detector allowing powder 

diffraction patterns to be recorded on the order of seconds with excellent d-spacing 

resolution. The acquisition time for each frame was 12.447 s. The energy of the 

monochromated X-ray beam was 65.62 keV (λ = 0.18893 Å) which was sufficient for 

penetration of the steel autoclave and the PTFE liner. The sample-detector distance 

was 2038.58 mm and the slit size was 1 mm x 1 mm. Energy and distance were 

calibrated using the multi-distance calibration implemented in DAWN.21 

0.3 g (4.30 mmol) of Ga metal (Alfa-Aesar, 99.9%) and 0.626 g (2.15 mmol) of 

Co(NO3)2·6H2O (Aldrich, ≥98%) were placed inside a 23 ml PTFE liner. To this either 

10 ml of a mixed solution of water and ethanolamine (Acros, 99%) (1:1 by volume) 

was added (Reaction 1) or 10 ml ethanolamine only (Reaction 2). This liner was 
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sealed inside a steel autoclave and placed inside ODISC (Figure 3.1). The material 

was magnetically stirred to ensure the reagents and products were well dispersed in 

the path of the X-ray beam. A glassy carbon sheath was placed around the autoclave 

to ensure transfer of heat. Infrared lamps in ODISC rapidly heated the material inside 

the autoclave to 210 °C and this was controlled and maintained by use of a 

proportional-integral-derivative controller (PID controller) with temperature being 

relayed to the PID by use of two thermocouples. At the end of the reaction the 

autoclave was allowed to cool naturally to room temperature and the products were 

isolated by vacuum filtration, washed with copious amounts of methanol and dried by 

washing with acetone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Photograph showing the Oxford-Diamond In Situ Cell (ODISC), (left) and 

autoclave used for in situ reactions, (right). 

 

3.3  Reaction 1: Reaction in 1:1 water:ethanolamine 

3.3.1  General Overview 

An overview of the first study is presented below and shows that the formation of two 

crystalline transient phases precede the formation of cobalt gallium oxide spinel 

(Figure 3.2). The 3D colour map focuses on the higher angle reflections of the 

experiment since this is where the diffraction from steel and PTFE were least 
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pronounced and diffraction peaks for all 3 phases are present at some point during this 

region. 

The in situ experiment shows that after fifteen minutes intense reflections found at 

~6.85 and ~7.03 2-theta present themselves signalling the start of a first period of 

growth and decay, and can be described as the first transient phase. This phase rapidly 

grows in intensity before falling in intensity without reaching a plateau. This fall in 

intensity coincides with a shift to higher angle (i.e. a decreased d-spacing) and a 

change in relative peak intensities and does not completely fall to zero. Instead a 

second period of growth occurs, and can be described as the second transient phase. It 

is quite clear that this second phase is related to the first phase since the peak intensities 

clearly grow into one another. This secondary phase begins to grow after 45 minutes 

then, upon reaching a maximum intensity at 120 minutes, the intensity starts to 

decrease almost simultaneously with the emergence of the spinel phase. That the onset 

of spinel growth occurs simultaneously with the decrease in the second transient phase 

peak intensity suggests that the two are closely related. After 450 minutes the spinel 

phase begins to plateau whilst the transient phase intensity has almost disappeared, 

which together indicate that the reaction is coming to a completion. The spinel phase 

was isolated at the end of the reaction and PXRD confirmed phase pure highly 

crystalline cobalt gallium oxide, (nominally CoGa2O4). 
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Figure 3.2 (a) Colour map of the higher angle peaks of the in situ experiment (λ = 0.18893 Å) 

with MEA:H2O as solvent with Miller indices of spinel product labelled, (b) close-up of the 

contour map showing the emergence of the transient phase (1) after 15 minutes with rapid 

decay before a slower secondary period of growth occurs (2). 

 

The data before any background subtraction are shown below in Figure 3.3, (every 

10th powder XRD pattern (approx. 2 min interval)). Intense peaks around 2.25, 5.25 

and 6 °2θ are of the steel autoclave which dominate the PXRD patterns. The feature 

around 0.5 °2θ is the beamstop. The inset shows a close up of the region 1.0 – 3.5 °2θ 

where clear differences are observed in the background. Although difficult to assign 

with certainty this could be due to small sub-diffraction nuclei and amorphous reagents 

(gallium metal, cobalt nitrate). 
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Figure 3.3 Overlay plot of every tenth powder XRD pattern before any background 

subtraction with, inset, showing the changes in the background. 

 

The first transient phase showed very intense Bragg reflections and analysis of the in 

situ data identified reflections which all showed a simultaneous growth followed by 

simultaneous decay period. The diffraction from the steel autoclave and to a lesser 

degree the PTFE liner dominate the powder pattern (Figure 3.4) but enough peaks 

were identified from which a unit cell could be indexed: a rhombohedral unit cell 

with space group 𝑅3̅𝑚 and lattice parameters a = 3.146 Å, c = 23.9847 Å. This 

suggested that the transient materials could be layered double hydroxides, (LDHs).22 

It was not possible to conduct full pattern fitting or even a structure-less fit of all the 

observed reflections of the LDH owing to the presence of steel and PTFE, the former 

dominating the pattern and diffraction from both steel and PTFE causing overlap of 

some peaks which masked the presence of the transient phases.  
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Figure 3.4 Fitted XRD pattern (after a background subtraction using the rolling-ball method) 

of the observed in situ transient phase 1 using an LDH model with Miller indices labelling 

each LDH Bragg peak. Faded peaks are steel autoclave. 

 

The second transient phase was much less crystalline than the first (Figure 3.5) 

showing broader reflections, many hidden by the diffraction from the autoclave and 

could not be indexed readily from the in situ data. 

 

 

 

 

 

 

Figure 3.5 PXRD plot of both transient phases at their maximum peak intensity showing the 

change in the (003) reflection position and broadening from transient phase 1 to transient 

phase 2. 

 

3.3.2 Isolation of the second transient phase 

Off line experiments (i.e. without use of in situ X-ray diffraction) with ODISC at the 

Diamond Light Source successfully isolated the secondary transient phase. The 

observed peaks in the powder diffraction pattern of the isolated phase after 

approximately 80 minutes are in good agreement with the observed data in the in situ 
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data after the same length of time (Figure 3.6). Indexing and subsequent Pawley 

refinement of this isolated phase yield refined parameters of a = 3.111(2) Å, 

c = 22.65(3) Å, again indicative of a layered double hydroxide and indeed the refined 

parameters are similar to those reported for Co-Ga layered double hydroxides in the 

literature.23,24 Turbostratic perturbation, the irregularity in the interlayer separations 

causing slight differences in the basal spacings of the LDH lattice, is the likely cause 

of the anisotropic peak broadening of the (00l) reflections seen in the powder XRD 

pattern of the isolated LDH.25–27 

 

 

 

 

 

 

 

 

Figure 3.6 Powder XRD patterns of a simulated Co-Ga-LDH (black), isolated Co-Ga-LDH 

after 80 minutes (red) and from the Co-Ga-LDH formed in situ (blue). Faded peaks are steel 

autoclave and PTFE. In situ Co-Ga-LDH is from data obtained after applying a rolling-ball 

background subtraction. 

 

A second shorter offline experiment (30 minutes) shows the LDH phase (present 

amongst other unidentified material(s)), (Figure 3.7), with a larger d-spacing of the 

(003) peak of 7.78 Å, compared to the LDH quenched from the 80 minute reactions 

with a d-spacing of the (003) peak corresponding to 7.56 Å. This is in agreement with 

the shift in d-spacing of the diffraction data observed in situ. The difficulty in isolating 

the LDH as a phase pure material from quenching experiments is in contrast to the 

observation of its being the only observable intermediate phase in situ during the time 

that it exists. This suggests that upon quenching other materials not present during the 

reaction are forced out of solution upon cooling. 
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Figure 3.7 Powder XRD of material isolated after 30 minutes. † denotes some unidentifiable 

reflections from phases also present from the quenching reaction. 

 

Typical crystal structure of an LDH 

The crystal structure of an LDH is shown in Figure 3.8. The layered structure of LDHs 

is based on brucie (Mg(OH)2) but where a portion of the divalent cation is either 

oxidised, or substituted with a trivalent cation. These cations are surrounded by 

hydroxyl groups in approximately octahedral geometry which are edge-shared to form 

infinite layers which stack on top of each other. The presence of the trivalent cation 

results in an excess of positive charge which is charged balanced by intercalation of 

an anion species usually associated with water. The general formula of a layered 

double hydroxide may be written as: [M2+
1-xM

3+
x(OH)2]

x+[An-]x/n·yH2O. Typically, 

only a small amount of trivalent cation may be substituted with x usually found 

between 0.20 ≤ x ≤ 0.33.25 
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Figure 3.8 The crystal structure of an LDH. Changes in the interlayer gallery strongly affect 

the basal spacing of the LDH. 

3.3.3 Characterisation of isolated Co-Ga-LDH 

Electron microscopy has been used to show that the morphology of the isolated second 

transient phase consists of large but thin hexagonal plates (Figure 3.9). EELS (TEM) 

and EDX (SEM) were used to confirm the presence of both Co and Ga in a ratio close 

to 1:1, (Table 3.1). LDHs reported with values of x > 0.33 are seldom reported in the 

literature but are claimed to exist.25,28–32 Most LDHs are found with a maximum value 

of x = 0.33 which was long thought to be the maximum due to charge repulsion (the 

‘cation avoidance’ rule) of placing trivalent cations close together.33,34 Many studies 

find that above x = 0.33 the lattice parameter a, which is largely dependent on the 

amount of trivalent cation, does not decrease with further incorporation suggesting 

that amorphous impurity phases are present instead. Yet, according to Pausch, who 

once claimed the maximum value of x = 0.44, the constancy in a above x = 0.33 is 

related to the repulsion of M3+ causing an increase in a versus the decrease in a due to 

increased trivalent metal effectively cancelling out any observed change.35 It may be 

the case that the presence of an amorphous gallium phase (such as gallium metal or 

amorphous gallium oxide) accounts for the high level of trivalent cation observed 

although none is obvious by electron microscopy as a secondary phase. 
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Figure 3.9 (a) ADF-STEM image of isolated Co-Ga-LDH showing large hexagonal plate 

morphology, (b) SEM image showing similar hexagonal plate morphology. 

 

Table 3.1 EDX analysis showing an approximate 1:1 ratio of Co:Ga in the isolated LDH. 

 

 

 

 

 

TGA revealed that the isolated LDH phase is stable up to 270 °C before decomposing, 

shown by a sudden mass loss observed around this temperature (Figure 3.10a). Smaller 

steps are observed at 100-150 °C which could be loss of surface bound water 

molecules followed by loss of interlayer water and interlayer anions. Simultaneous 

mass spectrometry confirmed the presence of the occluded water showing loss of 

water at each mass loss step in the TGA but also confirmed the presence of the nitrate 

anion by observation of the NO fragment (Figure 3.10a). 

X-ray thermodiffractometry supports the TGA showing that the LDH decomposes 

around 250 °C and that it decomposes into a spinel (Figure 3.10b). Closer inspection 

of this contour map shows that the unit cell contracts as temperature is applied before 

the structure collapses into the spinel likely due to the removal of the water and 

interlayer anions which is observed in the TGA-MS. The spinel becomes increasingly 

more crystalline as observed by the sharpening of the Bragg reflection intensities up 

to 810 °C. Upon cooling to room temperature the spinel was found to be green in 

colour whereas cobalt gallium oxides are usually blue. EDX analysis shows that the 

1:1 ratio is maintained in the spinel obtained from the decomposed layered double 

hydroxide.  

EDX Average 

Atomic % 

Co 48.5 

Ga 51.5 
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Figure 3.10 (a) TGA-MS of the isolated 2nd phase LDH clearly indicating the presence of 

occluded water and nitrate interlayer anion, (b) X-ray thermodiffractometry showing the 

collapse of the LDH at ~270 °C in to a single phase spinel. 

 

Refinement of the lattice parameter of this green spinel (Figure 3.11) gives a lattice 

parameter of a = 8.3026(13) Å, smaller than for cobalt gallium oxides with a 

composition of CoGa2O4 (e.g. a = 8.3291(3) Å18). This is at first surprising since the 

composition of this spinel is close to 1:1 and so a larger cell may be expected with the 

increase cobalt content.18,19 
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Figure 3.11 Pawley refinement of the green cobalt gallium oxide. 

 

XANES carried out on beamline B1836 at the Diamond Light Source indicated the 

presence of Co3+ in the LDH and a significant portion of Co3+ in the spinel obtained 

from thermal decomposition of the LDH, a plausible explanation for the different 

colour observed, (Figure 3.12). Furthermore, a significant portion of Co3+ may account 

for the unusually small unit cell parameter as the Co3+ ion will be more contracted than 

the Co2+ cation. 
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Figure 3.12 (a) Co-K edge XANES spectra normalised to the edge step, and (b) plot of edge 

position (defined as the energy at which normalised absorption = 0.5) as a function of 

oxidation state with a linear fit to reference materials providing the calculated oxidation states 

of Co-Ga-LDH and spinel from thermally decomposed LDH (both in blue). 

3.3.4 Analysis of in situ powder X-ray diffraction data 

Owing to the steel peaks dominating the powder pattern and the overlap of these peaks 

plus of peaks from the diffraction from the PTFE liner, it was not possible to do a full 

phase refinement of the transient phases over the whole 2-theta range. Instead Pawley 

refinements over one peak were performed. Evolution of all three phases could be 

followed by plotting the change in the integrated phase intensity as a function of time 

(Figure 3.13a). These integrated intensities were obtained from sequential refinements 

(vide infra). Evolution of the c lattice parameter for both LDHs was obtained from 

sequential refinements (Figure 3.13c). There is a contraction in the unit cell c 

parameter during the decay of the first LDH, (LDH 1). The unit cell continues to 

contract throughout both the growth and decay of the second LDH, (LDH 2), albeit at 

a much slower rate. The temperature of the reaction vessel can be seen to stabilise at 
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210 °C after only a few minutes, (Figure 3.13b). This shows the evolution of lattice 

parameters is not a thermal effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 (a) Reaction overview from integrated intensities of LDH and spinel Bragg peaks, 

(b) Plot of temperature of reactor, (c) evolution of LDH c lattice parameter as a function of 

time with inset, blue squares the 1st LDH, mauve circles the 2nd LDH coexisting with the 1st 

LDH, and maroon triangles the 2nd LDH after disappearance of the 1st LDH and a schematic 

representation of the LDH.  

3.3.5 Phase evolution 

All refinements were performed against data after a rolling-ball background 

subtraction had been applied within the DAWN software. Since the acquisition time 



 

78 

 

for each frame was 12.447 s only every 10th powder XRD pattern was used for the 

refinements in both phase and lattice parameter evolution providing approximately a 

2-minute interval between each data set. 

TOPAS37 was used to perform sequential refinements through the command line to 

integrate the relative intensities of each phase to provide the reaction overview seen 

above in Figure 3.13a. The change in the area under the LDH (006) reflection (Figure 

3.14) was calculated independently for both LDHs. An arbitrary cell was used for this 

and all data outside the range of the (006) peak were excluded. This reflection was 

selected as there was minimal overlap of the (006) from the second phase present and 

as such it could be modelled as arising from a single phase from start to finish. An 

initial fit was obtained at the point where the maximum peak intensity was recorded 

(29 minutes and 124 minutes for transient phase 1 and 2 respectively) and then 

sequential refinements either side of this to when the peak first appeared to the last 

pattern where the peak is observed were conducted. 

Similar methods were employed in obtaining the intensity of the spinel phase and the 

area under the most intense reflection (311) was used. 

The decay of the second LDH and growth of the spinel do not cross at α = 0.5, (α was 

calculated by normalising each phase to its maximum peak intensity value), this 

suggests that it is likely that re-dissolution of the LDH back into solution occurs to 

provide the correct ratio of metals from which the spinel crystallises. This is more 

likely than a direct solid-solid transformation given the difference in structure between 

the LDH (edge-shared octahedral metal sites) and spinel (close-packed oxide with 

octahedral and tetrahedral metal sites). The stoichiometry of the LDH from EDX 

suggests too that the LDH is not directly decomposing into the spinel since the Co:Ga 

ratio is different. The thermal transformation of LDHs into spinels usually occurs via 

phase separation into binary oxides or amorphous materials.38 
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Figure 3.14 Growth and decay of the (006) reflection of the first LDH. 

3.3.6 LDH unit cell contraction 

During the sequential refinements of the LDH lattice parameters the a parameter was 

kept fixed (at 3.146 Å, typical of an LDH) and only the c parameter was refined using 

the position of the (003) and (006) reflections, (Figure 3.15). As for the peak intensity 

described above, initial lattice parameters were inputted into the refinement from when 

the peak intensity of both phases were at maximum and then refined either side to 

when each phase was either beginning to form (LDH 1) or present only as a single 

phase (such as in the case of LDH 2). 

During the time 30 - 75 minutes when both transient phases were present only the 

lattice parameter of LDH 1 could be refined sensibly. Peak fitting to give a meaningful 

pseudo-Voigt fit using the Origin software allowed for the c parameter of LDH 2 to 

be estimated at this time. Independently refining the c parameter of LDH 2 using 

TOPAS resulted in unphysical results as was found to be the case in a biphasic fit of 

both LDHs.  
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Figure 3.15 Colour map showing the progression of the (003) peak of the intermediate during 

the in situ experiment reaction with MEA:H2O. 

 

It should be noted that the data obtained during this experiment allowed for a detailed 

investigation into the pathway of the reaction but a thorough structural analysis by 

refinement was prohibited by i) the weak intensity of materials formed in situ 

compared to the steel autoclave and PTFE liner, ii) overlap of some reflections were 

with steel and PTFE, iii) cobalt and gallium (present in spinel and LDH) are virtually 

indistinguishable by X-rays. Therefore, no further detailed structural refinement was 

undertaken on the in situ data. 

The final powder pattern collected showing the spinel in situ, i.e. after reaction had 

gone to completion, is shown below in Figure 3.16 to highlight the difference in 

intensity between the reaction vessel and the materials formed inside. 
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Figure 3.16 Plot of typical in situ pattern showing relative peak intensities of spinel product 

and features from the reactor. ‡ denotes beamstop and † denotes steel autoclave peaks. 

 

3.3.7 Discussion regarding the two intermediate phases 

Both LDHs are clearly related. This is deduced since many of the peaks observed in 

the first phase reach a minimum intensity (with a corresponding shift to higher angle) 

and then begin to increase in intensity again, i.e. the two LDHs share Bragg reflections.  

Transient phase 2 has been identified as a layered double hydroxide and so transient 

phase 1 is therefore also very likely to be a layered (double) hydroxide. 

One explanation for the observed changes in both peak intensity and position of some 

Bragg reflections is dehydration. It is quite clear that the most intense peak of the 

layered double hydroxide, (003), moves to higher angle and clearly shows the decrease 

in intensity followed by a secondary growth phase. Since this is the (003) reflection 

this corresponds to changes in the c parameter of the unit cell, which means that 

removal of water molecules from the interlayer gallery is certainly plausible, as is 

reorganisation of the interlayer anion and water molecules which has also been 

observed in LDHs.39  

A possible reaction pathway could therefore be as follows: after 15 minutes of reaction 

time an initial LDH forms. This LDH consists of an unstable composition and 

immediately decomposes ejecting water molecules which reduces the basal spacing 

until a more stable layered double hydroxide forms. This secondary more stable 
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layered double hydroxide will continue to grow in intensity until the onset of spinel 

growth. This would explain why a plateau is never observed in either layered double 

hydroxide. It also explains the overlap of LDH 1 and LDH 2 in the reaction overview 

and the asymmetry in the observed reflections: a concentration of LDH 2 is beginning 

to accumulate (hence an increase in peak intensity) whilst LDH 1 is still decaying 

(Figure 3.17). 

 

 

 

 

 

 

Figure 3.17 The (003) reflection at 54 minutes showing asymmetry. This is attributed to the 

decay of LDH1 and the growth of LDH2 and modelled by 2 pseudo-Voigt profile functions. 

 

Sasika et al reported the synthesis of a layered cobalt hydroxide.40,41 In this material 

the cobalt is solely in the +2 oxidation state and the charge between the brucite layers 

and the interanion layers is balanced due to the presence of protonated OH groups. 

This material is described as being metastable and that soon after its formation is 

converts to the well-known β-Co(OH)2 phase. It is possible that LDH 1 is similar to 

this layered cobalt hydroxide. The lattice parameters are in good agreement with those 

indexed from the in situ data, in particular the a parameter a = 3.146 Å (this work) cf. 

a = 3.1439(5)40, which is typical of Co-Co bond distances within the brucite layers.41 

LDH 1 is transient and though kinetically stable and begins to form within 15 minutes 

of reaction time, although it soon decays via a structural transformation in to the 

second LDH similar to the decomposition of the layered cobalt hydroxide into the 

more stable β-Co(OH)2. Furthermore, in test reactions of just Ga with MEA:H2O that 

were carried out using ODISC the onset of oxidation of gallium metal into spinel phase 

γ-Ga2O3 did not occur until after 2 hours of reaction time suggesting that 15 minutes 

of reaction time is not sufficient to oxidise the gallium metal. 
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If LDH 1 is a layered hydroxide containing only cobalt and LDH 2 a layered double 

hydroxide with both cobalt and gallium, then a decrease in the lattice parameters for 

LDH 2 would be expected relative to LDH 1. Both the a and c lattice parameters are 

smaller for LDH 1 compared to LDH 2. Typically, c decreases with increasing M3+ 

owing to the increase in the electrostatic attraction between the positive brucite-like 

sheets and the negatively charged interlayer,42,43 though, conversely, the opposite has 

also been observed when the anion is nitrate.44 A decrease in ‘a’ occurs because M3+ 

is usually smaller than M2+. It is proposed that LDH 1 does not directly transform into 

LDH 2 by reaction with gallium metal but rather LDH 1 decays significantly before 

LDH 2 is formed since α does not cross at 0.5, (Figure 3.13c). 

3.3.8 Decay of LDH 2 

A contraction in both a and c lattice parameters occurs during the transformation of 

LDH 1 to LDH 2. Since the (003) peak position is determined by the c lattice parameter 

and the (110) determined by the a lattice parameter a comparison of how both 

parameters change, by way of change in their d-spacing, can be obtained (Figure 

3.18a). It is observed that there is a much larger change in the (003) d-spacing also 

with a broadening of the peak (Figure 3.18b) whilst the (110) d-spacing hardly changes 

during the same time. It must be noted here the d-spacings shown below were obtained 

from estimating the centre point of each peak (through peak fitting in Origin) and were 

not obtained from a least squares refinement. A change in the basal spacing 

corresponding to ~0.3 Å occurs over the time period from when the transient phase 

reaches a maximum peak intensity (125 minutes) to when almost fully re-dissolved 

(395 minutes). This is likely due to the removal of occluded water or rearrangement 

of the interlayer nitrate anion. 

 

 

 

 

 

 



 

84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. (a) Change in both the (003) and (110) d-spacings during the re-dissolution of 

the 2nd transient phase, (b) change in the (003) reflection of the second transient phase during 

re-dissolution. 

 

A complicated interplay of nitrate anion intercalation and its hydration sphere may 

explain this behaviour.45 Similar behaviour has been studied in LDHs when subjected 

to anion exchange,42,44,46 dehydration (dehumidification),47 or reorientation of the 

nitrate anion (or other interlayer species)39 where it is often associated with large 

changes in the basal spacing (~1 Å) but little or no change in the interlayer separations. 

Such subtle changes have been observed in layered double hydroxides intercalated 

with nitrate anions when subjected to thermal treatment at 300 °C.39  
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3.4 Reaction 2: Reaction in MEA only 

A second reaction conducted using just MEA shows that at no point during the reaction 

were any crystalline intermediates formed, however the spinel oxide can still be seen 

to form and was the only material found to be present once collected from the 

autoclave (Figure 3.19). Unfortunately, there was not enough time during the 

synchrotron experiment to allow this reaction to run to completion which is why no 

plateau in the spinel growth is observed. 

 

 

 

 

 

 

 

 

Figure 3.19 Colour map of the higher angle peaks of the cobalt gallium oxide spinel formed 

when only MEA is used as a solvent with Miller indices of the spinel labelled. No crystalline 

transient phases are observed during the reaction. The feature found around 6.85 is due to the 

PTFE liner.  

3.5 Comparison of both reactions 

The first obvious comparison is that crystalline intermediate phases are seen in the 

reaction with 1:1 MEA:H2O whereas only the spinel is observed during the reaction 

in MEA only. Using TOPAS to integrate the intensity of the (440) reflection for both 

reactions and then normalising to a common baseline it was possible to compare the 

crystallisation curves of both spinels from the two different solvent conditions (Figure 

3.20). Note that the amount of reagents were the same in both cases. The spinel formed 

in 1:1 H2O:MEA crystallises at a faster rate than in MEA alone, though the onset of 

crystallisation occurs at a similar time (~150 minutes). The difference in the rate of 

spinel growth could be attributed to the greater solvent viscosity when MEA only is 

used,48 which might affect either (or both) diffusion of reagents in solution or stirring 
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rate, rather than being necessarily directly related to the formation of the intermediate 

seen when a 1:1 H2O:MEA ratio is used.  

 

 

 

 

 

 

 

Figure 3.20 Comparison of crystallisation curves of the spinel phase. 

3.6 Analysis of in situ data of both cobalt gallium oxides 

Peak fitting in Origin was used to calculate the FWHM (of the (440) reflection) in 

order to ascertain if there was any change in the crystal/domain size of the spinel 

occurring throughout the reaction. In the reaction of MEA only the peaks are broader 

(Figure 3.21a) than in the 1:1 H2O:MEA reaction (Figure 3.21b). However, the lack 

of any detectable peak sharpening during the period of crystal growth studied suggests 

that the crystallisation is nucleation dominated and that once crystals have formed 

there is little continued growth at those crystals and instead formation of new 

nucleation sites. Further work is needed to test this hypothesis but similar behaviour 

is observed in both reactions based on the change in the FWHM (Figure 3.21c and 

Figure 3.21d). 
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Figure 3.21 (a) In situ XRD of MEA only reaction showing the change in the width of the 

(440) reflection at different times, (b) In situ XRD of MEA:H2O reaction showing the change 

in the width of the (440) reflection at different times, (c) FWHM of (440) reflection at different 

times during the MEA only reaction, and (d) FWHM of (440) reflection at different times 

during the MEA:H2O reaction. 

 

Refinement of the lattice parameter for both spinels using the in situ data was also 

attempted and the results are shown in Figure 3.22. The size of the lattice parameter 

was refined using only the (440) reflection in both reactions. In the reaction with 1:1 

MEA:H2O the (440) reflection can be seen to shift to low angler with time (Figure 

3.22a). The refinement suggests a steady increase in the size of the cell of the spinel 

phase which plateaus as the reaction comes to completion (Figure 3.22b). Conversely 

the opposite appears to be true for the reaction in with MEA only where subtle shift to 

higher angle occurs (Figure 3.22c) and refinement of this reflection shows a small 

decrease in the cell size (Figure 3.22d). However, in the case of MEA only the size of 

the errors calculated are too large for this trend to be confirmed with any certainty. 

The size of the errors is likely due to the weak intensity of the broad (440) reflection 

and because only one reflection was used in refining the unit cell parameter. The more 

intense reflections (for example the (311)) were too often overlapped with PTFE 

resulting in meaningless fits, and it was not possible to extract more useful information 
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about the lattice parameters from the in situ experiment alone especially during the 

period where the spinel is beginning to grow in intensity. It should also be noted that 

although the lattice parameter of the spinel prepared in MEA only appears to get 

smaller this change is very small cf. the spinel prepared in the aqueous solution of 

ethanolamine where the change in lattice parameter is calculated as being much larger, 

(Table 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 (a) (440) reflection in the Pawley refinement of the spinel prepared in H2O:MEA, 

(b) change in lattice parameter of the spinel prepared in H2O:MEA, (c) (440) reflection in the 

Pawley refinement of the spinel prepared in MEA only and (d) change in lattice parameter of 

the spinel prepared in MEA only. 

Table 3.2 The change in unit cell parameter for both spinels with time and the unit cell of both 

spinels obtained from a Pawley refinement once isolated from the reaction vessel. 

 Lattice parameter a / Å 

 MEA:H2O MEA 

200 mins 8.308(7) 8.340(19) 

350 mins 8.323(4) 8.337(9) 

Isolated spinels (i.e. end of reaction)* 8.3257(2) 8.3302(15) 

* Ex situ refinement from data obtained from Cukα1 radiation 
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3.7 Ex situ Characterisation of isolated cobalt gallium oxide spinels 

Both reactions yielded cobalt gallium oxide spinels as phase pure materials. PXRD of 

spinels from both reactions reveals that the reaction in ethanolamine only formed a 

poorly crystalline spinel (Figure 3.23a) whereas reaction in ethanolamine and water 

formed a highly crystalline spinel (Figure 3.23b). This information is confirmed from 

Scherrer analysis performed on all observable reflection in the PXRD patterns. The 

instrument broadening was taken into account using NIST ceria as a standard. Scherrer 

analysis using the FWHM of all observed reflections showed that the crystalline 

material has much sharper diffraction peaks and the domain size from Scherrer 

analysis was approximately 33±9 nm. The Scherrer estimated domain size of cobalt 

gallium oxide formed from ethanolamine only was calculated as 6±0.3 nm. Only 

Pawley refinements were undertaken on these oxides from which it is possible to 

obtain refined lattice parameters. The increased unit cell size of the less crystalline 

material is in keeping with nano-sized crystal domains. No Rietveld refinement was 

undertaken which could have provided information on the spinel composition as 

cobalt and gallium differ in 4 electrons meaning that they are almost indistinguishable 

by X-ray diffraction. 

 

 

 

 

 

 

 

 

 

Figure 3.23. Pawley refinements of both spinels prepared from ethanolamine only and an 

ethanolamine water mixture. Refined lattice parameters and estimated domain size are 

indicated on each fit. 

 



 

90 

 

BET surface area measurements performed on both spinels show that the both have 

similar surface areas, Table 3.3, which might not be expected since the crystallinity of 

both spinels is markedly different. 

Table 3.3. BET surface area measurements on cobalt gallium oxide synthesised in MEA:H2O 

and MEA only. 

CoGa2O4 BET surface area / m2 g-1 

MEA:H2O 32 

MEA 30 

 

Electron microscopy shows that both spinels seem to have a similar particle size 

(Figure 3.24) which accounts for the observed surface areas calculated for both 

materials. However, HRTEM suggests that the material formed in MEA and water has 

highly ordered domains whereas reaction is MEA only seems to form particles with 

disordered crystal domains. This is entirely consistent with the Scherrer analysis which 

provides an indication on the mean ordered domain size which is not necessarily the 

same as the particle size. 
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Figure 3.24 (a) TEM of CoGa2O4 prepared in MEA:H2O, (b) HRTEM showing ordered 

crystal domains of the same spinel, (c) TEM of CoGa2O4 prepared in MEA only showing 

similar crystallite size and morphology, (d) HRTEM showing that the particles are made up 

of disordered crystal domains. 

 

XANES measurements were carried out in transmission mode on B18 at the Diamond 

Light Source at the Co-K edge on both spinels (Figure 3.25). It was found that in both 

cases cobalt was present almost exclusively as Co2+. The small pre-edge feature is 

evidence that most Co2+ is likely in octahedral coordination meaning that cobalt 

gallium oxide formed in both reactions are inverse spinels (Figure 3.25 inset). This is 

in agreement with other literature reports of CoGa2O4 which show that CoGa2O4 

usually has some degree of inversion.18,19,49,50 Later in this chapter this will be 

illustrated further with a study of similar materials. 
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Figure 3.25. (a) Co-K edge XANES spectra normalised to the edge step, and (b) plot of edge 

position (defined as the energy at which normalised absorption = 0.5) as a function of 

oxidation state with a linear fit to reference materials providing the calculated oxidation states 

of CoGa2O4 spinels from the in situ experiment. 

 

3.8 Summary 

This study has shown that during solvothermal reactions layered double hydroxides 

can form as transient phases before re-dissolution and formation of metal oxides. The 

formation of these layered double hydroxides is dependent on the reaction media. 

Oxide materials, including spinels, are often prepared by firing layered double 

hydroxides at high temperatures (300 – 500 °C)51–53 but the work reported here is the 

first study to show their formation as kinetically stable materials preceding spinel 

formation under solvothermal conditions. The fast acquisition time of the in situ XRD 

uniquely allowed for observation of two transient phases including one in particular 
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which is very short lived and unlikely to have been quenched and seen by conventional 

laboratory techniques.  

The hydro(solvo)thermal synthesis of layered double hydroxides has been reported 

numerous times in the literature and remains one of the key synthetic routes to their 

formation.23,53–59 Layered double hydroxides remain highly relevant in materials 

science and are still being developed for new technologies such as fire retardation 

materials and as additives for water based lubricants.57,60–62 LDHs have even been 

studied as water oxidation photocatalysts.63  

This study demonstrates the complexity of solvothermal reactions, with the presence 

of metastable products highlighting that predicting the pathways and outcomes of 

exploratory synthesis of new functional materials remains extremely challenging.  

 

3.9 Solvothermal synthesis of cobalt gallium oxide prepared by 

solvothermal reaction of γ-Ga2O3 and Co(NO3)2·6H2O 

3.9.1 Synthetic procedure 

3.9.1.1 Synthesis of cobalt gallium oxide from γ-Ga2O3 

As illustrated in the previous sections two solvothermal procedures may be used to 

synthesize cobalt gallium oxide from gallium: the use of ethanolamine alone or a 1:1 

reaction of ethanolamine:water. The syntheses presented here are an adaption of this 

reaction but uses pre-formed γ-Ga2O3 instead. The synthesis of γ-Ga2O3 is described 

elsewhere (Chapter 5). 0.300 g (1.60 mmol) γ-Ga2O3 and 0.292 g Co(NO3)2·6H2O 

(1.600 mmol) were added to a PTFE liner followed by the addition of 10 ml 

monoethanolamine (MEA). The reaction mixture was stirred for 10 minutes at room 

temperature before being sealed in a stainless-steel autoclave and placed in a fan 

assisted oven at 240 °C for 72 h. The autoclave was then removed from the oven and 

allowed to cool naturally to ambient temperature and the reaction mixture filtered 

dispersed in methanol and then collected by vacuum filtration and washed with 

copious amounts of methanol to isolate a bright blue powder nominally called 

CoGa2O4, (Figure 3.26). 
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Figure 3.26 γ-Ga2O3 (left) and (right) CoGa2O4 

The reaction often resulted in a large deposition of metallic cobalt as observed by eye. 

Furthermore, it was often found that this reaction would form other impurity phases 

such as GaOOH or unreacted γ-Ga2O3. In an effort to optimise this reaction a solvent 

mixture of 10 ml 1:1 ethanolamine:H2O was used. Although a small amount of 

metallic cobalt was still present most of the unreacted cobalt nitrate remained in 

solution probably due to the presence of water in the solvent mixture. The supernatant 

collected from the reaction was dark red in colour indicative of unreacted cobalt 

nitrate. It was found that this method was also more reliable in that no unreacted γ-

Ga2O3 or GaOOH was found as an impurity product. It should also be noted that in 

the controlled reaction of γ-Ga2O3 and 1:1 MEA:H2O that the oxyhydroxide 

Ga5O7(OH) forms exclusively and this phase was also absent in the powder diffraction 

pattern of the cobalt gallium material isolated at the end of the reaction. 

To remove the metallic cobalt from the sample the cobalt gallium oxide was filtered 

through a funnel several times surrounded by rare-earth magnets several times.  

The reaction using only 10 ml deionised water always resulted in the formation of 

Co3O4 as a secondary phase with cobalt gallium oxide. 

 

3.9.2 General characterisation 

Powder X-ray diffraction shows the shift of all Bragg peaks of γ-Ga2O3 to lower angle 

for CoGa2O4 which is consistent with the incorporation of the larger Co2+ cation 
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(Figure 3.27). Furthermore, the diffraction peaks become sharper suggesting the 

material is more crystalline and has a bigger crystallite size than the defect spinel γ-

Ga2O3. 

 

 

 

 

 

 

 

Figure 3.27 Stacked plot (left) of CoGa2O4 (black) with γ-Ga2O3 (red) with dashed lines 

showing shift to lower angle for CoGa2O4. Pawley refinement (right) of CoGa2O4 with lattice 

parameter a = 8.3050(13) Å cf. γ-Ga2O3 where a = 8.2376(9) Å. 

TEM shows the transformation of γ-Ga2O3 with the flake-like plate morphology into 

the oval morphology of the mixed metal gallate. In both cases the material was made 

of small crystallites on the nano-scale range, (Figure 3.28). 

 

 

 

 

 

Figure 3.28 Morphology transformation of gallium oxide (left) into cobalt gallium oxide 

(right) after reaction with cobalt nitrate hexahydrate. 

 

In situ X-ray thermodiffractometry (Figure 3.29) showed that the spinel was stable at 

900 °C but upon closer inspection of the contour map anomalous cell contraction 

occurs over the temperature 250 – 500 °C. Similar negative thermal expansion through 

this range was also seen in cobalt gallium oxide prepared from gallium metal. A 

proposed explanation suggested this could be due to a redistribution the cations in the 

structure caused by a change in the proportion of tetrahedral and octahedral Ga-O and 
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Co-O bonds. Since Co-O and Ga-O distances are different between tetrahedral and 

octahedral sites then the amount of each will affect the average unit cell size. This is 

unlikely to be a straightforward correlation and some discontinuity in cell volume with 

changing bond distances may be expected. A metastable arrangement of cations in the 

as made sample may rearrange to give a transient spinel species before ultimately 

rearranging to form a more thermodynamically stable spinel. 

 

 

 

 

 

 

 

  

Figure 3.29 Contour plot of in situ heating XRD on cobalt gallium oxide. Inset close up on 

most intense spinel reflection (311) showing the non-typical thermal expansion behaviour 

between 250 – 500 °C. 

XANES analysis confirmed only the presence of Co2+ (Section 3.4.5) in both the as-

made sample and in a sample that had been heated in air to 600 °C suggesting that if 

a re-distribution of cations occurs it does so without oxidation of the Co2+ cation. 

However, this negative thermal expansion was not observed when the sample was 

heated under N2, (Figure 3.30). An in situ XANES or XAS experiment where a sample 

of spinel is heated to 600 C in various atmospheres would further probe whether a 

redistribution of the cations is occurring. 
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Figure 3.30 Thermodiffractometry of CoGa2O4 heated in N2, with inset showing no 

contraction of the cell.  

 

Finally, this anomalous cell contraction is also irreversible and not seen upon cooling 

down to room temperature from 900 °C, (Figure 3.31). 

 

 

 

 

 

 

 

 

Figure 3.31 Thermodiffractometry of CoGa2O4 heating up from 30 to 900 °C showing the 

region 270-550 °C (left) and then cooling back down again (right) showing no anomalous 

behaviour. 

3.9.3 Neutron diffraction study of cobalt gallium oxide 

This anomalous cell contraction was then investigated by in situ neutron diffraction 

on heating. Cobalt and gallium differ in only 4 electrons and so are almost 

indistinguishable by X-rays and therefore structural analysis with X-rays would not be 

possible, however, the neutron coherent scattering cross-sections of cobalt and gallium 

are appreciably different (0.779 barns for cobalt and 6.675 barns for gallium) so to be 
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distinguishable. Neutron diffraction also allows for the oxygen position to be refined 

more accurately too. 

The neutron diffraction data were collected on the Polaris instrument at ISIS. The 

sample for neutron diffraction was sealed in a vanadium can and then placed in a 

furnace itself in a chamber which was evacuated. A room temperature diffraction 

pattern was recorded and then the furnace was slowly ramped up to 600 °C and 

diffraction patterns were recorded at various temperature intervals. 

3.9.3.1 Refinement of room temperature spinel 

The refinement was carried out using the Playford model of CoGa2O4 as a starting 

point. The first constraint applied on the refinement was to keep the total cation site 

occupancy to 1. Without this constraint when the occupancies of the sites were refined 

it was found that unphysical results occurred with the occupancy of both metal sites 

exceeding 1. 

The initial refinement of the room temperature spinel showed that the cobalt gallium 

oxide is a largely inverse spinel with an inversion parameter, x = 0.749, with trivalent 

gallium cations preferentially occupying the tetrahedral site and also that the spinel is 

slightly cobalt rich. Because of this the spinel must be partially deficient in the oxide 

anion to charge balance the excess of divalent metal. Therefore, the oxide anion 

occupancy was set to charge balance the cation charge and was not refined, (it was 

assumed all cobalt was present as Co2+ which was later confirmed by XANES, 

(Section 3.4.5)). The oxide vacancy is ~1.7% which is acceptable since cobalt gallium 

oxide prepared from the solvothermal oxidation directly from gallium metal has been 

shown to be partially deficient in oxide anion up to 6%.12 Changing and fixing the 

oxide anion occupancy to charge balance the cations causes only a small increase in 

the wrp from 2.003 to 2.011%, which was not considered a significant result. A good 

fit to the data was obtained (Figure 3.32) and the refined composition is shown in 

Table 3.4. 
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Figure 3.32 Multi bank Rietveld refinement of cobalt gallium oxide from data obtained from 

Polaris bank 3 (left) and bank 5 (right). 

Table 3.4 Crystal parameters for Co1.146Ga1.861O3.932 at room temperature before heating. 

Space group 𝐹𝑑3̅𝑚, a = 8.31401(7) Å. Rp = 2.524%, wRp = 2.011%. 

Wyckoff site Atom x y z Occupancy Beq / Å2 

8a Ga 0.125 0.125 0.125 0.749(4) 0.205(12) 

 Co 0.125 0.125 0.125 0.251(4) 0.205(12) 

16d Ga 0.5 0.5 0.5 0.556(4) 0.389(14) 

 Co 0.5 0.5 0.5 0.444(4) 0.389(14) 

32e O 0.25596(5) 0.25596(5) 0.25596(5) 0.983* 0.573(1) 

*O occupancy was not refined, (see text). 

Another model was tested before proceeding with the refinements of the spinel at 

higher temperature. This was to fix the total amount of Co and Ga to be 1:2 as is the 

stoichiometry typically observed in many spinels. The refinement showed the spinel 

to be largely inverse but a poor fit was obtained compared to the cobalt rich spinel. 

When the oxide anion occupancy was refined in this model it also refined to a partially 

oxide deficient spinel, which not only does it not charge balance the cations in this 

model but also hints that model is indeed slightly rich in the divalent cation. The 

M2+:M3+ as 1:2 spinel model was discarded.  

 

3.9.3.2 Refinement of spinel with increasing temperature 

In all the neutron diffraction refinements at higher temperatures the room temperature 

model was used as a starting point. Another constraint was applied, in addition to 

keeping the total occupancy of each site to 1, which was to keep the total amounts of 

cobalt and gallium in the spinel the same throughout. An initial attempt without this 
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constraint resulted in small changes to the overall spinel composition, such as 

increasing the amount of cobalt, which does not make chemical sense.  

With these constraints applied the cobalt and gallium occupancies over both 

crystallographic sites can be refined whilst simultaneously keeping both sites fully 

occupied and maintaining the stoichiometric ratio found from the room temperature 

refinement. 

Using the room temperature refinement as a starting model and the constraints 

mentioned above similar refinements were then undertaken for all powder patterns up 

to 600 °C and then a final refinement after cooling to room temperature. 

A plot of lattice parameter as a function of temperature shows that there is a non-linear 

increase as the cell expands (Figure 3.33a). The thermal parameters also show a linear 

increase as temperature increases which is to be expected and supports that the refined 

parameters are real (Figure 3.33b). The non-linear expansion of the lattice parameter 

is more consistent with what is observed by X-ray thermodiffractometry when the 

sample is heated under nitrogen (Figure 3.33c) but not as pronounced when the sample 

is heated in air (Figure 3.33d). Furthermore, the onset of the cell contraction in the 

neutron thermodiffractometry occurs at a similar temperature for the sample measured 

with X-rays under nitrogen which is a higher temperature than observed in the X-ray 

thermodiffractometry when heated in air. This could be due to one of several reasons: 

the sample is placed inside a vanadium can which itself is placed inside a furnace and 

so the transfer of heat compared to the X-ray diffractometer is different. The chamber 

containing the sample is evacuated and since the sample is densely packed in the 

vanadium can if the negative thermal expansion is due to a reaction with oxygen this 

could be reduced under these conditions and thus the lattice parameter trend is more 

similar to the X-ray thermodiffractometry when heated under N2 than when heated in 

air. 
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Figure 3.33 Evolution of lattice parameters for the cobalt gallium oxide spinel (left) obtained 

from separate refinements of both neutron and X-ray powder diffraction data. Linear increase 

in thermal parameters (right). 

 

A rearrangement of the cationic distribution occurs within the spinel with increasing 

temperature, (Figure 3.34). As the spinel is heated cobalt gallium oxide tends towards 

a more normal spinel in that gallium cations start to adopt the octahedral sites (and 

cobalt cations adopting the tetrahedral sites). The onset of this rearrangement occurs 

at around 300 °C which coincides well with the onset of the negative thermal 

expansion observed in the X-ray thermodiffractometry under nitrogen. A gradual 

rearrangement occurs between 300 and 450 °C, a similar temperature range observed 

by X-ray thermodiffractometry, but this is then followed by a more pronounced 

rearrangement of the cations up to 600 °C. It was expected that any structural change 

would have completed after the period of negative thermal expansion (250 – 500 °C) 

(from the X-ray thermodiffractometry) and as such the neutron experiment had only 

been performed to 600 °C. The results of the refinement of the spinel heated at 600 °C 

is detailed below (Table 3.5).  
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Figure 3.34 Change in the tetrahedral metal site occupancy with temperature. The spinel tends 

towards a normal arrangement as divalent cation tetrahedral occupancy increases with 

temperature. 

 

Table 3.5 Crystal parameters for Co1.146Ga1.861O3.932 at 600 °C. Space group 𝐹𝑑3̅𝑚 , 

a = 8.36794(5) Å. Rp = 2.074%, wRp = 1.755%. 

Wyckoff site Atom x y z Occupancy Beq / Å2 

8a Ga 0.125 0.125 0.125 0.603(3) 0.640(14) 

 Co 0.125 0.125 0.125 0.400(3) 0.640(14) 

16d Ga 0.5 0.5 0.5 0.629(1) 0.824(12) 

 Co 0.5 0.5 0.5 0.373(1) 0.824(12) 

32e O 0.25675(4) 0.25675(4) 0.25675(4) 0.983* 1.214(9) 

*O occupancy was not refined 

The refinement of the neutron diffraction data after heating to 600 °C and cooled to 

room temperature shows that this rearrangement of cations is very different compared 

to before heating (Figure 3.35 and Table 3.6), with a larger unit cell after heating. 

Though the rearrangement is not irreversible only a small change in the cationic 

distribution difference is seen in the sample at 600 °C and the sample cooled back to 

room temperature compared to the as-made sample and the sample at 600 °C. 
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Figure 3.35 Rietveld refinement fit of spinel after heating to 600 °C from Polaris (bank 5) 

(left) and subtle relative peak intensity changes observed in before and after heating (right). 

Table 3.6 Crystal parameters for Co1.146Ga1.861O3.932 after heating to 600 °C. Space group 

𝐹𝑑3̅𝑚, a = 8.33646(5) Å. Rp = 2.003%, wRp = 1.947%. 

Wyckoff site Atom x y z Occupancy Beq / Å2 

8a Ga 0.125 0.125 0.125 0.611(3) 0.344(10) 

 Co 0.125 0.125 0.125 0.389(3) 0.344(10) 

16d Ga 0.5 0.5 0.5 0.625(1) 0.409(9) 

 Co 0.5 0.5 0.5 0.375(1) 0.409(9) 

32e O 0.25716(3) 0.25716(3) 0.25716(3) 0.983* 0.7223(7) 

*O occupancy was not refined 

These refinements suggest that the as-made cobalt gallium oxide synthesised at 240 °C 

contains a metastable arrangement of cations that rearrange to form a more 

thermodynamically stable spinel. The refined composition of the spinel before and 

after heating are given in Table 3.7. 

Table 3.7 Cobalt gallium oxide spinel composition before and after heating to 600 °C. 

 

Lattice parameter 

a / Å Structural formula 

As made 8.31401(7) IV(Co0.2507Ga0.7493)VI[Co0.8884Ga1.1116]O3.93045 

After heating to 

600 °C 8.33645(5) 

IV(Co0.3916Ga0.6084)VI[Co0.7476Ga1.2524]O3.93045 

The changes in the spinel composition are manifested in the average metal-oxygen 

bond length for both the tetrahedral and octahedral position as the composition of the 

spinel changes (Table 3.8). As expected a larger bond length on average is seen for 
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the tetrahedral M-O bond since more Co2+, which is larger than Ga3+ (0.58 Å cf. 0.47 

Å in coordination IV)64 is present on this site after heating to 600 °C than for the as-

made sample. The opposite is true for the octahedral site where a decrease in average 

bond length is observed since smaller Ga3+ now populates the octahedral site more 

after thermal treatment than in the as-made sample. 

Table 3.8 Change in the average metal-oxygen bond length with the change in temperature 

and change in the degree of spinel inversion. 

Temperature / 

°C 

Coordination Co2+ occupancy Ga3+ occupancy Average bond 

length / Å 

28 (before 

heating) 

Tetrahedral 0.251(4) 0.749(4) 1.8858 

Octahedral 0.444(4) 0.556(4) 2.0302 

 

600 

Tetrahedral 0.400(3) 0.603(3) 1.9095 

Octahedral 0.373(1) 0.629(1) 2.0371 

28 (after 

heating) 

Tetrahedral 0.389(3) 0.611(3) 1.9083 

Octahedral 0.375(1) 0.625(1) 2.0262 

 

It is interesting to compare the post heated spinel to other cobalt gallates in the 

literature. The degree of inversion in the spinel is clearly sensitive to the experimental 

procedure. CoGa2O4 has been reported with various inversion parameters but usually 

described as an inverse spinel. A single crystal study reported an inversion parameter 

of x = 0.575.18 High temperature syntheses of CoGa2O4 have been reported with an 

inversion parameters of x = 0.654, and x = 0.72.65 CoGa2O4 has been synthesised from 

a high temperature and high pressure hydrothermal reaction between the respective 

nitrates and refinement of synchrotron X-ray data showed that the spinel had an 

inversion parameter of 1.66 The degree of inversion, whilst never consistently reported, 

is always reported as being largely inverse. This is in contrast to CoAl2O4 which is 

almost always reported as being a completely a normal spinel.66–68 With gallium and 

aluminium being similar in size and sharing similar chemistries it perhaps appears odd 

why cobalt gallium oxide is so frequently, as in this instance, is reported as a largely 

inverse spinel.  
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3.9.3.3 Discussion regarding the inversion in spinels containing 

gallium 

Often it is sufficient to use crystal field theory (CFT) to predict the site preference of 

metals within a spinel. For example, CFT accurately predicts that Co3O4 is a normal 

spinel and Fe3O4 as inverse. With this knowledge it could be argued that the inversion 

of CoGa2O4 should be determined by the Co2+ cation alone. Ga3+ would have 0 CFSE 

and therefore no preference in being octahedral or tetrahedral. Were this the case then 

a similar degree of inversion should be seen in CoAl2O4 yet it has always been reported 

as being a normal spinel. It is well established that gallium shows a marked preference 

for tetrahedral sites in spinels and so a more thorough treatment regarding why 

different cations occupy different sites must require more than CFSE alone and other 

factors must be taken into account including the following: the Madelung constant, 

the size of the cations,69,70 the polarization of the anion and the degree of covalency 

between the chemical bonds.71 Synthesis conditions, in particular temperature and 

pressure are also important in determining the final cation distribution. Numerous 

studies have been undertaken in order to develop a theory into spinel site 

occupation.69–75 

Furthermore, it is a general feature of d10 ions to adopt tetrahedral coordination due to 

their polarizing power.72 A strong polarization between a cation and anion contributes 

to a strong covalent interaction which is favoured in tetrahedral coordination where 

sp3 hybridisation is possible.71 This is why Ga3+ is so commonly found in tetrahedral 

coordination in spinels.  

Melot argued that the tetrahedral site preference of Ga3+ is due to the d10 cation tending 

to adopt sp3 hybridization.76 

Nakatsuka has argued that in the spinel itself the size of the cations in the spinel 

directly has an influence on the inversion parameter. Replacing the larger Co2+ for 

Al3+ on the tetrahedral site results in abnormally long bond lengths which are less 

favoured. In contrast Ga3+ is slightly larger and so this effect is less pronounced.67 
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3.9.3.4 Discussion regarding the change in inversion parameter 

with temperature 

As mentioned above the experimental conditions directly affect the degree of 

inversion observed in cobalt gallium oxide spinels. Porta and Anichini found that with 

Co(GazAl1-z)O4 solid solutions a higher degree of inversion was found when prepared 

at a higher temperature. Not only do the experimental conditions directly influence the 

degree of inversion in Co(GazAl1-z)O4 but the incorporation of Ga3+ directly influences 

the inversion parameter as CoAl2O4 becomes increasingly more inverse owing the 

reasons regarding polarization described above.65 Other similar experiments where a 

third cation is introduced in to the spinel to change its degree of inversion have been 

reported.72 

The inversion parameter for cobalt gallate appears to be flexible and sensitive to the 

synthetic procedure whilst cobalt aluminate is usually a normal spinel. However a 

Rietveld study of powder XRD data of samples of CoAl2O4 quenched at different 

reaction temperatures (750 – 1200 °C) showed that the spinel tended towards a more 

inverse spinel at higher temperatures.77  There have been studies on spinels which 

show a change in cation distribution when heated even though they were initially 

prepared at high temperature. For example, in a sample of Hercynite (FeAl2O4) 

prepared at 1400 °C and then rapidly quenched to room temperature also showed a 

change in the degree of inversion, becoming more normal at 600 °C and then 

rearrangement to a more inverse configuration upon heating to 1150 °C.78  

Thermodynamic modelling of cationic ordering in spinels has been the subject of 

intense investigation.69,73,79 Perhaps one contribution is due to the crystal field 

stabilisation energy. Co2+, d7, has more known tetrahedral complexes than any other 

transition element. Co2+ forms stable tetrahedral complexes because it has the greatest 

number of electrons in the lower-energy orbitals as compared with the number of 

electrons in the higher-energy orbitals. 

Since the properties of materials are affected by the arrangement of cations the 

experimental conditions can often be tuned to suit a desired application. The in situ 

neutron thermodiffractometry experiment highlights perhaps another way in which a 

material can be designed or fine-tuned by modifying its arrangement of cations by 

firing the material after synthesis. 
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3.9.4 Total neutron scattering of cobalt gallium oxide before and after 

heating 

The pair distribution function (PDF) obtained from the normalised total neutron 

scattering was calculated. The PDF for both the before and after heating samples were 

fitted using the crystallographic information obtained from the refinement of Bragg 

scattering from the neutron diffraction data. The PDF fit obtained for the as-made 

sample (Figure 3.36) is a result of refining only the thermal and lattice parameters. In 

this sample a good fit in the high-r range is consistent with the Rietveld refinement of 

the average structure model obtained from the neutron Bragg scattering. However as 

can be seen a much poorer fit in the low-r range, in particular to the first peak, is an 

indication of local disorder present in this material. The first PDF peak occurs around 

1.9 – 2 Å which is a convolution of the metal-oxygen bonds. The poor fit to the peak 

is not unexpected since a previous investigation into the local structural disorder of 

cobalt gallium oxide involving RMC modelling suggested that local distortion around 

the Ga-O octahedra is the likely cause also found in the case of γ-Ga2O3 (also a 

spinel).43,12,80  Owing to a significant presence of Co2+ on the octahedral sites Jahn-

Teller distortion is also likely to cause some structural distortion of the M-O octahedra 

too. No improvement of the fit could be obtained since the model is still constrained 

by the parameters of the cubic spinel in space group 𝐹𝑑3̅𝑚. Previous work involving 

RMC has indicated this and improvement of the first PDF peak involves relaxing the 

symmetry constraints in order to model the Ga-O distortion.12  

 

 

 

 

 

 

 

Figure 3.36 PDF of the model obtained from the Rietveld refined structure of the Bragg 

scattering (red) fitted against the measured PDF (blue) for cobalt gallium oxide before heating 

(left), low r-region fit (right). 
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The PDF of the sample after heating was similarly fitted using the average 

crystallographic model obtained from the Bragg diffraction from neutron data and 

refining the thermal and lattice parameters of the spinel (Figure 3.37). As with the as-

made sample a reasonable fit to the PDF is obtained meaning that the average crystal 

structure is largely sufficient to describe the material but the first PDF peak is still 

fitted poorly which indicates that structural disorder around the metal-oxygen 

polyhedra remains after firing to 600 °C and is not removed after rearrangement of the 

spinel. This is perhaps not surprising since it has been shown that disorder around the 

Ga-O octahedra occurs in the high temperature gallium oxide polymorphs such as the 

thermodynamically stable β-Ga2O3 polymorph.11 

 

 

 

 

 

 

 

Figure 3.37 PDF of the model obtained from the Rietveld refined structure of the Bragg 

scattering (red) fitted against the measured PDF (blue) for cobalt gallium oxide after heating 

to 600 °C (left), the low-r region of the PDF fit (right). 

 

If the occupancy of cobalt and gallium from the as-made sample are used in the sample 

after heating a slightly poorer fit is obtained, evident by the difference in the 𝑅𝑤 value 

(13.90% cf. 14.74%), which is further confirmation that the rearrangement of cations 

is real. 

3.9.5  XANES 

As described above a redistribution of the gallium and cobalt cations occurs in cobalt 

gallium oxide as it is heated which could be attributed to the negative thermal 

expansion observed in the X-ray diffraction heating contour map. However, upon 

heating the Co2+ could be oxidised to Co3+. A XANES experiment was conducted to 
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investigate whether the rearrangement of cations in cobalt gallium oxide occurs with, 

or without, oxidation of cobalt. 

XANES was carried out on the same sample that was used for neutron diffraction 

(Figure 3.38a). Analysis of the Co-K edge in CoGa2O4 shows that Co remains in the 

+2 oxidation state in the as-made sample before and after heating to 600 °C which 

means that the rearrangement of cations in the spinel occurs without oxidation of 

cobalt (Figure 3.38b). Closer inspection of the pre-edge feature shows that there is a 

slight increase in intensity after firing to 600 °C similar to that observed in Co3O4 

(Figure 3.38c). This is expected since Rietveld refinement of the neutron diffraction 

data showed an increase in tetrahedral cobalt with increasing temperature. The pre-

edge feature in this material occurs due to the electronic transition (1s  3d) and is 

forbidden in geometries that carry a centre of inversion, such as the octahedral Co2+. 

As Co2+ shifts towards a tetrahedral geometry with increasing temperature the amount 

of Co2+ in a geometry with no inversion symmetry increases and thus the intensity of 

the pre-edge feature increases. The absence of any Co3+ in the post-fired sample is not 

surprising: more cobalt is in tetrahedral coordination and Co3+, a d6 cation would 

preferentially occupy an octahedral site with low spin because of the gain in crystal 

field stabilisation energy and so the transition to tetrahedral upon oxidation site would 

not be expected. 

An in situ heating experiment using XANES was also undertaken. A sample of as-

made cobalt gallium oxide was ramped at 10 °C min-1 to 550 °C, whilst 

simultaneously measuring XANES spectra, (Figure 3.38(d)). The edge position of the 

sample at different temperatures remains very similar to the 90 °C, and close to the 

Co2+ reference. It was concluded that no oxidation of Co2+ occurs in cobalt gallium 

oxide when heated in air. The spectra become increasingly noisy at higher 

temperatures and as such no analysis of the pre-edge feature intensity as a function of 

temperature was conducted. 
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Figure 3.38 (a) XANES at the Co K-edge normalised to the edge step of cobalt gallium oxide 

before and after heating to 600 °C with relevant cobalt references, (b) Calculated oxidation 

state of cobalt gallium oxide before and after heating determined from the edge position 

(defined where normalised absorption = 0.5), (c) close up on pre-edge region of XANES data, 

and (d) in situ XANES of cobalt gallium oxide. 

 

3.9.6 Magnetic behaviour 

The functional applications and properties of a metal oxide material is, in part, a 

consequence of the arrangement of cations (especially in a spinel). Magnetometry was 

conducted to investigate whether the magnetic properties of the cobalt gallium oxide 

are changed in the as made sample and after heating to 600 °C since the cationic 

arrangement is altered. 

The magnetic behaviour of the as made spinel and after being fired to 600 °C was 

studied by SQUID magnetometry. A magnetisation (M) versus temperature (T) 

experiment was performed over the range 5 – 300 K for both zero-field cooled (ZFC) 

and field cooled (FC) magnetisation.  The magnetic behaviour of both samples is very 

similar. Both display paramagnetic behaviour above 10 K but the presence of magnetic 
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ordering becomes apparent at low temperatures ~10 K (Figure 3.39). This ordering 

has been seen in both CoGa2O4 prepared by high temperature synthesis50 and the 

sample prepared by solvothermal synthesis from gallium metal12 and was attributed to 

antiferromagnetic ordering in both cases though it has been argued that this is spin 

glass behaviour owing to competing antiferromagnetic and ferrimagnetic 

interactions.49 Therefore, it was unsurprising that the antiferromagnetic ordering was 

also observed in the sample heated to 600 °C (i.e. after the cation rearrangement has 

occurred). 

 

 

 

 

 

 

 

Figure 3.39 Magnetometry of cobalt gallium oxide showing behaviour of typical 

antiferromagnetic ordering with inset showing the Néel temperature close to 10 K. 

 

3.10 Application of the synthetic method to other mixed metal oxides 

3.10.1 Overview 

The synthesis of cobalt gallium oxide from gallium oxide demonstrated above may at 

first seem an unnecessary step in that the γ-Ga2O3 must first be prepared from gallium 

metal before it is converted into the mixed metal oxide. As it has already been 

demonstrated, cobalt gallium oxide can be prepared directly from gallium metal.12 

However, gallium metal is unusual in that it has a very low melting point (29 °C) 

attributed to its diatomic molecular-like crystal structure with one out of seven very 

short Ga-Ga bond distances.81,82 The fact that gallium melts at a low temperature is 

likely a key feature in why the solvothermal oxidation to gallium oxide directly from 

gallium metal can be effected. Similar solvothermal reactions were attempted with 
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both aluminium ingots and finely divided aluminium powder and yielded only 

unreacted aluminium. If the approach shown above to form mixed metal oxides from 

binary metal oxides can be achieved by this solvothermal method then perhaps this 

synthesis can be adapted for other metal oxides. A recent publication has already 

shown how galvanic replacement reactions can occur with metal oxide nanocrystals.83 

In this paper “nano-cages” of Mn3O4/γ-Fe2O3 were prepared by reacting preformed 

Mn3O4 nano-crystals with iron(II) perchlorate via a redox-couple reaction between the 

multivalent metallic ions. It has long been established that mixed metal hydroxides 

can be prepared from separate binary metal oxides in hydrothermal reactions.84,85 The 

obvious candidate was to use γ-Al2O3 as a precursor for mixed-metal aluminates. Test 

reactions with zinc and cobalt salts were performed since mixed metal gallates can be 

prepared from these transition metal ions by reaction with γ-Ga2O3. 

3.10.2 Synthetic procedure 

0.262 g (2.57 mmol) γ-Al2O3 (SASOL) and 0.764 g (2.57 mmol) Zn(NO3)2·6H2O 

(Aldrich, ≥98%) or 0.748 g (2.57 mmol) Co(NO3)2·6H2O (Aldrich, ≥98%) were added 

to a PTFE liner followed by the addition of 5 ml mono-ethanolamine (MEA) and 5 ml 

H2O. The reaction mixture was stirred for 10 minutes at room temperature before 

being sealed in a stainless steel autoclave and placed in a fan assisted oven at 240 °C 

for 72 h. The autoclave was then removed from the oven and allowed to cool naturally 

to ambient temperature and the reaction mixture filtered and collected by vacuum 

filtration and washed with copious amounts of methanol. The isolated powders were 

dried overnight at 70 °C. 

3.10.3 Powder X-ray diffraction 

The powder X-ray diffraction patterns from both reactions are shown below, (Figure 

3.40). Reaction with zinc nitrate shows that formation of the spinel phase ZnAl2O4 has 

formed (Figure 3.40a) although there are some broader peaks apparent underneath the 

intense mixed metal spinel peaks which is very likely to be unreacted γ-Al2O3. A small 

boemite impurity was also detected by XRD. No reaction with cobalt nitrate occurred, 

instead only transformation of γ-Al2O3 into the aluminium oxyhydroxide boehmite, 

AlOOH, (Figure 3.40b). Given the propensity of boehmite to form from hydrothermal 

reactions using alumina and aluminium based salts this is hardly surprising.86 
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Although reaction with cobalt nitrate did not seem to work under the conditions 

specified above the fact that zinc can be added directly into the poorly crystalline 

spinel offers scope for further reactions using similar oxide precursors which could be 

important especially since alumina containing other metals is of vital importance for 

many catalytic applications.87–89 

 

 

 

 

 

 

Figure 3.40 (a) Stacked PXRD plot showing poorly crystalline γ-Al2O3 (black), and reaction 

of Zn(NO3)2·6H2O with γ-Al2O3 (red) displaying ZnAl2O4 with small a boehmite impurity 

(labelled (b)), and unreacted γ-Al2O3. Peaks labelled Al are of the aluminium sample holder. 

(b) PXRD showing AlOOH (Boehmite) formed from reaction of Co(NO3)2·6H2O with γ-

Al2O3. 

 

3.11 Catalysis with cobalt gallium oxide spinels  

3.11.1  Cobalt gallium oxide as water oxidation photocatalysts for the 

evolution of oxygen 

The cobalt gallates used for photocatalysis were the samples prepared during the in 

situ diffraction experiment described in Section 3.32. The photocatalytic activity was 

studied by the well-established tris(bipyridine)ruthenium(II) – sodium persulfate 

system (Figure 3.41).90,91 This has previously been used with the spinel Co3O4 as the 

water oxidation catalyst (WOC), so provides a useful comparison for the new cobalt 

gallium oxide spinels, to assess their activity. 
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Figure 3.41 Schematic showing the photochemical water oxidation catalytic cycle using 

spinel catalysts, tris(bipyridine)ruthenium(II) photosensitzer and peroxodisulfate electron 

acceptor. 

 

3.11.2  Synthetic procedure 

Photocatalytic water oxidation was investigated with tris(bipyridine)ruthenium(II) 

hexahydrate (1 mM, 99.95% trace metal basis, Aldrich) as the photosensitizer and 

sodium persulfate (5 mM, 99.0%, Sigma-Aldrich) as the electron acceptor in borate 

buffer (80 mM, pH 8.5) with a catalyst concentration of 2 mM.  First, a suspension 

was prepared by ultrasonic dispersion of the compounds, which was then degased with 

He to remove O2 from solution and headspace. Then, the system was exposed to an 

LED lamp (460 nm, 30 min) and the evolved oxygen was measured by gas 

chromatography (Agilent Technologies, 7820A). Next, 100 ml of gas from the 

headspace was injected into the gas chromatograph using a gastight syringe  (Hamilton 

1825 RN). For increased detection sensitivity of O2 on the thermal conductivity 

detector (Varian, operated at 200 °C), He was chosen as carrier gas. 

3.11.3  Photocatalytic results 

Labelling experiments proved water to be the source of the produced oxygen (Figure 

3.42) and ICP-MS analyses indicated only minor leaching of Co and Ga during 

catalysis from the photocatalyst synthesized in 1:1 H2O:MEA, while more significant 

leaching of 2.85% Ga was observed in the catalyst synthesized in MEA, pointing to 

its lower stability.  
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Figure 3.42 Experimental and theoretical ratios of 16O16O, 16O18O, and 18O18O evolved during 

the irradiation of a H2
18O (9.1 and 9.9 atom-% 18O). 

 

Table 3.9 summarises the catalytic activity of both cobalt gallium oxide spinels 

compared against two cobalt oxide photocatalysts. The new CoGa2O4 materials have 

similar activities to each other, but the surface-normalised activity is apparently lower 

than the microwave-synthesized Co3O4 reference (a spinel with similar surface area). 

It is noted that the activity of both cobalt oxide catalysts is very different. The type of 

catalyst is only one aspect contributing to its catalytic activity. The surface area, 

crystallinity and morphology of the catalysts are other important parameters to focus 

on when considering the photocatalytic behaviour of metal oxide catalysts.92  

This difference in activity between the cobalt oxide and cobalt gallium oxide catalysts 

might arise from the presence of a lower concentration of surface cobalt in the mixed-

metal materials than in the Co3O4 reference. Furthermore, Co3O4 contains a mixture 

of Co2+ and catalytically active Co3+,93,94 unlike the gallate spinels that contain mainly 

Co2+, which may also account for the differences observed. The catalysis is clearly 

very sensitive to the surface chemistry, since upon annealing the activity is completely 

removed. PXRD after catalysis revealed the stability of the material (Figure 3.43). 
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Figure 3.43 PXRD pattern of spinel made in MEA only before and after photocatalytic water 

oxidation. 

 

Table 3.9 Characterisation and photocatalysis results from CoGa2O4 spinels, along with a 

Co3O4 reference material. 

Material BET surface 

area / m2g-1 

O2 /mol % Yield O2 μmol O2 / m2 

CoGa2O4 

(MEA) 

30 4.7  0.2 23.3  0.8 94.3  12.6 

CoGa2O4 

(MEA:H2O) 

32 6.0  1.1 30.1  4 77.8  2.8 

Co3O4 

(commercial) 

36 2.5  0.3 12.7  1.6 34.7  4.5 

Co3O4 

(microwave) 

26 6.1  1.1 30.6  5.3 135.1  9.9 

 

3.12 Three-way catalysis with cobalt gallium oxide 

Palladium supported aluminas are widely investigated and used as three-way catalysts 

and commonly the spinel γ-Al2O3 is used as the support.95 A three-way catalyst 

attempts to oxidise carbon monoxide and any unburnt hydrocarbons whilst 

simultaneously reducing nitrogen oxides. This is used in automotive exhaust catalytic 

convertors. In contrast palladium support gallium oxides have rarely been studied for 

this application and for this reason palladium support on gallium oxide and cobalt 

gallium oxide were screened as potential candidates for three-way catalysis.  
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3.12.1  Catalyst preparation 

γ-Al2O3, CoGa2O4, and γ-Ga2O3 were used as catalyst supports for palladium. The 

cobalt gallate used in the three-way catalysis was prepared from γ-Ga2O3 as described 

in Section 3.4.  

Palladium was dispersed onto 0.2 g of each catalyst support by wet impregnation to 

add 0.2%wt Pd on to each support. After wet impregnation the catalysts were dried 

overnight at 110 °C followed by firing at 500 °C for 2 h. 

 

3.12.2  Three-way catalysis conditions 

The standard three-way catalysis gas conditions are tabulated below (Table 3.10). The 

gas flow was 5 L min-1. Unreacted hydrocarbons are represented by propene (C3H6) 

and propane (C6H8). The catalysts were subjected to three cycles of this gas flow each 

cycle heating from 110 °C to 500 °C with a ramp rate of 10 °C min-1. The gas flow 

was perturbed every three seconds during each cycle alternating between a rich and 

lean fuel by changing the fuel/air mixture. Lambda is used to denote whether a gas is 

lean or rich: when λ = 1 the mixture is stoichiometric, >1 means an air/fuel ratio which 

is lean, <1 an air/fuel ratio which is rich. For 2 cycles the gas feed was perturbed every 

3 seconds alternating between λ = 0.94 to λ = 1.04 meaning that on average λ = 0.99 

which is a slightly rich gas feed. For the third and final cycle the gas feed was perturbed 

every three seconds between λ = 0.96 to λ = 1.06 which on average λ = 1.01, slightly 

lean conditions. This was done to simulate “realistic” conditions which might be 

expected for a catalytic convertor in an automobile.  

The effluent gases were monitored by FTIR with the exception of N2, H2 and O2. N2 

and H2 are not monitored, and O2 is monitored by an oxygen analyser. 
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Table 3.10 Gas mixture composition used in the three-way catalysis testing. 

Gas mixture for Three-

way catalysis 

Concentration 

NO 2200 ppm 

CO 0.78-2.78% 

C3H6 666 ppm 

C3H8 333 ppm 

H2 0.23-0.7% 

H2O 5% 

CO2 14% 

O2 0.7-1.9% 

 

3.12.3 Results from Three-way Catalysis 

Both gallium containing oxides show poor light off temperatures (the temperature at 

which the gas from the feed starts to oxidise or reduce), and poor activity for carbon 

monoxide and total unburnt hydrocarbon conversion compared to the alumina 

reference (Figure 3.44). However, the cobalt gallium oxide has improved oxidation 

function over the gallium oxide catalyst. For the alumina reference a plateau in activity 

is reached by around 275 °C and any increase in activity afterwards is minimal. For 

both gallium catalysts the plateau is achieved around 325 °C but in both cases activity 

seems to increase again between 400 – 500 °C but it is unclear why. 

 

 

 

 

 

 

Figure 3.44 Oxidation of CO by each catalyst, (left) and oxidation of the total hydrocarbon 

content from the gas feed (right) showing that alumina outperforms both gallium catalysts. 

The presence of cobalt in the gallium oxide catalysts improves overall activity. 

 

Similarly, in the reduction of NOx the alumina reference outperforms both gallium 
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oxide catalysts, (Figure 3.45). An improved reduction function seen in the cobalt 

containing gallium oxide compared to pure gallium oxide is similar to the improved 

oxidation function observed in carbon monoxide and hydrocarbon oxidation. The 

cobalt gallium oxide shows a second increase in conversion above 450 °C which is 

attributed to the presence of cobalt in this catalyst. γ-Ga2O3 shows very low activity 

compared to the cobalt gallium oxide catalyst. The conversion of NOx by the alumina 

catalyst reaches a maximum conversion at around 300 °C, after which time the 

catalytic activity steadily decreases. 

 

 

 

 

 

 

Figure 3.45 Reduction of NOx displayed as conversion against inlet temperature. 

 

Gallium and palladium may form intermetallic compounds when exposed to gases 

found in the harsh three-way catalysis gas feed and given the temperatures used in this 

testing (up to 500 °C) it would not be unexpected if such an intermetallic compound 

may have formed. Ga-Pd alloys such as GaPd, and GaPd2 are finding increasing uses 

in certain areas of catalysis, in particular the semi-hydrogenation of acetylene.96,97 An 

investigation in to palladium supported on mixed (Ga,Al)2O3 oxide supports and 

whether intermetallic alloys are produced forms part of Chapter 5. The formation of 

this intermetallic compound may then shut off activity in the three-way catalysis. No 

evidence of the intermetallic compound was found by electron microscopy or powder 

XRD but this is likely due to the very low loading of palladium on the support. 

3.14 Summary 

This work has shown that high energy X-rays can follow in situ the synthesis of dense 

metal oxides mimicking real laboratory synthesis conditions. Though data quality may 

be compromised by using a large volume steel autoclave the reaction pathway of the 
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solvothermal reaction could still be mapped. In aqueous ethanolamine, the 

solvothermal reaction of gallium metal and cobalt nitrate forms two layered double 

hydroxides before the formation of the spinel, one which is short lived and likely 

would have been undetected without this in situ experiment. The LDHs themselves 

could be useful materials so optimising their synthesis would also be useful to do, 

especially if they contain non-conventional Co:Ga ratios as expected in this study. 

This experiment shows that designing and predicting the outcome of solvothermal 

reactions of mixed metal oxides remains extremely challenging.  

The cobalt gallium oxide material prepared by solvothermal synthesis from gallium 

oxide is a largely inverse spinel which upon heating rearranges to form a more 

thermally stable and slightly less inverse spinel. The synthetic method of this mixed 

metal oxide could be applicable to the synthesis of other oxides such as shown in this 

work with preliminary results from mixed metal aluminium oxides.  

Aluminium oxide outperforms cobalt gallate and gallium oxide in three-way catalysis 

screening experiments, which might be due to the formation of intermetallic 

compounds on the gallium containing oxides impeding the overall activity. The cobalt 

gallium oxide showed improved activity over the pure gallium oxide catalyst which 

could be related directly to the presence of cobalt, the difference in distribution of 

cations, or on the crystallinity and the morphology of the sample which may affect 

palladium dispersion. Cobalt gallate spinels show potential in the photocatlytic oxygen 

evolution reaction showing improved activity over commercial cobalt oxide but lower 

activity than a microwave synthesised cobalt oxide sample. Catalytic activity is not 

dependent on the type of catalyst alone: morphology, crystal size and crystallinity, 

surface area are all important parameters which need to be considered during 

photocatalysis experiments. The in-situ X-ray diffraction experiment shows how small 

changes in the reaction affords catalysts with different crystal domain sizes which may 

then be relatable to the observed photocatalytic activity. 
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4. Polymorphism of Ga2-xAlxO3 

4.1 Introduction 

4.1.1 Polymorphism of Al2O3 

Polymorphism in the Al-O, Al-(OH) and Al-O-(OH) systems is well established and 

accepted and has been researched extensively in part owing to the huge importance of 

aluminium oxide polymorphs as supports for precious metals and other reactive 

species in many areas of catalysis.1 These alumina polymorphs (in particular γ-Al2O3) 

are not only used as catalyst carriers but also as adsorbents, coatings, soft abrasives or 

as catalysts themselves owing to their usually high surface areas and surface activity.2 

At least 11 oxides, hydroxides and oxyhydroxides of aluminium are known (Figure 

4.1(a)).3 The thermodynamically stable polymorph of alumina, at room temperature 

and pressure, is α-Al2O3, corundum (Figure 4.1(b)), and all metastable aluminas 

(defined herein as phases that are only stable at lower temperatures), commonly 

referred to as transition aluminas in industry, convert to this polymorph at a high 

enough temperature. α-Al2O3 has a very high thermal stability making it very useful 

as use as a coating or as a crucible in high temperature applications. These transition 

aluminas and α-Al2O3 can be categorised into two main groups depending on whether 

the oxide anion lattice is face centred cubic or hexagonal close packed. Figure 4.1a 

shows the interconversion of all known polymorphs but it must be stressed that 

although the transition aluminas can be accessed via thermal decomposition of 

hydroxide and oxyhydroxide precursors there are many other synthetic routes to the 

different polymorphs including sol-gel and hydro(solvo)thermal synthesis.4,5 The 

structure of the spinel γ-Al2O3 was solved by single crystal diffraction and found to 

contain a small amount of Al3+ ions occupying non-spinel positions as well as the 

expected positions.6 
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Figure 4.1(a) Interconversion of aluminium oxides, hydroxides, and oxyhydroxides.3 The 

Greek letters alone denote Al2O3 polymorphs.  

 

 

 

 

 

 

Figure 4.1(b) α-Al2O3 (corundum); the thermodynamically stable polymorph of alumina. 

Blue spheres represent trivalent aluminium cations in octahedral coordination. 

4.1.2 Polymorphism of Ga2O3 

Gallium oxide polymorphism had received comparatively little attention until the 

work by Roy and co-workers in 1952,7 and up until recently the polymorphism in the 

Ga-O, Ga-(OH) and Ga-O-(OH) systems remained highly contested despite a large 

number of publications on the structural characterisation of gallium oxide.8–13 The 

structures of the alpha and beta polymorphs have been well characterised. The 

thermodynamically stable polymorph is the monoclinic beta polymorph (in contrast to 

the alpha polymorph for aluminium oxide). The structure of beta gallium oxide has 
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been studied by single crystal diffraction and contains a 1:1 ratio of 

octahedral:tetrahedral cations both in distorted coordination.14,15 α-Ga2O3, structurally 

analogous to α-Al2O3, is metastable but β-Ga2O3 irreversibly converts to this 

polymorph at a high pressure because α-Ga2O3 has a smaller molar volume.16 γ-Ga2O3 

can be prepared by oxidation directly from gallium metal in an aminoalcohol. This 

synthesis was first discovered by Kim and coworkers,17 and later developed by 

Playford et al. for lower temperatures.18 A similar solvothermal synthesis published in 

a short communication by Pohl in 1967 showed how metallic gallium could be 

oxidised to γ-Ga2O3 at 150 °C using an aqueous solution of ethylenediamine,19 though 

the material formed from this synthesis is not as crystalline as that prepared by Kim 

and Playford. It is now known that the structure of γ-Ga2O3, is structurally analogous 

to γ-Al2O3 having a disordered spinel structure containing small amounts of Ga3+ 

occupying non-spinel sites in the 𝐹𝑑3̅𝑚 space group. Analysis of the pair distribution 

function and reverse Monte Carlo simulations were required in order to fully 

understand and characterise the structure of γ-Ga2O3.
18,20  

During the investigation into the synthesis and structural characterisation of γ-Ga2O3 

the existence of two other Ga2O3 polymorphs and a new oxyhydroxide was revealed: 

ε, and κ-Ga2O3, and also the oxyhydroxide Ga5O7(OH) (Figure 4.2). All three are 

based on an hexagonal close packed oxide lattice, and, whilst κ-Ga2O3 and Ga5O7(OH) 

are structural analogues of κ-Al2O3 and Al5O7(OH) (tohdite/akdalaite) no known 

polymorph of ε-Al2O3 has yet been discovered. The existence of a kappa polymorph 

of gallium oxide had been postulated previously but little work had been carried out 

on determining its crystal structure. κ-Ga2O3 remains to this day elusive and difficult 

to synthesise phase pure but recent work has been reported to understand its structure 

in more detail and its structural relation to ε-Ga2O3.
21,22 The delta-polymorph, which 

had previously been described as adopting the cubic bixbyite structure,9,13 is in fact a 

nano-crystalline version of ε-Ga2O3. The Greek symbols in front of the Ga2O3 and 

Al2O3 polymorphs denote the same crystal chemistry (except β-Ga2O3 which is 

isostructural with θ-Al2O3) and so it can be seen that gallium oxide and aluminium 

share very similar oxide chemistry though there are still fewer known polymorphs of 

gallia than alumina polymorphs. 
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Figure 4.2 Synthesis and interconversion of Ga2O3 polymorphs reproduced from Playford et 

al.18 

 

4.1.3 Chemical similarity between Ga and Al in oxides 

Gallium is immediately below aluminium in Group 13 in the Periodic Table and so 

some similarities between their chemistries should be expected. However certain 

trends are not as expected and are briefly outlined here. Owing to the scandide 

contraction gallium is only slightly larger than aluminium. Their similar size means 

that gallium and aluminium can often be found together in oxide materials and 

minerals as indeed they frequently are in Nature. A secondary effect of this contraction 

is that gallium has a more polarizable electron cloud, which means that in certain 

systems, such as in spinels, gallium often occupies the tetrahedral site where greater 

covalency with the oxide anion can occur with the sp3 hybridized configuration.8,23 

4.1.4 Polymorphism in Ga-Al-O 

Since Ga3+ and Al3+ are of a similar size and can be mixed in oxides some research 

into the polymorphism of Ga2-xAlxO3 has been conducted, yet an in-depth discussion 

is lacking. Roy began researching on the polymorphism in the system Ga-Al-O in the 

1950s following the success of his research with Ga2O3 polymorphism.24,25 Similar to 

his work with Ga2O3, the starting point was with freshly precipitated gels containing 

both Ga and Al followed by thermal treatment to isolate different phases. Heating at 

high temperature was found to yield the monoclinic β-Ga2-xAlxO3 phase. Wartenberg 
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and Reusch had previously shown in 1932 that solid solutions of β-Ga2-xAlxO3 could 

be prepared, one of the earliest papers detailing polymorphism in the Ga-Al-O 

system.26 Roy advanced on this and proposed that in the mixed oxide up to 67% Al3+ 

could be substituted into β-Ga2O3. The α-Al2O3 structure could be substituted with up 

to 25% Ga at high temperature, whilst metastable solid-solutions containing as much 

as 100% Ga could be prepared at low temperature.24 At the time at which those studies 

were conducted powder crystallography was in its infancy, and solid state NMR just 

being developed, and so little structural analysis on these mixed oxides was 

undertaken. Only lattice spacings and relative intensities of Bragg peaks were usually 

reported much the same for his report on the polymorphism with pure Ga2O3. The 

limit of metal substitution likely depends on the method of fabrication, and whether 

the material is a thin film or polycrystalline powder: recently a study into a 

polycrystalline sample of β-Ga2-xAlxO3 prepared by solution combustion synthesis 

revealed that up to 40% Al3+ can be incorporated by this method. A linear increase in 

the band-gap of the material was observed suggesting the potential of β-Ga2-xAlxO3 as 

power devices.27 A novel metastable GaAlO3 was also reported by Roy from 

hydrothermal synthesis between 400-800 °C though it was frequently contaminated 

with the thermodynamically stable polymorphs of gallium and aluminium. This 

metastable oxide was claimed to decompose into ε-Ga2O3 (it should be noted that the 

nomenclature for gallium oxide polymorphs has since changed and epsilon has been 

renamed to kappa since κ-Ga2O3 is structurally analogous to κ-Al2O3).
18 The GaAlO3 

compound first described by Roy has also been the subject of another paper by 

MacDonald et al.28 Unit cell lattice parameters were provided and a range of 

hexagonal space groups were selected based on systematic absences. High 

temperature hydrothermal synthesis >700 °C was used for the reaction. Two new 

phases, designated X and Y, were also reported by MacDonald and co-workers. A 

monoclinic unit cell was found for material X from single crystal work. Y was 

prepared from a 7-day hydrothermal synthesis at 710 °C but no further details were 

provided on this phase only that, like X, it was unlike any other reported phase of 

aluminium and gallium oxide or hydrate. Analogies between gallium and aluminium 

oxide chemistry has also been reported on by others.29 

The Inoue group in Japan have contributed and furthered the understanding of 

polymorphism in Ga-Al-O. In a series of papers, they detailed how solvothermal 
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synthesis at 300 °C could be used to prepare solid solutions of the Ga2-xAlxO3 defect 

spinel from use of Ga(acac)3 and Al(O-i-Pr)3.
30–35 A variety of solvents were tested 

with emphasis on using the diols as the reaction media. Different solvents resulted in 

differing total amounts of aluminium to be incorporated, and the particle size (and 

surface areas) were affected by the choice of solvent. The reaction supposedly 

proceeds by formation of γ-Ga2O3 first which then incorporates aluminium. Ga(acac)3 

alone in the diol solvent forms a poorly crystalline but phase pure Ga2O3 spinel whilst 

Al(O-iPr)3 forms a boehmite-derivative. A proposed mechanism for the reaction with 

diols suggests that heterolytic cleavage of the C-O bond occurs. The reaction was 

found to be optimal when 4, 5 or 6 carbon chain diols were used. It was suggested that 

the participation of an intramolecular hydroxyl group on the diol is the reason for the 

high activity owing to the formation of a 5,6 or 7 membered ring respectively, though 

there was no direct evidence to support this claim. With an increase in the aluminium 

concentration in the spinel it is generally found that the spinels become less crystalline 

owing to an increase in the overall static disorder in the material. A 27Al MAS NMR 

study found that aluminium and gallium preferentially adopted octahedral and 

tetrahedral coordination in the spinel respectively. No further structural analysis was 

undertaken. These spinels were also found to decompose into the thermodynamically 

stable monoclinic beta polymorph at higher temperatures if more aluminium was 

present. Mixed oxides containing gallium and aluminium have been studied by various 

other research groups.   

Very recently a paper was published describing how these mixed metal spinels can be 

prepared by a low temperature hydrothermal synthesis using citric acid to chelate the 

metals. The photoluminescence properties of the materials were investigated in this 

paper.36 

With regards to other polymorphs little work has been carried out. The alpha and beta 

mixed oxides have never been consistently reported on with regards to how much 

aluminium can be incorporated but it is generally agreed that above a certain 

aluminium content in the defect spinel the spinel transforms into the alpha corundum 

structure. Again, little, if any, structural analysis has been undertaken on these 

polymorphs and the general polymorphism of these oxides remains poorly understood. 

Excluding X and Y reported by MacDonald only 4 polymorphs have been reported: 
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corundum-type α-Ga2-xAlxO3, monoclinic β-Ga2-xAlxO3, spinel-type γ-Ga2-xAlxO3 

(Figure 4.3), and a hexagonal GaAlO3 for which no structure type has been provided. 

 

 

 

 

 

 

 

Figure 4.3 (left) crystal structure of α-Ga2-xAlxO3, (middle) crystal structure of β-Ga2-xAlxO3, 

(right) crystal structure of γ-Ga2-xAlxO3, blue spheres are octahedral trivalent cations and 

yellow spheres tetrahedral trivalent cations. 

 

4.1.5 Catalysis with Ga2-xAlxO3 

Gallium oxide polymorphs, like aluminas, have been investigated for catalysis but to 

a much lesser extent. α, β and γ-Ga2O3 have been found to outperform TiO2 in the 

decomposition of volatile aromatics.37 They have also been investigated for 

application in the dehydrogenation of propane to propene,38 recently as water splitting 

photocatalysts39 and as power devices since β-Ga2O3 is a wide-band semi-conductor 

with a band gap of ~4.7 eV.40 The mixed metal gallium aluminium oxides have also 

received interest for their application as catalysts, whilst the works of Roy and 

MacDonald et al. in the 1950s was mainly a study for academic interest. Extensive 

study has been reported on the mixed metal defect spinel for its use in the selective 

catalytic reduction (SCR) of NO,30–34,41 dehydrogenation of propane,35,42 dimethyl 

ether steam reforming,43 and Ga2O3 supported on Al2O3 has been applied for 

photocatalysis.44  A mixed oxide composite of γ-Ga2O3/α-Al2O3 has been reported to 

have great potential as a support for NiW catalysts for hydrocarbon sulfur removal 

catalysis.45 Recently the spinel-type γ-Ga2O3-Al2O3 mixed system has been 

investigated as a support for palladium for liquid-phase hydrogenation of acetylene to 

ethylene.46 
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4.2 Scope of this chapter 

In this chapter, a synthesis of defect spinel γ-Ga2-xAlxO3 using a low temperature 

solvothermal method is presented. The polymorphism of the Ga2-xAlxO3 system is 

investigated by solvothermal and high temperature experiments, and the structures of 

the polymorphs in the Ga-Al-O system investigated by analysis of the Bragg scattering 

of X-ray diffraction, and other techniques including solid-state 27Al and 71Ga MAS 

NMR.  

A novel oxyhydroxide containing both Ga and Al was obtained from extended 

solvothermal reaction in 1,4-butanediol. This material was found to have a similar 

crystal structure to the mineral tohdite (also akdalaite). The thermal decomposition of 

this material was investigated showing the formation of a polymorph related to the 

recently elucidated structure of ε-Ga2O3. Diesel oxidation, and acetylene semi-

hydrogenation catalysis using Ga2O3 polymorphs, and mixed metal β-Ga2-xAlxO3 as 

supports for palladium is presented towards the end of this chapter. 

4.3 γ-Ga2-xAlxO3 

4.3.1 Synthetic procedure 

4.3.1.1 Synthesis of γ-Ga2-xAlxO3 from 1,4-butanediol 

This synthesis was based on the work of Inoue et al.31,32,34 but optimised for lower 

temperatures. 0.4 g (1.01 mmol) of Ga(acac)3 (Aldrich, 99.99%) and an appropriate 

amount (x) of Al(O-i-Pr)3 (Aldrich, ≥98%) to give a (2-x):x molar ratio, where 

(0 ≤ x ≤ 0.6), were added to a PTFE liner followed by the addition of 8 ml 1,4-

butanediol. The reaction mixture was stirred at room temperature for 10 minutes to 

ensure the reagents were well mixed before being sealed inside a stainless-steel 

autoclave and placed inside a preheated fan assisted oven at 240 °C for 48 hours. After 

this time the autoclave was allowed to cool naturally to ambient temperature and the 

vessel opened to reveal a white opaque gel. This gel was dispersed by magnetic stirring 

in the mother liquor followed by addition of acetone to reduce the viscosity of the diol. 

The gel was then collected by suction filtration and air was pulled through for thirty 
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minutes until the gel had partially dried followed by drying at 70 °C overnight to yield 

a white powder. 

4.3.1.2 Synthesis of γ-Ga2-xAlxO3 from 2-propanol 

0.4 g (1.01 mmol) Ga(acac)3 (Aldrich, 99.99%) and an appropriate amount (x) of 

Al(O-i-Pr)3 (Aldrich, ≥98%), to give a (2-x):x molar ratio of Ga:Al, where 

(0 ≤ x ≤ 1.8), of Ga:Al precursors were added to a PTFE liner followed by the addition 

of 10 ml 2-propanol. The reaction mixture was stirred at room temperature for 5 

minutes before being sealed inside a stainless-steel autoclave and placed inside a 

preheated fan assisted oven at 240 °C for 24 hours. After this time the autoclave was 

allowed to cool naturally to ambient temperature and the vessel opened to reveal a 

white solid powder. The powder was collected by suction filtration and then washed 

with copious amounts of acetone before being dried at 70 °C overnight.  

4.3.2 General Characterisation 

4.3.2.1 Experimental considerations 

The synthesis in 1,4-butanediol at 240 °C was found to be rather unreliable often 

forming unwanted by-products such as AlOOH (boemite) and diaspore-type GaOOH 

(tsumgallite). Extensive work was reported by Inoue using this method and found no 

such phases forming in their reaction and it was reported that up to 75% Al3+ could be 

incorporated into the Ga2O3 spinel structure.31 However, their synthesis was conducted 

at 300 °C for 2 h. The boiling point of 1,4-butanediol is 235 °C and so at 240 °C the 

solvothermal conditions have only just been reached which could be the cause of the 

lack of reproducibility. It was found that the synthesis at 240 °C allowed a maximum 

of 30% Al3+ to be incorporated into the spinel structure, x = 0.6. Addition of more 

aluminium precursor only formed AlOOH, (boehmite), as an impurity product. In fact, 

it was found that many of the solvents that were used in the work by Inoue et al.34 for 

crystallising γ-Ga2-xAlxO3 under solvothermal conditions at 300 °C did not work at 

240 °C. A further complicating matter is that some solvents, in particular those 

containing both –OH and –NH3 functional groups or solely amino groups, were 

incompatible with aluminium salts forming only a thick gel at the end of the reaction. 
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Table 4.1 lists the solvents investigated and any crystalline materials formed from the 

reaction. 

The alcohol 2-propanol with a lower boiling point and viscosity compared to 1,4-

butanediol was found to be optimal in the preparation of mixed metal aluminium 

gallium spinels at 240 °C. The use of 2-propanol halved the reaction time compared 

to the 1,4-butanediol synthesis and the reactions were also reproducible. Furthermore, 

solid solutions of up to 90% Al3+ could be obtained. The reaction is a one-pot synthesis 

and does not require any further steps such as calcination. 2-propanol also has a much 

lower toxicity than pernicious amino-based solvents such as triethylenediamine, which 

is fatal by inhalation, and is cheaper and more easily available than 1,4-butanediol 

which is a controlled substance owing to its being a precursor to the recreational drug 

γ-hydroxybutyrate. 

Aluminium isopropoxide has been widely used as a reagent in sol-gel reactions where 

water is used to induce hydrolysis to form an amorphous network that is then fired to 

produce a crystalline solid.33 In these solvothermal reactions the presence of a small 

amount of water present in either solvent may drive the hydrolysis of the reaction with 

the composition of the material obtained (i.e. oxide, hydroxide) governed by the choice 

of solvent used in the reaction. 

The use of other aluminium salts, in particular Al(acac)3 and Al(NO3)3·9H2O, were 

found to give unreliable results compared to Al(O-iPr)3. Whenever a hydrated 

aluminium (or gallium) salt was used there was always formation of a small GaOOH 

impurity phase present observed by X-ray diffraction. 
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Table 4.1 Summary of solvothermal reactions of Ga(acac)3 and Al(O-iPr)3 in a variety of tested solvents. Reactions were all performed at 240 °C. 

Solvent Crystalline materials Extent of Al3+ 

substitution 

Other notes 

1,4-butanediol γ-Ga2-xAlxO3, AlOOH, 

GaOOH 

30% AlOOH forms above 30%. Reaction of Al(O-iPr)3 forms AlOOH. Unreliable reaction 

of yielding mixed phases. 

Ethylenediamine γ-Ga2O3 0% No reaction between Ga and Al salts. Amorphous Al-O phase assumed to form. 

Triethylenediamine None 0% No reaction at 240 °C, thick gel obtained. 

Monoethanolamine None 0% Al3+ salts incompatible with aminoalcohols. Thick gel obtained when Al salts 

introduced. 

Ethylacetate γ-Ga2-xAlxO3 30% Bright yellow powders obtained. Unreliable reaction often forming mixed phases. 

2-propanol γ-Ga2-xAlxO3 90% Cheap, low toxicity, reliable reaction. Shorter reactions times. Reaction of Al(O-i-Pr)3 

forms an unknown phase unidentifiable by X-ray diffraction. 

Toluene None 0% Amorphous materials formed 

2-methylaminoalcohol None 0% Thick gel isolated from reaction vessel 
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4.3.2.2 Powder X-ray Diffraction 

Powder X-ray diffraction shows that the spinel structure is retained for the solid-

solution up to a 90% Al3+ incorporation, (i.e. x = 1.8) (Figure 4.4(f)). The profiles 

show that these materials have very broad Bragg reflections indicative of a poorly 

crystalline material likely consisting of nano-sized crystallites. BET surface area 

measurements confirmed that these materials had a very high surface area ~200 m2g-

1. The profiles could be fitted to a cubic crystal system with space group 𝐹𝑑3̅𝑚, typical 

for spinel oxides, and Pawley refinements allowed the unit cell lattice parameter to be 

refined and shows a linear decrease with the increase in Al3+ content (Figure 4.5). The 

peak shapes of the observed reflections become broader with increasing Al3+ 

substitution suggesting an increase in static disorder present in the material. A spurious 

peak emergent around 42.5 °2θ is quite prominent in the 90% Al3+ substituted spinel 

indicating that 90% has likely reached the limit of substitution in this solid-solution. 

No Rietveld analysis was undertaken owing to the broadness of the peaks. 

Control reactions of Ga(acac)3 in either 1,4-butanediol or 2-propanol always formed 

γ-Ga2O3, whilst controlled reactions of Al(O-i-Pr)3 formed AlOOH, (boehmite), in 

1,4-butanediol, and an unknown phase which was unidentifiable by X-ray diffraction 

when 2-propanol was the solvent (Figure 4.5). Whilst some reflections did agree with 

the positioning of reflections from boehmite (JCPDS number 21-1307) no good match 

was found nor to the defect aluminium oxide spinel, or pseudoboehmite and the 

identity of this material remains speculative. Given the difference in peak shapes it 

likely a mixed phase material. The initial formation of γ-Ga2O3 can be proposed to 

control the crystal structure and growth of the gallium and aluminium mixed metal 

spinels Without the nucleation of γ-Ga2O3 there is no formation of γ-Al2O3 and so 

other, likely more stable, Al-O or Al-O-H phases form from the reaction.34 
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Figure 4.4 Pawley refinements against powder XRD data (λ = 1.54056 Å) for spinels γ-Ga2-

xAlxO3, (0 ≤ x ≤ 1.8). * denotes impurity phase. 
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Figure 4.5 (left) change in the spinel lattice parameter with increasing aluminium substitution 

with a reference γ-Al2O3 material,47 (right) powder XRD pattern of the unidentifiable material 

formed from solvothermal reaction of Al(O-iPr)3 with 2-propanol.  

4.3.2.3 Electron microscopy 

TEM reveals that these materials are indeed composed of nano-sized crystallites (3 – 

10 nm diameter) (Figure 4.6). SEM shows that these crystallites agglomerate with an 

almost spherical morphology whilst EDX confirms the expected Ga:Al ratio (Table 

4.2).  

 

 

 

 

 

Figure 4.6 Electron microscopy on a sample of γ-Ga1Al1O3 (left) HR-TEM and (right) SEM. 

Table 4.2 EDX measurements from scanning electron microscopy averaged from 6 different 

areas of each sample. 

Sample Average Ga At% Average Al At% 

γ-Ga1.4Al0.6O3 68 32 

γ-Ga1Al1O3 53 47 

γ-Ga0.5Al1.5O3 21 79 
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4.3.2.4 In situ thermodiffractometry  

Substitution of aluminium for gallium in the spinel enhances the thermal stability of 

the spinel phase (Figure 4.7). Pure nano-crystalline γ-Ga2O3 transforms directly into 

the thermodynamically stable polymorph β-Ga2O3 at around 750 °C, whilst a higher 

temperature is required for the transformation of aluminium substituted samples. This 

agrees favourably with previous literature results.31  

 

 

 

 

 

 

 

Figure 4.7 In situ thermodiffractometry of γ-Ga2-xAlxO3 spinels (left) x = 0 (right) x = 0.6. 

Transformation into phase pure β-Ga2-xAlxO3 occurs up to 65% Al3+ substitution, 

while the spinel phase separates into β-Ga2-xAlxO3 and α-Ga2-xAlxO3 at higher 

substitutions. At a 90% Al substitution, the spinel converts directly into 

α-Ga0.2Al1.8O3. Further discussion on these high temperature phases is found in 

Section 4.6.  

The mixed-metal spinels become increasingly more crystalline as the temperature is 

raised. A good example is found in the 75% Al substituted γ-Ga2O3 sample. Whilst a 

temperature above 1000 °C is required to bring about phase transformation and 

separation, PXRD of a sample heated to 1000 °C shows that the crystallinity of the 

spinel is markedly different to the as-prepared sample (Figure 4.8). 
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Figure 4.8 Change in the crystallinity of γ-Ga0.5Al1.5O3 when fired at different temperatures. 

4.3.2.5 27Al and 71Ga NMR 

A combined 27Al and 71Ga MAS NMR study was undertaken in order to probe the 

coordination environment of the metals in three mixed metal spinels of composition 

γ-Ga1.4Al0.6O3, γ-Ga1.0Al1.0O3, and γ-Ga1.5Al0.5O3. 

The 27Al NMR spectra for all samples show a well resolved signal between 0-20 ppm 

characteristic of 6-coordinate aluminium48 (Figure 4.9(a)). A very weak signal 

between 60-80 ppm, the region typical for 4-coordinate aluminium,48 is observed in 

γ-Ga1.6Al0.4O3 which suggests very little tetrahedral Al3+ is present in this sample. A 

more intense signal is observed in γ-Ga1.0Al1.0O3 in this region and an even more 

intense signal for γ-Ga0.5Al11.5O3 meaning that tetrahedral aluminium is now quite 

prevalent. From the relative intensities of the signals it was possible to make a 

quantitative analysis about the aluminium coordination (Table 4.3). Owing to the 

presence of only 30% Al3+ in γ-Ga1.4Al0.6O3 the aluminium can selectively occupy the 

octahedral site, or is directed to the octahedral by the tetrahedral favouring Ga3+, 

however when Al3+ becomes the dominant metal as in γ-Ga0.5Al1.5O3, Al3+ must 

occupy more tetrahedral sites. 

The octahedral signal can be seen to shift to slightly lower ppm with increasing Al3+ 

as has been observed previously and ascribed to the increase of the more 

electronegative tetrahedral Ga3+ nearest neighbours deshielding the Al nucleus 

resulting in a lower magnetic field shift of the octahedral Al3+ peak.31 
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The 71Ga MAS NMR spectra (Figure 4.9(b)) show noticeably broader signals but are 

well resolved enough to be able to show two separate signals present between -100 

and 200 ppm and clearly the signals become weaker with increasing Al3+ content. In 

both γ-Ga1.4Al0.6O3 and γ-Ga1.0Al1.0O3 the Ga3+ occupies the tetrahedral:octahedral 

sites in an approximately 1:2 ratio, however there is much less Ga3+ in γ-Ga0.5Al1.5O3 

meaning that it can selectively occupy the tetrahedral site and the ratio of 

tetrahedral:octahedral Ga3+ reverses to a 2:1 ratio (Table 4.3). A small shift to higher 

ppm is observed for the 4-coordinate Ga3+ in the 71Ga MAS NMR spectra with 

increasing Al3+ substitution because of the incorporation of less electronegative Al3+. 

Table 4.3 Relative occupation of tetrahedral and octahedral sites as determined by 27Al and 
71Ga MAS NMR. 

Sample 27Al MAS NMR 71Ga MAS NMR 

Tetrahedral Octahedral Tetrahedral Octahedral 

γ-Ga2O3 - - 26.8 73.2 

γ-Ga1.4Al0.6O3 5.2 94.8 33.6 66.4 

γ-Ga1.0Al1.0O3 7.7 92.3 39.3 60.7 

γ-Ga0.5Al1.5O3 14.7 85.3 63.5 36.5 

γ-Ga0.2Al1.8O3 19.4 80.6 61.8 38.2 

 

 

 

 

 

 

 

Figure 4.9 (a) 71Ga MAS NMR spectra of 5 γ-Ga2-xAlxO3 solid solutions, normalised to equal 

6-coordinate peaks height. 20 T, 75 kHz MAS, 8192(0%, 30% Al) 16384(50%,75%, 90% Al) 

transients, 0.5 s recycle delay, 1.5 μs pulse, (b) 27Al MAS NMR spectra of 4 γ-Ga2-xAlxO3 

solid solutions, normalised to equal 6-coordinate peaks height. 14.1 T, 20 kHz MAS, 2048 

transients, 0.5 s recycle delay, 0.1 μs excitation pulse. 

 

From the relative intensities of both 27Al and 71Ga MAS NMR spectra it was possible 

to propose chemical formula for the spinels in terms of relative amounts of tetrahedral 

and octahedral site occupation and thus postulate if the metal vacancies in the defect 
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spinel are on tetrahedral or octahedral sites assuming the ideal spinel structure (Table 

4.4). 

Table 4.4 Proposed chemical formula of spinel based on the intended Al3+ substitution and 

results from 27Al and 71Ga MAS NMR data. 

Sample Defect spinel formula AB2O4 type spinel formula 

γ-Ga2O3 γ-(Ga0.535)tet [Ga1.465]oct O3 (□-Ga0.713)tet [Ga1.953]oct O4 

γ-Ga1.4Al0.6O3 γ-(Ga0.470Al0.031)tet [Ga0.930Al0.569]oct O3 (□-Ga0.626Al0.0419)tet [Ga1.24Al0.759]oct O4 

γ-Ga1.0Al1.0O3 γ-(Ga0.393Al0.077)tet [Ga0.607Al0.923]oct O3 (□-Ga0.524Al0.103)tet [Ga0.809Al1.23]oct O4 

γ-Ga0.5Al1.5O3 γ-(Ga0.318Al0.221)tet [Ga0.183Al1.28]oct O3 (□-Ga0.424Al0.295)tet [Ga0.244Al1.706]oct O4 

γ-Ga0.2Al1.8O3 γ-(Ga0.124Al0.349)tet [Ga0.076Al1.45]oct O3 (□-Ga0.165Al0.465)tet [Ga0.101Al1.935]oct O4 

󠄁 denotes a vacant site. 

In all five materials, the octahedral sites are almost fully occupied meaning that the 

vacancies are located mainly on the tetrahedral sites. In the pure gallium oxide sample 

the tetrahedral:octahedral ratio is ~1:2.7 which is substantially larger than the ratio 

found in disordered gallium oxide prepared from amorphous gels (1:2.1).20 These 

NMR and structural formula data are also plotted graphically below (Figure 4.10) to 

show how the change in relative octahedral:tetrahedral proportion for each metal and 

the change in site occupancy changes with the composition of the spinel. Of course, 

this is an oversimplification since the occupation of non-spinel sites, which were found 

to be partially occupied in both the crystalline pure γ-Al2O3 and γ-Ga2O3 

structures6,18,20 has been neglected throughout this treatment. These extra sites are also 

tetrahedral and octahedral but the disordered nature of these materials would cause 

significant broadening of the NMR signals and so it was not possible to resolve 

additional 4 and 6-coordinate signals.  It has also been proposed that the occupancy of 

extra sites is greater in the poorly crystalline samples of γ-Ga2O3
20 and so it is likely 

that these additional sites are likely present in these new materials. 
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Figure 4.10 Plots showing the change in the relative Al and Ga occupation with the change 

in real site occupation by Al and Ga: (a) tetrahedral Al, (b) tetrahedral Ga, (c) octahedral Al, 

(d) octahedral Ga. 

 

4.4 The gallium aluminium oxyhydroxide system:  

Ga5-xAlxO7(OH), (0.5 ≤ x ≤ 1.5)  

4.4.1 Synthetic procedure 

It was found that if the reaction of Ga(acac)3 and Al(O-iPr)3 in 1,4-butanediol was 

extended to 96 hours a new crystalline phase was formed. The crystallinity and 

reproducibility of this phase was found to be optimal however if the aluminium 

alkoxide was replaced with aluminium acetylacetonate. Instead of the formation of a 

gel, as with the spinels, a white powder was obtained directly from the synthesis.  

In a typical synthesis 0.4 g (1.01 mmol) of Ga(acac)3 (Sigma, 99.99%) and an 

appropriate amount of Al(acac)3 (Merck, ≥98%) was added to a PTFE liner followed 

by the addition of 8 ml 1,4-butanediol. The reaction mixture was stirred at room 
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temperature for 10 minutes before being sealed inside a stainless-steel autoclave and 

placed inside a preheated fan assisted oven at 240 °C for 96 hours. After this time, the 

autoclave was allowed to cool naturally to ambient temperature and the vessel opened 

to reveal a white powder. This solid was dispersed by magnetic stirring in the mother 

liquor followed by addition of acetone to reduce the viscosity of the diol. The material 

was then filtered by suction filtration and dried overnight at 70 °C. 

4.4.2 General characterisation 

4.4.2.1 Experimental considerations 

The long reaction time of 96 hours is a necessary requirement of the synthesis as 

shorter reaction times can yield either γ-Ga2O3 present with AlOOH, γ-Ga2-xAlxO3, or 

GaOOH. The reaction is reproducible and no other crystalline phases were observed 

by X-ray diffraction. The reaction can also take place in 1,5-pentanediol but the 

synthesis time is longer requiring a minimum of 7 days. 

Attempts to synthesise this material by using 2-propanol were unsuccessful even after 

extended reaction times of 7 days. Playford et al. describe the synthesis of Ga5O7(OH) 

(the pure gallium analogue of this material) by solvothermal reaction of Ga metal in 

H2O:MEA in a 1:6 (volume) ratio.18 Attempts to prepare Ga5-xAlxO7(OH) by this 

method by addition of an aluminium salt into the mixture were not successful. This is 

likely because, as aforementioned, aluminium salts are generally incompatible with an 

aminoalcohol solvent. It was found that this material could only incorporate up to a 

maximum of 30% Al3+. Attempts to synthesis a material with a higher amount of Al3+ 

yielded only the mixed-metal spinel γ-Ga2-xAlxO3 and AlOOH (boehmite). A control 

reaction using Ga(acac)3 in 1,4-butanediol for 24 hours formed the thermodynamically 

stable polymorph β-Ga2O3 and it was not possible to isolate the pure gallium analogue, 

Ga5O7(OH), by the 1,4-butanediol method.  

4.4.2.2 Powder X-ray diffraction 

Early attempts to identify this material found that it matched closely with a material 

on the JCPDS database (number 00-020-0412). This material reported by MacDonald 

et al.28 was given the chemical formula GaAlO3 and cited as crystallising in an 
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hexagonal cell. Lattice parameters and a list of their observed reflections matched well 

with the observed reflections in this work as is discussed below.  

A polymorph denoted GaAlO3 had also been reported by Roy and co-workers24 earlier 

than the report by MacDonald. It is clear by examination of both papers that the same 

material is being described, which MacDonald acknowledges, and both also report 

that GaAlO3 decomposes first into ε-Ga2O3 (now referred to as κ-Ga2O3) with gentle 

heating and then into β-Ga2O3 at higher temperatures. 

Incidentally, κ-Ga2O3, or κ-Al2O3 are also obtained when Ga5O7(OH), or Al5O7(OH) 

(tohdite, or akdalaite) is heated prior to phase transformation into β-Ga2O3.  

Furthermore, the observed reflections of the new material in this work were 

comparable with those published for Ga5O7(OH) (Figure 4.11) and it was therefore 

decided that this material is most likely Ga5-xAlxO7(OH), as opposed to GaAlO3, 

assumed in the 1950s and 1960s. 

Pawley refinement against powder XRD data of samples containing 10, 20 and 30% 

Al3+ (Figure 4.12) were conducted in space group 𝑃63𝑚𝑐  with initial lattice 

parameters obtained from the Ga5O7(OH) structure. Clear evidence for anisotropic 

peak broadening was found in all three samples, though with increasing Al3+ content 

there is an increase in the overall static disorder within the material and so all 

reflections are broadened resulting in the anisotropic peak broadening being less 

pronounced (Figure 4.12(d)). The use of Stephens’ phenomenological model of 

anisotropic peak broadening49 was essential in order to obtain a good profile fit as 

Figure 4.12(a) without Stephens’ and Figure 4.12(b) which included the Stephens’ 

parameters shows. 
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Figure 4.11 Powder XRD pattern of Ga5O7(OH) (black) and 30% Al3+ substituted Ga5O7(OH) 

(red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Pawley refinements against powder XRD data (λ = 1.54056 Å) for Ga5-

xAlxO7(OH), (0 ≤ x ≤ 1.5), with inset showing difference in fit depending on whether 

Stephens’ parameters are used or not. 
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The refined lattice parameters are provided in Table 4.5: the material obeys Vergard’s 

law and the volume of the material linearly decreases with increasing aluminium 

substitution (Figure 4.13). These refined  lattice parameters are similar to those 

reported by MacDonald et al. (a = 5.70 Å, c = 8.92 Å) for their supposed GaAlO3.
28  

Table 4.5 List of refined lattice parameters in the system Ga5-xAlxO7(OH), (0 ≤ x ≤ 1.5). 

 Lattice parameters   

Material a / Å c / Å Volume / Å3 Reference 

Ga5O7(OH) 5.82107(8) 9.0662(2) 266.05 18 

Ga4.5Al0.5O7(OH) 5.8037(3) 9.0386(8) 263.66(11) This work 

Ga4.0Al1.0O7(OH) 5.7855(4) 9.0262(10) 261.65(9) This work 

Ga3.5Al1.5O7(OH) 5.7605(5) 9.0121(14) 258.99(14) This work 

Al5O7(OH) 5.576 8.768 236.09 50 

 

 

 

 

 

 

 

 

Figure 4.13 Linear decrease in cell volume for Ga5-xAlxO7(OH) with increasing Al3+ 

substitution. 

4.4.2.3 Infrared Spectroscopy 

Infrared spectroscopy shows an intense O-H stretching mode observed at 3300 cm-1 

(Figure 4.14). The mode at 850 cm-1 is attributed to a (Ga,Al)-O-H bending mode as 

a mode at a similar wavenumber was assigned this in both Ga5O7(OH)18 and in a 

computational study on Al5O7(OH).51 From this it can clearly be deduced that the 

GaAlO3 material, originally discovered independently by the groups of Roy, and 

MacDonald, can be formerly identified as Ga5-xAlxO7(OH). 
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Figure 4.14 IR spectrum of Ga3.5Al1.5O7(OH) showing a stretching mode at 3300 cm-1 and 

Ga-O-H bending mode at 850 cm-1.  

4.4.2.4 Thermogravimetric analysis 

TGA of Ga3.5Al1.5O7(OH) showed that a gradual mass loss of 1.5% occurred 

immediately upon heating until ~400 °C followed by a larger mass loss of 2.5% 

occurring between the region 400 – 600 °C (Figure 4.15). This second mass loss is 

consistent with the dehydration of Ga3.5Al1.5O7(OH) since it occurs over the 

temperature range which Ga3.5Al1.5O7(OH) is observed to decompose in the 

thermodiffractometry experiment (Section 4.5.5). The mass loss of 2.5% occurring 

between 400 – 600 °C is consistent with the expected mass loss on conversion to 

Ga1.4Al0.6O3 ~2.2% (Scheme 4.1). The first observed gradual mass loss could 

possibly be attributed to loss of surface diol on the material.  

2Ga3.5Al1.5O7(OH)  5Ga1.4Al0.6O3 + H2O 

Scheme 4.1 
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Figure 4.15 TGA/DSC-trace of Ga3.5Al1.5O7(OH). 

4.4.2.5 Electron Microscopy  

TEM shows that Ga3.5Al1.5O7(OH) consists of large, thin hexagonal plates (Figure 

4.16). The anomalous peak broadening observed by X-ray diffraction is a likely 

consequence of the large yet thin plate-like morphology displayed by this material 

causing internal strain within the crystallite, as was also reported for the pure gallium 

analogue.18 

 

 

 

 

 

Figure 4.16 (left) TEM image of Ga3.5Al1.5O7(OH) and (right) corresponding SEM image. 

4.4.2.6 27Al and 71Ga NMR 

Solid-state 27Al MAS NMR was performed on a sample of Ga3.5Al1.5O7(OH) which 

showed that ~98% of the available Al3+ preferentially occupies the octahedral sites 

(Figure 4.17(a)). Only 20% of available sites in the tohdite structure are tetrahedral 

and given the tetrahedral preference of Ga3+ it is hardly surprisingly that in a sample 

containing 30% Al3+ that there should be any tetrahedrally coordinated Al3+. 
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Solid-state 71Ga MAS NMR of Ga3.5Al1.5O7(OH) shows a signal for both 6 and 4-

coordinate geometries further confirming that the tetrahedral site must be occupied by 

gallium (Figure 4.17(b)). 

 

 

 

 

 

 

 

Figure 4.17 (a) 27Al MAS NMR spectrum of Ga3.5Al1.5O7(OH) (tohdite), 14.1 T, 20 kHz MAS, 

2048 transients, 0.5 s recycle delay, 0.1 μs excitation pulse, (b) 71Ga MAS NMR spectra of 

Ga3.5Al1.5O7(OH). 20 T, 75 kHz MAS, 13568 transients, 0.5 s recycle delay, 1.5 μs excitation 

pulse.  

 

4.4.3 Discussion of structure and comparison to other similar 

oxyhydroxide phases 

It is clear that materials in the Ga5-xAlxO7(OH) system are mixed-metal aluminium 

gallium oxyhydroxides based on the tohdite/akdalaite structure, Al5O7(OH).3,50,52,53 

The gallium analogue has only recently been reported.18 There are no known 

solvothermal syntheses of Al5O7(OH) and it is usually synthesised by reacting 

aluminium salts, or aluminium oxides hydrothermally at temperatures in excess of 

240 °C usually with some external pressure applied. The Al5O7(OH) analogue could 

not be prepared by reaction of either Al(O-iPr)3 or Al(acac)3 in 1,4-butanediol at 

240 °C with reaction times of 4 days to 7 days. Other materials that crystallise in this 

space group with similar lattice parameters are nolanite, which has a formula 

typically (Fe,V)5O7(OH) or (Fe,V)5O8
54–56 and some ternary molybdates both 

containing transition metals.57 The structure of the former has been reported as both 

oxide and oxyhydroxide, and the latter is always oxide. 

It has been proposed that the mineral Fe2O3·0.2H2O, (ferrihydrite) is analogues to 

akdalaite, though this remains controversial.58,59 Ferrihydrite is ubiquitous in soil on 
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Earth and expected to be present in extra-terrestrial materials. Despite its ubiquity 

the internal atomic arrangement of this material has been subject to extensive debate 

and research as natural and synthetic preparations of this material usually show some 

degree of structural disorder. Therefore, it has only been recently, owing to advances 

in local structure analysis techniques, i.e. the pair-distribution function, that its 

structure was probed and in that study reported to be analogous to 

tohdite/akdalaite.60 Ferrihydrite is usually described and reported as 2-line or 6-line 

ferrihydrite depending on how well resolved the diffraction peaks are in the powder 

pattern. No other analogous binary oxyhydroxides have been reported with this 

structure. It is interesting to note that incomplete miscibility of Al3+ incorporation 

into ferrihydrite has been observed with a limit of 25% Al3+ substitution.61 The 

saturation limit of 25% is likely controlled by Al-Al avoidance conforming to 

Pauling’s distortion rule.62 Given the similar size of Ga3+ and Fe3+ it is quite 

reasonable to suggest that the limit of Al3+ in Ga5O7(OH) of 30% is also a 

consequence of this avoidance. Attempts to introduce a portion of Fe3+ into 

Ga5O7(OH) using the 1,4-butanediol synthesis was unsuccessful and instead formed 

a mixed metal spinel even after extended reaction times.  

 

4.5 Thermal decomposition of Ga5O7(OH) and synthesis of κ-Ga2O3 

4.5.1 Synthesis of Ga5O7(OH) 

The synthesis of Ga5O7(OH) was optimised from the original synthesis of Playford et 

al.18 This was achieved by using a ratio of MEA:H2O to 1:1 as opposed to the reported 

1:6. This resulted in reduced reaction times (2 days as opposed to 6 days) and a highly 

crystalline material free from any impurity phases such as γ-Ga2O3.  

0.4 g (5.74 mmol) of liquid Ga metal (Alfa-Aesar, 99.9%) was added to a PTFE liner 

with addition of 5 ml H2O and 5 ml MEA. The mixture was vigorously stirred for 2 

minutes before being sealed inside a stainless-steel autoclave and placed in a pre-

heated fan-assisted oven at 240 °C for 48 hours. After the reaction, the autoclave was 

removed from the oven and cooled naturally to room temperature. The white solid was 

collected by vacuum filtration and washed with copious amounts of methanol and then 

dried overnight at 70 °C. The material can be scaled up by reacting 3 g liquid Ga metal 
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with 25 ml H2O and 25 ml MEA in a 100 ml PTFE lined autoclave. The reaction 

temperature and time are the same. The yield is ~4.1 g (~100%). 

4.5.2 Powder X-ray diffraction of Ga5O7(OH) 

PXRD confirmed the presence of a highly crystalline Ga5O7(OH) and no other 

crystalline impurities were seen in the powder X-ray pattern. The structure of 

Ga5O7(OH) was described above in Section 4.4.3. Anisotropic peak broadening was 

observed in this sample (Figure 4.18 (inset)) but less pronounced than in the 

aluminium substituted samples. This anisotropic peak broadening was observed 

previously in Ga5O7(OH) which reportedly led to difficulty in fitting the observed X-

ray diffraction pattern.18 

 

 

 

 

 

 

 

 

Figure 4.18 (a) powder XRD pattern of Ga5O7(OH) showing (inset) anisotropic peak 

broadening, (b) simulated pattern of Ga5O7(OH) without anisotropic peak broadening. 

4.5.3 Thermal decomposition of Ga5O7(OH) 

The thermal decomposition of Ga5O7(OH) was followed by X-ray diffraction (Figure 

4.19) and showed that the oxyhydroxide is stable until around 450 °C, then emergence 

of a crystalline transient phase begins to occur. This transient phase is stable until 

around 800 °C whereupon phase transformation into β-Ga2O3 commences. The 

transient phase was initially identified as κ-Ga2O3, an orthorhombic polymorph 

analogous to κ-Al2O3,
52,53 both of which have been reported as being formed from the 

M5O7(OH) structure (M = Al, Ga). The phase transformation pathway reported here 

is slightly different to the reported thermal decomposition of Ga5O7(OH) where the 

formation of β-Ga2O3 always coincided with the formation of κ-Ga2O3.
18 This suggests 
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that the heating rate and/or precursor crystallinity may influence the temperature and 

course of its decomposition. 

 

 

 

 

 

 

 

 

Figure 4.19 In situ thermodiffractometry of Ga5O7(OH) showing formation of κ-Ga2O3 

between 450 – 800 °C. 

The transient phase in this work, initially assigned as κ-Ga2O3, can be isolated without 

the presence of β-Ga2O3 at any temperature between 550 – 800 °C. Though this 

contradicts with what is published in the literature, the difference in results (i.e. κ-

Ga2O3 with, or without formation of β-Ga2O3) is probably a direct result of the heating 

conditions.  

Figure 4.20(b) shows some reflections are immediately sharp and intense after the 

decomposition of Ga5O7(OH) at 550 °C whilst other reflections grow in intensity up 

until 800 °C after when the structure collapses into β-Ga2O3. The sharp crystalline 

peaks can be readily indexed to an hexagonal cell (a = 2.895 Å, c = 9.250 Å), which 

is very similar to the ε-Ga2O3 polymorph previously synthesised by thermal 

decomposition of Ga(NO3)3·9H2O by heating at 220 °C for 12 hours followed by 

firing at 400 °C for 14 days, (a = 2.9036(2) Å, c = 9.2554(9) Å).18 It seems likely that 

the thermal decomposition of Ga5O7(OH) forms a biphasic mixture of crystalline ε-

Ga2O3 and a poorly crystalline κ-Ga2O3 phase which steadily becomes more 

crystalline at higher temperatures. A Pawley refinement of this biphasic mixture is 

shown in Figure 4.20(a). The refined lattice parameters of κ-Ga2O3 and ε-Ga2O3 are 

found in Table 4.6. 
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The reflections of κ-Ga2O3 overlap with the reflections in the powder pattern for ε-

Ga2O3 and indeed the two structures are very closely related both having hexagonal 

close packed oxide layers.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 (a) Pawley refinement showing both κ-Ga2O3 and ε-Ga2O3, with κ-Ga2O3 

reflections overlapping with ε-Ga2O3 reflections, (b) stacked plot showing the change in the 

κ-Ga2O3 reflection intensities with temperature, (c) crystal structures of (left) κ-Ga2O3, 

(middle) Ga5O7(OH), and (right) ε-Ga2O3. 

 

Table 4.6 Refined lattice parameters from a Pawley refinement against powder XRD data for 

a biphasic sample of κ-Ga2O3 and ε-Ga2O3. 

Polymorph a b c Space group 

ε-Ga2O3 2.9053(3) 2.9053(3) 9.2797(8) 𝑃63𝑚𝑐 

κ-Ga2O3 5.0388(7) 8.6887(9) 9.2848(9) 𝑃𝑛𝑎21 

 

The structure of Ga5O7(OH) can be considered a super-structure of ε-Ga2O3 so it is 

unsurprising that both polymorphs are found in the decomposition of Ga5O7(OH) and 

the material formed could possibly be a disordered intergrowth of the two materials as 

has been postulated for the structure of θ-Al2O3, which was considered to be a 

disordered intergrowth of two crystallographic variants at the unit cell level.63 One 
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variant was based on β-Ga2O3 and a second was a monoclinic variant closely related 

to δ-Al2O3. Iron oxide also has similar polymorphs: ε-Fe2O3 is known to crystallise in 

an ordered (ε-Fe2O3) and a disordered (ε-Fe2O3) polymorph,64,65 though little has been 

published on the disordered polymorph, and a greater amount of focus concerns the 

ordered polymorph.66,67 ε-Ga2O3 is considered structurally analogous to the disordered 

ε-Fe2O3, whilst κ-Ga2O3 is structurally analogous to the ordered polymorph.18 

κ-Ga2O3 remains a poorly studied and elusive polymorph notably difficult to isolate as 

a phase pure material but there has been a recent study whereby claims to prepare 

phase pure thin films of κ-Ga2O3 with potential ferroelectric properties have been 

reported.68 

4.5.4 Hydrothermal decomposition of Ga5O7(OH) 

It was found that a mixture of κ-Ga2O3 and ε-Ga2O3 could also be synthesised when 

Ga5O7(OH) was treated hydrothermally at 480 °C for 4 hours followed by firing in a 

box furnace at 800 °C for 5 minutes. κ-Ga2O3 formed from the hydrothermal synthesis 

is more crystalline than when heated in air. This is indicated by the sharpness of the 

Bragg reflections in the powder XRD pattern (Figure 4.21(a)). A Pawley refinement 

shows an excellent fit to the observed data when using a model including lattice 

parameters for both the orthorhombic κ-Ga2O3 polymorph, and ε-Ga2O3 (Figure 

4.21(b)). Rietveld refinement was precluded by the presence of some β-Ga2O3. 

 

 

 

 

 

 

 

Figure 4.21 (a) as-made Ga5O7(OH) (black), Ga5O7(OH) fired to 800 °C in air (red), 

Ga5O7(OH) hydrothermally treated at 480 °C (blue), (b) Pawley refinement against observed 

powder XRD data for κ-Ga2O3 and ε-Ga2O3 obtained from a hydrothermal decomposition of 

Ga5O7(OH), λ = 1.5406 Å.  
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Table 4.7 Refined lattice parameters for a mixture of ε-Ga2O3, κ-Ga2O3 and β-Ga2O3. 

Polymorph a b c β Space group 

β-Ga2O3 11.960(9) 3.0333(12) 5.793(3) 103.81(6) 𝐶2/𝑚 

κ-Ga2O3 5.0363(3) 8.6793(6) 9.2741(5) 90 𝑃𝑛𝑎21 

ε-Ga2O3 2.90074(15) 2.90074(15) 9.2786(9) 90 𝑃63𝑚𝑐 

 

4.5.5 Thermal decomposition of Ga5-xAlxO7(OH)  

The mixed metal Ga5-xAlxO7(OH) phases also decompose into mixtures of epsilon and 

kappa polymorphs (Figure 4.22(a)), but their decomposition materials are too poorly 

crystalline for Rietveld analysis of the Bragg scattering. The temperature required to 

dehydrate Ga5-xAlxO7(OH) increases slightly with higher aluminium substitution, as 

was the case for the aluminium substituted gallium oxide spinels. 

 

 

 

 

 

 

 

Figure 4.22 Thermodiffractometry of (left) Ga4.5Al0.5O7(OH), and (right) Ga3.5Al1.5O7(OH) 

which decomposes at a higher temperature.  

 

A Pawley refinement of a sample of Ga3.5Al1.5O7(OH) fired to 900 °C (Figure 4.23) 

provided refined lattice parameters for the ε-Ga1.4Al0.6O3: a = 2.8617(18) Å, 

c = 9.179(6) Å, space group 𝑃63𝑚𝑐, cf. ε-Ga2O3 a = 2.90074(15) Å, c = 9.2786(9) Å. 

The decrease in the lattice parameters is evidence for Al3+ incorporation as opposed to 

phase separating into binary oxides.  
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Figure 4.23 (a) Measured data for Ga3.5Al1.5O7(OH) after heating to 900 °C forming ε and κ-

Ga2-xAlxO3 phases (*) denotes ε phase, (b) Pawley refinement to measured data for ε-Ga2-

xAlxO3, the region 30-35 °2θ was not calculated. 

 

4.6 High temperature polymorphs of (Ga,Al)2O3 

4.6.1 α-Ga0.2Al1.8O3 

4.6.1.1 Synthesis 

Typically, 0.2 g of γ-Ga0.2Al1.8O3 was placed in an alumina crucible and set inside a 

box furnace and heated within a temperature range of 1000 °C – 1400 °C for 4 hours. 

For the sample used in Rietveld analysis a temperature of 1400 °C was used. 

 

4.6.1.2 Rietveld analysis against powder XRD data 

It was discussed above in Section 4.3.2.4 that when the 90% Al3+ substituted γ-Ga2O3 

polymorph is heated above 1000 °C it transforms directly into α-Ga0.2Al1.8O3. No prior 

phase transformation into the beta polymorph occurs first and phase transformation 

occurs directly into the alpha polymorph (Figure 4.24(a)). Rietveld analysis of a 

sample of α-Ga0.2Al1.8O3 shows that the occupancy of the metal site for Ga and Al 

refined to 0.09 and 0.91 respectively indicating around 9% gallium in agreement with 

what is expected (Figure 4.24(b)). 27Al MAS NMR is consistent with the presence of 

only 6-coordinate Al3+ in this material (Figure 4.25).  
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Figure 4.24 (a) 90% Al3+ substituted γ-Ga2O3 fired at 900 °C showing formation of the 

corundum phase (denoted *) from the spinel, (b) Rietveld plot of α-Ga0.2Al1.8O3 against X-ray 

diffraction data (λ = 1.4506 Å). 

 

Table 4.8 Refined crystal parameters for α-Ga0.2Al1.8O3. Lattice parameters a = 4.78281(5) Å, 

c = 13.04096(15) Å, space group 𝑅3̅𝑐𝐻. Rp = 12.5%, wRp = 19.0%, GoF = 1.247. 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga 12c 0 0 0.35289(8) 0.09(6) 0.22(5) 

Al 12c 0 0 0.35289(8) 0.91(6) 0.22(5) 

O 18e 0.3057(3) 0 0.25 1.0 0.22 

 

 

 

 

 

 

 

Figure 4.25 27Al MAS NMR spectrum of α-Ga0.2Al1.8O3, 14.1 T, 20 kHz MAS, 2048 

transients, 0.5 s recycle delay, 0.1 μs excitation pulse  

 

At higher levels of gallium incorporation, such as 15% (Figure 4.26), only a mixed 

phase of beta and alpha is obtained, and this agrees with some literature work 

regarding this composition.27  
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Figure 4.26 (a) Rietveld fit to a sample of 85% Al3+ substituted γ-Ga2O3 fired to 1400 °C, (b) 

close-up of Rietveld fit showing unfitted intensity for beta phase reflections. 

 

A higher concentration of Al3+ in the spinels required a higher temperature to bring 

about its transformation into the beta polymorph. This is in contrast to the alpha 

polymorph where the spinel transforms into the corundum structure-type at a 

temperature of 1000 °C. 

That the alpha phase forms only when ~10% of the material is gallium containing is 

likely a consequence of the tetrahedral preference of gallium which is accommodated 

in the beta polymorph. Corundum-type α-Ga0.2Al1.8O3 contains only one metal site 

with octahedral coordination. It is possible to synthesise the alpha corundum type 

polymorph with higher amounts of gallium (25-100%), which has been described in 

the literature by first synthesising amorphous diaspore gels and then gently firing them 

at 150 °C. These materials, as would be expected, are metastable and decompose 

above 600 °C.24 

4.6.2 β-Ga2-xAlxO3 

Section 4.3.2.4 showed that the mixed-metal beta polymorph is readily accessible by 

heating the mixed metal spinels and that higher temperatures are required for phase 

transformation with the spinels containing higher aluminium content.  
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4.6.2.1 Synthesis 

0.2 g of γ-Ga2-xAlxO3 was placed in an alumina crucible and placed inside a box 

furnace and heated to a temperature within the range (1000 – 1500 °C) for 4 hours and 

allowed to cool naturally to room temperature. 

For the materials used in the Rietveld refinement study all spinels were subjected to a 

temperature of 1400 °C for 4 hours to produce highly crystalline oxides. Two further 

samples were prepared containing x = 0.6 and x = 1 by firing to 1200 °C to compare 

against the materials prepared at 1400 °C. 

4.6.2.2 Powder X-ray diffraction 

Phase pure β-Ga2-xAlxO3 was obtained for samples with a 0 ≤ x ≤ 1.3. Above x = 1.3 

there was always formation of some α-Ga2-xAlxO3 

Rietveld refinement against powder XRD data showed that a good fit to β-Ga2-xAlxO3 

was obtained throughout the range of 0 ≤ x ≤ 1.3 (Figure 4.27). All profiles show sharp 

and intense reflections indicative of highly crystalline material. No other crystalline 

phases were observed during the refinement indicating the purity of the materials.  

Two constraints were placed on the refinement: i) the total site occupancy was fixed 

at 1.0 to maintain the charge balance against the oxide, ii) refinements were fixed to 

maintain the intended Al:Ga ratio from the reaction. 

Refinement statistics for all samples can be found in Appendix A; select tables of 

results are provided here for the purpose of discussion (Tables 4.9-4.12) 
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Figure 4.27 Rietveld refinement against powder XRD data (λ = 1.54056 Å) for β-Ga2-xAlxO3 

throughout the range of 0 ≤ x ≤ 1.3. 
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Table 4.9 Refined crystal parameters for β-Ga1.8Al0.2O3 a = 12.17969(16) Å, 

b = 3.02652(4) Å, c = 5.79034(8) Å, β = 103.8996(11) °, Space group 𝐶2/𝑚, Rp = 15.1%, 

wRp = 21.6% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09020(19) 0 -0.2068(5) 0.923(7) 0.20(11) 

Al1 4i 0.09020(19) 0 -0.2068(5) 0.071(7) 0.20(11) 

Ga2 4i 0.34139(17) 0 -0.3129(4) 0.871(7) 0.75(13) 

Al2 4i 0.34139(17) 0 -0.3129(4) 0.129(7) 0.75(13) 

O1 4i 0.1619(7) 0 0.107(2) 1 0.2(3) 

O2 4i 0.4963(7) 0 0.2551(12) 1 0.2(3) 

O3 4i 0.8277(6) 0 0.425(2) 1 0.3(3) 

 

Table 4.10 Refined crystal parameters for β-Ga1.4Al0.6O3 a = 12.0711(2) Å, b = 2.99309(5) Å, 

c = 5.74510(11) Å, β = 103.9722(16) °, Space group 𝐶2/𝑚, Rp = 13.7%, wRp = 17.7% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09149(19) 0 -0.2059(4) 0.788(5) 0.77(9) 

Al1 4i 0.09149(19) 0 -0.2059(4) 0.212(5) 0.77(9) 

Ga2 4i 0.34206(16) 0 -0.3125(4) 0.612(5) 0.6(1) 

Al2 4i 0.34206(16) 0 -0.3125(4) 0.388(5) 0.6(1) 

O1 4i 0.1607(5) 0 0.1120(16) 1 0.2(19) 

O2 4i 0.4971(5) 0 0.2581(9) 1 0.2(19) 

O3 4i 0.8273(5) 0 0.4262(17) 1 0.2(19) 

 

Table 4.11 Refined crystal parameters for β-Ga1.0Al1.0O3 a = 11.99483(11) Å, 

b = 2.97101(25) Å, c = 5.71499(5) Å, β = 104.0448(7) °, Space group 𝐶2/𝑚, Rp = 11.1%, 

wRp = 15.1% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09117(14) 0 -0.2047(3) 0.618(3) 0.54(6) 

Al1 4i 0.09117(14) 0 -0.2047(3) 0.382(3) 0.54(6) 

Ga2 4i 0.34169(14) 0 -0.3139(3) 0.382(3) 0.52(8) 

Al2 4i 0.34169(14) 0 -0.3139(3) 0.618(3) 0.52(8) 

O1 4i 0.1623(4) 0 0.108(1) 1 0.2(13) 

O2 4i 0.4967(4) 0 0.2570(7) 1 0.2(14) 

O3 4i 0.8261(4) 0 0.433(1) 1 0.2(13) 
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Table 4.12 Refined crystal parameters for β-Ga0.7Al1.3O3, a = 11.90851(10) Å, 

b = 2.94608(3) Å, c = 5.67840(5) Å, β = 104.0810(8) °, Space group 𝐶2/𝑚, Rp = 11.4%, 

wRp = 15.5% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.0907(14) 0 -0.2052(3) 0.463(3) 0.73(7) 

Al1 4i 0.0907(14) 0 -0.2052(3) 0.537(3) 0.73(7) 

Ga2 4i 0.31483(14) 0 -0.3150(3) 0.237(3) 0.64(8) 

Al2 4i 0.31483(14) 0 -0.3150(3) 0.763(3) 0.64(8) 

O1 4i 0.1614(3) 0 0.1098(9) 1 0.8 

O2 4i 0.4970(4) 0 0.2580(6) 1 0.57(4) 

O3 4i 0.8268(3) 0 0.4315(9) 1 0.47(9) 

 

The change in the cell volume upon increasing aluminium content follows a linear 

relationship obeying Vergard’s law (Figure 4.28). A decrease in the cell parameters 

with increasing aluminium content is expected owing to the smaller size of the Al3+ 

cation, whilst there is also an increase in the β bond angle. 

 

 

 

 

 
 

 

Figure 4.28 Plot of cell volume against intended aluminium substitution showing a linear 

decrease in accordance with Vergard’s law. 

Refinements show that for all samples there is a significant amount of aluminium on 

the tetrahedral site. The spinel and tohdite polymorphs also contain tetrahedral sites 

but it was found in these polymorphs that Al3+ selectively occupied octahedral 

coordination due to the tetrahedral preference of Ga3+. This is not observed in the beta 

polymorph. The sample containing 10% aluminium also showed a significant presence 

of tetrahedral Al3+. In this sample, it might be expected that owing to gallium being 

the predominant metal that it would occupy the tetrahedral site exclusively forcing the 

small amount of aluminium onto the octahedral site but this is not observed by the 

Rietveld analysis. The tetrahedral:octahedral ratio of aluminium in the beta polymorph 
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remains close to 1:2 but shows a small increase in tetrahedral occupation with 

increasing aluminium substitution over the values of x between x = 0.2 to x = 1.3 

(Figure 4.29). There is also very little difference between samples fired at 1200 °C and 

1400 °C (Table 4.14) implying that the tetrahedral occupation occurs immediately 

upon phase transformation rather than forming an initial beta polymorph with a low 

tetrahedral aluminium site occupancy followed by rearrangement at a higher 

temperature. 

 

 

 

 

 

 

 

Figure 4.29 Change in the Al3+ tetrahedral and octahedral site occupancy with increasing Al3+ 

substitution in β-Ga2-xAlxO3. 

 

As would be expected the average bond length becomes smaller with increasing 

aluminium substitution (Table 4.13). Pure β-Ga2O3 shows a significant octahedral 

distortion which is present in all aluminium substituted beta polymorphs in this work 

(Figure 4.30). The angles around the tetrahedron fall in the range of ~104 – 120 ° for 

all samples indicating the presence of significant tetrahedral distortion too, something 

also observed in the single crystal reinvestigation of β-Ga2O3 by Albertsson et al.15 

Table 4.13 Change in tetrahedral and octahedral bond length with increasing Al3+ substitution. 

Al3+ substitution 

 / % 

Tetrahedral average bond length 

/ Å 

Octahedral average bond length 

/ Å 

0 15 1.8303 2.0123 

10 1.8162 2.0051 

30 1.8094 1.9769 

50 1.8034 1.9587 

65 1.7892 1.9440 
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Figure 4.30 Distorted (Ga,Al)-O octahedra in β-Ga1.0Al1.0O3 with bond lengths labelled. 

4.6.2.3 27Al MAS NMR 

27Al MAS NMR was performed on all samples used throughout the range 0 ≤ x ≤ 1.3 

(Figure 4.31). A clear signal over the range 0-20 ppm is characteristic of 6-coordinate 

Al3+, and the signal between 60-80 ppm is characteristic of 4-coordinate Al3+. A shift 

of the 6-coordinate signal to lower ppm occurs with increasing Al3+ content is likely a 

result of nearest neighbour effects. No obvious shift in the 4-coordinate signal is 

observed with increasing Al3+ content. The NMR results show that both tetrahedral 

and octahedral sites are occupied by aluminium in these materials showing that 

although an octahedral preference is observed the occupancy ratio of 

tetrahedral:octahedral is very similar to that obtained through Rietveld analysis of the 

powder XRD data.  
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Figure 4.31 27Al MAS NMR spectra of β-Ga2-xAlxO3 solid solutions, normalised to equal 6-

coordinate peaks height. 14.1 T, 20 kHz MAS, 4096 (10% Al), 2048 (20%, 30%, 40% Al), 

1024 (50%, 60%, 65% Al) transients, 3 s recycle delay, 0.1 μs excitation pulse. 

 

The integrated intensity of the tetrahedral site shows a linear increase (and therefore a 

linear decrease in the octahedral site occupation) as the intended Al3+ substitution 

increases. A comparison of the site occupancies obtained through Rietveld analysis of 

PXRD data and 27Al MAS NMR are shown Figure 4.32 and Table 4.14. 

 

 

 

 

 

 

 

Figure 4.32 (a) 27Al MAS NMR plot of Al3+ site occupancy changes in β-Ga2-xAlxO3, (b) Al3+ 

site occupancy comparison between the 27Al MAS NMR and Rietveld analysis of XRD data.  
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Table 4.14 Comparison in change in tetrahedral and octahedral occupation of Al3+ and Ga3+ 

in β-Ga2-xAlxO3 by Rietveld analysis of powder XRD data and 27Al MAS NMR. 

 Rietveld 27Al NMR 

Sample Al3+ Occupancy Al3+ Occupancy 

 Tet / % Oct / % Tet / % Oct / % 

β-Ga1.8Al0.2O3 (1400 °C) 35.8 64.2 30.0 70.0 

β-Ga1.6Al0.4O3 (1400 °C) 34.1 65.9 34.6 65.4 

β-Ga1.4Al0.6O3 (1200 °C) 35.1 64.9 - - 

β-Ga1.4Al0.6O3 (1400 °C) 35.4 64.6 33.4 66.6 

β-Ga1.2Al0.8O3 (1400 °C) 35.9 64.1 38.0 62.0 

β-Ga1.0Al1.0O3 (1200 °C) 39.8 60.2 - - 

β-Ga1.0Al1.0O3 (1400 °C) 38.2 61.8 36.9 63.1 

β-Ga0.7Al1.3O3 (1400 °C) 41.3 58.7 41.0 59.0 

 

The maximum amount of Al3+ that can be incorporated into the β-Ga2O3 structure, 

when spinel precursors are fired at high temperature, appears to fall in the range of 

65%-70%. A recent study found that a solution combustion synthesis of the same 

material could incorporate up to 40% Al3+.69 

A spinel sample containing 70% Al3+ substituted γ-Ga2O3 was fired at 1200 °C, 

1400 °C and finally 1500 °C. Figure 4.33(a) shows that a mixture of both α and β-Ga2-

xAlxO3 forms but that high temperatures favours formation of the beta polymorph. 

Even when heated to 1500 °C for 4 hours there is still the presence of a small amount 

of α-Ga2O3. The phase fraction was estimated by Rietveld analysis (Figure 4.33(b)). 

It is noted that at 1500 °C there is the possibility of the mixed-metal material reacting 

with the alumina crucible. 
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Figure 4.33 (a) γ-Ga0.6Al1.4O3 fired at increasing temperature * denotes α-corundum phase, 

(b) estimation of phase fraction by Rietveld refinement results of α and β-Ga1.5Al0.5O3 prepared 

from firing the corresponding spinel at 1500 °C. λ = 1.54056 Å 

 

4.7 Catalysis 

4.7.1 Diesel oxidation 

Three gallium oxides were selected for study in diesel oxidation catalysis as supports 

and one aluminium oxide catalyst, a catalyst support typical for diesel oxidation 

catalysis,70,71 was also tested to compare against the gallium oxide catalysts. Table 

4.15 lists the catalysts and their respective surface areas. Palladium was deposited on 

the surface of each catalysts by the wet impregnation method. 0.5% Pd was used on 

alumina whilst 0.27% Pd was used on the gallia catalysts maintaining the same molar 

weight percent of palladium. TEM imaging (Figure 4.34) shows the morphology of 

each catalyst. 

Table 4.15 Details of each catalyst, its surface area and method of preparation. 

Catalyst Coordination Surface area / 

m2g-1 

Preparation 

0.5% Pd / γ-Al2O3 1:2 tet.:oct. >150 Industry standard 

0.27% Pd / α-Ga2O3 Oct. only 24 Heating amorphous GaOOH* 

at 400 C for 4 hours 

0.27% Pd / β-Ga2O3 1:1 tet.:oct. 15 Heating amorphous GaOOH at 

1000 C for 4 hours 

0.27% Pd / γ-Ga2O3 1:2 tet:oct. 70 Solvothermal oxidation of Ga 

* GaOOH was prepared by reaction of aqueous Ga(NO3)3·9H2O with conc. ammonia solution. 
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Figure 4.34 TEM images of gallium oxide catalysts (a) alpha, (b) beta, (c) gamma. 

After the wet impregnation of palladium each catalyst was subjected to a 500 °C heat 

treatment in order to dry the catalyst. The catalysts were then pelletised to within a 

particle range of 255-355 μm prior to testing. A portion of each catalyst was fired to 

750 °C for 10 hours to mimic a catalyst part-way through its performance lifetime. 

The catalysts were then loaded onto the testing rig one at a time and heated to 500 °C 

whilst a gas mixture (Table 4.16) was passed over the catalyst. The effluent gases were 

monitored by FTIR. 

Table 4.16 Gas mixture used in the diesel 4HC catalytic testing. The flow rate was 4 litres per 

minute. 

Diesel 4HC Gas Mixture Concentration 

CO 500 ppm 

NO 150 ppm 

C3H6 37 ppm 

CH4 40 ppm 

Decane 26 ppm 

Toluene 10 ppm 

H2O 5% 

CO2 5% 

O2 12-13% 
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4.7.1.1 CO oxidation 

γ-Al2O3 outperforms all polymorphs of the Ga2O3 materials as catalyst supports in 

terms of having a lower light-off temperature (the temperature at which catalytic 

reactions are initiated within a catalytic convertor; here the reactor), and the T50 (the 

temperature at which 50% conversion has been achieved) (Figure 4.35). All gallium 

oxide supports show a higher light-off temperature and reach the maximum 

conversion at a higher temperature. The alpha polymorph has better activity than the 

beta polymorph which has better activity than the gamma polymorph. This is 

surprising given that the gamma polymorph is not only structurally analogous to the 

alumina standard support used in this work, but it also has the highest surface area of 

all three gallium oxide supports. Ageing the catalysts shows a slightly improved 

oxidation function in all three catalysts except for the beta polymorph where a marked 

increase in light-off temperature is observed trailing the performance of the gamma 

polymorph. It is important to note that ageing the gamma polymorph at 750 °C for 10 

hours will have a phase transformation into a poorly crystalline beta polymorph. The 

light-off and T50 values for all catalysts is provided in Table 4.17. 

 

 

 

 

 

 

Figure 4.35 (a) CO oxidation achieved by all fresh catalysts and (b) CO oxidation by all aged 

catalysts 
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Table 4.17 CO conversion temperatures for all catalysts. 

Support Light-off temperature / °C T50 / °C 

γ-Al2O3 (Fresh) < 111 134 

γ-Al2O3 (Aged) < 111 135 

   

α-Ga2O3 (Fresh) 129 191 

α-Ga2O3 (Aged) 125 187 

   

β-Ga2O3 (Fresh) 148 205 

β-Ga2O3 (Aged) 170 238 

   

γ-Ga2O3 (Fresh) 170 220 

γ-Ga2O3 (Aged) 170 226 

 

4.7.1.2 Total hydrocarbon conversion 

Total hydrocarbon conversion, (i.e. consisting of both the gas and liquid hydrocarbon 

components), is very similar to the activity observed in the CO conversion. γ-Al2O3 

outperforms all Ga2O3 polymorphs with respect to the light-off and T50, and the Ga2O3 

polymorphs show better activity in the order α > β > γ (Figure 4.36). Though the light-

off temperature is much lower for the alumina catalyst its activity for THC conversion 

only gradually increases initially before increasing at a higher rate around 200 °C. This 

is in contrast to the gallium oxide polymorphs which show a faster conversion rate 

similar to the CO conversion and results in the alpha gallium oxide polymorph having 

a T50 very similar to the alumina catalyst and their conversion activity above 200 °C 

is comparable reaching a maximum conversion at almost the same temperature (Table 

4.18). Ageing the catalysts shows that very little has changed in the activity of the 

catalysts with the exception of the beta polymorph which, as for the CO conversion, 

has become less active lighting off at a higher temperature. 
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Figure 4.36 (a) THC conversion by fresh catalysts and (b) THC conversion by aged catalysts. 

Table 4.18 THC conversion temperatures for all catalysts. 

Catalyst Light-off temperature / °C T50 / °C 

γ-Al2O3 (Fresh) 137 198 

γ-Al2O3 (Aged) 135 200 

   

α-Ga2O3 (Fresh) 159 205 

α-Ga2O3 (Aged) 163 205 

   

β-Ga2O3 (Fresh) 194 222 

β-Ga2O3 (Aged) 215 250 

   

γ-Ga2O3 (Fresh) <227 249 

γ-Ga2O3 (Aged) <230 239 

 

4.7.1.3 NO oxidation  

In the fresh samples, a similar trend is observed but the beta polymorph has greater 

activity than the alpha polymorph (Figure 4.37(a)). No catalyst is particularly effective 

in NO oxidation which is to be expected with a palladium based catalyst.70 All 

catalysts reach a maximum NO conversion between 400 - 450 °C before the activity 

begins to decrease. The palladium supported gamma gallia polymorph is notably 

ineffective again this time as a catalyst for oxidation of NO. Ageing the catalysts 

serves to enhance the activity of the alpha and gamma polymorphs whilst severely 

inhibiting the activity of the beta polymorph (Figure 4.37(b)). 
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Figure 4.37 (a) NO oxidation by fresh catalysts, (b) NO oxidation by aged catalysts. 

That all Ga2O3 polymorphs are poorer supports for diesel oxidation is unclear. 

However, it is widely known that formation of gallium-palladium intermetallic 

compounds occurs readily especially under gases46,72 such as CO observed here in the 

diesel oxidation tests. Given that the palladium present on these catalysts is in such a 

small amount it is unlikely that the formation of intermetallic species would be 

detected and indeed no crystalline intermetallic compounds were detected by XRD, 

TEM or X-ray photoelectron spectroscopy (XPS), but its presence could make the 

materials less effective for the catalysis reactions tested here given that Pd2+ is more 

catalytically active in diesel oxidation than metallic Pd, as found in the alloy.  

During the course of this work it was found that the intermetallic species GaPd2 could 

be synthesised via solvothermal reaction of either Ga metal, or γ-Ga2O3 and PdCl2 in 

ethanolamine at 240 °C, and was detected as low as 10% Pd in a 1:9 Pd:Ga reaction 

and was also observed by TEM (Figure 4.38). Given that in the solvothermal reaction 

palladium can extrude gallium from the oxide it is not unlikely that formation of this 

species could form upon heating the palladium impregnated gallium oxide catalysts to 

500 °C in the presence of the reducing gas CO and therefore be responsible for 

retarding the catalytic activity of the spinel catalyst. 
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Figure 4.38 (a) PXRD pattern showing GaPd2 with γ-Ga2O3, (b) TEM image showing the two 

distinct particle morphologies: GaPd2 and γ-Ga2O3. The inset shows a close-up on GaPd2 

reflections. Faded peaks are of the aluminium sample holder. 

4.7.2 Semi-hydrogenation of acetylene 

Since there is a possibility that the formation of some intermetallic compound had 

formed by reaction of palladium with the gallium oxide support, some gallium oxides 

loaded with Pd were tested as catalysts for the semi-hydrogenation of acetylene. There 

is a growing interest in using GaPd2 supported on Ga2O3 by in situ reduction in this 

area of catalysis.73,74 

GaPd2 as well as other Ga-Pd intermetallic species have received and continue to 

receive great interest in their potential as catalysts for methanol steam reforming72,75 

and in particular for the semi-hydrogenation of ethylene, having superior activity, 

stability, and selectivity for ethene over ethane.76–80 The formation of isolated active 

sites by the presence of gallium impedes and prevents over-hydrogenation to ethane.80  

 

In this work two catalysis experiments were performed:  

Experiment 1: An investigation using high surface area γ-Al2O3, and γ-Ga2O3, which 

have been pre-reacted with PdCl2, and where the formation of GaPd2 is known to form 

during the synthesis from Ga2O3. 

Experiment 2: An investigation using Pd loaded onto low surface area β-Ga2O3, β-

Ga1.4Al0.6O3 β-Ga1Al1O3, and α-Al2O3. 
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4.7.2.1 Experiment 1 

4.7.2.1.1 Catalyst synthesis 

GaPd2 / gallium oxide catalyst 

5 g of γ-Ga2O3 and 500 ppm (wt%) of PdCl2 were added to a 100 ml PTFE liner 

followed by addition of 50 ml ethanolamine. The liner was placed inside a stainless-

steel autoclave and placed in a pre-heated fan-assisted oven at 240 °C for 72 hours. 

After the reaction, the autoclave was cooled naturally to room temperature and the 

grey coloured solid isolated by vacuum filtration and washed with methanol. The 

material was dried overnight at 70 °C. 

Pd / aluminium oxide catalyst 

5 g of γ-Al2O3 and 500 ppm (wt%) of PdCl2 were added to a 100 ml PTFE liner 

followed by addition of 50 ml ethanolamine. The liner was placed inside a stainless-

steel autoclave and placed in a pre-heated fan-assisted oven at 240 °C for 72 hours. 

After the reaction, the autoclave was cooled naturally to room temperature and the 

grey coloured solid isolated by vacuum filtration and washed with methanol. The 

material was dried overnight at 70 °C. 

 

4.7.2.1.2 Catalyst preparation 

Catalysts were pelletised to within a 250 – 355 μm particle size range prior to testing 

and approximately 500 mg catalyst was used for each reaction. The catalyst was tested 

on fixed-bed reactor located inside an oven in order to reach the desired temperature. 

The catalyst was held inside the reactor between two layers of glass wool. The outlet 

gases were analysed by gas chromatography. 

The catalyst was subjected to an in situ pre-reduction step heating at 140 °C with 

hydrogen. The samples were flushed with nitrogen while cooling to room temperature. 

Then, the catalyst was tested for acetylene hydrogenation under ethylene rich 

conditions. The testing conditions are summarised in Table 4.19.  The temperature 

was varied within the range detailed in Table 4.19, with the purpose of obtaining data 

through the whole range of conversion. 
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Table 4.19 Testing conditions during experiment 1. 

Catalyst mass / 

mg 

Flow of 1% acetylene, 1.1% H2 in 

ethylene / ml min-1 

Pressure / 

bar 

Oven temperature / 

°C 

500 50 4 20.8 – 144.8 

 

4.7.2.1.3 Results 

The experiment showed that the gallium oxide catalyst achieved a higher overall 

conversion of acetylene than the aluminium oxide (Figure 4.39(a)), but more 

importantly showed that less ethane was produced compared to the Pd/alumina 

catalyst (Figure 4.39(b)) suggesting that the Pd/gallia catalyst shows a higher 

selectivity. The production of ethane with increasing acetylene conversion is also 

different for both catalysts as alumina shows that a plateau in ethane concentration is 

reached around 120 °C (when ~50% acetylene conversion is achieved) and then a 

decrease in ethane concentration is observed whereas the gallium oxide polymorph 

shows a gradual, linear increase in ethane concentration with increasing acetylene 

conversion. 

 

 

 

 

 

 

Figure 4.39 (a) acetylene conversion vs temperature, (b) ethane concentration vs acetylene 

conversion by both catalysts. 

 

It is worth noting here that use of the high surface area alumina is not standard practice 

in this area of catalysis as the high surface area polymorph is associated with higher 

levels of surface bound hydroxyl groups leading to over-hydrogenation of acetylene. 

Lower surface area polymorphs are desired in acetylene semi-hydrogenation. 

Experiment 2 explores the catalysis with some lower surface area polymorphs. 



 

178 

 

4.7.2.2 Experiment 2 

4.7.2.2.1 Catalyst synthesis 

Pd / β-Ga2O3 catalysts 

Three gallium oxide containing catalysts were used in this experiment: β-Ga2O3, β-

Ga1.4Al0.6O3, and β-Ga1.0Al1.0O3. These catalysts were prepared in two steps: the first 

step was to prepare 5 g of the spinel oxides first by the solvothermal 2-propanol 

synthesis route detailed in Section 4.3.1.2 and the second step firing at 1400 °C for 4 

hours was done to yield highly crystalline, low surface area beta polymorphs. 

3500 ppm Pd was loaded onto the surface of each support by wet impregnation 

maintaining the same mass % Pd on each support. 

 

Pd / α-Al2O3 catalyst 

The low surface area alpha alumina catalyst was obtained from Johnson Matthey. 

3500 ppm was loaded onto the surface of the catalyst by wet impregnation to maintain 

the same mass % Pd as the gallium oxide catalysts. 

 

4.7.2.2.2 Catalysts preparation 

0.1 g of each powdered material was used for each reaction. The catalysts were tested 

on a fixed bed reactor located inside an oven in order to reach the desired temperature. 

The catalyst was held inside the reactor between two layers of glass wool. The outlet 

gases were analysed by gas chromatography. 

The catalysts were pre-reduced in the same way as detailed in experiment 1. Then, the 

catalysts were tested for acetylene hydrogenation under ethylene rich conditions. The 

testing conditions are summarised in Table 4.20.  The temperature was varied within 

the range detailed in Table 4.20, with the purpose of obtaining data through the whole 

range of conversion. 
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Table 4.20 Testing conditions during experiment 2. 

Catalyst mass / 

mg 

Flow of 1% acetylene, 1.1% H2 in 

ethylene / ml min-1 

Pressure / 

bar 

Oven temperature / 

°C 

100 50 4 28.4 – 104.4 

 

4.7.2.2.3 Results 

The mixed-metal oxides show a greater overall acetylene conversion than the pure 

alumina or pure gallia support with the gallium oxide catalyst showing the lowest 

activity for all catalysts (Figure 4.40(a)). The β-Ga1.0Al1.0O3 catalyst reaches the 

highest overall conversion and at a lower temperature than the other three catalysts. In 

terms of how much ethane is produced in the experiment the catalysts are all very 

similar, though the β-Ga1.0Al1.0O3 catalyst shows the lowest amount of ethane 

produced between 50-70 °C (Figure 4.40(b)). 

 

 

 

 

 

 

Figure 4.40 (a) acetylene conversion vs temperature for all catalysts, (b) selectivity curve 

showing ethane concentration vs acetylene conversion for all catalysts.  

 

Attempts to identify the formation of any GaPd2 by XRD, XPS and electron 

microscopy were unsuccessful. Infrared spectroscopy analysis of CO chemisorbed on 

to Pd was used to investigate any differences between the catalysts in an attempt to 

elucidate any intermetallic species formation. In the alumina-only catalyst no 

intermetallic species would be expected to form and therefore many IR active modes 

of CO should be expected including terminal, bridging and tri-coordinated CO on Pd 

(Table 4.21). IR spectroscopy of the alumina catalyst reveals the presence of all 

bridging and tri-coordinated CO adsorbed on Pd but very little linearly adsorbed CO 
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(Figure 4.41(a)). The same is true for both β-Ga1.4Al0.6O3, and β-Ga1.0Al1.0O3 

suggesting the presence of only Pd and not GaPd2 on the surface of the catalyst. It 

would typically be expected that the presence of GaPd2 would lower the intensity of 

bridged and tri-coordinated adsorbed CO owing to the isolated Pd atoms and show 

high intensities of the linearly adsorbed CO. Recent work by Föttinger et al. has shown 

that CO adsorption on GaPd2 has a detrimental effect on GaPd2 causing it to degrade 

within the time of the measurement (60 minutes).75,81 It is likely that in this work, the 

formation of any GaPd2 could also have been degraded by the CO experiment: the 

infrared spectroscopy collection time was ~30 minutes, which could be long enough 

to degrade any intermetallic Ga-Pd species into their monometallic counterparts. The 

IR experiment may therefore be inconclusive as to the presence of GaPd2. 

Table 4.21 Expected IR CO adsorption bands82 

CO band Wavenumber / cm-1 

Linear adsorption 2020-2110 

Bridge-bonded defective species 1950-2010 

Bridge-bonded on (111) terraces 1900-1940 

Tri-coordinated CO on (111) terraces 1800-1890 

 

The total intensity for the CO adsorption band is similar in sets of samples with same 

Pd loading which translates into comparable available Pd sites for CO adsorption thus 

similar particle size. 

From the shift in the band position and similar total area it can be concluded that in 

the mixed gallium aluminium oxide samples the morphology of the particles is 

different. 
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Figure 4.41 IR spectra of CO adsorbed on 3500ppmPd/α-Al2O3 (black), 3500ppmPd/β-Ga2O3 

(red), 3500ppmPd/β-Ga1Al1O3 (blue). 

 

In conclusion, there is still lacking evidence for any intermetallic Ga-Pd species 

forming during the either the diesel oxidation or semi-hydrogenation of acetylene 

catalysis experiments. However, importantly, the current results suggest that the 

mixed-metal (Ga,Al)2O3 oxides show evidence for improvement over the pure 

alumina or pure gallia catalysts and should be investigated further. 

4.8 Conclusions and summary 

An investigation into the polymorphism of the system Ga2-xAlxO3 has been presented 

and summarised in the scheme below (Figure 4.42).  

 

 

 

 

 

 

 

 

Figure 4.42 Synthesis and interconversion of Ga2-xAlxO3 polymorphs. 
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The interconversion of the polymorphs is similar to the interconversion of gallium 

oxide polymorphs (Figure 4.43). γ-Ga2-xAlxO3 and Ga5-xAlxO7(OH) can be prepared 

by solvothermal methods as can pure γ-Ga2O3 and Ga5O7(OH), though different 

reagents and solvents are required for the oxyhydroxide.   

 

 

 

 

 

 

 

Figure 4.43 Interconversion of gallium oxide polymorphs devised by Playford et al. Some 

phases are faded grey to highlight the similar interconversion between Ga2O3 and Ga2-xAlxO3 

polymorphs. 

 

Gallium aluminium oxide spinels can be accessed via a solvothermal route but 

optimised for lower temperature than previously. Up to 90% Al3+ can be incorporated 

into the spinel structure. Solid state MAS NMR shows that gallium and aluminium 

preferentially occupy the tetrahedral and octahedral sites respectively but this is not 

exclusive and mixed site occupation was observed for all spinels throughout the solid 

solution γ-Ga2-xAlxO3 where 0.2 ≤ x ≤ 1.8.  

The thermal decomposition of Ga5O7(OH) was re-investigated and found that it 

decomposes into a mixture of ε-Ga2O3 and κ-Ga2O3 at 450 °C, though further work is 

needed to determine if this is a biphasic mixture or a disordered intergrowth of the 

polymorphs. 

During this investigation, the synthesis of a new gallium aluminium oxyhydroxide was 

discovered, though it had likely been discovered independently by Roy and by 

MacDonald first but incorrectly identified as GaAlO3. It is metastable, decomposing 

into ε-Ga2-xAlxO3 and κ-Ga2-xAlxO3 following the same dehydration pathway as the 
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isostructural Ga5O7(OH), prior to formation of the thermodynamically stable β-Ga2-

xAlxO3. 

The limit of solubility of Al3+ into β-Ga2O3 has been contested widely in the literature. 

Rietveld refinement in this work shows that the solubility limit appears to be between 

65-70%. Mixed phases formed at higher levels of aluminium, with higher 

temperatures favouring formation of the beta polymorph.  

Some preliminary studies of the use of gallium oxide and mixed gallium aluminium 

oxides in catalysis were reported. Aluminium oxide outperforms three gallium oxide 

polymorphs when used as supports for palladium in diesel oxidation. This had been 

attributed to the possible formation of the intermetallic species GaPd2. On the other 

hand, palladium supported on mixed-metal β-Ga2-xAlxO3 shows improved activity 

over α-Al2O3 and β-Ga2O3 in the semi-hydrogenation of acetylene, although the 

presence of GaPd2 needs further work to prove that it has formed. 
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5. Solvothermal Reactions of Gallium Precursors and Early First Row 

Transition Metals Salts 

5.1 Introduction on mixed-metal gallium oxides synthesis 

Gallium is known to form oxides with metals from all over the Periodic Table. For 

example, gallium can form delafossites and oxides having the NaFeO2 structure with 

some metals in Group I and first row transition metals,1–3 a variety of different 

structures with some Group II metals,4–10 spinels with the later first row transition 

elements,11–16 and garnet-type oxides with some rare-earth metals.17 This chapter 

focusses on the synthesis and characterisation of mixed metal gallium oxide materials 

where the metal is an early first row transition metal (vanadium, chromium, 

manganese). Much work has been undertaken on understanding gallium spinels, in 

particular spinels of gallium with the later first row transition metals, but in contrast 

there is very little on the oxides formed from gallium and the earlier transition metals. 

Few oxides containing gallium and vanadium have been reported on in the scientific 

literature. The mixed valent vanadium material V2GaO5 was prepared by high 

temperature synthesis at 1423 K.18 Its structure, solved from single crystal X-ray 

diffraction, contains β-gallia-like columns of tetrahedral GaO4, and VO6 octahedral 

chains parallel to the c-axis (Figure 5.1). It was reported that vanadium usually adopts 

octahedral geometry in oxides and indeed the structure solution of this oxide 

confirmed that both V3+ and V4+ occupied the octahedral sites in the structure, whilst 

tetrahedral sites are solely occupied by gallium. At lower temperatures, 1273 K, a 

different material in the V2O3-VO2-Ga2O3 system, V6Ga2O13, was found to be stable.18 

Both V2GaO5 and V6Ga2O13 are stable at room temperature and pressure in air. V3+ is 

usually unstable oxidising to V4+ or V5+. For example, this is found in corundum-type 

V2O3 which gradually oxidises to monoclinic (distorted rutile) VO2 in the presence of 

air at room temperature.18 Bixbyite V2O3 has only recently been discovered by reaction 

of VF3 in a water-saturated stream of 10vol% hydrogen in argon. The material is stable 

to 823 K and then transforms to V2O3.
19 Most aqueous V3+ cations oxidise to the 

vanadyl cation, with V2(SO4)3 being the notable dry-air-stable exception.20 
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Figure 5.1 (left) crystal structure of β-Ga2O3, (right) crystal structure of V2GaO5 which has 

similar beta-gallia-like columns: GaO4 (orange), VO6 (blue), and (Ga, V)O6 (green). 

 

A mixed metal aluminium vanadium oxide defect spinel, AlVO3, is known and can be 

prepared by reduction in hydrogen at 1000 °C. An X-ray, neutron and electron 

diffraction study showed that Al3+ randomly occupies two-thirds of available 

tetrahedral sites. The spinel is antiferromagnetic with a Néel temperature of 270 K.21 

The geometrically frustrated AlV2O4 spinel is also known. This oxide features 

vanadium in oxidation states +2 and +3, which is unusual. This is an interesting 

material for it displays a charge-ordering state below 700 K.22–24 Since aluminium and 

gallium are of a similar size it seems likely that gallium analogues of these spinels can 

be prepared, and indeed was the original motive behind some of the work in this 

chapter. 

With regards to other early transition metals, there are no known oxides containing 

both chromium and gallium with the exception of a Cr3+ doped MgGa2O4-Ga2O3 

system,25 but both manganese and iron form spinels with gallium at high 

temperature26–28 There are few reports on iron gallium oxide prepared from low 

temperature hydro(solvo)thermal29 chemistry but, aside from microwave-

hydrothermal,30 manganese gallium oxides have not been reported from any 

hydro(solvo)thermal reactions in the literature. 
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5.1.1 Catalysis by mixed-metal oxides 

V2O5 is employed as the catalyst in the Contact process: an industrial process to 

manufacture H2SO4 and is employed worldwide. V2O5, in combination with hydrogen 

peroxide, also finds use in the oxidative esterification of aldehydes employed by some 

organic chemists.31 Vanadium containing oxides have also been widely explored for 

application in other areas of catalysis, such as in the oxidative propane 

dehydrogenation reaction as vanadium containing oxides have been found to 

outperform most other catalysts.32,33 Currently one of the best catalysts in this reaction 

is a vanadium molybdenum based catalyst.34 Oxidative propane dehydrogenation is an 

important reaction for the production of olefins, in particular ethylene and propylene, 

with the demand expected to increase substantially in the near future. Steam cracking 

is also used for olefin production but the reaction favours ethylene over propylene, 

whereas the problems with dehydrogenation lies within its thermodynamic constraints 

and coking leading to catalyst deactivation. Oxidative dehydrogenation overcomes 

most of these issues and therefore intense research is taking place to develop better 

catalysts for the oxidative dehydrogenation of alkanes.35 The vanadium gallium oxides 

described above have not yet been investigated for potential catalytic applications. 

Supported chromium oxides have found use in alkane dehydrogenation reactions36 and 

in olefin polymerisation reactions,37 however one potential disadvantage of chromium 

oxides and their application in catalysis is the possibility of forming Cr6+
 which is 

toxic. Chromium oxide was used as an additive in the water-gas shift reaction but 

research now focusses on using other metals as additives instead for this very reason.38  

Chromium oxides, however, have found other important applications other than 

catalysis. Cr2O3 has found application as a pigment and recently reinvestigated as 

such,39 whilst CrO2 is famous for its use in recording tape in the mid-20th century 

owing to it being ferromagnetic.40 

Manganese containing water oxidation catalysts are closed related to photosystem II, 

a light dependent reaction step in oxygenic photosynthesis. Manganese substituted 

cobalt gallium oxide, prepared by a microwave-hydrothermal method, was found to 

outperform both cobalt gallium oxide and manganese gallium oxide as a water 

oxidation catalyst.30,41 
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5.2 Scope of this chapter 

In this chapter, synthesis and structural analysis of new materials formed from the 

reaction of gallium precursors and some of the early first row transition metal salts 

(i.e. of V, Cr, and Mn) are presented. The reactions used were based, in part, on 

reactions discussed in earlier chapters such as for the synthesis of cobalt gallium oxide 

(Chapter 3) and aluminium substituted gallium oxides (Chapter 4). The synthesis and 

characterisation of a novel vanadium substituted gallium oxyhydroxide is presented 

and later in the chapter the results regarding the synthesis and characterisation of a 

new chromium substituted gallium oxide, and a manganese gallium oxide is presented. 

Catalysis studies with the gallium vanadium oxyhydroxide material is presented at the 

end of the chapter. 

5.3 A new gallium vanadium oxyhydroxide: Ga5-xVxO8-y(OH)y 

5.3.1 Synthesis 

In a typical synthesis, 0.150 g (2.15 mmol) of Ga metal (Alfa-Aesar, 99.9%) and 

0.396 g (2.15 mmol) Na3VO4 (Alfa-Aesar, 99.9%) were added to a 10 ml mixture of 

1:1 water:ethanolamine (MEA) with stirring. The mixture was sealed in a 23 ml PTFE-

lined steel autoclave and heated at 240 °C for 96 hours in a preheated fan-assisted 

oven. The autoclave was cooled to room temperature naturally and the solid isolated 

by suction filtration. The black solid was then washed with methanol and dried 

overnight at 70 °C. 

An alternative synthesis was to mix 0.40 g (1.09 mmol) of (Ga(acac)3 (Aldrich, 

99.99%) and 0.380 g (1.09 mmol) V(acac)3 (Aldrich, 97%) in 10 ml 1,4-butanediol 

with stirring. This mixture was sealed in a 23 ml PTFE lined autoclave and placed in 

a preheated fan-assisted oven at 240 °C for 96 hours. Upon cooling naturally to room 

temperature, the slurry was collected via centrifugation followed by washing in 

acetone and isolated by further centrifugation. The slurry was dried overnight at 70 °C 

which yielded a black powder. The material prepared by this synthesis is less 

crystalline than the method in 1:1 MEA:H2O. 

Control reactions using either only Ga(acac)3 or V(acac)3 under the same reaction 

conditions yielded β-Ga2O3 or corundum-type V2O3, respectively. Typically a flow of 
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H2 or CO is required to reduce V2O5 to V2O3
42 though it has been prepared 

solvothermally43 or by refluxing in an organic template.44 This shows that trivalent 

vanadium containing oxides may be prepared directly by solvothermal synthesis. 

5.3.2 General characterisation 

5.3.2.1 Powder X-ray diffraction 

The room temperature powder XRD pattern of the material formed in MEA:H2O 

shows reflections with two clearly different peak shapes. It was assumed, at first, that 

this was a mixed phase material. However, upon indexing an hexagonal unit cell, 

analogous to the 5Al2O3·H2O-type structure (tohdite),45–51 was found (space group 

𝑃63𝑚𝑐), with lattice parameters a = 5.78 Å, c = 9.28 Å. The pure gallium analogue, 

5Ga2O3·H2O, with lattice parameters a = 5.82107(8) Å, c = 9.0662(2) Å, has only 

recently been synthesised and a detailed structural refinement found that the formula 

of these materials is better represented as M5O7(OH), (M = Al or Ga).52 The two 

distinct peak shapes found in the powder pattern of the new vanadium material are a 

clear example of anisotropic peak broadening often found for materials composed of 

plate morphology. The intense sharp peaks however indicate that the material has a 

large crystallite size. 

 

 

 

 

 

 

 

Figure 5.2 Powder XRD patterns of Ga5O7(OH) (tohdite) (black), and vanadium substituted 

gallium tohdite (red). 
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A Pawley refinement against room temperature powder X-ray diffraction data was 

carried out on this material and it was found that Stephens’ phenomenological model 

of anisotropic peak broadening was essential in order to model both peak shapes 

(Figure 5.3).53 A large value on the (00l) reflection indicates the direction of the cell 

where the large anisotropic peak broadening is found (Table 5.1). At this stage, the 

material was described as Ga5-xVxO7(OH) with the assumption that the vanadium is 

present only as V3+. Even with the Stephens’ model applied the (112) reflection 

remains poorly fitted.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 (a) Pawley refinement without the Stephens’ model of anisotropic peak broadening 

with (inset) showing a close up of the fit, (b) Pawley refinement using the Stephens’ mode 

with (inset) showing that both broad and sharp peaks are reasonably well fitted. 
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Refined lattice parameters were calculated as: a = 5.78824(3) Å and c = 9.2785(8) Å 

in the refinement including the Stephens’ parameters. 

Table 5.1 Refined Stephens’ parameters. 

Parameter Value 

S400 -639.7 

S202 62.9 

S004 3957 

 

5.3.2.2 Further experimental details and characterisation by PXRD 

The long reaction time of 96 hours is necessary in order to obtain a phase pure material. 

A 48-hour reaction shows an impurity phase apparent at around 13 °2θ (Figure 5.4(a)). 

An even shorter reaction time of 24 hours forms only an unidentifiable material(s) 

(Figure 5.4(b)). The intense peak around 13 °2θ is also observed as in Figure 5.4(a) 

but other peaks are clearly observed in Figure 5.4(b). The position of the second peak 

around 26 °2θ and its intensity relative to the first peak tentatively suggests the 

formation of a layered double hydroxide (LDH) with the first and second peak being 

the (003) and (006) reflections respectively. The formation of LDHs preceding the 

formation of metal oxides in solvothermal reactions was presented in Chapter 3.54 

 

 

 

 

 

 

Figure 5.4 Powder XRD patterns of (a) 48 h reaction of Na3VO4 and Ga in 1:1 MEA:H2O 

(black) showing an impurity phase (denoted *), a 96 h reaction of Na3VO4 and Ga in 1:1 

MEA:H2O (red) showing single phase Ga5-xVxO7(OH), and (b) a 24 hour reaction of Na3VO4 

and Ga in 1:1 MEA:H2O showing no formation of the tohdite-like material with (inset) close 

up of higher angle peaks. 
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The 1:1 ratio of metals appears to be fixed as addition of too little Na3VO4 forms 

Ga5O7(OH) as a secondary phase whilst addition of too much Na3VO4 forms the 

unidentifiable material described above (Figure 5.5(a)) even after 96 hours. This 

dependency on the stoichiometric ratio contrasts with the Al3+ substituted Ga5O7(OH) 

material described in Chapter 4, which could incorporate between 10 – 30% 

aluminium. No oxyhydroxide material formed at higher substitutions of aluminium 

but the material showed flexibility in the level of aluminium substitution.  

Control reactions using only Ga metal or Na3VO4 under the same reaction conditions 

yielded either phase pure Ga5O7(OH), or an unidentifiable material in the case of 

Na3VO4 (Figure 5.5(b)).  

 

 

 

 

 

 

Figure 5.5 Powder XRD of materials (a) made with a 2:1 V:Ga stoichiometry (black) showing 

an impurity phase (*), which is absent in the reaction with 1:1 ratio (red), (b) control reaction 

of Na3VO4 showing an unidentifiable material.  

 

The room temperature powder XRD pattern of the material formed in 1,4-butanediol 

from acetylacetonate precursors also showed significant anisotropic peak broadening 

(Figure 5.6) however in this material all reflections are much broader indicating nano-

sized crystallites. This was expected since the material formed in a slurry which cannot 

be obtained from filtration but instead must be collected by centrifugation. Since all 

peaks are much broader Pawley refinements proved challenging even with the 

Stephens’ model applied. Furthermore, often the broadened peaks in the pattern 

showed a shoulder as if indicating a secondary phase. Though this was not always 

apparent it was observed in numerous diffraction patterns of different samples and so 

the material formed in the MEA:H2O mixture was used for further structural analysis 

and characterisation. 
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Figure 5.6 Powder XRD of materials prepared from a 96 hour reaction of gallium and 

vanadium acetylacetonates in 1,4-butanediol (black) (note the shoulder on the peak at ~26 

°2θ), and a 96 hour reaction of gallium metal and sodium orthovanadate in 1:1 MEA:H2O 

(red). 

 

The mineral tohdite, or akdalaite which is the name commonly given to natural tohdite, 

is isostructural with nolanite (further discussion is found in Section 5.3.4), which was 

reported to contain iron and vanadium. Attempts to substitute Ga3+ for Fe3+ using the 

1,4-butanediol method were unsuccessful forming only FeGa2O4 or Fe3O4. A high-

pressure phase where Ti4+ was doped into Al5O7(OH) has also been reported55 but 

again attempts to substitute a portion of Ga3+ for Ti4+, which would require the loss of 

some of the hydroxy group such that the formula be written Ga5-xTixO8-y(OH)y, or 

instead would require a vacant Ga3+ site, was also not possible to prepare 

solvothermally by either the 1,4-butanediol or 1:1 H2O:MEA method. 

Reactions where Ga(acac)3 was fully or partially substituted for Al(acac)3 were 

unsuccessful in incorporating Al3+ into the structure of this material. It is surprising 

that no Al3+ can be included and yet it can form a mixed oxyhydroxide with gallium 

only (Chapter 4).  
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5.3.3 Time-of-Flight Powder Neutron Diffraction 

5.3.3.1 Refinement of neutron data only 

Time-of-flight powder neutron diffraction data were collected on the Polaris 

instrument, at ISIS, at room temperature. 

An initial model using the Ga5O7(OH) structure was used to fit the data,52 and 

vanadium was added to the structure so that the gallium and vanadium had a half share 

of each site initially to give a Ga:V ratio of 1:1, (Table 5.2), as expected from the ratio 

used in the synthesis and inferred from the metal ratios obtained from EDX, (SEM) 

and EELS, (TEM). The initial lattice parameters were taken from Pawley refinement 

of the room temperature X-ray diffraction data. 

Table 5.2 The initial crystal parameters used prior to the refinement of vanadium gallium 

oxyhydroxide based on the Ga5O7(OH) model. Space group 𝑃63𝑚𝑐. Initial lattice parameters: 

a = 5.78824 Å, c = 9.27859 Å. 

Wyckoff site Atom x y z Occupancy Beq / Å2 

6c Ga1 0.1654 0.3308 0.3633 0.5 0.3 

 V1 0.1654 0.3308 0.3633 0.5 0.3 

2b Ga2 2/3 1/3 0.1598 0.5 0.3 

 V2 2/3 1/3 0.1598 0.5 0.3 

2b Ga3 1/3 2/3 0.0439 0.5 0.3 

 V3 1/3 2/3 0.0439 0.5 0.3 

2a O1 0 0 -0.0173 1.0 0.3 

6c O2 0.5133 0.0265 0.0004 1.0 0.3 

6c O3 0.8334 0.6668 0.2594 1.0 0.3 

2b O4 1/3 2/3 0.2503 1.0 0.3 

2a H1 0 0 0.100 1.0 0.3 

 

The structure of akdalaite/tohdite has been scrutinised in a paper using computational 

methods to confirm that the space group 𝑃63𝑚𝑐 is adequate.56 The two subgroups of 

𝑃63𝑚𝑐 are 𝑃31𝑐 and 𝐶𝑚𝑐21, which offer additional degrees of freedom. It was found 

that these extra degrees of freedom are not exploited in akdalaite with minimal energy 

differences between all three space groups and concluded that 𝑃63𝑚𝑐 is appropriate 

for the structure. Based on this and the structural refinement of Ga5O7(OH), also 

refined in 𝑃63𝑚𝑐, this space group was chosen for the current work. 
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Two constraints were applied to the refinement. The first was to keep the metal sites 

fully occupied (i.e. so that the total site occupancy equals 1), to ensure the result did 

not become unphysical with sites exceeding 1. The second was to keep the thermal 

parameter for each mixed metal site the same. Since the coherent scattering cross 

section of vanadium is 0.018 barns the structural information of the metal sites will be 

dominated by gallium. As the refinement is a representation of the average crystal 

structure it would be expected that two metals sharing the same site would have the 

same thermal parameters and fractional coordinates and so although these refined 

parameters are refined for the gallium the values obtained can be applied to vanadium 

too. 

The anisotropic peak broadening was not so pronounced in the neutron data, likely 

due to the lower resolution obtained from the instrument, but it was found that the 

Stephens’ phenomenological model of anisotropic peak broadening was required in 

order to obtain a satisfactory fit. With the Stephens’ parameters included the 

refinement proceeded smoothly to an wRp of 2.026%, and the refined crystal 

parameters are shown in Table 5.3 and the fit to the data from banks 3 and 5 shown in 

Figure 5.7. 

 

 

 

 

 

 

 

Figure 5.7 (a) Results of Rietveld refinement of vanadium substituted gallium tohdite using 

neutron diffraction from Polaris bank 3 and (b) bank 5. 
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Table 5.3 Refined crystal parameters for Ga2.52V2.48O7.33(OH)0.67. Space group 𝑃63𝑚𝑐, 

a = 5.7906(2) Å, c = 9.2550(5) Å. Rp = 1.955%, wRp = 2.026%. 

Wyckoff site Atom x y z Occupancy Beq / Å2 

6c Ga1 0.1674(7) 0.3348(14) 0.3440(5) 0.284(7) 0.23(9) 

 V1 0.1674(7) 0.3348(14) 0.3440(5) 0.716(7) 0.23(9) 

2b Ga2 2/3 1/3 0.1358(5) 0.671(1) 0.26(7) 

 V2 2/3 1/3 0.1358(5) 0.329(1) 0.26(7) 

2b Ga3 1/3 2/3 0.0353(2) 1.0 0.08(2) 

 V3 1/3 2/3 0.0353(2) 0 0.08(2) 

2a O1 0 0 -0.0196(5) 1.0 0.382(12) 

6c O2 0.5127(1) 0.0253(3) -0.0125(4) 1.0 0.382(12) 

6c O3 0.8310(4) 0.6619(8) 0.2456(4) 1.0 0.382(12) 

2b O4 1/3 2/3 0.2400(5) 1.0 0.382(12) 

2a H1 0 0 0.070(16) 0.67(4) 1.2(2) 

 

During the refinement, it was found that the Ga3 (2b) site occupancy refined slightly 

above 1, to 1.019, which was a strong indication that this site was occupied only by 

gallium and later in the refinement this parameter was fixed at 1.0 to give a meaningful 

interpretation to the refinement. 

A good fit to data was determined especially for the shorter time-of-flight reflections 

(Figure 5.8(a)), though a noticeable 2θ offset was observed in longer time-of-flight 

reflections (Figure 5.8(b)) possibly due to micro-strain within the crystallites. 

 

 

 

 

 

 

Figure 5.8 (a) Rietveld fit of shorter time-of-flight reflections from Polaris bank 3 data, (b) 

longer time-of-flight reflection showing 2θ offset. 
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Occasionally false structure refinements are obtained owing to the high correlation 

between the thermal parameters and the site occupancies. In this refinement, the 

thermal parameters were the last structural parameters to be refined. It is believed in 

this structural model that the refined occupancy parameters and thermal parameters 

are physical since the thermal parameters for the site containing only gallium is much 

smaller than for the sites containing a portion of vanadium which makes sense. 

Furthermore, the refined chemical composition is Ga2.52V2.48O7.33(OH)0.67 which gives 

a refined composition close to Ga:V as 1:1 which is in good agreement with both the 

stoichiometry of the reaction and the metal ratio as inferred from both EDX and EELS 

determined from electron microscopy. In addition to this, gallium exclusively occupies 

the tetrahedral site which is not unexpected owing to the tetrahedral site preference 

shown by gallium in many oxide materials. Similar tetrahedral preference by gallium 

was found by 71Ga MAS NMR in the Al3+ substituted Ga5O7(OH) materials (Chapter 

4). The occupancy of the hydrogen refined to 0.67 which is acceptable so long as a 

small portion of the vanadium is oxidised to V4+. The average oxidation state of 

vanadium in this model is V3.13+ i.e. most of the vanadium is trivalent. V3+ will 

preferentially adopt octahedral coordination owing to its size and crystal field 

stabilisation energy such as is found in many spinels for the 3d3 configuration.57 

Tetrahedral vanadium usually is often found in the pentavalent state such as found in 

Na3VO4 and NH4VO3, but is still often too large for tetrahedral coordination and in 

V2O5 vanadium adopts distorted trigonal bipyramids. V3+ is even larger than V5+ 

rendering a tetrahedral geometry highly unlikely. This is in contrast to refined nolanite 

crystal structures which have similar crystal structures to tohdite and where V3+ has 

been found distributed over both the octahedral and tetrahedral sites (vide infra).58,59 

5.3.3.2 Simultaneous Neutron Time-of-Flight and X-ray Refinement 

A second refinement simultaneously refined models against both neutron and X-ray 

data. The reasons for this were twofold. Firstly, it would be further evidence for a 

correct refinement of the structural parameters if the structure from neutron data agrees 

with the X-ray data. Secondly, since the scattering cross section of vanadium is ca 0 

the atomic coordinates, site occupancy and thermal parameters of the metal sites are 

derived only from the gallium. Introducing X-ray diffraction data into the refinement 

allows for the vanadium structure parameters to be refined. The atomic number 
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difference between vanadium and gallium is 8 and so is large enough for the two 

metals to be distinguished. 

The neutron data from banks 3, 4 and 5 were fitted simultaneously with lab X-ray 

radiation of wavelength 1.54056 Å, and the refined crystal parameters are given in 

Table 5.4 and the fit to the data in Figure 5.9. So as to not introduce any bias into the 

refinement, the same initial structure model used in the time-of-flight only refinement 

was used in the simultaneous neutron and X-ray refinement. 

 

 

 

 

 

 

 

Figure 5.9 (a) Result of Rietveld refinement of vanadium substituted gallium tohdite, using 

neutron diffraction data from Polaris bank 3, (b) Rietveld refinement of XRD data 

λ = 1.54056 Å. 

 

Table 5.4 Refined crystal parameters for Ga2.52V2.48O7.31(OH)0.69. Space group 𝑃63𝑚𝑐 , 

a = 5.79044(17) Å, c = 9.2570(4) Å. Rp = 12.675%, wRp = 2.265%. 

Wyckoff site Atom x y z Occupancy Beq / Å2 

6c Ga1 0.1644(4) 0.3288(8) 0.3743(4) 0.286(5) 0.24(7) 

 V1 0.1644(4) 0.3288(8) 0.3743(4) 0.714(5) 0.24(7) 

2b Ga2 2/3 1/3 0.1647(2) 0.666(11) 0.30(6) 

 V2 2/3 1/3 0.1647(2) 0.334(11) 0.30(6) 

2b Ga3 1/3 2/3 0.0645(5) 1.0 0.094(17) 

 V3 1/3 2/3 0.0645(5) 0 0.094(17) 

2a O1 0 0 0.0096(5) 1.0 0.38(1) 

6c O2 0.5129(1) 0.0258(2) 0.0162(3) 1.0 0.38(1) 

6c O3 0.8306(3) 0.6611(6) 0.2745(3) 1.0 0.38(1) 

2b O4 1/3 2/3 0.2688(4) 1.0 0.38(1) 

2a H1 0 0 0.103(2) 0.69(4) 1.43(19) 
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Clearly, a very similar structural model was obtained when the powder X-ray 

diffraction was included in the refinement.  

Most of the Bragg reflection intensities in the X-ray data are fitted well though it is 

acknowledged that there is an appreciable 2θ-offset with regards to the peak positions 

(Figure 5.10). This was also found in the X-ray refinement for Ga5O7(OH) and was 

attributed to strain in the crystallites.52 Though the intensities of most reflections are 

reasonably well accounted for the most intense reflection in the X-ray data, the (112) 

reflection found at ~37.5 °2θ, remains poorly fitted and attempts to refine the X-ray 

structure further in order to better fit this peak were not successful (Figure 5.10(a)).  

 

 

 

 

 

 

 

Figure 5.10 (a) Rietveld refinement of the lower angle fit showing good fit to data with the 

Stephens’ model but poor fit to (112) reflection, (b) Rietveld refinement showing higher angle 

peaks but noticeable 2θ offset. 

 

The fit to both sets of data are shown again in Figure 5.11 to highlight the quality of 

the fit and difference in reflection intensities between the X-ray and neutron data. 
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Figure 5.11 (a) Powder neutron diffraction refinement (Polaris bank 3) refined simultaneously 

with (b) powder X-ray diffraction refinement and plotted in d-spacing. 

 

Although the Rietveld refinement does not fit the (112) reflection very well, the 

simulated powder pattern using the model obtained from the simultaneous neutron 

time-of-flight and X-ray refinement does show that an intense (112) reflection should 

be expected which compares favourably with the measured data (Figure 5.12). 

 

 

 

 

 

 

Figure 5.12 (a) observed powder pattern of Ga2.52V2.48O7.31(OH)0.69 (black) compared against 

a simulated powder pattern (red) using the refined model from simultaneous PXRD and PND 

data showing the PXRD pattern expected without the anomalous peak broadening, (b) close-

up of the (112) reflection. 
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5.3.4 Discussion about the structure of Ga2.52V2.48O7.31(OH)0.69 and 

comparison between tohdite, nolanite and some hexagonal ternary 

molybdates 

The structure of Ga2.52V2.48O7.31(OH)0.69 has been described above as being based on the 

tohdite structure. The tohdite structure consists of hexagonal close packed oxide 

layers, a layer of MO6 octahedra and a layer containing MO6 octahedra and MO4 

tetrahedra. The layers of edge-sharing MO6 octahedra also share edges with the MO6 

octahedra in the layer above and below, and corner-share with the tetrahedra in the 

layer above and below (Figure 5.13). Nolanite is a material with a similar crystal 

structure. 

 

 

 

 

 

 

 

 

Figure 5.13 Crystal structure of tohdite which is shared by other minerals such as nolanite, 

ternary molybdates and also likely the structure adopted by ferrihydrite. 

 

The tohdite/nolanite structure seems to be quite flexible in what cations it can 

accommodate; a variety of oxidation states and the coordination of the cations may 

vary according to different samples. However, from this work it would appear that 

solvothermal synthesis alone can only afford certain variations of nolanite and 

synthesis of other new materials containing different cations, such as an iron 

substituted Ga5O7(OH) material may have to be prepared by alternative preparative 

techniques. 

Nolanite, (Fe, V)5O7(OH) and (Fe, V)5O8, was first described in papers by Barnes et 

al.60 and also by Robinson.59 In the latter paper the authors discussed that the sample 
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contains both tri and tetravalent vanadium and divalent iron. A chemical formula 

Fe2.5
2+V1.7

3+V5.5
4+O16 was proposed based on chemical analyses of the mineral. A 

single crystal structure of nolanite was described in 1958 by Hanson61 and concluded 

that the trivalent vanadium had a strong but not exclusive preference for the tetrahedral 

site and tetravalent vanadium to take the octahedral sites. Its formula was given as 

Fe2.5V7.11O16. It was noted that the metal centres are displaced from their centre of 

gravity in the octahedra and this displacement was also observed in the refined 

structure for vanadium gallium oxyhydroxide octahedra in this work, Table 5.6 and 

Figure 5.14. 

Hanson concluded that at the time it was not possible to write a valid chemical formula 

based on X-ray data alone but noted that it had a similar structure to the ternary oxides 

of tetravalent molybdenum, A2
2+Mo3

4+O8, but without the V4+-V4+ bonding seen 

between the tetravalent molybdenum. 

Another sample of nolanite, this time from Kalgoorlie in Western Australia, was 

investigated in 1983.58 The sample contained iron and vanadium but also small 

amounts of titanium and aluminium. The formula given was 

Al0.3Fe2.2Ti0.6V6.9O14(OH)2, which is the tohdite formulation (i.e. it is an 

oxyhydroxide). The vanadium was assigned as being entirely trivalent based on bond 

valence sums but the structure refinement was hindered because the 3 transition metals 

present are virtually indistinguishable by X-rays. Since aluminium can be incorporated 

in to this structure, a tohdite/nolanite structure based entirely on Ga and V does not 

seem impossible since aluminium and gallium are similar in size. The fact that nolanite 

has been reported as being both oxide and oxyhydroxide also fits with the observed 

data for the material described in this work in that the hydrogen sites can be partially 

occupied, i.e. mixtures of hydroxide and oxide can be present. In the Hanson model 

of nolanite, Fe2.5V7.11O16, the tetrahedral site is occupied by both vanadium and iron 

unlike in the structure refinement of the gallium vanadium oxyhydroxide in this work, 

which suggested full occupancy of the tetrahedral site by gallium. Instead in 

Fe2.5V7.11O16 the octahedral 6c site is cited to be fully occupied by vanadium. 

Solvothermal reactions to synthesise a pure iron vanadate with the nolanite structure 

were attempted using the 1,4-butanediol method described above by substituting 

Ga(acac)3 for Fe(acac)3. This was to allow further comparison of the gallium vanadium 
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tohdite material against nolanite. All attempts were unsuccessful yielding a material 

with a diffraction pattern resembling that of a spinel. It is possible that longer reaction 

times may eventually bring about the formation of a nolanite material. The synthesis 

of an aluminium substituted gallium oxide spinel to a tohdite material using 1,4-

butanediol as a solvent was presented in Chapter 4. Nolanite minerals obtained from 

different regions can contain cations other than iron and vanadium, but there has been 

a published study into synthetic nolanite synthesised by solvothermal synthesis,62 

which is the first published example of synthetic nolanite. The material was prepared 

using the iron and vanadium acetylacetonate salts with a benzyl alcohol and oleyl 

amine mixture as the solvent and reacted at 220 °C for 24 hours. XANES of the 

material showed it to contain only divalent iron and mixed tri and tetravalent vanadium 

cations. No mention on the coordination of any cation is given and the structure was 

not refined. The material displays room temperature ferromagnetism and is a semi-

conductor, which, the authors claimed, offers scope of the material being used in data 

storage devices.  

A Ti4+ substituted Al5O7(OH) material has been prepared at high temperature and 

pressure (500 °C; 1.5 kbar) from an amorphous gel containing both Ti and Al. Up to 

18% Ti4+ was reportedly included in the material. Reportedly, 3 Ti4+ cations replace 4 

Al3+ cations leaving one Al site vacant in the structure.55 

Ga2.52V2.48O7.31(OH)0.69 may also be isostructural with ferrihydrite. The structure of 

ferrihydrite was elaborated upon in Chapter 4 but in summary it has been proposed 

that it is an oxyhydroxide containing Fe3+ cations and is usually very poorly 

crystalline. A model suggesting that ferrihydrite is analogous to akdalaite was 

proposed based on analysis of its pair distribution function.63  

Table 5.5 lists some materials that share similar crystal chemistry with 

Ga2.52V2.48O7.31(OH)0.69.
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Table 5.5 Some materials analogous to Ga2.52V2.48O7.31(OH)0.69 and their lattice parameters, and space group. 

 

 

 

  Lattice parameters  

Material Space Group a c Reference 

Ga2.52V2.48O7.31(OH)0.69 𝑃63𝑚𝑐 5.79044(17) 9.25704(4) This work 

Al5O7(OH) (tohdite/akdalaite) 𝑃63𝑚𝑐 5.8238(2) 9.0634(3) 45 

Ga5O7(OH) 𝑃63𝑚𝑐 5.82107(8) 9.0662(2) 52 

(Fe1.25
2+V0.85

3+)V2.75
4+O8, (nolanite) 𝑃6 ? 5.85 9.29 61 

Ti4+ substituted Al5O7(OH) 𝑃63𝑚𝑐 5.571 8.759 55 

(Fe0.3
2+Fe0.7

3+)(Ti0.55
4+Al0.1

3+V2.6
3+Fe0.5

3+Fe0.25
2+)O7(OH), (nolanite) 𝑃63𝑚𝑐 5.897(2) 9.256(3) 58 

Fe2.5V1.5V5.6O16 (synthetic nolanite) 𝑃63𝑚𝑐 5.854 9.295 62 

Fe5O7(OH) (ferrihydrite) (usually reported as Fe2O3·0.5H2O) 𝑃63𝑚𝑐 5.958 8.965 63 

Fe2Mo3O8, (kamiokite) 𝑃63𝑚𝑐 5.791(5) 9.945(5) 64 

(Mg1.57Fe0.43)Mo3O8 (Majindeite) 𝑃63𝑚𝑐 5.778 9.904 65 
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Table 5.6 provides the average bond lengths in Ga2.52V2.48O7.31(OH)0.69 as obtained 

from the simultaneous refinement of X-ray and neutron data. As can be seen the O-H 

bond length of 0.863 Å is shorter than a typical O-H bond length of approximately 

1 Å as was found in the Ga5O7(OH) structure refinement.52 In the crystal structure of 

Al5O7(OH) the O-H bond length was reported as 0.876 Å46 which is closer to the 

length seen in this gallium vanadium oxyhydroxide material, 0.863 Å. In the nolanite 

model reported by Gatehouse et al., the position of the hydrogen was not refined since 

it was an X-ray study. That the bond lengths are similar to those in the pure gallium-

tohdite material is unsurprising given the similarity in ionic radii between Ga3+ and 

V3+ in an octahedral environment, (0.62 Å and 0.64 Å respectively).52,66 Bond valence 

sums (Table 5.7) agree well with the expected oxidation states of the metals present 

in Ga2.52V2.48O7.31(OH)0.69. 

Table 5.6 List of bond lengths in the structure of Ga2.52V2.48O7.31(OH)0.69 

 Ga2.52V2.48O7.31(OH)0.69 Ga5O7(OH)  

Wyckoff site Bond type Bond 

Length / 

Å 

Bond type Bond 

Length / 

Å 

Multiplicity 

6c 

Octahedral 

 

(Ga0.29, V0.71)1-O1 2.070(5) Ga1-O1 1.989(4) 1 

(Ga0.29, V0.71)1-O2 2.089(5) Ga1-O2 2.046(4) 2 

(Ga0.29, V0.71)1-O3 1.912(6) Ga1-O3 1.921(5) 2 

(Ga0.29, V0.71)1-O4 1.956(6) Ga1-O4 1.979(4) 1 

      

2b 

Octahedral 

(Ga0.67, V0.33)2-O2 2.065(4) Ga2-O2 2.117(5) 3 

(Ga0.67, V0.33)2-O3 1.933(4) Ga2-O3 1.908(7) 3 

      

2b 

Tetrahedral 

Ga3-O2 1.856(2) Ga3-O2 1.856(3) 3 

Ga3-O4 1.891(5) Ga3-O4 1.871(6) 1 

      

2a O1-H1 0.863(18) O1-H1 1.063(19)  
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1.89 Å 

 

 

 

 

 

 

 

 

Figure 5.14 Tetrahedral bond lengths for Ga2.52V2.48O7.31(OH)0.69 (black) cf. tetrahedral bond 

lengths for pure tohdite (red), and octahedral bond lengths showing metal displacement from 

centre of gravity in Ga2.52V2.48O7.31(OH)0.69. 

 

Table 5.7 Bond valence sums (BVS) calculated for Ga and V in Ga2.52V2.48O7.31(OH)0.69. 

Wyckoff site Bond type Ga BVS / vu V BVS / vu 

6c Octahedral (Ga0.29, V0.71)1-O 2.92 3.03 

2b Octahedral (Ga0.67, V0.33)2-O 2.95 3.05 

 2b Tetrahedral Ga3-O 2.78 - 

 

5.3.5 Further characterisation 

5.3.5.1 Electron microscopy  

Electron microscopy was used to both image the material and to estimate the ratio of 

gallium and vanadium in the material. EDX by SEM and EELS by TEM both suggest 

that the metal ratio is close to 1:1 (Table 5.8). 

Table 5.8 Metal ratio obtained from electron microscopy 

Metal EDX (SEM) EELS (TEM) 

Ga 50.2 48.9 

V 48.8 51.1 

 

2.07 Å 

1.96 Å 

2.09 Å 1.91 Å 

1.87 Å 
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Imaging by SEM reveals two distinct particle sizes: large clusters of thin plates, or 

isolated regions of very large plates (Figure 5.15). It is very likely that the anisotropic 

peak broadening observed in the powder diffraction data is a consequence of this large 

plate like nature. The plate morphology is also observed by TEM and atomic 

resolution imaging of this material was possible (Figure 5.16). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 (a-d) SEM of Ga2.52V2.48O7.31(OH)0.69 showing both clusters of plates of varying 

size. 

 

 

 

 

 

 

 

Figure 5.16 (a) TEM of Ga2.52V2.48O7.31(OH)0.69 revealing plate-like morphology, (b) HR-

TEM showing atomic resolution of a Ga2.52V2.48O7.31(OH)0.69 plate. 
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5.3.5.2 Infrared spectroscopy  

A simple but effective method to ascertain whether a material has a structurally bound 

hydroxyl group is to use infrared spectroscopy. This was successfully implemented in 

showing that Ga5O7(OH) and Ga5-xAlxO7(OH) have hydroxyl groups (Chapter 4). The 

infrared spectra collected on Ga5O7(OH) and Ga2.52V2.48O7.31(OH)0.69 are shown in 

Figure 5.17. The peak at ~3365 cm-1 corresponds to a (O-H) stretching mode, whilst 

the peak at ~740 cm-1 can be assigned to a (Ga,V)-O-H bending mode. Aside from the 

change in relative peak intensities the IR spectra of Ga5O7(OH) and 

Ga2.52V2.48O7.31(OH)0.69 are quite similar, as expected. 

Only a small weakly intense peak is found for Ga2.52V2.48O7.31(OH)0.69 in stark contrast 

to the sharp and strong intense peak for the O-H stretching mode in Ga5O7(OH). The 

inset showing a close up of the O-H stretching mode confirms the presence of a 

hydroxyl group, as expected from the neutron refinement.  

 

 

 

 

 

 

Figure 5.17 (a) Infrared spectroscopy showing an (O-H) stretching mode around 3365 cm-1 

with (inset) showing a close up of the stretching mode, a (Ga,V)-O-H bending mode at ~740 

cm-1 is also present, (b) comparison between the infrared spectrum of Ga2.52V2.48O7.31(OH)0.69 

and Ga5O7(OH). 

 

A reaction carried out in a 1:1 mixture of MEA:D2O attempted to deuterate the sample, 

which was partly successful. When H is substituted for its isotope D the wavenumber 

of the (O-D) should become smaller by a factor of √2 and therefore it is possible to 

predict the wavenumber of the O-D stretching mode, which in this material should be 

expected around 2380 cm-1 and indeed a small but real peak is observed in the infrared 

spectrum at around 2490 cm-1, further evidence that the material has some bound 

hydroxyl group associated with it (Figure 5.18). 
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Figure 5.18 Infrared spectrum of a sample of Ga2.52V2.48O7.31(OH)0.69 with H partially 

substituted for D. 

5.3.5.3 In situ thermodiffractometry 

In situ powder XRD with heating reveals that upon heating to 300 °C several peaks 

suddenly shift to higher angle indicating a contraction of the cell which very slowly 

expands again (likely due to thermal expansion which is expected) up until 600 °C at 

which point the structure begins to collapse with expulsion of other phase(s) (Figure 

5.19). Kappa and beta gallium oxide are likely candidates for the decomposition 

phases. Kappa is especially likely since in the contour map a transient phase lasting 

between 550 – 800 °C is observed which is expected from the thermal decomposition 

of Ga5O7(OH).52 It is not possible to identify any vanadium decomposition phases 

with any certainty in the room temperature pattern after firing to 810 °C. One possible 

explanation for the contraction of the cell is removal of the hydroxyl group which 

would require the vanadium to be oxidised in order to charge balance the structure 

giving a proposed formula of Ga2.52V2.48O8. V
4+ would be expected to have shorter 

bonds than V3+ and hence could explain the observed contraction in the cell. That this 

material is metastable and decomposes around 600 °C suggests that it is unlikely that 

it could be prepared by conventional high temperature synthesis. 
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Figure 5.19 In situ X-ray thermodiffractometry measured on heating Ga2.52V2.48O7.31(OH)0.69 

showing a contraction of the cell occurring around 250 °C – 450 °C. Phase separation occurs 

around 600 °C and transient phases are observed between 550 °C – 750 °C. 

Refinement of the lattice parameters of this material with temperature shows that both 

the a and c lattice parameters decrease in size (Figure 5.20). The a parameter increases 

initially, likely due to thermal expansion, but then starts to gradually decrease after 

150 °C and continues to get smaller upon heating to 300 °C. This is in contrast to the 

c parameter, which shows that although a sudden decrease occurs at 200 °C the c 

lattice parameter begins to expand once more immediately after the contraction. 

 

 

 

 

 

 

Figure 5.20 (a) Change in lattice parameter a with temperature, (b) change in lattice parameter 

c with temperature. 

 

A separate sample was heated to 300 °C for 4 hours and then cooled to room 

temperature in order to analyse the structure of this material after the period of cell 

contraction. Infrared spectroscopy confirms that the O-H stretching mode has gone 

(Figure 5.21). 
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Figure 5.21 IR spectroscopy of a sample of Ga2.52V2.48O7.31(OH)0.69 fired at 300 C showing 

that the O-H stretching band has disappeared. 

 

The room temperature powder XRD pattern after firing to 300 °C of this material 

shows that although the peaks present can all be indexed to a single phase there 

appears to be a broad feature in the background of the powder pattern between 25 – 

40 °2θ, which could possibly be due to an amorphous phase beginning to form during 

or after the period of cell contraction (Figure 5.22). The broader peaks in the as-made 

sample have become noticeably sharper upon heat treatment. 

 

 

 

 

 

 

 

 

Figure 5.22 PXRD of as-made Ga2.52V2.48O7.31(OH)0.69 (black) and after firing to 300 °C (red) 

with a possible broad feature between 25-40 °2θ. Grey dotted lines highlight the shift to lower 

angle after firing. 
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A Pawley refinement of this phase yielded lattice parameters which shows that a 

contraction is occurring in both the a and c parameters (Table 5.9). 

 

Table 5.9 Lattice parameters of Ga2.52V2.48O7.31(OH)0.69 before and after heating to 300 °C by 

in situ thermodiffractometry or box furnace. 

 Lattice parameters from Pawley refinement of XRD data 

 a / Å c / Å 

As-made sample 5.78824(3) 9.2786(8) 

After firing to 300 °C 5.7492(12) 9.260(3) 

In situ 300 °C 5.7796(16) 9.274(3) 

 

The difference in the size of the lattice parameters of the sample between the in situ 

heating experiment and the XRD data after firing to 300 °C is likely due to added 

complexity of the thermal expansion of the cell acting against the cell contraction for 

the sample measured in situ. 

A similar X-ray diffraction in situ heating experiment was also performed in flowing 

N2 as to prevent any possible oxidation of vanadium should this be occurring (Figure 

5.23). The contraction of the cell still occurred but at a much higher temperature 

(~500 °C), and the structure remains a phase pure material after heating to 810 °C and 

no crystalline decomposition materials are observed suggesting that heating in air 

causes collapse of the structure due to oxidation of the vanadium which leads to 

formation of other materials.  
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Figure 5.23 In situ thermodiffractometry of Ga2.52V2.48O7.31(OH)0.69 whilst heated in flowing 

N2. 

5.3.5.4 TGA-MS 

In order to probe whether hydroxide loss meant that water was being evolved at 300 °C 

TGA-MS was carried out on a sample of Ga2.52V2.48O7.31(OH)0.69 (Figure 5.24). The 

sample was heated rapidly to 300 °C in air. A gradual mass loss occurs upon heating 

to 250 °C which was followed by a second steeper period of mass loss up to around 

350 °C. A mass loss of 1.2% is observed which is close to the mass loss expected for 

the proposed formula above which would be 1.4%. Mass spectrometry clearly 

indicates the presence of H2O at around 200 °C which continues to increase in 

intensity up to around 375 °C. At this temperature this is unlikely to be surface bound 

water and is further evidence for a structural O-H group. When compared alongside 

the X-ray in situ heating experiment this suggests that the contraction in the cell 

(between 300 – 400 °C) is due to removal of the structural O-H groups. 

In the TGA a mass increase occurs around 350 °C up to 400 °C and during this time 

the intensity of the H2O signal decreases. The increase in mass seen in the TGA could 

be due to oxidation and uptake of oxygen due to formation of other phases. Though 

crystalline phases do not present themselves until 600 °C (as observed by in situ 

thermodiffractometry), in the powder XRD pattern after heating to 300 °C the broad 

feature in the XRD pattern is indicative of an amorphous material forming which could 

be due to the onset of phase separation. 
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Figure 5.24 TGA-MS of Ga2.52V2.48O7.31(OH)0.69 showing the presence of H2O being evolved 

from the structure between 200-350 °C. 

5.3.5.5 XANES 

XANES at the vanadium K-edge was measured at the B18 beamline at the Diamond 

Light Source. V2O3 and VO(acac)2 references were prepared by reactions described in 

Appendix A. 

Analysis of the data showed that in the as-made sample the calculated oxidation state 

of vanadium is V3.11+ (Figure 5.25). This agrees excellently with the expected 

oxidation state of vanadium in the structural model obtained by Rietveld refinement 

of powder neutron and X-ray diffraction data which required vanadium to be V3.13+. 

The presence of a small amount of V4+ is hardly surprising: V3+ compounds are 

typically unstable in air (V2O3 oxidises slowly in air to VO2; most aqueous V3+ cations 

oxidise to the stable diatomic VO2+ species). XANES was also measured on a sample 

which had been heated to 300 °C for 1 hour in air, which showed a higher oxidation 

state of V3.40+. This is in agreement with observed data from IR, in situ 

thermodiffractometry and TGA-MS that at an elevated temperature the oxyhydroxide 

is dehydrated requiring the vanadium to be partially oxidised in order to charge 
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balance the structure before it collapses at the higher temperature of 600 °C. Using the 

refined formula for vanadium gallium oxyhydroxide as Ga2.52V2.48O7.31(OH)0.69 the 

expected formula of the sample when dehydrated should be Ga2.52V2.48O8, which 

assumes an oxidation state of vanadium as being V3.40+.  

 

 

 

 

 

 

Figure 5.25 (a) V K-edge XANES spectra normalised to the edge step of 

Ga2.52V2.48O7.31(OH)0.69 and relevant references (inset shows a close up of the edge position for 

all materials), (b) plot of edge position (defined as the energy at which normalised 

absorption = 0.5) as a function of oxidation state with a linear fit to reference materials 

providing the calculated oxidation of vanadium in Ga2.52V2.48O7.31(OH)0.69 and 

Ga2.52V2.48O7.31(OH)0.69 fired at 300 °C (both in blue). 

5.3.5.6 Magnetometry 

The M vs T curve measured with an applied field of 1000 Oe, suggests that 

Ga2.52V2.48O7.31(OH)0.69 is paramagnetic in both the zero-field cooled (ZFC) and field 

cooled (FC) measurements (Figure 5.26). An inverse susceptibility plot shows that 

linear Curie-Weiss behaviour, typical for paramagnetic materials, is observed during 

the temperature range 200-300 K, and an effective magnetic moment can be calculated 

from these data as 4.77 μB. This does not agree with the spin only magnetic moment 

were vanadium to be present in only the trivalent state, which the spin only formula 

calculates as 2.83 μB. Deviation from the spin only calculation was expected since 

XANES and the refined composition from XRD and PND data suggest a small amount 

of V4+ to be present. 
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Figure 5.26 (a) ZFC and FC M vs T plot of Ga2.52V2.48O7.31(OH)0.69 (b) inverse susceptibility 

over the entire temperature range measured, (c) linear Curie-Weiss behaviour between 200 – 

300 K and calculation of the effective magnetic moment. 

 

ZFC magnetometry of a sample fired at 300 °C also shows similar paramagnetic 

behaviour (Figure 5.27). Linear Curie-Weiss behaviour is again only observed in the 

temperature range 200 – 300 K. Below 200 K the inverse susceptibility deviates from 

this relationship and this is likely due to weak interactions with the V cations in the 

material. The presence of an amorphous impurity phase as suggested by XRD cannot 

be ruled out and so an effective magnetic moment was not calculated for this material.  
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Figure 5.27 ZFC M vs T (black) curve and inverse susceptibility (blue) for 

Ga2.52V2.48O7.31(OH)0.69 fired at 300 °C displaying paramagnetic behaviour. 

5.4 Synthesis of a new Cr substituted γ-Ga2O3 

5.4.1 Synthesis  

0.3 g (0.82 mmol) of Ga(acac)3, (Sigma, 99.99%), and 0.093 g (0.35 mmol) of 

CrCl3·6H2O (Aldrich, 96%) were added to a 23 ml PTFE lined steel autoclave 

followed by addition of 10 ml 1,4-butanediol. The ratio of metals for this reaction is 

therefore 0.7:0.3 Ga:Cr. Other ratios were tried higher than 30% but there was always 

formation of GaOOH present in the isolated polycrystalline material. The mixture was 

stirred vigorously for 15 minutes at room temperature before being sealed and placed 

into a fan-assisted oven pre-heated to 240 °C for 72 hours. The autoclave was then 

removed from the oven and left to cool naturally to ambient temperature. The 

crystallised material was stirred in its mother liquor, aided by addition of acetone to 

reduce the viscosity of the solvent. The material was collected by vacuum filtration 

and washed with copious amounts of acetone to yield a green coloured solid. The 

material was then dried overnight at 70 °C prior to characterisation. Longer reaction 

times did not yield the oxyhydroxide (tohdite) phase as seen with V(acac)3 and 

Al(acac)3. 

72-hour solvothermal reactions of either Ga(acac)3 or CrCl3·6H2O in 1,4-butanediol 

formed γ-Ga2O3 (usually contaminated with some GaOOH) and α-CrOOH 

(grimaldiite) respectively. 
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A separate control solvothermal reaction using Cr(acac)3 in 1,4-butanediol instead of 

CrCl3·6H2O formed an amorphous phase instead. This could be γ-CrOOH, which has 

been reported in the literature as being amorphous when prepared hydrothermally.67 

Cr(acac)3 was prepared by the method described by Fernelius et al.68 2.66 g (0.01 mol) 

of CrCl3·6H2O (Aldrich, 96%) was dissolved in 20 g (0.3 mol) CO(NH2)2 (Aldrich, 

99.0%) followed by addition of 6 g (0.06 mol) of acetylacetone (Fisher, 99%). The 

mixture was heated to reflux and left for 1 hour. As the reaction progressed CO2 and 

NH3 were released as the urea was hydrolysed and maroon coloured crystals began to 

form. The reaction was concluded upon termination of CO2 effervescence and the 

crystals collected by vacuum filtration. The crude product was recrystallized in hot 

toluene and forced out of solution by the petroleum ether anti-solvent whilst cooling 

in ice to ~0 °C. 

The reaction of Ga(acac)3 with Cr(acac)3 also made a spinel with no other crystalline 

impurity phases present but since the control reaction of Cr(acac)3 yields an 

amorphous material it was the spinel produced when CrCl3·6H2O was used that was 

studied for further analysis. 

5.4.2 Powder X-ray diffraction 

The powder XRD pattern of chromium substituted gallium oxide can be indexed and 

its profile fitted to a cubic spinel group (space group 𝐹𝑑3̅𝑚) (Figure 5.28). The refined 

lattice parameter a = 8.233(2) Å is very similar to nano-crystalline pure γ-Ga2O3 where 

the refined lattice parameter a = 8.2440(2) Å.52 This is unsurprising given that the Cr3+ 

cation is very similar in size to the Ga3+ cation in an octahedral environment (0.615 Å 

for Cr3+ and 0.62 Å for Ga3+).66 The extremely broad Bragg reflections suggest a 

poorly crystalline material consisting of very small particles. 
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Figure 5.28 Pawley refinement of the profile of a chromium substituted γ-Ga2O3 showing 

pure γ-Ga2O3 above the Pawley refinement as a comparison. 

 

Owing to the broad Bragg reflections of this poorly crystalline material, Rietveld 

refinement against the X-ray diffraction was not possible.  

The powder XRD data of α-CrOOH shows a distinctly different powder pattern to that 

of the spinel but it matches well to a simulated pattern of α-CrOOH69 (Figure 5.29). 

This also contains broad Bragg reflections indicating that the material also consists of 

small particles. 

 

 

 

 

 

 

 

Figure 5.29 Powder XRD pattern of synthesised α-CrOOH against a simulated pattern. 
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5.4.3 Further characterisation  

5.4.3.1 XANES 

XANES was measured at the Cr K-edge to obtain information on the local 

environment of the chromium. XANES was measured on B18 at the Diamond Light 

Source on a sample of 30% Cr substituted γ-Ga2O3 with appropriate chromium 

reference materials to calibrate the oxidation state. 

Figure 5.30 shows that the chromium is present exclusively in the trivalent oxidation 

state. Examination of the pre-edge region shows the lack of any significant pre-edge 

feature, which is indicative of chromium substituting gallium for the octahedral sites 

in the spinel. This material should then be described as a defect spinel, with the 

formula γ-Ga1.4Cr0.6O3 as it remains lacking in the divalent cation required for the 

spinel structure of type AB2O4. The formula may be written as 󠄁Ga1.867Cr0.8O4, where 

󠄁 represents a vacant metal site in the spinel. 

 

 

 

 

 

 

 

Figure 5.30 XANES spectra of γ-Ga1.4Cr0.6O3 and relevant standards with (inset) showing the 

lack of pre-edge feature. 

  

5.4.3.2 Electron microscopy 

5.4.3.2.1 Transmission electron microscopy (TEM) 

HR-TEM imaging confirms the small particle size with individual particles having a 

size around ~10 - 25 nm in diameter. Atomic resolution images show that the material 
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has ordered crystalline lattice fringes (Figure 5.31). EELS confirmed the ratio of 

chromium to gallium in the spinel as approximately 0.3:0.7. 

 

 

 

 

 

 

 

Figure 5.31 (a) TEM of γ-Ga1.4Cr0.6O3, (b) HR-TEM displaying crystalline lattice fringes. 

 

5.4.3.3 X-ray thermodiffractometry 

X-ray diffraction was measured as a sample of γ-Ga1.4Cr0.6O3 was heated to 900 °C at 

50 °C temperature intervals (Figure 5.32(a)). The spinel structure is stable up to 

~850 °C before phase separation begins to occur indicated by the appearance of 

reflections at 50 and 55 °2θ in Figure 5.32(b). Although some phase separation has 

occurred the spinel structure is still present at 900 °C. No β-Ga2O3, the 

thermodynamically stable polymorph of Ga2O3, is observed at 900 °C. 

 

 

 

 

 

 

 

 

Figure 5.32 (a) In situ thermodiffractometry of γ-Ga1.4Cr0.6O3 (b) close up on the region where 

phase separation begins to occur. 
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The substitution of chromium for gallium into this material enhances the thermal 

stability of the spinel as pure γ-Ga2O3 transforms into β-Ga2O3 above 700 °C (Figure 

5.33(a)). XRD of α-CrOOH was also measured whilst heated to 900 °C and can be 

seen to be stable up to 350 °C before transformation into Cr2O3 (Figure 5.33(b)). 

Inspection of the powder XRD pattern of Cr2O3 in Figure 5.33(b) shows reflections at 

50 and 55 °2θ, which are also present in the decomposition of γ-Ga1.4Cr0.6O3 

suggesting that Cr2O3 is a strong candidate for the material into which the mixed metal 

defective spinel starts to phase separate. The phase separation into Cr2O3 at ~850 °C 

but retention of the spinel structure could also be an example of Zener pinning. This 

is where particles of one phase prevent the sintering or collapse of a second phase 

 

 

 

 

 

 

 

Figure 5.33 (a) In situ thermodiffractometry of γ-Ga2O3 with the white bar showing the onset 

of phase transformation into β-Ga2O3, (b) in situ thermodiffractometry of α-CrOOH showing 

transformation into Cr2O3 at ~350 °C. 

 

A separate thermodiffraction experiment was done to heat the amorphous phase 

prepared by reaction of Cr(acac)3 in 1,4-butanediol, here assigned γ-CrOOH, to see 

whether in the synthesis of γ-Ga1.4Cr0.6O3 any of this amorphous phase was also 

present. As Figure 5.34 shows the amorphous phase transforms immediately into 

Cr2O3 at around 350 °C. The fact that no Cr2O3 forms in the in situ heating experiment 

of γ-Ga1.4Cr0.6O3 at this temperature indicates that neither α or γ-CrOOH is present as 

an impurity phase in the synthesis of this mixed metal spinel. Further, the 

transformation of this amorphous phase into Cr2O3 at the low temperature of 350 °C 

is also suggestive that this amorphous phase is an oxyhydroxide, the proposed γ-

CrOOH. 
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Figure 5.34 In situ thermodiffractometry of an amorphous chromium oxyhydroxide phase, 

nominally γ-CrOOH showing phase transformation into Cr2O3 at ~350 °C. 

 

5.4.3.4 Magnetometry  

The field cooled (FC) M vs T plot of γ-Ga1.4Cr0.6O3 shows that this material is 

paramagnetic displaying linear Curie-Weiss behaviour to 50 K. The effective 

magnetic moment of the Cr3+ cation in this material was calculated as 3.85 μB which 

is in good agreement with the spin only formula calculation for an octahedral d3 cation 

of 3.88 μB. The negative Weiss constant suggests a tendency for the Cr3+ spins to align 

antiferromagnetically. 

 

 

 

 

 

 

 

 

Figure 5.35 Field cooled (FC) magnetometry of γ-Ga1.4Cr0.6O3 (green) showing simple 

paramagnetic behaviour, and inverse susceptibility (blue). 
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The field cooled M vs T plot of α-CrOOH also shows simple paramagnetic behaviour 

obeying the Curie-Weiss law with inverse molar susceptibility from 300 to 25 K. The 

magnetic moment, which was calculated over the temperature range 25 – 300 K, was 

found to be 3.68 μB which is in good agreement with the spin only formula of 3.88 μB 

and in close agreement with the literature value of 3.74 μB.67 The large negative Weiss 

constant is suggestive of a tendency for the spins to align antiferromagnetically. 

 

 

 

 

 

 

 

Figure 5.36 Field cooled (FC) magnetometry (green) of a sample of α-CrOOH showing 

simple paramagnetic behaviour and inverse molar susceptibility (blue). 

5.5 Synthesis of a nano-crystalline manganese gallium oxide spinel 

Chapter 3 presented the solvothermal synthesis of a cobalt gallium oxide and 

illustrated how the synthetic preparation, post-synthesis thermal treatment and the 

heating conditions strongly affect the crystal chemistry of the spinel. Therefore, other 

spinels prepared by low temperature synthesis techniques are also likely to contain a 

cation distribution different to the spinel of similar composition but prepared at high 

temperatures. A preliminary investigation into the synthesis and characterisation of a 

manganese gallium oxide is presented. 

MnGa2O4 has been prepared by high temperature solid state reactions and largely 

shown to be a normal spinel with Mn2+ occupying the tetrahedral sites.26 The spinel 

showed antiferromagnetic ordering with a Néel temperature of 33 K.14 One-

dimensional nanostructures of MnGa2O4 and Zn-doped MnGa2O4 have been 

reported70 by thermal evaporation techniques but the only solvothermal synthesis of 

MnGa2O4, to date, required use of a microwave in the synthesis.30 
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In this work, it was found that if a manganese salt was reacted with Ga metal in 

ethanolamine then no reaction occurred and only formation of a brown gel at the 

bottom of the autoclave when gallium metal was used as the reagent or in the case of 

pre-formed γ-Ga2O3 only unreacted gallium oxide and formation of Mn3O4 was 

obtained. Therefore, a different approach was required to obtain MnGa2O4 from 

solvothermal reactions. The reaction was based on the synthesis of mixed metal Al3+ 

substituted Ga2O3 defect spinels presented in Chapter 4. 

5.5.1 Synthesis 

Mn(acac)3 was prepared based on the method described by Bhattacharjee et al.71 5.0 g 

(31.7 mmol) of KMnO4, (Fisher, 99%) was dissolved in the minimum amount of water 

aided by warming in a steam bath. 22.0 g (220.0 mmol) acetylacetone (Fisher, 99%) 

was then added to the solution with vigorous stirring. The mixture was stirred for 

twenty minutes under reflux and then cooled for thirty minutes with precipitation of 

dark brown crystals of Mn(acac)3. These crystals were filtered by vacuum filtration 

and then washed several times with an acetone:water mixture (1:1 by volume). The 

crystals were then recrystallized by dissolving them in the minimum amount of hot 

toluene followed by addition of petroleum ether and cooled to around 0 °C. 

In a typical synthesis of MnGa2O4, 0.4 g (1.09 mmol) of Ga(acac)3 (Sigma, 99.99%) 

and 0.165 g (0.468 mmol) of Mn(acac)3 were placed in a 23 ml PTFE liner with 

subsequent addition of 10 ml 2-propanol. The mixture was stirred at room temperature 

for 10 minutes before being sealed in a steel autoclave and placed in a fan-assisted 

oven pre-heated to 240 °C for 24 hours. After the reaction dwell time, the autoclave 

was removed from the oven and allowed to cool naturally to ambient temperature and 

collected by vacuum filtration. The solid product was then washed with copious 

amounts of acetone to yield a light brown powder. The isolated solid polycrystalline 

material was then dried overnight at 70 °C prior to any characterisation. 

Reaction of Mn(acac)3 with 2-propanol formed rocksalt-type MnO. Mn(NO3)2·4H2O 

can also be used as the reagent to prepare MnGa2O4 using 2-propanol as the solvent 

and controlled reaction of this reagent alone in 2-propanol yields Mn3O4. 
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5.5.2 Powder X-ray diffraction 

The room temperature powder XRD pattern of the manganese gallium oxide material 

prepared is shown as the red pattern in Figure 5.37(a). Very broad Bragg reflections 

suggest nano-sized particles and a large surface area. The material prepared is less 

crystalline than the pure nano-crystalline γ-Ga2O3 (prepared by similar solvothermal 

reaction) which is similar to what was observed with the aluminium substituted 

gallium oxides presented in Chapter 4, however a shift to lower angle occurs with the 

presence of manganese. This is in keeping with the larger size of the Mn2+ cation than 

the Ga3+ (Mn2+: 0.66 Å (tetrahedral), 0.83 Å (octahedral) cf. Ga3+: 0.47 Å (tetrahedral), 

0.62 Å (octahedral)).66 As expected the material could be indexed and the profile fitted 

to a cubic spinel group with space group 𝐹𝑑3̅𝑚 , (Figure 5.37(b)) and a Pawley 

refinement of the lattice parameter showed an increase in the unit cell size compared 

to pure γ-Ga2O3 prepared by similar solvothermal reaction, (8.297(4) cf. 8.258 Å 

respectively). This is a smaller lattice parameter than for MnGa2O4 prepared by a high 

temperature synthesis (8.435 Å)26 but a difference in the cation distribution in this 

poorly crystalline material prepared solvothermally compared to the arrangement 

prepared from high temperature synthesis could account for this observation. 

 

 

 

 

 

 

Figure 5.37 (a) nano-crystalline γ-Ga2O3 (black) and manganese gallium oxide (red) with 

grey dotted lines showing a shift to lower angle for the manganese spinel, (b) Pawley 

refinement of a sample of manganese gallium oxide prepared solvothermally. 

5.5.3 XANES 

XANES was measured at the Mn K-edge and shows that in the manganese gallium 

spinel manganese is present as Mn2+, like in rock salt MnO (Figure 5.38). Transition 

metal monoxides are rarely stoichiometric72 and so the presence of a small amount of 

Mn3+ might be expected, whereas in the spinel there could be a small amount of Mn3+ 
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if the spinel is partially manganese rich as has been observed in other spinels prepared 

solvothermally.11 There is only a small pre-edge feature, though this is not as intense 

as the pre-edge in Mn3O4 and so it is unlikely that there is much tetrahedrally 

coordinated manganese indicating that MnGa2O4 prepared by this method is largely 

an inverse spinel. This is different to the high temperature material in the literature, 

which is a largely normal spinel and shows that, as the difference in lattice parameter 

indicated, there is a different cationic distribution in the spinel prepared by 

solvothermal synthesis than that prepared by a solid-state reaction.14 

 

 

 

 

 

 

 

 

 

Figure 5.38 XANES spectra of manganese gallium oxide with relevant reference samples. 

(Mn2+ - Mn(NO3)2·4H2O; Mn2.67+ - Mn3O4; Mn3+ - Mn(acac)3) 

5.5.4 In situ X-ray thermodiffractometry  

In situ X-ray thermodiffractometry showed that the poorly crystalline MnGa2O4 spinel 

begins to phase separate at ~480 °C and then undergoes phase transformation into β-

Ga2O3 upon reaching 700 °C (Figure 5.39(a)). 

MnO, prepared from the solvothermal reaction of Mn(acac)3 in 2-propanol, oxidises 

to Mn2O3 (bixbyite) at 480 °C (Figure 5.39(b)). The strongest Bragg reflections of 

Mn2O3 in this heating pattern at 24 and 32 °2θ correspond well with the two peaks 

observed in the heating map of MnGa2O4 at this temperature suggesting that in this 

spinel Mn2O3 is the material being ejected from the spinel structure at ~450 °C. 
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Figure 5.39 (a) in situ thermodiffractometry of manganese gallium oxide showing phase 

separation at 500 °C to Mn2O3 and then formation of β-Ga2O3 around 750 °C, (b) 

transformation of MnO to Mn2O3 occurring around 475 °C. 

5.5.5 Magnetism 

Field cooled M vs T magnetometry of a sample of MnGa2O4 shows simple 

paramagnetic behaviour and displays linear Curie-Weiss behaviour between the 

temperature range 50 – 300 K (Figure 5.40). The effective magnetic moment 

calculated was 5.53 μB. which is in close agreement with the spin only value of 5.92 μB 

for a high spin d5 cation in octahedral coordination. This coordination is in agreement 

with the XANES analysis. A small negative Weiss constant is suggestive of the spins 

to align antiferromagnetically. 

. 

 

 

 

 

 

 

 

Figure 5.40 Field cooled magnetometry of a sample of manganese gallium oxide (orange) 

displaying simple paramagnetic behaviour and inverse molar susceptibility (blue). 
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5.6 Catalytic Application of Ga2.52V2.48O7.31(OH)0.69 

5.6.1 Oxidative dehydrogenation of propane 

It was mentioned briefly in the introduction that vanadium based catalysts have been 

found to be useful catalysts in the oxidative dehydrogenation of propane. In this 

section some catalytic data regarding the oxidative dehydrogenation of propane to 

propene using Ga2.52V2.48O7.31(OH)0.69 are presented. The aim is to dehydrogenate 

propane to propene in the presence of oxygen whilst avoiding the formation of CO, 

CO2 and other unwanted side products such as coke. 

5.6.2 Catalyst preparation 

Two samples of Ga2.52V2.48O7.31(OH)0.69 were tested for oxidative propane 

dehydrogenation: one sample as-made and one sample fired to 300 °C (i.e. 

Ga2.52V2.48O8) prior to testing. Since the testing is done at temperatures between 350 

– 500 °C the as-made oxyhydroxide likely dehydrates to the oxide (see Section 

5.3.5.3), but both were tested to see whether the as-made sample, which oxidises in 

situ has any improvement on selectivity than the pre-fired, “aged,” oxide catalyst. 

The catalysts were tested for propane oxy-dehydrogenation under a gas flow consisted 

of 20% propane and 20% oxygen in nitrogen. The temperature was varied between 

350 and 500 °C, with the purpose of obtaining data at different conversion levels. The 

results are compared with a “standard” catalyst, commercial V2O5. 

5.6.3 Results 

Both Ga2.52V2.48O7.31(OH)0.69 and Ga2.52V2.48O7.31(OH)0.69 fired at 300 °C (i.e. 

Ga2.52V2.48O8), are above the line of the “reference” material, V2O5, in the plot of 

selectivity vs conversion (Figure 5.41). This suggests that since the two gallium 

containing catalysts have similar activity that the as-made sample dehydrates to the 

oxide initially. This early work therefore suggests that this new material is more 

selective towards propylene than V2O5 when compared at the same conversions and 

therefore has potential for oxidative propane dehydrogenation and should be 

considered for further testing in this area of catalysis. 
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Figure 5.41 Selectivity vs conversion plot for Ga2.52V2.48O7.31(OH)0.69 compared against an 

industry reference, commercial V2O5. 

One possible reason for the higher observed selectivity for propylene with this catalyst 

could be due to the formation of isolated active sites. Such behaviour has been studied 

previously for other catalysts used in this reaction.73 Alternatively, the presence of a 

secondary surface metal (i.e. GaOx) could lend itself to weakly adsorbing propane on 

the surface supplying the catalytically active VOx site for propane activation. This has 

been observed for catalyst systems of V-Mo-O, and W-Mo-O.74 

What is surprising is that the catalytic activity of vanadia in this reaction is typically 

associated with V5+ especially in the first step of the ODH cycle, whilst V3+ is not 

suitable for facile catalytic cycling.32 The new material outperforms V2O5, yet contains 

a significant portion of V3+. It could be that the surface of Ga2.52V2.48O7.31(OH)0.69 

differs from the bulk structure, or that the surface chemistry changes from the as-made 

state to a V5+ rich state under the conditions used in the reaction. Powder XRD of the 

spent samples from this reaction reveals that the bulk structure is not completely 

retained after the catalytic cycle (Figure 5.42) which could mean that 

Ga2.52V2.48O7.31(OH)0.69 is only a precursor material to the catalytically active material. 

The identity of phases present after the catalytic cycling currently remains unclear. 
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Figure 5.42 Powder XRD of spent catalyst (red) and catalyst prior to testing (black). 

5.7 Summary  

In this work the solvothermal synthesis of a novel vanadium gallium oxyhydroxide, 

based on the structure of the Ga5O7(OH), has been presented. It can be prepared by 

two different solvothermal routes offering a choice over crystallinity of the final 

material formed. Choice of regent, whether a V3+ or V5+ salt yields a material 

containing vanadium largely in the trivalent state. 1,4-butanediol retains the oxidation 

of the vanadium from the precursor in the final product, whilst 1:1 MEA:H2O reduces 

the pentavalent vanadium to the trivalent state.  Simultaneous neutron and X-ray 

refinement show that vanadium shares the octahedral metal sites with gallium but 

gallium exclusively occupies the tetrahedral site which accounts for 20% the total 

number of sites in the structure. The material is metastable and a cell contraction, 

likely due to dehydration, occurs around 300 °C before the material phase separates 

into other materials at 600 °C. The material shows potential as a catalyst in the 

oxidative dehydrogenation or propane, a reaction receiving increased attention over 

steam cracking and dehydrogenation reactions, outperforming a V2O5 catalyst, a 

standard used in industry against which to compare catalytic activity. 

A new chromium substituted gallium oxide spinel has been prepared. This material is 

poorly crystalline, but has a large surface area. Though the material decomposes at 

850 °C, it shows improved thermal stability over pure γ-Ga2O3 which decomposes 

around 650 °C. This is another example of a metastable material which would be 

inaccessible via high temperature synthesis. 
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Manganese gallium oxide has been synthesised by conventional solvothermal 

synthesis for the first time without the need for microwave assistance. 
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6. Exploratory Hydrothermal Synthesis of Rhodium Materials  

6.1 Introduction 

The platinum group metals (PGMs) are found in Groups 8, 9 and 10 of the 2nd and 3rd 

row transition series and include ruthenium, rhodium, palladium, osmium, iridium and 

platinum. Ternary platinum group metal oxides often display interesting magnetic and 

electronic properties, and other interesting quantum phenomena owing to strong spin-

orbit coupling.1 This is a common feature not only for the platinum group metals but 

for other transition metals in the 2nd and 3rd row.  The larger spin-orbit coupling is on 

a similar energy range as, and therefore able to compete with, other interactions such 

as on-site Coulomb repulsion, crystal-field splitting and intersite hopping.2 A few 

examples of platinum group metal oxides which display interesting properties include 

the high temperature antiferromagnetism found for SrRu2O6,
3 while Sr2RuO4 is a high 

temperature superconductor,4 and SrRuO3 is ferromagnetic.5 Of the iridates 

superconductivity has been observed in Li2IrO3,
6 and postulated for Sr2IrO4,

7
 whilst a 

spin liquid state has been found in the S=1/2 hyperkagome structure of 

antiferromagnetic Na4Ir3O8.
8 The properties associated with some ternary rhodium 

oxides is outlined below. The ternary platinum metal oxides also find some limited 

use in catalysis, such as in the mitigation of exhaust fumes which has been reviewed 

recently.9 

The lack of structural diversity among the binary platinum group oxides compared to 

first-row transition metal oxides is a consequence of the electronegative nature of the 

platinum metal itself. Their lack of affinity for oxygen is reflected in their reluctance 

to display flexibility in oxidation state when binding to oxygen and in their thermal 

stability since most precious metals readily lose oxygen and revert to the metallic state 

at high enough temperatures. For example, Rh2O3 is stable to 1100 °C before reducing 

back to the metallic state on further heating.10 The reluctance of the platinum group 

metals to bind to oxygen is one reason for their wide use in catalysis.9 

Complex oxides of the platinum group metals, typically containing an alkali and 

alkali-earth metal, are diverse and numerous oxides have been reported. Excellent 

reviews published on complex precious metal oxide chemistry can be found.9,11 It is 

generally agreed that the introduction of an electropositive cation from Group 1 or 2 
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metal destabilises the oxygen p states causing increased covalent overlap with the 

precious metal d orbitals hence stabilising the material and explaining the increased 

structural diversity of complex metal oxides compared to the binary oxides.9 By the 

same effect the presence of an electropositive cation can stabilise unusual oxidation 

states of the platinum group metal. This increased covalency results in greater electron 

density on the electronegative metal, and so can be regarded as an inductive effect.9,12  

 

 

 

 

 

 

Figure 6.1 Destabilisation of O-p states by the presence of an electropositive cation causes 

increased overlap of O-p and PGM-d orbitals. Adapted from Seshadri et al.9 

 

Rhodium oxide is similar to other platinum group metals in that it does not show too 

much flexibility in its oxidation states in binary compounds. Primarily trivalent, 

rhodium forms corundum-type Rh2O3 though high temperature and high pressure 

polymorphs are known.10,13,14 RhO2 can be prepared at high pressure and adopts the 

rutile structure which is a common structure type of the precious metals (for example, 

RuO2, IrO2).
15,16 The oxide chemistry of rhodium is largely dominated by the Rh3+ and 

Rh4+ as discussed below. 

There are only two calcium rhodates reported in the literature.17–20 CaRh2O4 adopts 

the CaFe2O4 structure and contains the diamagnetic Rh3+ cation. The fact that rhodium 

has d6 configuration and is low spin in this material offers little towards electronic and 

magnetic applications. A CaRhO3 perovskite has also been reported but requires a 

temperature close to 2000 °C and a pressure of 6 GPa.21  

In contrast to calcium there is much greater structural diversity within the strontium 

rhodates. A further feature of these strontium rhodates is that most contain some Rh4+ 

which then presents an opportunity for electronic and magnetic properties. Sr2RhO4 
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and the isostructural Sr2IrO4 contains distorted Rh4+ octahedra. It is a 2D metallic 

conductor below 150 K. It does however require 1200 °C and an oxygen atmosphere 

to synthesise without impurity.22,23 Hexagonal β-SrRh2O4 can also be prepared in a 

high temperature reaction from SrCO3 and Rh metal requiring two periods of firing; 

the second at 1150 °C for 5 days.24 The structure contains alternate layers of edge 

sharing RhO6 octahedra with trigonal prismatic sites for Sr. An orthorhombic 

polymorph of SrRh2O4, which is isostructural with CaRh2O4 and CaFe2O4, has 

reportedly been synthesised by decomposition of Sr3Rh2(OH)12 though this polymorph 

has never been properly characterised before and only a list of observed reflections 

given.25 Subramanian et al. have reported the synthesis of rare-earth, and bismuth 

rhodium oxides which adopt the orthorhombic CaFe2O4 structure-type.26 

Similar to CaRhO3, the perovskite SrRhO3 can also be synthesised from high 

temperature and high pressure synthesis.27,28 There also exists bi-layered Sr3Rh2O7 

which similarly requires high temperature and high pressure (1500 °C and 6GPa). It 

is metallic and the expected local distortion around Rh4+ centres is a consequence of 

the t2
5

g state.29 The tri-layered Sr4Rh3O10 perovskite is another example of a Rh4+ 

oxide.30 SrRhO3, Sr4Rh3O10 and Sr3Rh2O7 are part of a Ruddlesden-Popper series 

Srn+1RhnO3n+1 (n = 1, 2 and ∞). Sr4Rh3O10, similar to Sr3Rh2O7, required a temperature 

and pressure of 1500 °C and 6 GPa for synthesis. Sr10.5Rh7.5O24 is another example of 

a mixed valent Rh3+/Rh4+ material.31  

Most of these oxides require very high temperatures or very long reaction times to 

prepare. Polycrystalline Sr6Rh5O15 can be prepared by solid state reaction at 850 °C 

and then 1150 °C for 9 days32 but single crystals of the same phase can be prepared 

by a flux reaction in K2CO3 at slightly lower temperature of 1050 °C for 48 h.33 Its 

structure was solved using traditional 3D, and 4D super-space group methods. 

Sr6Rh5O15 belongs to the chain-type oxides A3n+nA’nBn+3O6n+9 with n = 1, which is 

related to the 2H-perovskite structure. The strontium rhodium oxides Sr4Rh3O9+δ and 

Sr9Rh7O21+δ are other examples of this family of oxides with n = 2 and n = 3, 

respectively. Unlike the commensurate n = 1 member, Sr6Rh5O15, these oxides are 

incommensurate members of this family with extra added oxygen in the structure, 

since all materials contain Rh3.6+. Synthesis of these phases is challenging owing to 

oxygen uptake occurring during heating and cooling. All three members show 

antiferromagnetism.34 
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A monoclinic hollandite structure with the chemical formula Sr0.75Rh4O8 can be 

prepared under careful and controlled heating at 1050 °C for 160 h in an oxygen 

atmosphere. Heating above this temperature reportedly caused dissociation into β-

SrRh2O4 and rhodium metal.35 

Rh5+ can be stabilised in the Sr3MRhO6 structure (M = Na, Li). These materials are 

prepared by a molten alkali flux reaction at a low temperature of 600 °C.36 

Another strontium rhodate where all rhodium is tetravalent is Sr4RhO6. This material 

requires multiple heating stages all in flowing O2 with the final step requiring a 

temperature of 1250 °C for 15 days.37 Weak antiferromagnetic alignment of the Rh4+ 

centres was observed. It was the first reported oxide of Rh4+ to display ordered 

magnetic spins. The Néel temperature is lower than for the iridium analogue and this 

is likely due to greater covalency owing to the more spatially diffuse Ir 5d orbitals. 

A paper claiming the existence of three different strontium rhodium oxides 

(Sr3Rh2O6.5, SrRh2O4, SrRh3O5.5) was published.38  Both Sr3Rh2O6.5, and SrRh2O4 

were claimed to be hexagonal based on powder diffraction indexing, whilst SrRh3O5.5 

was determined to be monoclinic. Further examination of the paper reveals that the 

chemical formula of the oxides was assigned based only on reaction stoichiometry. 

No formal structural investigation was properly undertaken and one of the oxides, 

Sr3Rh2O6.5, shares a similar powder pattern with the Sr6Rh5O15 and is likely a member 

of the A3n+nA’nBn+3O6n+9 family of oxides described above. 

Far fewer oxides containing barium and rhodium have been reported. 4H-BaRhO3 is 

known to exist39,40 and there is also a hollandite structure, Ba1.72Rh8O16.
40 2H-BaRhO3 

has not yet been reported however the oxides Ba11Rh10O30 and Ba32Rh29O87 which are 

related to 2H-BaRhO3 have been prepared.41,42 The former contains Rh4+ and the latter 

mixed valent rhodium cations. Single crystals of Ba9Rh8O24 have been grown by the 

zur Loye group43 and it is structurally related to the 2H-perovskite family of oxides 

with a general formula A3n+3mA’nB3m+nO9m+6n, where A = alkaline-earth metal, A’,B = 

a variety of metals including alkali, alkaline-earth, transition or main group or rare-

earth. The structure is a result of the following stacking sequences: m[A3O9] and 

n[A3A’O6] layers with B filling the octahedral interstitials. They consist of one-

dimensional chains of face-sharing trigonal prisms and octahedra. Sr4PtO6 is the n = 1, 

m = 0 member and forms in the KCdCl6 structure-type. Sr4Fe0.73Rh2.27O9 synthesised 
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by the zur Loye group is a member of this family with m = 1 n = 3, whilst another 

strontium iron rhodium oxide SrFe0.71Rh0.29O3 prepared by the same group contains 

Rh4+ and crystallises in the cubic perovskite space group.44 

A variety of other mixed metal rhodates can be synthesised including delafossites 

(NaRhO2
45,46

 and CuRhO2
47); orthorhombic distorted perovskites with rare-earth 

cations;48 oxides containing rhodium with rare-earth cations and transition metal 

cations;49 and other structures, including pyrochlores, with cerium.50 A rhodium 

bismuth pyrochlore is also known.51 Rhodium is the only PGM that can be 

incorporated into the spinel structure at ambient pressure forming spinels with 

magnesium and d-block elements such as with zinc.52 

With regards to synthesis of many complex metal oxides the conventional approach is 

to use high temperature reactions often with multiple grinding steps and long reaction 

times to facilitate diffusion of ions across grain boundaries. This usually means that 

the thermodynamically stable material is obtained. Soft chemical, chimie-douce, 

approaches such as sol-gel, and hydro(solvo)thermal reactions can be used to access 

metastable materials which would not normally be obtained by high temperature 

reactions as discussed in Chapter 2. Recently, a series of Group 2 ruthenium oxides 

prepared from hydrothermal synthesis in highly oxidising conditions was reported.3 

One of the materials prepared, SrRu2O6, contains Ru5+, an unusual oxidation state for 

ruthenium, but also the material is antiferromagnetic with an extraordinarily high Néel 

temperature.53 Flux reactions have also been employed to synthesise complex metal 

oxides and more recently hydrothermal reactions with high concentrations of sodium 

or potassium hydroxide , termed “hydroflux,” have shown to allow access to a range 

of new mixed metal hydroxides including first row transition metals and platinum 

group metals.54,55 Very recently some new barium iron oxides were prepared from a 

wet hydroflux reaction in which a small volume of water is placed in an autoclave 

with a large amount of hydroxide.56 These oxides were shown to be canted 

antiferromagnetic diferrites with exceptionally high magnetic ordering temperatures. 

The low temperature synthesis of mixed-metal hydroxides can often afford new mixed 

metal oxides by gentle firing at elevated temperature to bring about 

dehydration.54,55,57–59 
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The low reactivity of rhodium oxide, which is predominantly used as the reagent in 

high temperature reactions of complex rhodium oxides, means that high temperature 

reactions usually require several days and multiple grinding steps to synthesise phase 

pure materials.  The motivation behind this work was then to see whether mixed metal 

rhodium oxides could be prepared from low temperature hydrothermal (or hydroflux) 

reactions as a means to access new materials or known materials from a soft chemical 

route. 

Rhodium, like other platinum group metals finds use in catalysis.60,61 In particular, out 

of the platinum group metals rhodium has the highest activity for the oxidation of NOx 

in exhaust streams in motor vehicle exhaust catalysts61 and also has significant activity 

for the oxidation of hydrocarbons and carbon monoxide. It also has excellent 

resistance to being poisoned. However, the high cost of rhodium is its drawback and 

is the main reason why other cheaper metals are often investigated. The high cost of 

rhodium, along with the difficulty of oxidising Rh3+ under mild conditions, and the 

ease at which is reduces to the metallic state, is why complex rhodium oxides where 

rhodium is present in the bulk rather than in a catalytic amount on the surface of a 

support have hardly been studied at all for any catalysis. 

6.2 Scope of this chapter 

This chapter presents the findings from some exploratory work using rhodium chloride 

and salts from Group II as reagents in hydrothermal and hydroflux reaction. All 

materials formed by the hydroflux method were found to yield rhodium hydroxide 

materials. An attempt to understand their reaction pathway upon dehydration into 

oxides is presented. A new barium sodium rhodium hydroxide has been synthesised 

by the wet-hydroflux method and its structure solved by single crystal X-ray 

diffraction. 
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6.3 Ca3Rh2(OH)12 

6.3.1 Synthesis 

In a typical synthesis, 0.10 g (0.38 mmol) of RhCl3·3H2O (Precious Metals Online, 

99%) and 0.04 g (0.57 mmol) of Ca(OH)2 (Aldrich; 96%) were added to 10 ml of 12 M 

KOH solution with stirring. The mixture was sealed in a 23 ml PTFE-lined steel 

autoclave and heated to 200 °C for 24 hours in a preheated fan oven. The autoclave 

was then cooled and the resulting precipitate was recovered by suction filtration to 

yield a brown powder. The material was dried at room temperature by washing with 

acetone. 

6.3.2 Powder X-ray diffraction 

The reaction of calcium hydroxide with rhodium chloride in potassium hydroxide 

affords the hydrogarnet material, Ca3Rh2(OH)12, as inferred from powder X-ray 

diffraction. Using CaO2 in place of the hydroxide also yielded the hydrogarnet and not 

an oxide material, unlike as has been observed for other hydrothermal reactions with 

PGMs.3,62 Reaction in NaOH yielded an entirely different material (Section 6.4). 

The powder XRD pattern of Ca3Rh2(OH)12 is characterised by sharp and intense Bragg 

reflections indicative of a large crystallite size (Figure 6.2(a)). Rietveld refinement 

was undertaken for the calcium rhodium hydrogarnet using Sr3Fe2(OH)12 as a starting 

model.63 

During the refinement a small impurity phase of Ca(OH)2 was observed and then 

included in the refinement (Figure 6.2(b)). The refinement proceeded smoothly to give 

a wRp = 10.3% (Table 6.1). The relative amounts of the hydrogarnet and Ca(OH)2 

from the Rietveld refinement were calculated as 86.99% and 13.01% respectively.  
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Figure 6.2 (a) Rietveld refinement of Ca3Rh2(OH)12 obtained from powder X-ray data 

(λ = 1.5406 Å), (b) the refined model at higher angle. 

 

Table 6.1 Refined crystal parameters for Ca3Rh2(OH)12. Space group 𝐼𝑎3̅𝑑 ,  

a = 12.76028(10) Å. Rp = 6.6%, wRp = 10.3%. 

Wyckoff Site  Atom x y z Occupancy Beq / Å2 

16a  Rh 0 0 0 1.0 2.12(56) 

24c  Ca 0.125 0 0.25 1.0 2.12(56) 

96h  O 0.0308(3) 0.0488(4) 0.6354(3) 1.0 0.4 

96h  H 0.27256 0.22846 0.7122 1.0 0.4 

*Hydrogen parameters were not refined and the coordinates and thermal parameter were taken 

from the published structure of the iron analogue.  

 

The hydrogarnet structure is derived from the garnet structure (A3
2+B2

3+(SiO4)3) by 

removing the silicate groups and replacing them with hydroxide groups retaining 

symmetry and space group 𝐼𝑎3̅𝑑.64 The B3+ cations adopt octahedral coordination, 

{B(OH)6}, and are linked in such a way that dodecahedral sites are occupied by the 

larger A2+ cation. The tetrahedral site in the structure may be empty, partially or fully 

occupied by silicon. The first describes the silicon free hydrogarnet to which 

Ca3Rh2(OH)12 clearly belongs. Hydrogarnets may offer an attractive route for thermal 

decomposition into novel oxides inaccessible by conventional solid-state synthesis.65 
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Figure 6.3 (left) A unit cell of the hydrogarnet structure showing isolated Rh-O octahedra 

(gold) and (right) Rh-O (gold) and Ca-O units (green).  

 

Ca3Rh2(OH)12 was previously reported from a low temperature, high pressure 

hydrothermal synthesis (150 °C, 1000 bar) using rhodium oxide as the rhodium 

precursor.64 Its structure, however, was not refined, with the authors providing only a 

list of observed reflections. This work is the first structure refinement of this material. 

The Rh-O bond distances are only slightly larger than for the Sr-Fe-O analogue 

(2.03 Å cf. 2.02 Å) which was used as the starting model and is expected since Rh3+ 

is only slightly larger than Fe2+ (0.665 Å cf. 0.645 Å).63 The lattice parameter is, 

however, smaller than the Sr3Fe2(OH)12 analogue (a = 13.202 Å cf. a = 12.76028(10) ) 

since Ca2+ is smaller than Sr2+ (1.34 Å cf. 1.44 Å).66  

6.3.3 Infrared spectroscopy  

Infrared spectroscopy shows a sharp signal at 3600 cm-1 which can be assigned to the 

O-H stretching mode of the hydrogarnet (Figure 6.4). That it is not a broad signal 

suggests that it is of an O-H bond in the structure and not from hydrogen bonding 

between surface bound water molecules or other O-H containing molecular species. 
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Figure 6.4 Infrared spectrum of Ca3Rh2(OH)12 showing O-H stretching mode (inset shows a 

close up on O-H stretching mode). 

 

6.3.4 Thermal decomposition of Ca3Rh2(OH)12 

Early work on the decomposition of hydrogarnets suggested that their thermal 

decomposition proceeds as in Equation 6.1 and this was based on thermal analysis.64 

A3B2(OH)12  A3B2O6 + 6H2O (at a temperature of 1000 °C) 

Equation 6.1 

In situ thermodiffractometry reveals that Ca3Rh2(OH)12 decomposes into an 

amorphous phase around 325 °C and this is supported by TGA showing an exotherm 

around the same temperature and a total mass loss of 25% which is indicative of a loss 

of six moles of H2O (expected mass loss = 20.5%) assuming the presence of a small 

amount of Ca(OH)2 impurity phase which can be seen to decompose in the TGA by a 

step around 580 °C in agreement with literature values.67 The formation of new 

crystalline phases occurs around 650 °C. The powder X-ray diffraction pattern of a 

sample of Ca3Rh2(OH)12 after being heated at 900 °C shows the presence of CaRh2O4 

and CaO (Figure 6.5(c) and (d)). A thermal decomposition chemical equation can be 

written (Scheme 6.1).  

Ca3Rh2(OH)12  CaRh2O4 + 2CaO + 6H2O 

Scheme 6.1 
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Figure 6.5 (a) In situ thermodiffractometry of Ca3Rh2(OH)12, (b) TGA, (c) Ca3Rh2(OH)12 after 

heating to 810 °C, (d) close-up showing CaO peaks (green tick marks). 

 

A phase pure sample of CaRh2O4 can be obtained by washing the fired sample with 

2 M nitric acid to remove the calcium oxide impurity.  

TEM and SEM shows that CaRh2O4 consists of rounded particles of ~100 nm diameter 

(Figure 6.6), whilst EDX via SEM confirms the ratio Ca:Rh as 1:2. 

 

 

 

 

 

 

Figure 6.6 (a) TEM image and (b) SEM image of CaRh2O4. 
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Rietveld refinement was undertaken against X-ray data of CaRh2O4 using the structure 

refinement obtained by Yamaura et al.,19 and the refined model is shown in Figure 6.7 

and the refined crystal parameters in Table 6.2. The temperature factors were kept 

fixed at 0.3 throughout the refinement. These values were default values chosen by 

TOPAS. 

 

 

 

 

 

 

 

 

Figure 6.7 Rietveld refinement of CaRh2O4 using X-ray data (λ = 1.5406 Å). 

Table 6.2 Refined crystal parameters for CaRh2O4. Space group 𝑃𝑛𝑚𝑎, a = 9.0603(2) Å, 

b = 3.09854(7) Å, c = 10.7809(3) Å. Rp = 14.7%, wRp = 20.5% 

Wyckoff Site  Atom x y z Occupancy Beq / Å2 

4c  Ca 0.2405(8) 0.25 0.3375(7) 1.0 0.3 

4c  Rh 0.0894(3) 0.25 0.5992(3) 1.0 0.3 

4c  Rh 0.0558(3) 0.25 0.1151(3) 1.0 0.3 

4c  O 0.300(2) 0.25 0.6737(16) 1.0 0.3 

4c  O 0.363(2) 0.25 -0.0430(16) 1.0 0.3 

4c  O 0.463(2) 0.25 0.2193(17) 1.0 0.3 

4c  O 0.110(2) 0.25 -0.0795(15) 1.0 0.3 

 

The lattice parameters obtained from the refinement are larger than those obtained 

from the single crystal structure refinement which was also measured at room 

temperature: a = 9.0354(3) Å, b = 3.0340(1) Å, c = 10.7062(3) Å. 

The crystal structure of CaRh2O4 contains both edge and corner sharing Rh-O 

octahedra, all which edge share with 8-coordinate Ca (Figure 6.8). 
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Figure 6.8 Crystal structure of CaRh2O4. 

6.4 Synthesis and Thermal Decomposition of Ca-Na-Rh-(OH) 

6.4.1 Synthesis 

In a typical synthesis, 0.10 g (0.38 mmol) of RhCl3·3H2O (Precious Metals Online, 

99%) and 0.014 g (0.19 mmol) Ca(OH)2 (Aldrich; 96%) were added to 10 ml of 12 M 

NaOH solution with stirring. The mixture was sealed in a 23 ml PTFE-lined steel 

autoclave and heated to 200 °C for 24 hours in a preheated fan oven. The autoclave 

was then cooled and the resulting precipitate was recovered by suction filtration to 

yield a yellow powder. The material was dried at room temperature by washing with 

acetone. 

6.4.2 Powder X-Ray Diffraction 

The hydrogarnet structure described above is not isolated if sodium hydroxide is used 

in place of potassium hydroxide and instead forms a completely new material. 

Identification of this phase was complicated owing to the presence of some Ca(OH)2 

and an amorphous feature can be seen in the PXRD pattern under the first peak (Figure 

6.9). 

Control reactions using NaOH without the calcium salt yielded amorphous materials 

as did a controlled reaction of rhodium chloride and calcium salts using only water as 

the solvent. Therefore, both sodium and calcium are required to form the crystalline 

material. 
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Indexing the pattern provided a hexagonal cell with initial lattice parameters 

a = 5.836 Å, c = 4.783 Å. However, a smaller cell can instead be used with a unit cell 

a parameter of 3.36 Å and the fitted profile is shown in Figure 6.9 with refined lattice 

parameters of a = 3.36512(5) Å, c = 4.78277(11) Å using space group 𝑃3̅𝑚1. The 

space group and lattice parameters are very similar to those for Group 2 metal 

hydroxides, for example Mg(OH)2 where a = 3.142(1) Å, c = 4.766(2) Å. 

 

 

 

 

 

 

Figure 6.9 Pawley refinement of the Ca-Na-Rh-OH phase. 

6.4.3 EDX 

EDX analysis by SEM confirmed the presence of both calcium, sodium and rhodium 

in the structure in a ratio of approximately 1:1:1. A simulated powder pattern using 

the Mg(OH)2 brucite structure with a formula Ca0.33Na0.33Rh0.33(OH)2 shows that there 

are significant discrepancies in the relative intensities of the Bragg reflections (Figure 

6.10). The fact that the hydrogarnet forms when potassium hydroxide is used suggests 

that potassium is too large to fit in this hexagonal structure. 
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Figure 6.10 Simulated PXRD pattern of Ca0.33Na0.33Rh0.33(OH)2 using the brucite structure 

(black) and measured data for the Ca-Na-Rh-OH material (red). 

 

6.4.4 Infrared spectroscopy 

Infrared spectroscopy shows a strong signal at 3600 cm-1 typical for an O-H stretching 

mode in oxyhydroxides or hydroxides (Figure 6.11). 

 

 

 

 

 

 

 

Figure 6.11 IR of Ca-Na-Rh-OH with inset showing a strong O-H stretching mode. 
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6.4.5 XANES 

XANES analysis showed that in this material the rhodium is likely present as Rh3+ 

given the similarity in edge position of the material against the CaRh2O4 reference 

(Figure 6.12).  

 

 

 

 

 

 

 

Figure 6.12 XANES spectra of Ca-Na-Rh-OH against suitable references indicating the 

presence of trivalent rhodium. 

6.4.6 Thermal decomposition of the hexagonal Ca-Na-Rh-(OH) phase 

In situ thermodiffractometry shows this phase is stable until around 350 °C before 

dehydration occurs to form an amorphous material (Figure 6.13). Crystalline phases 

can be seen to form at 600 °C with one phase being identified as CaO. TGA shows 

that a total mass loss of 20% is observed over the range 30 – 1000 °C. If the ratio of 

metals from EDX is taken, i.e. 1:1:1 then an empirical formula CaNaRh(OH)6 may be 

assumed with 6 OH groups required to charge balance. The observed mass loss of 20% 

upon dehydration of this material agrees favourably with this empirical formula 

(expected mass loss = 20.2%). However, some of the total mass loss in the TGA is 

likely to come from the dehydration of Ca(OH)2 impurity phase which thermally 

decomposes into CaO, and this must be considered. 
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Figure 6.13 In situ thermodiffractometry of the hexagonal phase Ca-Na-Rh-OH showing 

decomposition around 350 °C. 

 

The material heated to 810 °C was washed in dilute acid to remove the calcium oxide 

and leaving behind the other crystalline phase. Most of the reflections could be 

indexed to a hexagonal cell with lattice parameters that refined close to those expected 

for the delafossite NaRhO2 (a = 3.0811(13) Å, c = 15.904(9) Å, space group 𝑅3̅𝑚) 

(Figure 6.14). The lattice parameters for NaRhO2 reported in the literature were given 

as a = 3.0971(4) Å and c = 15.528(3) Å.46 The refined lattice parameter c in this work 

is larger than the literature value. Two broad reflections (denoted *) in the powder 

pattern are not fitted to the delafossite structure. The temperature required to bring 

about formation of the delafossite from the amorphous precursor is much lower than 

required for a solid-state synthesis between two solid precursors which was 950 °C.  

 

 

 

 

 

 

 

Figure 6.14 Pawley refinement showing NaRhO2 isolated from the decomposition of 

Ca-Na-Rh-OH into NaRhO2 and CaO. 
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If the CaO is not removed by acid washing then upon further heating to 1100 °C a 

solid-state reaction occurs between the two oxides resulting in formation of CaRh2O4 

and some unreacted NaRhO2.  

6.5 Sr3Rh2(OH)12 

6.5.1 Synthesis 

In a typical synthesis, 0.1 g (0.38 mmol) RhCl3·3H2O (Precious Metals Online, 99%) 

and 0.023 g (0.19 mmol) Sr(OH)2 (Aldrich; 95%) were added to 10 ml, 12 M NaOH 

solution with stirring. The mixture was sealed in a 23 ml PTFE-lined steel autoclave 

and heated to 200 °C for 24 hours in a preheated fan oven. The autoclave was then 

cooled and the resulting precipitate was recovered by suction filtration to yield a bright 

yellow powder. The material was dried at room temperature by washing with acetone. 

6.5.2 Powder X-Ray Diffraction 

Highly crystalline and phase pure strontium rhodium hydrogarnet is obtained when 

rhodium chloride reacts with strontium hydroxide or strontium peroxide in the 

presence of a high concentration of potassium or sodium hydroxide under 

hydrothermal conditions. Choice of base (i.e. sodium or potassium hydroxide) did not 

affect the formation of the hydrogarnet. Similarly selecting a peroxide over hydroxide 

for the strontium reagent did not bring about formation of any oxide phases as had 

been found to be required for some ruthenium and iridium materials.3,62,68 Although 

usually a phase pure material was formed in the reaction, occasionally single crystals 

of SrCO3 would be formed in the reaction, sometimes large enough to be removed by 

mechanical separation. The natural propensity for NaOH and KOH to sequester CO2 

from the atmosphere is the likely reason for this.69 Purging the reaction vessel with N2 

beforehand did not consistently prevent the formation of carbonates, which suggests 

the carbonate may already be in the KOH and NaOH. 

Since a structure refinement of Sr3Rh2(OH)12 has not yet been published the powder 

diffraction data of  Sr3Rh2(OH)12 were analysed using the Sr3Fe2(OH)12 model63 

(Figure 6.15 and Table 6.3) as for Ca3Rh2(OH)12. An excellent fit to the observed data 

was obtained. The refined lattice parameter a = 13.18564(6) Å is slightly smaller than 

that reported for the single crystal room temperature structure refinement of 
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Sr3Fe2(OH)12, a = 13.202 Å but considering 6-coordinate high spin Fe3+ and 6-

coordinate Rh3+ are similar in size (0.645 Å cf. 0.665 Å), this was not considered a 

significant problem. The bond valence sum calculated for rhodium using the Rh-O 

bond distance of 2.0513 Å gives a valency of 2.97+, which is in excellent agreement 

with the expected valence state of rhodium in this material. This Rh-O bond length is 

slightly larger than the reported Fe-O bond length of 2.0262 Å in Sr3Fe2(OH)12.  

 

 

 

 

 

 

 

Figure 6.15 Rietveld refinement against X-ray diffraction data for Sr3Rh2(OH)12. 

Table 6.3 Refined crystal parameters for Sr3Rh2(OH)12. Space group 𝐼𝑎3̅𝑑 ,  

a = 13.18564(6) Å. Rp = 10.5%, wRp = 15.7%. 

Wyckoff Site  Atom x y z Occupancy Beq / Å2 

16a  Rh 0 0 0 1.0 0.52(4) 

24c  Sr 0.125 0 0.25 1.0 0.46(4) 

96h  O 0.0308(3) 0.0546(4) 0.6423(3) 1.0 0.4 

96h  H 0.180 0.081 0.789 1.0 0.4 

*Hydrogen parameters were not refined. 

 

6.5.3 Infrared spectroscopy 

Infrared spectroscopy shows a sharp signal at ~3600 cm-1 which can be assigned to 

the O-H stretching mode of the hydrogarnet (Figure 6.16).  
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Figure 6.16 Infrared spectrum of Sr3Rh2(OH)12 showing O-H stretching mode (inset shows a 

close up on O-H stretching mode). 

6.5.4. Thermal decomposition of Sr3Rh2(OH)12 

In situ thermodiffractometry shows that decomposition of the hydrogarnet occurs 

around 350 °C (Figure 6.17(a)) and, unlike the decomposition of Ca3Rh2(OH)12, 

growth of the crystalline decomposition product peaks occurs almost immediately and 

they continue to grow in intensity and the stable phase remains at 810 °C. TGA shows 

an exotherm and mass loss occurring at 350 °C and a total mass loss of around 14% 

(Figure 6.17(b)),  which is in close agreement to the expected mass loss of 16% for a 

loss of 6 moles of water. Another step is observed at around 850 °C. As noted above, 

in the synthesis of Sr3Rh2(OH)12 a small impurity of SrCO3 was sometimes found. The 

step at 850 °C could be attributed to decomposition of SrCO3 which usually 

decomposes between 900-1100 °C.70 

 

 

 

 

 

 

Figure 6.17 (a) In situ thermodiffractometry of Sr3Rh2(OH)12, (b) TGA showing mass loss at 

the same decomposition temperature. 
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Thermal decomposition of Sr3Rh2(OH)12 was reported by Ivanov-Emin and 

thermogravimetric analysis showed loss of water at two different temperatures.25 This 

led the author to believe the decomposition product was SrRh2O4, isostructural with 

CaRh2O4 (CaFe2O4-orthohombic structure type). The structure given by Ivanov-Emin 

is based mainly on thermal analysis and only a list of observed reflections in the 

powder pattern of the decomposition product are given. Apparent similarity to 

SrSc2O4 further directed Ivanov-Emin to assign the structure to an orthorhombic 

crystal system. Although this does seem plausible since Ca3Rh2(OH)12 decomposes 

into an orthorhombic CaRh2O4 material a simulation of the powder pattern indicates 

that this model should be rejected (Figure 6.18). In fact, orthorhombic SrRh2O4 with 

the CaFe2O4 structure has never been synthesised or characterised by any other group 

since Ivanov-Emin.  

 

 

 

 

 

 

 

Figure 6.18 Observed data (red), and simulated pattern of SrRh2O4 with the CaFe2O4 

orthorhombic crystal system (black), and tick marks (magenta) from the list of reflections 

reported by Ivanov-Emin. 

 

Comparing the observed data of the strontium rhodium hydrogarnet decomposition 

product against strontium rhodates reported in the literature shows that the 

decomposition product most closely resembles Sr6Rh5O15, though there are other 

possible candidates for the decomposition product (Figure 6.19). 
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Figure 6.19 Measured data of Sr3Rh2(OH)12 fired at 810 °C (black), and simulated patterns of 

Sr6Rh5O15 (red), Sr10.5Rh7.5O24 (blue) and Sr4RhO6 (magenta). 

 

As described above in the introduction to this chapter, Sr6Rh5O15 is part of a family of 

oxides related to the 2H-perovskite structure: Sr4Rh3O9+δ and Sr9Rh7O21+δ are other 

members of this family,32–34,41 and so it is likely that the decomposition product of 

Sr3Rh2(OH)12 is also a member of this family. 

In an attempt to improve the crystallinity and resolve the peaks to facilitate phase 

identification of the product, the material was placed into a furnace at 900 °C in air 

for 4 h. It was found that a portion of the sample had oxidised further to become 

Sr2RhO4 (Figure 6.20). Further annealing at 1100 °C did not significantly improve the 

crystallinity of either oxide phase nor was there any appreciable further transformation 

of the initial decomposition material into Sr2RhO4. When the experiment was heated 

under N2 decomposition into rhodium metal occurred readily. 

 

 

 

 

 

 

 

Figure 6.20 Sr3Rh2(OH)12 fired at 1100 °C showing formation of some Sr2RhO4. 
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The thermal decomposition in air of Sr3Rh2(OH)12 is clearly very different to 

Ca3Rh2(OH)12 and is more complex to interpret. No rhodium metal or strontium oxide, 

the other expected decomposition products, were observed in the powder pattern, 

although it is possible that these materials are amorphous. Both the first decomposition 

product and Sr2RhO4 were found to be susceptible to dissolution in dilute acids so it 

was not possible to remove any strontium oxide phases that may be present or possible 

to isolate Sr2RhO4 as a phase pure material. 

XANES analysis shows that in samples of the strontium rhodium hydrogarnet fired at 

700 °C and 1100 °C there is a shift of the edge position to higher energy of the Rh3+ 

reference indicating the presence of Rh4+ (Figure 6.21). The first decomposition 

product is suspected to be a member of the A3n+nA’nBn+3O6n+9 family. All reported 

strontium rhodium oxide members contain Rh3.6+. There is little change in the edge 

position or shape between the first decomposition product and the material fired at 

1100 °C which would be expected since this is a mixture of both the Rh3.6+ material 

and only a small amount of Sr2Rh4+O4. 

 

 

 

 

 

 

 

Figure 6.21 Decomposition material of Sr3Rh2(OH)12 fired at 700 °C and 1100 °C showing 

little change in the edge position. 
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6.6 BaNaRh(OH)6 

6.6.1 Synthesis 

6.6.1.1 Polycrystalline sample 

In a typical synthesis, 0.1 g (0.38 mmol) RhCl3·3H2O (Precious Metals Online, 99%) 

and 0.032 g (0.19 mmol) Ba(OH)2 (BDH; 97%) were added to 10 ml, 12 M NaOH 

solution with stirring. The mixture was sealed in a 23 ml PTFE-lined steel autoclave 

and heated to 200 °C for 24 hours in a preheated fan oven. The autoclave was then 

cooled and the resulting precipitate was recovered by suction filtration to yield a gold 

coloured powder. 

 

6.6.1.2 Single crystal sample 

In a recent paper by zur Loye et al. a modified hydroflux method was published 

optimised for single crystal growth of some new barium iron oxide materials.56 This 

method, termed the wet hydroflux synthesis, requires large amounts of hydroxide and 

small volumes of water. The wet hydroflux reportedly takes advantage of the Lux-

Flood oxoacidity of the hydroxide melt by virtue of hydroxide ion autodissociation 

(Scheme 6.2). By adjusting the degree of oxoacidity in the flux melt, the degree of 

solubility of the transition metal oxide, and presumably transition metal hydroxides, 

can be changed.69 This method was selected in an attempt to grow single crystals of 

BaRhNa(OH)6. Many different conditions were tested to try and grow single crystals, 

including changing the barium precursor, temperature, time, amount of base, volume 

of water, heating/cooling rate, and the best conditions are given below. 

2OH-  H2O +O2- 

Scheme 6.2 

To grow single crystals of BaNaRh(OH)6, 0.1 g (0.38 mmol) RhCl3·3H2O (Precious 

Metals Online, 99%) and 0.032 g (0.19 mmol) BaO2 (Aldrich; ≥95%) and 4.0 g 

(0.1 mol) NaOH (Fischer, ≥97%) were added to a PTFE-line steel autoclave and 2 ml 

distilled water was added without stirring. The autoclave was sealed and placed in an 

oven set to ramp to 200 °C at 300 °C h-1, and held for 24 h and then cooled to room 
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temperature at 6 °C h-1. The crystals formed were separated from the flux using hot 

water, aided by gentle stirring, followed by vacuum filtration with acetone used to dry 

the crystals. 

6.6.2 Powder X-ray diffraction 

PXRD showed that the polycrystalline material is highly crystalline and that there are 

no barium impurity phases such as Ba(OH)2 (Figure 6.22), unlike the calcium and 

strontium phases for which alkali-earth hydroxides were frequently encountered as 

by-products. Occasionally a small rhodium metal impurity was found in some 

samples. The reflections observed in the powder XRD pattern could all be indexed to 

a primitive tetragonal cell with lattice parameters a = 8.3156 Å, c = 8.4520 Å with a 

selection of space groups possible (𝑃42/𝑛𝑐𝑚, 𝑃42212, 𝑃4, for example) but no unique 

space group could be determined from powder XRD. A Pawley refinement using 

space group 𝑃42/𝑛𝑐𝑚  provided refined lattice parameters of a = 8.3145(3) Å, 

c = 8.4482(5) Å. 

 

 

 

 

 

 

 

Figure 6.22 Pawley refinement against measured data of BaNaRh(OH)6. 

At higher concentrations of Ba(OH)2 different phases were observed in the diffraction 

pattern (Section 6.7). 

A hydrogarnet Ba3Rh2(OH)12 was not observed or synthesised through these 

experiments and this is likely due to the large size of barium. A barium hydrogarnet 

would require a trivalent cation larger than Fe3+ or Ga3+ but smaller than rare earth 

cations64 and as such barium hydrogarnets have only been observed containing 

scandium and indium.58 
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6.6.3 Single Crystal Structure Solution 

Single crystal data were collected at 150 K from a yellow diamond like crystal, which 

was selected from a sample which was largely polycrystalline powder. 

The crystal structure is shown in Figure 6.23 and crystal cell parameters are provided 

below in Table 6.4. Full details of the structure solution are given in Appendix A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.23 (top) 3x3x3 super-cell of the crystal structure of BaNaRh(OH)6, (bottom) unit 

cell of BaNaRh(OH)6 showing the isolated, tilted Rh-O octahedra. Gold spheres are Rh, green 

spheres Ba, blue spheres and purple sphere represent crystallographically different Na sites, 

red spheres are O. 
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Table 6.4 Refined single crystal parameters for BaNaRh(OH)6 space group 𝑃42/𝑛, (no. 86), 

a = 8.28420 Å, c = 8.41980 Å. 

Wyckoff site Atom x y z Occupancy Uiso / Å2 

4e Ba 1/4 3/4 0.79014 1.0 0.009 

4d Rh 1/2 1/2 1/2 1.0 0.006 

2b Na1 1/4 1/4 3/4 1.0 0.014 

2a Na2 1/4 1/4 1/4 1.0 0.026 

8g O1 0.45356 0.26059 0.54711 1.0 0.010 

8g O2 0.44558 0.45874 0.26546 1.0 0.010 

8g O3 0.26183 0.54071 0.54598 1.0 0.011 

 

The structure consists of Rh-O octahedra which are not connected to each other but 

instead share edges with the barium or sodium ions. This is not unusual as isolated 

M(OH)6 units are found frequently in mixed-metal hydroxides especially when a high 

positive charge is present on the metal centre such as found in double hydroxides such 

as MSn(OH)6 (M = Li, Ba, Sr).54 The barium is 10 coordinate with Ba-O bond 

distances ranging from 2.69 – 3.09 Å with an average bond length of 2.86 Å close to 

expected Ba-O distances.54 Sodium occupies two different sites in the crystal structure 

both in 8 coordination. The bond distances range from 2.402 – 2.960 Å for Na1 with 

an average distance of 2.681 Å, and 2.373 – 3.018 Å for Na2 with an average bond 

distance of 2.696 Å. Bond valence sums calculated from these distances are provided 

in Table 6.5. All bond valence sums show excellent agreement with the expected 

except for Ba1, which is calculated as 2.32. However, if the contribution of the two 

furthest Ba-O bond distances (3.09 Å) is neglected then the bond valence sum reduces 

to 2.08. 

 

Table 6.5 Bond valence sums for all metals in BaNaRh(OH)6. 

Metal Coordination Average bond distance / Å BVS / vu 

Rh1 6 2.051 2.97 

Ba1 10 2.850 2.32 

Na1 8 2.681 0.96 

  Na2 8 2.696 1.00 
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The simulated powder XRD pattern using the crystal structure as obtained from single 

crystal diffraction is in excellent agreement with the measured powder XRD pattern 

and Rietveld refinement against room temperature powder X-ray diffraction data 

using the model solved from the single crystal data shows an excellent fit to the 

observed data (Figure 6.24). The refined crystals parameters from powder XRD are 

shown in Table 6.6. The hydrogen positions were not added to the model as it would 

not be possible to observe hydrogen amongst the barium and rhodium electron density. 

 

 

 

 

 

 

 

Figure 6.24 (left) Simulated powder XRD pattern (black) using the model obtained from 

single crystal structure solution, and observed data from a polycrystalline sample (red), (right) 

Rietveld fit to observed data from a polycrystalline sample of BaNaRh(OH)6. 

Table 6.6 Refined crystal parameters for BaNaRh(OH)6 from powder XRD using the model 

obtained from the single crystal solution. Parameters in italics indicate refined parameters. 

Wyckoff site Atom x y z Occupancy Beq / Å2 

4e Ba ¼ 3/4 0.7876(3) 1.0 1.103 

4d Rh ½ 1/2 ½ 1.0 0.7395 

2b Na1 ¼ 1/4 ¾ 1.0 0.014 

2a Na2 ¼ 1/4 ¼ 1.0 0.006 

8g O1 0.4462(3) 0.2724(2) 0.54603(2) 1.0 0.010 

8g O2 0.4467(3) 0.4516(1) 0.2626(2) 1.0 0.010 

8g O3 0.2407(1) 0.5348(2) 0.5442(2) 1.0 0.011 

NB The sodium and oxygen thermal parameters were kept fixed throughout the refinement. 

6.6.4 Scanning Electron Microscopy (SEM) 

SEM on a small single crystal showed the morphology of the hydroxide crystals 

(Figure 6.25). Energy dispersive X-ray analysis (EDX) using a scanning electron 

microscope suggested the presence of the metals barium, rhodium and also sodium in 
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approximately 1:1:1 ratio, in agreement with the structure solved by single crystal X-

ray diffraction. Although in the reaction the ratio of Ba:Rh was 1:2, there was clear 

evidence of unreacted rhodium due to the yellow coloured supernatant upon filtration. 

Reactions conducted using KOH formed a different phase (Section 6.7) further 

suggesting that sodium is in the structure and that potassium is likely too big to occupy 

a site in this material.  

 

 

 

 

 

 

Figure 6.25 SEM imagining of BaNaRh(OH)6 single crystals. 

6.6.5 XANES 

XANES measured on B18 at the Rh K-edge on a polycrystalline sample of 

BaNaRh(OH)6 shows that rhodium is present as Rh3+ as the edge position is very close 

to the Rh3+ reference. This is consistent with the bright yellow colour of the sample 

typical for the presence of octahedral trivalent rhodium (Figure 6.26).71 

 

 

 

 

 

 

 

 

Figure 6.26 XANES spectra of BaNaRh(OH)6 and relevant references. 
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6.6.6 Infrared Spectroscopy 

The infrared spectrum of BaNaRh(OH)6 does not show a clear O-H stretching mode 

expected around 3500 cm-1 but this is likely because it is masked by the large surface 

O-H stretching band recorded for this material around this wavenumber (Figure 6.27). 

 

 

 

 

 

 

 

Figure 6.27 IR spectrum of BaNaRh(OH)6. 

6.6.7 Thermal decomposition of BaNaRh(OH)6 

In situ powder XRD on heating BaNaRh(OH)6 to 810 °C shows that at around 325 °C 

the phase begins to collapse with the emergence of a transient phase which itself exists 

only between 325 °C and 500 °C (Figure 6.28(a)). A third phase can be seen to form 

at around 400 °C and remains the only stable phase after heating to 810 °C. As yet no 

oxide candidate for this material has been identified, though the observed reflections 

are similar in position and intensity to Sr6Rh5O15 (but shifted to lower angle consistent 

with the larger Ba2+ cation). TGA also shows a mass loss at ~305 °C of ~10% (Figure 

6.28(b)), which is lower than expected for a loss of 3 moles of H2O from 

BaNaRh(OH)6, which would be expected to be ~15%. A small but non-negligible 

mass uptake between 700 and 800 °C could possibly be attributed to oxidation of a 

rhodium metal impurity followed by subsequent reduction at elevated temperatures 

back to rhodium metal. 
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Figure 6.28 (a) In situ thermodiffractometry of BaNaRh(OH)6 (b) TGA of BaNaRh(OH)6. 

 

The decomposition product from the hexagonal Ca-Na-Rh-(OH) phase showed 

formation of the NaRhO2 delafossite, which then partially forms CaRh2O4 at higher 

temperatures. It might be expected that the delafossite might also form during 

decomposition of BaNaRh(OH)6 but this is not observed upon heating. Neither 

transient phase or the material isolated from heating to 810 °C could be identified 

though as mentioned above the reflections are similar to those observed in Sr6Rh5O15 

(Figure 6.29). A Pawley refinement of a Ba6Rh5O15 using initial lattice parameters 

from the strontium model was attempted but owing to the large hexagonal cell 

(a = 9.6517 Å, c = 13.0480 Å), a large number of possible reflections were allowed 

and so although reflections were fitted it is highly unlikely that the refined lattice 

parameters are real. Further annealing at 900 °C serves to improve the crystallinity of 

this phase and at higher temperatures (1100 °C) another phase can be seen to form 

(Figure 6.29). 
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Figure 6.29 (left) Decomposition product of BaNaRh(OH)6 fired at 900 °C (black) compared 

against the observed powder pattern of the decomposition product of Sr3Rh2(OH)12 fired at 

900 °C (red), (right) Decomposition of BaNaRh(OH)6 at various temperatures. *denotes 

growth of a secondary phase. 

 

XANES analysis also shows that, like for the Sr3Rh2(OH)12 decomposition oxide, that 

the oxidation state of this material formed from BaNaRh(OH)6 fired at 700 °C is likely 

to be mixed valent Rh3+/Rh4+ owing to the shift of the Rh K-edge position to higher 

energy when compared against the CaRh2O4 reference material (Figure 6.30).  

 

 

 

 

 

 

 

Figure 6.30 XANES of the BaNaRh(OH)6 sample fired at 700 °C with relevant standards. 

6.6.8 23Na MAS NMR 

23Na MAS NMR confirms the well-ordered nature of the material showing two well-

defined Na signals (Figure 6.31) consistent with two Na environments which is 

consistent with the single crystal structure solution. The quadrupolar coupling 

constants are quite large which is consistent with distorted 8-coordinate environments 

(Figure 6.32), which is found for both sodium cations. 
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Figure 6.31 23Na MAS NMR showing two signals indicative of two Na environments 

consistent with the single crystal structure of BaRhNa(OH)6. 

 

 

 

 

 

 

 

 

Figure 6.32 (left) 8-coordinate Na1, (right) 8-coordinate Na2, with some bond distances 

labelled. 

6.7 Synthesis of other Ba-Rh-OH phases 

It was found that if a ratio 2:1 of Ba:Rh was used instead then an entirely different 

phase was obtained (Figure 6.33). 

Similar conditions were found for the barium ruthenium oxyhydroxides reported from 

hydrothermal synthesis where an excess of barium peroxide resulted in the formation 

of a different, but phase pure, barium ruthenium oxyhydroxide.3,68  

Powder XRD of the product from a 1:1 ratio of Ba:Rh in NaOH reaction showed that 

both the tetragonal BaNaRh(OH)6 and an as yet unknown material are both present.  
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Figure 6.33 Powder pattern showing how different phases emerge from the reaction 

depending on the stoichiometry of Ba:Rh. 

 

In situ thermodiffractometry and TGA both suggest that like the tetragonal 

BaNaRh(OH)6 this new material is a hydroxide (Figure 6.34) since the temperature at 

which this phase decomposes at is very similar to the other hydroxide phases presented 

earlier in this Chapter. A loss of 10% in the TGA is similar to the other rhodium 

hydroxides presented. EDX by SEM also showed that Na was unlikely to be in the 

structure and showed that a ratio of 1:1 Ba:Rh means an empirical formula BaRh(OH)5 

can be proposed. A theoretical 14% mass loss should be observed in the TGA, which 

is a little higher than what is really observed. Attempts to index the material have as 

yet been unsuccessful. This itself might indicate that this sample is a mixed phase of 

two or more materials though the in situ thermodiffractometry shows that all peaks in 

this material disappear at the same time, which is suggestive that the material is single 

phase. The presence of low angle peaks suggests that it likely has a large unit cell. 
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Figure 6.34 In situ thermodiffractometry of the unknown Ba-Rh-OH phase, (right) TGA-trace 

of the unknown barium rhodium hydroxide material. 

 

The BaKRh(OH)6 analogue of the BaNaRh(OH)6 material was inaccessible when 

KOH was used in place of NaOH. In reactions to make polycrystalline powders where 

10 ml distilled water was used only a brown material amorphous to X-rays was 

isolated. However, when the volume of water was reduced to 2 ml (wet hydroflux as 

opposed to hydroflux) it was found that a crystalline material was formed. The Bragg 

reflections could be fitted to a hexagonal cell in space group 𝑃3̅1𝑚  with lattice 

parameters a = 6.27847(6) Å, c = 13.44955(19) Å. In a recent paper by zur Loye et al. 

a new barium iron oxide and a potassium substituted barium iron oxide were prepared 

by a similar wet hydroflux method.56 The unit cell refined for K0.22Ba0.89Fe4O7 was 

reported as a = 5.1532(2) Å, c = 13.8134(16) Å and the structures of these iron oxides 

were solved in space group 𝑃3̅1𝑐. These materials reported by zur Loye are claimed 

to be oxides whereas the low decomposition temperature of 300 °C of Ba-K-Rh-OH 

(Figure 6.35) suggests that this rhodium material is a hydroxide like all the other 

materials presented in this chapter. EDX suggested the metal composition of Ba:K:Rh 

as 1:1:1. 
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Figure 6.35 (left) Pawley refinement of the hexagonal Ba-K-Rh-OH phase, (right) in situ 

thermodiffractometry of the same phase showing decomposition around 300 °C. 

 

6.8 Summary  

Two rhodium hydrogarnets have been prepared which have received little attention in 

previous research. A study into the synthesis and decomposition of Sr3Rh2(OH)12 was 

reported in 1983 by Ivanov-Emin,25 whilst Ca3Rh2(OH)12 features only in a table of 

silicon-free hydrogarnets by Morán-Miguélez et al.64 This work reports the first 

structural refinement to determine crystal structure parameters. Ca3Rh2(OH)12 

decomposes readily into an amorphous phase preceding the formation of CaRh2O4 at 

650 °C. CaRh2O4 has previously been synthesised but by high temperature reactions 

requiring reaction times of days due to the reactivity of rhodium oxide. The thermal 

decomposition pathway of Sr3Rh2(OH)12 does not give orthorhombic SrRh2O4 with 

the CaFe2O4 structure-type as proposed by Ivanov-Emin, but instead likely phase 

separates forming crystalline Sr6Rh5O15 or a similar member of this family, which 

further partially decomposes at a higher temperature into Sr2RhO4. There is no 

evidence for the formation of the orthorhombic SrRh2O4 material in this work or 

indeed in the literature apart from in the study reported by Ivanov-Emin which means 

that the hexagonal β-SrRh2O4 is likely the only known polymorph to date. 

A new phase in the Ca-Na-Rh-(OH) system, has been synthesised when sodium 

hydroxide is used in the hydroflux instead of potassium hydroxide. The material was 

indexed to a hexagonal cell with a crystal structure similar to simple Group II 

hydroxides bearing the Mg(OH)2 structure type. The material initially decomposes 
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into a delafossite, NaRhO2, which is acid stable, and CaO. If the latter is not removed 

by washing with acid then reaction between the delafossite and the calcium oxide 

occurs at higher temperatures ~1100 °C yielding formation of some CaRh2O4. 

A new hexahydroxometallate BaNaRh(OH)6 has been synthesised, its structure 

characterised by single crystal X-ray diffraction, and its thermal decomposition 

investigated by TGA and powder X-ray diffraction. 23Na solid state MAS NMR 

confirmed the presence of two ordered Na sites. 

When the reagent ratio or solvothermal synthetic approach is altered slightly other 

new phases emerge from the reaction. This hydroflux method, developed by the zur 

Loye team, shows the potential and scope for discovery of new metastable 

hydroxometallate materials which may offer a simple route to new oxide materials via 

thermal decomposition, as well as allowing the growth of larger crystals for structural 

analysis. 
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7. Summary and Further Work 

This thesis has presented oxides, oxyhydroxides, and hydroxides, some which are 

new, that have been prepared by a variety of different solvothermal reactions. 

Structural analysis and characterisation by a variety of different techniques have been 

employed in an effort to understand the structure of these materials presented. Some 

materials were screened as catalysts for various reactions of relevance to industry. The 

results are summarised in the following few pages, with suggestions of future work 

that would be needed to further understand the materials. 

7.1 Chapter 3 

The first section of this chapter presented the findings from an in situ powder X-ray 

diffraction experiment of the crystallisation of a cobalt gallium oxide prepared under 

solvothermal conditions. The synthesis of the cobalt gallate prepared using a solvent 

mixture ratio 1:1 (volume) of H2O:ethanolamine (MEA) occurs via two layered double 

hydroxides prior to the crystallisation of the spinel. The fast acquisition time using 

high energy X-rays allowed for the reaction to be followed in situ, and despite 

diffraction from PTFE and steel of the reaction vessel, some structural analysis of each 

phase was possible; in particular analysis of the lattice parameters’ evolution with 

time. A short lived layered double hydroxide was observed during the first fifteen 

minutes of the reaction. This metastable material would likely to have never been 

observed by conventional laboratory X-ray techniques and quenching experiments to 

detect it would be very time consuming. The reaction conducted in ethanolamine only 

showed that only the cobalt gallate spinel formed without observation of any transient 

phases. The onset of formation of both spinels occurred at approximately the same 

time. The spinel prepared in ethanolamine only was found to be much less crystalline 

than the spinel prepared in the mixed solvent. Photocatalytic measurements revealed 

that both spinels showed similar activity as water oxidation catalysts.  

Further experiments to probe this crystallisation pathway would include varying the 

temperature of reaction in order to obtain quantitative kinetic information about the 

reaction (rates and then activation energies from Arrhenius plots, for example). 

Experiments where the ratio of MEA:H2O is varied might also prove useful in 

determining how much water is required to bring about the formation of the LDH 

phases. In the MEA only reaction there is still some water present from 



 

283 

 

Co(NO3)2·6H2O. Clearly however this amount of water is not sufficient to cause the 

formation of layered hydroxide species. Numerous off-line experiments were 

undertaken in order to isolate the first transient LDH but none was successful, likely 

due to reasons listed earlier in this chapter. More experiments with use of the in situ 

X-ray beam would be useful in attempting to isolate this kinetically stable product to 

determine its chemical composition. Reactions varying the stoichiometric ratio or even 

a reaction using cobalt nitrate only would be useful in studying the composition of the 

LDHs formed in situ. This work also suggests that despite the large volume of 

publications on LDH synthesis, structure and stability1–8 there are potentially novel 

metastable LDHs with different metal compositions that may be accessible via 

solvothermal synthesis. 

The second section of Chapter 3 showed that the spinel Co1.146Ga1.861O3.932 can be 

prepared from solvothermal reaction of pre-formed γ-Ga2O3 and cobalt nitrate in a 1:1 

MEA:H2O solvent mixture. The structure was refined against powder neutron 

diffraction data and found to be slightly oxide deficient. The as-made material is 

metastable and a rearrangement of the cations occurs with temperature and found to 

be largely irreversible upon cooling to room temperature. XANES analysis at the Co 

K-edge showed that the rearrangement of cations occurred without oxidation of Co2+. 

A good fit to the PDF was obtained using the average structure model obtained from 

analysis of the Bragg diffraction, although the slightly poorer fit of the low r-region 

indicates some local disorder present in the material. 

7.2 Chapter 4: Polymorphism of Ga2-xAlxO3 

7.2.1 γ-Ga2-xAlxO3 

A range of solvents were screened and 2-propanol was found optimal in the 

solvothermal synthesis of the mixed metal defect spinel solid solution γ-Ga2O3- 

γAl2O3 at 240 °C. Up to ~90% Al3+ can be incorporated into the spinel by this method 

and there is no need for a firing step after the solvothermal reaction to induce 

crystallinity. 27Al and 71Ga MAS NMR found that aluminium and gallium 

preferentially occupy octahedral and tetrahedral sites, respectively. A combined NMR 

study allowed for distribution of metal in the spinels to be proposed and to postulate 

where the vacancies are located within the spinel. Al3+ substitution was found to 
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enhance the thermal stability of the spinel phase, and phase transformation occurred 

directly into the beta polymorph up to 65% Al3+, beyond which phase separation into 

a mixture of both α and β-(Ga,Al)2O3 occurred. Unlike in the spinel phases aluminium 

was found to occupy both tetrahedral and octahedral sites in the beta polymorph which 

was confirmed by Rietveld analysis of powder X-ray data and solid-state 27Al MAS 

NMR.  

In terms of further work a PDF analysis study would be very useful in further studying 

the disordered structures of these spinels. It has been found previously that as the 

crystallinity of γ-Ga2O3 decreases the number of crystallographically different 

occupied non-spinel sites increases9,10 so it is likely this would be also be the case in 

these new materials. Furthermore, not only would an increased number of non-spinel 

sites have to be included, but the ratio of Ga:Al would need to be maintained and the 

composition justly spread over all sites: therefore, it is likely that Reverse Monte Carlo 

(RMC) analysis of the total scattering would be required in order to build a model that 

fully describes the complex structure of the spinels. 

7.2.2 Ga5-xAlxO7(OH) 

The system Ga5-xAlxO7(OH) was synthesised and studied. This material had been 

reported previously by other authors but incorrectly described as GaAlO3. The 

oxyhydroxide displays anisotropic peak broadening in the XRD data, which is a likely 

consequence of the large hexagonal plates observed by electron microscopy. Up to 

30% Al3+ (x = 1.5) could be incorporated into the structure by using 1,4-butanediol as 

the synthesis solvent. Solid-state 27Al MAS NMR showed that Al3+ almost exclusively 

occupies the octahedral sites in these materials. Thermal decomposition of this phase 

showed that the materials decomposed into a mixture of κ- and ε-Ga2-xAlxO3 prior to 

phase transformation into the thermodynamically stable -Ga2-xAlxO3. A 

reinvestigation into the thermal decomposition of Ga5O7(OH) also showed that the 

oxyhydroxide decomposed into ε- and κ-Ga2O3 around 450 °C but whether this is a 

mixture of binary oxides or a disordered intergrowth remains un-resolved. A more 

crystalline sample of κ-Ga2O3 (still with some ε-Ga2O3 present) can be prepared by 

hydrothermal treatment of Ga5O7(OH) at 480 °C. A high temperature solvothermal 

reaction of Ga metal in 1:1 H2O:MEA around this temperature might also lead to a 

direct pathway to either or both of these polymorphs and would be worth investigating 
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with suitable equipment. Other exploratory synthesis could be to continue attempting 

to prepare Ga5-xFexO7(OH), since it has been surprising that this material could not be 

prepared by the 1,4-butanediol method. If it is possible to prepare this oxyhydroxide 

it is expected it would decompose into materials κ-Ga2-xFexO3 of which κ-Ga1.0Fe1.0O3 

is a well-known member and well-studied, because it is both ferromagnetic and 

piezoelectric.11  

7.2.3 Catalysis 

Whilst α-, β- and γ-Ga2O3 as catalyst supports for palladium in the diesel oxidation 

reaction were not found to show any favourable activity over γ-Al2O3, some early 

experiments have shown that mixed-metal β-Ga2-xAlxO3 may show better activity as 

supports for palladium compared to both pure β-Ga2O3 and α-Al2O3 in the semi-

hydrogenation of acetylene. Further investigation should be carried out using these 

beta polymorphs in acetylene semi-hydrogenation under a wider range of temperatures 

and as a function of oxide surface area and Pd loading. Other techniques, such as Pd 

K-edge XANES and EXAFS would help elucidate the nature of Pd on the gallium 

oxide based supports, in particular to confirm the hypothesis that the alloy Pd2Ga is 

present. 

7.3 Chapter 5: Solvothermal Reactions of Gallium Precursors and Early 

First Row Transition Metal Salts 

In Chapter 5 the synthesis and characterisation of a new vanadium gallium 

oxyhydroxide, a new chromium substituted gallium oxide spinel, and a manganese 

gallium oxide spinel were presented.  

A new vanadium gallium oxyhydroxide was prepared by a simple solvothermal 

reaction of gallium metal and sodium orthovanadate in an aqueous ethanolamine 

solvent. The average structure, refined from simultaneous powder neutron time-of-

flight (PND), and powder X-ray diffraction (PXRD), was shown to be analogous to 

the structure of the minerals tohdite (akdalaite), nolanite and ferrihydrite. The 

hydrogen site was found to be partially occupied giving the chemical formula 

Ga2.52V1.48O7.31(OH)0.69. Significant anisotropic peak broadening was observed in the 

powder XRD pattern likely due to the hexagonal plate nature of the material, whilst in 

both the PXRD and PND data a small 2θ offset was observed in the reflections 
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attributed to micro-strain within the crystallite. V K-edge XANES confirmed the 

expected oxidation state in Ga2.52V1.48O7.31(OH)0.69 as V~3.1+. 

Around 300 °C the material dehydrates with subsequent oxidation of the vanadium 

(which was confirmed by XANES) and contraction of the unit cell. The material 

subsequently decomposes around 550 °C. The material showed promise as a catalyst 

in the oxidative dehydrogenation of propane reaction to produce olefins, and is 

currently being screened at the Johnson Matthey Technology Centre for other gas-

phase reactions. 

Chromium has been substituted into the defect spinel γ-Ga2O3 for the first time. The 

synthesis was based on the 1,4-butanediol synthesis first presented in Chapter 4. 

PXRD showed that the material was very poorly crystalline. XANES confirmed that 

Cr was present in the trivalent state, as expected, and that it was very likely all in 

octahedral coordination. 

A manganese gallium oxide has been prepared by solvothermal synthesis in 2-

propanol. The only previous solvothermal synthesis of this material used a 

microwave-assisted solvothermal reaction.12 In this literature synthesis of the Mn-Ga 

spinel manganese sulfate and gallium nitrate were dissolved in deionised water 

followed by adjustment of the solution to pH 12. The mixture was then sealed and 

reacted in a microwave at 180 °C for 60 minutes.  pH control was cited as being a key 

control over synthesising phase pure manganese gallate. The synthesis of manganese 

gallate in this work can take place from simple reaction using a variety of manganese 

salts, and gallium acetylacetonate in 2-propnaol or 1,4-butanediol without any other 

steps required such as pH control. The spinel is different to the analogous spinel 

prepared at high temperature: Mn K-edge XANES suggested that the spinel was 

largely an inverse spinel, whereas MnGa2O4 prepared by a solid-state reaction was 

found to be a largely normal spinel.13,14 The microwave-solvothermal manganese 

gallate was not characterised in detail, since the paper focussed on the complex mixed-

metal Co-Mn-Ga spinel which showed higher activity as a water oxidation catalyst. 

The new manganese gallium spinel is also metastable decomposing around 500 °C 

into respective binary oxides of manganese and gallium, showing that it could not be 

made at high temperature. 
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Further work regarding a more detailed structural investigation of the vanadium 

gallium oxyhydroxide would involve a PDF study, combined with RMC to build 

models to look at vanadium/gallium distribution and to study the potential local 

disorder in the material and how it deviates from the average structure. 

The chromium and manganese gallium oxide spinels are very poorly crystalline and 

detailed analysis of their average structures was not possible from conventional 

Rietveld analysis of the Bragg scattering. A PDF and RMC study of both spinels 

would be highly desired in order to characterise the internal atomic structure of these 

materials. Though it is unlikely the Cr/γ-Ga2O3 material will not find use in any 

catalysis owing to the possibility of toxic Cr6+ forming, the manganese gallium oxide 

spinel may be of use if, for example, it were to be incorporated into CoGa2O4 (which 

can be prepared by a similar reaction), as a spinel (Co,Mn)Ga2O4 has been tested and 

shown to be a useful water oxidation catalyst.12 

7.4 Chapter 6: Exploratory Hydrothermal Synthesis of Rhodium 

Materials 

In this chapter, the findings from an investigation into the synthesis of rhodium 

materials by hydrothermal synthesis was presented. Unlike previous work in Warwick 

on similar reactions involving the precious metals ruthenium and iridium, where 

ternary oxides containing highly oxidised metal could be isolated, such as SrRu2O6,
15 

Ca1.45Ru2O7
15 and Na0.27Sr0.73IrO3.77,

16 for rhodium, hydroxides of Rh3+ are found to 

form. Two hydrogarnets were prepared by mild hydrothermal reactions, 

Ca3Rh2(OH)12 and Sr3Rh2(OH)12. These hydrogarnets had been reported previously 

but analysis of the average structure by diffraction techniques was lacking until this 

work. The calcium rhodium hydrogarnet thermally decomposes into CaRh2O4, which 

can be isolated phase-pure by washing away the CaO also formed, whilst the strontium 

hydrogarnet behaves differently and decomposes into a material that appears to be a 

member of the Sr6Rh5O15 family. The choice of mineraliser was found to be important 

in these reactions, as if KOH was substituted for NaOH in the reaction between RhCl3 

and Ca(OH)2 then a new phase in the Ca-Na-Rh-OH system was formed. This material 

has yet to be identified but IR, TGA and thermodiffractometry suggest it is likely a 

hydroxide. Upon gentle heating the material decomposes into NaRhO2, a delafossite. 
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Further work would include attempting to grow single crystals of the hydroxide phase 

in order to solve the structure of this material. 

A new material BaNaRh(OH)6 was prepared by hydrothermal reaction. Its structure 

was solved by single crystal X-ray diffraction: the material contains isolated Rh-O 

octahedra, with 2 crystallographically different 8-coordinate Na+ sites, and a 10 

coordinate Ba2+. The presence of two ordered Na sites with a high coordination was 

confirmed by solid state 23Na MAS NMR. 

Further work would involve ascertaining the hydrogen positions in this structure. This 

may be possible from a powder neutron diffraction study if the material can be 

deuterated. It is unlikely that X-ray diffraction alone would be able to locate the 

hydrogen positions in the presence of the heavy scatterers barium and rhodium. The 

thermal decomposition product of this material is currently inconclusive and further 

work in trying to identify unit cell parameters for this material needs to be undertaken. 

Rh K-edge XANES has shown that the decomposition product contains a portion of 

Rh4+ and therefore this oxide material may display interesting magnetic and/or 

electronic properties, which remain to be investigated. Changes in the reaction such 

as which base is used or how much solvent and reagent result in new phases forming. 

A hexagonal phase is obtained with KOH, and a low water volume, whilst an 

amorphous phase is formed when the volume of water is increased. Through 

optimisation of the reaction parameters single crystals of this hexagonal phase might 

possibly be obtained which would clearly facilitate structure solution. In the NaOH 

reaction, a high concentration of Ba(OH)2 leads to the formation of a crystalline but 

unidentifiable phase. Attempts to grow single crystals of this phase have currently 

been unsuccessful but further reactions may prove fruitful in obtaining crystals to 

identify the structure of this phase. The work from this Chapter is summarised in 

Figure 7.1, and the results will hopefully soon be written up as a paper. 
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Figure 7.1 Summary of hydrothermal synthesis of rhodium materials and their decomposition 

products. 

 

7.5 General concluding remarks 

The solvothermal synthesis work with gallium salts is summarised in Figure 7.2. Not 

all materials displayed in Figure 7.2 were presented in earlier chapters in this thesis 

due to shortage of space but are included here for completeness. 

 

 

 

 

 

 

 

 

Figure 7.2 Solvothermal synthesis of materials prepared using Ga(acac)3 as a reagent. 

*denotes heating in air (i.e. not solvothermal). 

 

The work regarding reactions from gallium metal is summarised in Figure 7.3 along 

with some results on the synthesis of Ga5O7(OH) and γ-Ga2O3 previously reported by 

Playford et al.17 The synthesis of GaOOH and α-Ga2O3 were also taken from the 
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literature18 but are included to show the versatility of gallium metal in 

hydro(solvo)thermal reactions, and the interconversion of gallium oxide polymorphs. 

 

 

 

 

 

 

 

 

 

Figure 7.3 Hydro(solvo)thermal synthesis of materials which can be prepared, in many 

cases, directly from gallium metal. *denotes heating in air (i.e. not hydro(solvo)thermal). ± - 

a layered double hydroxide was observed when cobalt nitrate was used, but the other metals 

do form mixed-metal spinels at 240 °C under the conditions given. The dashed box 

represents a transient phase during the solvothermal reaction. Coloured boxes and arrows 

denote where a new material has been prepared, or where a known material has been 

prepared from a previously unreported synthesis. 

 

The work is this thesis has shown that a wide variety of different materials can be 

prepared by solvothermal reactions using gallium based precursors. It is anticipated 

that other, potentially novel, mixed-metal gallium containing materials could also be 

prepared under solvothermal conditions by altering the solvent used, and likely by 

changing the temperature and duration of the experiment. This work would be timely 

because of the recent growth in interest in gallium oxide polymorphs for electronic 

applications,19–22 the use of nanocrystalline spinel oxides in photocatalysis23 and the 

use of supported Pd2Ga alloy as a catalyst for various organic transformations, for 

which several papers have appeared during the course of the work described in this 

thesis.24–26 New routes to these materials with control of crystal form would be very 

beneficial.  
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Appendix A 

Chapter 4 

Refinement statistics for all β-Ga2-xAlxO3 samples 

Table A.1 Refined crystal parameters for β-Ga1.8Al0.2O3 a = 12.17969(16) Å, 

b = 3.02652(4) Å, c = 5.79034(8) Å, β = 103.8996(11) °, Space group 𝐶2/𝑚, Rp = 15.1%, 

wRp = 21.6% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09020(19) 0 -0.2068(5) 0.923(7) 0.20(11) 

Al1 4i 0.09020(19) 0 -0.2068(5) 0.071(7) 0.20(11) 

Ga2 4i 0.34139(17) 0 -0.3129(4) 0.871(7) 0.75(13) 

Al2 4i 0.34139(17) 0 -0.3129(4) 0.129(7) 0.75(13) 

O1 4i 0.1619(7) 0 0.107(2) 1 0.2(3) 

O2 4i 0.4963(7) 0 0.2551(12) 1 0.2(3) 

O3 4i 0.8277(6) 0 0.425(2) 1 0.3(3) 

 

Table A.2 Refined crystal parameters for β-Ga1.6Al0.4O3 a = 12.12962(16) Å, 

b = 3.01117(4) Å, c = 5.76915(8) Å, β = 103.9386(10) °, Space group 𝐶2/𝑚, Rp = 13.0%, 

wRp = 18.3% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09058(17) 0 -0.2058(4) 0.864(5) 0.45(8) 

Al1 4i 0.09058(17) 0 -0.2058(4) 0.136(5) 0.45(8) 

Ga2 4i 0.34117(15) 0 -0.3137(4) 0.736(5) 0.44(8) 

Al2 4i 0.34117(15) 0 -0.3137(4) 0.264(5) 0.44(8) 

O1 4i 0.1621(5) 0 0.1106(15) 1 0.20(19) 

O2 4i 0.4969(5) 0 0.2556(9) 1 0.6(2) 

O3 4i 0.8272(5) 0 0.431(16) 1 0.20(17) 

 

Table A.3 Refined crystal parameters for β-Ga1.4Al0.6O3 a = 12.0711(2) Å, b = 2.99309(5) Å, 

c = 5.74510(11) Å, β = 103.9722(16) °, Space group 𝐶2/𝑚, Rp = 13.7%, wRp = 17.7% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09149(19) 0 -0.2059(4) 0.788(5) 0.77(9) 

Al1 4i 0.09149(19) 0 -0.2059(4) 0.212(5) 0.77(9) 

Ga2 4i 0.34206(16) 0 -0.3125(4) 0.612(5) 0.6(1) 

Al2 4i 0.34206(16) 0 -0.3125(4) 0.388(5) 0.6(1) 

O1 4i 0.1607(5) 0 0.1120(16) 1 0.2(19) 

O2 4i 0.4971(5) 0 0.2581(9) 1 0.2(19) 
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O3 4i 0.8273(5) 0 0.4262(17) 1 0.2(19) 

 

Table A.4 Refined crystal parameters for β-Ga1.2Al0.8O3 a = 12.04817(12) Å, b = 2.98611(3) 

Å, c = 5.73543(6) Å, β = 104.0053(8) °, Space group 𝐶2/𝑚, Rp = 14.3%, wRp = 19.6% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09110(18) 0 -0.2046(4) 0.713(5) 0.79(8) 

Al1 4i 0.09110(18) 0 -0.2046(4) 0.287(5) 0.79(8) 

Ga2 4i 0.34211(17) 0 -0.3131(4) 0.487(5) 0.33(9) 

Al2 4i 0.34211(17) 0 -0.3131(4) 0.513(5) 0.33(9) 

O1 4i 0.1630(5) 0 0.1109(13) 1 0.36(17) 

O2 4i 0.4962(5) 0 0.2570(9) 1 0.20(19) 

O3 4i 0.8268(5) 0 0.4350(13) 1 0.20(17) 

 

Table A.5 Refined crystal parameters for β-Ga1.0Al1.0O3 a = 11.99483(11) Å, 

b = 2.97101(25) Å, c = 5.71499(5) Å, β = 104.0448(7) °, Space group 𝐶2/𝑚, Rp = 11.1%, 

wRp = 15.1% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09117(14) 0 -0.2047(3) 0.618(3) 0.54(6) 

Al1 4i 0.09117(14) 0 -0.2047(3) 0.382(3) 0.54(6) 

Ga2 4i 0.34169(14) 0 -0.3139(3) 0.382(3) 0.52(8) 

Al2 4i 0.34169(14) 0 -0.3139(3) 0.618(3) 0.52(8) 

O1 4i 0.1623(4) 0 0.108(1) 1 0.2(13) 

O2 4i 0.4967(4) 0 0.2570(7) 1 0.2(14) 

O3 4i 0.8261(4) 0 0.433(1) 1 0.2(13) 

 

Table A.6 Refined crystal parameters for β-Ga0.8Al1.2O3 a = 11.94422(14) Å, 

b = 2.95565(3) Å, c = 5.69198(7) Å, β = 104.0603(9) °, Space group 𝐶2/𝑚, Rp = 13.2%, 

wRp = 18.2% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.09080(17) 0 -0.2051(4) 0.506(4) 0.74(8) 

Al1 4i 0.09080(17) 0 -0.2051(4) 0.494(4) 0.74(8) 

Ga2 4i 0.34135(17) 0 -0.3148(4) 0.294(4) 0.49(9) 

Al2 4i 0.34135(17) 0 -0.3148(4) 0.706(4) 0.49(9) 

O1 4i 0.1622(4) 0 0.1085(11) 1 0.8 

O2 4i 0.4966(4) 0 0.2575(8) 1 0.8 

O3 4i 0.8264(4) 0 0.4329(11) 1 0.8 
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Table A.7 Refined crystal parameters for β-Ga0.7Al1.3O3, a = 11.90851(10) Å, 

b = 2.94608(3) Å, c = 5.67840(5) Å, β = 104.0810(8) °, Space group 𝐶2/𝑚, Rp = 11.4%, 

wRp = 15.5% 

Atom Wyckoff site x y z Occupancy Beq / Å2 

Ga1 4i 0.0907(14) 0 -0.2052(3) 0.463(3) 0.73(7) 

Al1 4i 0.0907(14) 0 -0.2052(3) 0.537(3) 0.73(7) 

Ga2 4i 0.31483(14) 0 -0.3150(3) 0.237(3) 0.64(8) 

Al2 4i 0.31483(14) 0 -0.3150(3) 0.763(3) 0.64(8) 

O1 4i 0.1614(3) 0 0.1098(9) 1 0.8 

O2 4i 0.4970(4) 0 0.2580(6) 1 0.57(4) 

O3 4i 0.8268(3) 0 0.4315(9) 1 0.47(9) 

 

Chapter 5 

Synthesis of V2O3 and VO(acac)2 XANES reference samples 

 

V2O3 

0.4 g (1.15 mmol) of V(acac)3 (Aldrich, 97%) was added to a PTFE liner with addition of 10 

ml 2-propanol. The liner was placed inside a stainless-steel autoclave which was then set 

inside a fan-assisted preheated oven at 240 °C. The reaction was left for 24 hours and then 

removed to cool naturally to ambient temperature. The material was collected by vacuum 

filtration and dried overnight to yield black nano-crystalline V2O3, as confirmed by powder 

XRD. 

 

VO(acac)2 

This synthesis was based on the method by Rowe and Jones.1 10 g (0.06 mol) of V2O5 

(Aldrich, 99.99%) was added to a round-bottomed flask with 30 ml DI water, followed by 

addition of 20 ml conc. sulfuric acid, and 50 ml ethanol. The material was heated to reflux 

with condenser attached. In accordance with that reported by Rowe and Jones, over the 

course of 30 minutes, the V2O5 slurry darkened as the mixture was heated, then turned light-

green, and finally a dark blue, indicating the presence of the vanadyl cation. The mixture 

was filtered and then returned to the round bottomed flask followed by addition of 25 ml 

acetylacetonate. The mixture was then neutralized by very slow addition of a solution of 40 

g sodium carbonate dissolved in 50 ml DI water. The slow addition is necessary to prevent 
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excess frothing. The crude VO(acac)2 was isolated by vacuum filtration, and then 

recrystallized in the minimum amount of hot chloroform. The yield was ~70%. 

 

Chapter 6 

Crystal structure determination of BaNaRh(OH)6 

 

A yellow diamond shaped crystal was selected from a sample containing about 80% powder 

and 20% of a more crystalline material  

Note - There was a G alert from the cif checker saying it may be a higher symmetry space 

group (P4(2)/mnc. This was investigated by attempted solution and refinement in the higher 

space group and but this gave a higher Rint (~5%) and required a model with disordered and 

partially occupied oxygens so was abandoned. 

Experimental 

Single crystals of BaNaO6Rh were grown from the method described in Chapter 6. A 

suitable crystal was selected and mounted on a glass fibre with Fromblin oil and placed on a 

Rigaku Oxford Diffraction SuperNova diffractometer with a duel source (Cu at zero) 

equipped with an AtlasS2 CCD area detector. The crystal was kept at 150(2) K during data 

collection. Using Olex2 [1], the structure was solved with the ShelXT [2] structure solution 

program using Intrinsic Phasing and refined with the ShelXL [3] refinement package using 

Least Squares minimisation. 

1 Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J. 

Appl. Cryst. 42, 339-341. 

2 Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8. 

3 Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8. 

 

Crystal Data for BaNaO6Rh (M =359.24 g/mol): tetragonal, space group P42/n (no. 86), a = 

8.28420(10) Å, c = 8.41980(10) Å, V = 577.834(16) Å3, Z = 4, T = 150(2) K, μ(MoKα) = 

9.657 mm-1, Dcalc = 4.129 g/cm3, 13160 reflections measured (6.9° ≤ 2Θ ≤ 65.584°), 1023 

unique (Rint = 0.0324, Rsigma = 0.0157) which were used in all calculations. The final R1 was 

0.0211 (I > 2σ(I)) and wR2 was 0.0505 (all data). 
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Table 1 Crystal data and structure refinement for dc2. 

Identification code dc2 

Empirical formula BaNaO6Rh 

Formula weight 359.24 

Temperature/K 150(2) 

Crystal system tetragonal 

Space group P42/n 

a/Å 8.28420(10) 

b/Å 8.28420(10) 

c/Å 8.41980(10) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 577.834(16) 

Z 4 

ρcalcg/cm3 4.129 

μ/mm‑ 1 9.657 

F(000) 640.0 

Crystal size/mm3 0.18 × 0.18 × 0.18 yellow diamond 



 

299 

 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.9 to 65.584 

Index ranges -12 ≤ h ≤ 12, -11 ≤ k ≤ 11, -12 ≤ l ≤ 12 

Reflections collected 13160 

Independent reflections 1023 [Rint = 0.0324, Rsigma = 0.0157] 

Data/restraints/parameters 1023/0/43 

Goodness-of-fit on F2 1.273 

Final R indexes [I>=2σ (I)] R1 = 0.0211, wR2 = 0.0490 

Final R indexes [all data] R1 = 0.0258, wR2 = 0.0505 

Largest diff. peak/hole / e Å-3 1.00/-1.53 

 

 

 

 

  

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for dc2. Ueq is defined as 1/3 of of the trace of the 

orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Ba1 2500 7500 7901.3(3) 
9.10(8

) 

Rh1 5000 5000 5000 
5.99(8

) 
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Na1 2500 2500 7500 
13.7(5

) 

Na2 2500 2500 2500 
26.3(8

) 

O3 2618(3) 5407(3) 5459(3) 
10.5(4

) 

O1 4536(3) 2606(3) 5471(3) 9.9(4) 

O2 4456(3) 4587(3) 2654(3) 9.8(4) 

  

Table 3 Anisotropic Displacement Parameters (Å2×103) for dc2. The Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Ba1 11.25(13) 8.84(13) 7.21(13) 0 0 -3.14(8) 

Rh1 5.92(16) 6.16(16) 5.89(15) -0.09(11) -0.19(11) -0.02(10) 

Na1 15.6(8) 15.6(8) 9.8(12) 0 0 0 

Na2 4.4(7) 4.4(7) 70(2) 0 0 0 

O3 8.9(10) 11.4(11) 11.2(11) -1.2(8) 1.3(8) 1.7(8) 

O1 12.1(11) 8.5(10) 9.2(10) 1.7(8) 1.9(8) 0.6(8) 

O2 11.7(10) 10.3(10) 7.3(10) -0.8(8) -1.3(8) -0.5(8) 

  

Table 4 Bond Lengths for dc2. 

Atom Atom Length/Å   Atom Atom Length/Å 

Ba1 Rh11 3.42065(13)   Rh1 O16 2.059(2) 
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Ba1 Rh12 3.42065(14)   Rh1 O2 2.054(2) 

Ba1 O32 2.767(2)   Rh1 O26 2.054(2) 

Ba1 O33 2.692(2)   Na1 O3 2.960(2) 

Ba1 O3 2.691(2)   Na1 O35 2.960(2) 

Ba1 O31 2.767(2)   Na1 O38 2.960(2) 

Ba1 O14 2.813(2)   Na1 O39 2.960(2) 

Ba1 O15 2.813(2)   Na1 O18 2.402(2) 

Ba1 O22 2.914(2)   Na1 O1 2.402(2) 

Ba1 O21 2.914(2)   Na1 O19 2.402(2) 

Ba1 O26 3.093(2)   Na1 O15 2.402(2) 

Ba1 O27 3.093(2)   Na2 O110 3.018(2) 

Rh1 Na16 3.60684(3)   Na2 O111 3.018(2) 

Rh1 Na1 3.60684(3)   Na2 O1 3.018(2) 

Rh1 Na26 3.60684(3)   Na2 O18 3.018(2) 

Rh1 Na2 3.60684(3)   Na2 O210 2.373(2) 

Rh1 O3 2.039(2)   Na2 O211 2.373(2) 

Rh1 O36 2.039(2)   Na2 O28 2.373(2) 

Rh1 O1 2.059(2)   Na2 O2 2.373(2) 

1-1/2+Y,1-X,1/2+Z; 21-Y,1/2+X,1/2+Z; 31/2-X,3/2-Y,+Z; 4+Y,3/2-X,3/2-Z; 51/2-Y,+X,3/2-Z; 61-X,1-Y,1-Z; 7-1/2+X,1/2+Y,1-Z; 81/2-X,1/2-Y,+Z; 9+Y,1/2-X,3/2-Z; 101/2-

Y,+X,1/2-Z; 11+Y,1/2-X,1/2-Z 
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Table 5 Bond Angles for dc2. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

Rh11 Ba1 Rh12 117.794(7)   O38 Na1 Rh111 141.90(5) 

O31 Ba1 Rh12 89.93(5)   O311 Na1 Rh110 83.72(4) 

O3 Ba1 Rh12 91.52(5)   O38 Na1 Rh1 83.72(4) 

O33 Ba1 Rh12 139.70(5)   O35 Na1 Rh111 83.72(4) 

O32 Ba1 Rh12 36.58(5)   O3 Na1 Rh12 83.72(4) 

O33 Ba1 Rh11 91.52(5)   O311 Na1 Rh12 141.90(5) 

O3 Ba1 Rh11 139.70(5)   O35 Na1 Rh1 141.90(5) 

O31 Ba1 Rh11 36.58(5)   O35 Na1 Rh12 34.42(4) 

O32 Ba1 Rh11 89.93(5)   O3 Na1 Rh1 34.42(4) 

O3 Ba1 O31 126.49(5)   O35 Na1 Rh110 98.48(5) 

O33 Ba1 O32 126.49(5)   O311 Na1 Rh111 34.42(4) 

O31 Ba1 O32 77.77(10)   O3 Na1 Rh111 98.48(5) 

O33 Ba1 O31 126.49(5)   O38 Na1 Rh12 98.48(5) 

O3 Ba1 O32 126.49(5)   O3 Na1 O311 109.03(9) 

O3 Ba1 O33 80.38(10)   O38 Na1 O35 109.03(9) 

O32 Ba1 O14 70.82(7)   O3 Na1 O35 109.69(5) 

O32 Ba1 O15 64.56(7)   O311 Na1 O38 109.69(5) 

O33 Ba1 O14 79.09(7)   O3 Na1 O38 109.69(5) 

O31 Ba1 O15 70.82(7)   O311 Na1 O35 109.69(5) 
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O3 Ba1 O14 158.95(7)   O15 Na1 Rh1 91.88(6) 

O31 Ba1 O14 64.56(7)   O15 Na1 Rh110 90.52(6) 

O3 Ba1 O15 79.09(7)   O111 Na1 Rh111 32.95(5) 

O33 Ba1 O15 158.95(7)   O15 Na1 Rh12 32.95(5) 

O3 Ba1 O21 105.88(7)   O111 Na1 Rh110 142.86(5) 

O32 Ba1 O22 61.11(7)   O1 Na1 Rh12 142.86(5) 

O3 Ba1 O26 105.92(7)   O18 Na1 Rh111 91.88(6) 

O3 Ba1 O22 67.51(7)   O1 Na1 Rh1 32.95(5) 

O32 Ba1 O21 126.46(7)   O1 Na1 Rh111 90.52(6) 

O32 Ba1 O27 127.51(6)   O111 Na1 Rh12 91.88(6) 

O32 Ba1 O26 68.07(7)   O1 Na1 Rh110 91.88(6) 

O31 Ba1 O26 127.51(7)   O18 Na1 Rh1 142.86(5) 

O33 Ba1 O22 105.88(7)   O18 Na1 Rh110 32.95(5) 

O31 Ba1 O27 68.07(7)   O15 Na1 Rh111 142.86(5) 

O31 Ba1 O22 126.46(7)   O18 Na1 Rh12 90.52(6) 

O33 Ba1 O21 67.51(7)   O111 Na1 Rh1 90.52(6) 

O33 Ba1 O26 59.64(7)   O1 Na1 O311 68.91(7) 

O31 Ba1 O21 61.11(7)   O1 Na1 O35 169.37(7) 

O3 Ba1 O27 59.64(7)   O1 Na1 O3 62.24(7) 

O33 Ba1 O27 105.92(7)   O18 Na1 O35 68.91(7) 

O14 Ba1 Rh11 36.97(5)   O111 Na1 O3 68.91(7) 
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O15 Ba1 Rh11 107.21(5)   O18 Na1 O38 62.24(7) 

O15 Ba1 Rh12 36.97(5)   O18 Na1 O3 169.37(7) 

O14 Ba1 Rh12 107.21(5)   O15 Na1 O3 80.95(7) 

O14 Ba1 O15 121.71(9)   O111 Na1 O38 169.37(7) 

O14 Ba1 O22 123.09(7)   O15 Na1 O311 169.37(7) 

O14 Ba1 O27 122.42(6)   O1 Na1 O38 80.96(7) 

O15 Ba1 O21 123.09(7)   O111 Na1 O35 80.96(7) 

O14 Ba1 O26 67.12(6)   O15 Na1 O38 68.91(7) 

O15 Ba1 O22 61.55(7)   O111 Na1 O311 62.24(7) 

O15 Ba1 O27 67.12(6)   O15 Na1 O35 62.24(7) 

O14 Ba1 O21 61.55(7)   O18 Na1 O311 80.96(7) 

O15 Ba1 O26 122.42(6)   O15 Na1 O1 120.38(7) 

O21 Ba1 Rh11 36.76(5)   O111 Na1 O15 120.38(7) 

O27 Ba1 Rh12 103.49(4)   O18 Na1 O1 120.38(7) 

O26 Ba1 Rh12 85.58(4)   O15 Na1 O18 89.35(11) 

O22 Ba1 Rh12 36.76(5)   O111 Na1 O18 120.38(7) 

O27 Ba1 Rh11 85.58(4)   O111 Na1 O1 89.35(11) 

O26 Ba1 Rh11 103.49(4)   Rh111 Na2 Rh112 109.913(1) 

O22 Ba1 Rh11 151.03(5)   Rh1 Na2 Rh113 109.913(1) 

O21 Ba1 Rh12 151.03(5)   Rh112 Na2 Rh113 108.592(1) 

O22 Ba1 O27 110.70(8)   Rh1 Na2 Rh111 108.592(1) 
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O21 Ba1 O27 67.97(8)   Rh111 Na2 Rh113 109.913(1) 

O26 Ba1 O27 162.60(9)   Rh1 Na2 Rh112 109.913(1) 

O22 Ba1 O21 171.82(9)   O114 Na2 Rh1 141.98(4) 

O21 Ba1 O26 110.70(8)   O1 Na2 Rh113 141.98(4) 

O22 Ba1 O26 67.97(8)   O1 Na2 Rh112 100.35(4) 

Ba18 Rh1 Ba19 180.0   O114 Na2 Rh111 100.35(4) 

Ba18 Rh1 Na1 72.454(2)   O115 Na2 Rh113 34.79(4) 

Ba18 Rh1 Na17 107.546(2)   O115 Na2 Rh1 100.35(4) 

Ba19 Rh1 Na17 72.454(2)   O1 Na2 Rh1 34.79(4) 

Ba19 Rh1 Na1 107.546(2)   O111 Na2 Rh112 141.98(4) 

Ba19 Rh1 Na2 72.454(2)   O1 Na2 Rh111 81.59(4) 

Ba18 Rh1 Na2 107.546(2)   O115 Na2 Rh112 81.59(4) 

Ba19 Rh1 Na27 107.546(2)   O111 Na2 Rh113 100.35(4) 

Ba18 Rh1 Na27 72.454(2)   O114 Na2 Rh113 81.59(4) 

Na1 Rh1 Na17 180.0   O111 Na2 Rh111 34.79(4) 

Na2 Rh1 Na1 71.408(1)   O111 Na2 Rh1 81.59(4) 

Na27 Rh1 Na1 108.592(1)   O114 Na2 Rh112 34.79(4) 

Na2 Rh1 Na17 108.592(1)   O115 Na2 Rh111 141.98(4) 

Na27 Rh1 Na17 71.408(1)   O1 Na2 O114 133.39(6) 

Na2 Rh1 Na27 180.0   O114 Na2 O115 68.04(9) 

O3 Rh1 Ba19 53.98(7)   O1 Na2 O115 133.39(6) 
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O3 Rh1 Ba18 126.02(7)   O114 Na2 O111 133.39(6) 

O37 Rh1 Ba18 53.98(7)   O115 Na2 O111 133.39(6) 

O37 Rh1 Ba19 126.02(7)   O1 Na2 O111 68.04(9) 

O37 Rh1 Na1 124.86(7)   O214 Na2 Rh113 141.12(6) 

O3 Rh1 Na1 55.14(7)   O215 Na2 Rh111 90.32(5) 

O3 Rh1 Na17 124.86(7)   O211 Na2 Rh111 32.61(6) 

O37 Rh1 Na17 55.14(7)   O211 Na2 Rh112 90.32(5) 

O37 Rh1 Na27 69.51(7)   O214 Na2 Rh112 32.61(6) 

O3 Rh1 Na2 69.51(7)   O2 Na2 Rh1 32.61(6) 

O37 Rh1 Na2 110.49(7)   O211 Na2 Rh1 141.12(6) 

O3 Rh1 Na27 110.49(7)   O215 Na2 Rh112 141.12(6) 

O37 Rh1 O3 180.0   O214 Na2 Rh1 90.32(5) 

O37 Rh1 O17 86.67(10)   O2 Na2 Rh112 93.34(5) 

O3 Rh1 O17 93.33(10)   O2 Na2 Rh111 141.12(6) 

O37 Rh1 O1 93.33(10)   O215 Na2 Rh113 32.61(6) 

O3 Rh1 O1 86.67(10)   O2 Na2 Rh113 90.32(5) 

O37 Rh1 O2 90.14(9)   O214 Na2 Rh111 93.34(5) 

O37 Rh1 O27 89.86(9)   O211 Na2 Rh113 93.34(5) 

O3 Rh1 O27 90.14(9)   O215 Na2 Rh1 93.34(5) 

O3 Rh1 O2 89.86(9)   O2 Na2 O111 110.93(7) 

O1 Rh1 Ba19 124.73(7)   O2 Na2 O1 63.38(7) 
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O1 Rh1 Ba18 55.27(7)   O215 Na2 O1 115.63(7) 

O17 Rh1 Ba18 124.73(7)   O2 Na2 O114 115.63(7) 

O17 Rh1 Ba19 55.27(7)   O211 Na2 O1 110.93(7) 

O1 Rh1 Na1 39.38(6)   O2 Na2 O115 70.01(7) 

O17 Rh1 Na17 39.38(6)   O215 Na2 O115 63.38(7) 

O1 Rh1 Na17 140.62(6)   O211 Na2 O111 63.38(7) 

O17 Rh1 Na1 140.62(6)   O214 Na2 O114 63.38(7) 

O17 Rh1 Na2 123.22(7)   O215 Na2 O114 110.93(7) 

O1 Rh1 Na27 123.22(7)   O211 Na2 O115 115.63(7) 

O17 Rh1 Na27 56.78(7)   O215 Na2 O111 70.01(7) 

O1 Rh1 Na2 56.78(7)   O214 Na2 O1 70.01(7) 

O1 Rh1 O17 180.0   O214 Na2 O115 110.93(7) 

O2 Rh1 Ba18 121.92(6)   O214 Na2 O111 115.63(7) 

O2 Rh1 Ba19 58.08(6)   O211 Na2 O114 70.01(7) 

O27 Rh1 Ba19 121.92(6)   O211 Na2 O215 90.172(6) 

O27 Rh1 Ba18 58.08(6)   O2 Na2 O215 90.172(6) 

O2 Rh1 Na1 109.84(6)   O2 Na2 O214 90.172(6) 

O27 Rh1 Na1 70.16(6)   O2 Na2 O211 173.72(11) 

O2 Rh1 Na17 70.16(6)   O215 Na2 O214 173.72(11) 

O27 Rh1 Na17 109.84(6)   O211 Na2 O214 90.172(6) 

O27 Rh1 Na2 141.50(6)   Ba1 O3 Ba19 100.93(8) 



 

308 

 

O2 Rh1 Na27 141.50(6)   Ba1 O3 Na1 94.56(7) 

O27 Rh1 Na27 38.50(6)   Ba19 O3 Na1 163.86(9) 

O2 Rh1 Na2 38.50(6)   Rh1 O3 Ba1 106.66(10) 

O27 Rh1 O17 89.08(9)   Rh1 O3 Ba19 89.44(8) 

O27 Rh1 O1 90.92(9)   Rh1 O3 Na1 90.44(8) 

O2 Rh1 O1 89.08(9)   Ba18 O1 Na2 152.92(9) 

O2 Rh1 O17 90.92(9)   Rh1 O1 Ba18 87.76(8) 

O27 Rh1 O2 180.0   Rh1 O1 Na1 107.67(10) 

Rh110 Na1 Rh12 108.592(1)   Rh1 O1 Na2 88.43(8) 

Rh1 Na1 Rh12 109.913(1)   Na1 O1 Ba18 105.39(8) 

Rh111 Na1 Rh110 109.913(1)   Na1 O1 Na2 101.31(8) 

Rh111 Na1 Rh1 108.592(1)   Ba19 O2 Ba17 157.97(8) 

Rh111 Na1 Rh12 109.913(1)   Rh1 O2 Ba17 93.41(8) 

Rh1 Na1 Rh110 109.913(1)   Rh1 O2 Ba19 85.16(7) 

O311 Na1 Rh1 98.48(5)   Rh1 O2 Na2 108.89(10) 

O3 Na1 Rh110 141.90(5)   Na2 O2 Ba19 103.16(8) 

O38 Na1 Rh110 34.42(4)   Na2 O2 Ba17 98.11(7) 

11-Y,1/2+X,1/2+Z; 2-1/2+Y,1-X,1/2+Z; 31/2-X,3/2-Y,+Z; 4+Y,3/2-X,3/2-Z; 51/2-Y,+X,3/2-Z; 6-1/2+X,1/2+Y,1-Z; 71-X,1-Y,1-Z; 8+Y,1/2-X,3/2-Z; 91-Y,1/2+X,-1/2+Z; 101-

Y,-1/2+X,1/2+Z; 111/2-X,1/2-Y,+Z; 121-Y,-1/2+X,-1/2+Z; 13-1/2+Y,1-X,-1/2+Z; 14+Y,1/2-X,1/2-Z; 151/2-Y,+X,1/2-Z 
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