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ABSTRACT

There is considerable interest in nanocrystalline materials. This thesis is 

concerned with nanocrystalline oxides and the development of methods to prevent their 

grain growth on heating. This growth, which is evident at temperatures as low as 400°C, 

presents a serious problem in the study and applications of nanocrystalline oxides. The 

systems that were studied were nanocrystalline magnesium oxide, zirconium oxide, 

cerium oxide and tin oxide. The methods of preventing grain growth included the 

encapsulation of the oxide in the pores of porous silica, mixing with nanocrystals of 

alumina and treating the surface with a silanising agent, hexamethyldisilazane.

All the methods employed showed some effect on reducing the grain growth. 

Encapsulation in the pores of silica was effective, however it proved difficult to get large 

amounts of the oxides into the pores. A more efficient method of preparing large 

samples was the incorporation of alumina, which was achieved by a sol-gel process. An 

alkoxide of the target oxide and an aluminium alkoxide were mixed and then hydrolysed 

and calcined. This proved very effective for magnesium oxide, zirconium oxide and tin 

oxide. For example, heating zirconium oxide at 1000°C for 60 minutes causes the 

nanocrystals to grow to about 50nm. Treatment with alumina restricts the growth to 

12nm. Similar effects were found for the other oxides, although magnesium oxide 

showed a reaction with alumina at the highest temperatures. Silanising the surface was 

only studied for tin oxide and it restricted growth at 1000°C to 27nm, compared to 88nm 

for an untreated sample.

A full description is given of the preparative methods and structural studies of 

the systems using X-ray diffraction and X-ray absorption spectroscopy.

m
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I INTRO DUCTIO N

L l INTRODUCTION TO NANOMATERIALS

The last decade has seen an explosion of interest in nanoscience or 

nanotechnology, which refers to the study of materials with particle sizes in the 

nanometre regime. This covers all areas of science, including biology, chemistry, 

physics and engineering. Historically, the term nanotechnology has been accredited to 

Eric Drexler who first used it in his book Engines of Creation in 1986 (Drexler, 1986, 

McLellan, 2002). The foreword from this book summarises the concepts of 

nanotechnology and is given below:-

“Engines o f Creation begins with the insight that what we can do depends on what we 

can build. This leads to a careful analysis o f possible ways to stack atoms. Then Drexler 

asks, "What could we build with those atom-stacking mechanisms?" For one thing, we 

could manufacture assembly machines much smaller even than living cells, and make 

materials stronger and lighter than any available today. Hence, better spacecraft. 

Hence, tiny devices that can travel along capillaries to enter and repair living cells. 

Hence, the ability to heal disease, reverse the ravages of age, or make our bodies 

speedier or stronger than before. And we could make machines down to the size of 

viruses, machines that would work at speeds which none of us can yet appreciate. And 

then, once we learned how to do it, we would have the option o f assembling these 

myriads o f tiny parts into intelligent machines, perhaps based on the use of trillions of 

nanoscopic parallel-processing devices which make descriptions, compare them to 

recorded patterns, and then exploit the memories o f all their previous experiments. Thus 

those new technologies could change not merely the materials and means we use to
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shape our physical environment, but also the activities we would then be able to pursue 

inside whichever kind o f world we make. ”

Although Drexler is credited with creating the term nanotechnology the first 

person to speculate on building devices at the atomic level was the quantum theorist and 

Nobel Laureate Richard Feynman (Pesce, 2001). Pesce's summary and comments on 

the Feynman’s his famous 1959 lecture "There's Plenty o f Room at the Bottom" are 

quoted below:-

“ Feynman examined the infant field o f materials science. He hypothesised that as 

scientists learned more about how to make transistors and other small-scale structures, 

they would be able to make them smaller and smaller. Eventually they would approach 

their natural limits, at the edges of quantum uncertainty, stopping only when the atoms 

themselves became too slippery, too unknowable, to be mechanically reliable. Before 

molecular biology, such speculations seemed wild and unfounded, but Feynman is once 

again proving to have been correct. The detailed study o f the structures of the cell 

revealed that nature had engineered machinery from the insubstantial substance of a 

few atoms strung together; the search for a "vital force" only revealed a bewildering 

array of mechanisms— enzymes, ribosomes and other tiny structures • which 

demystified the cell even as it revealed the incredible versatility o f atomic-scale 

chemistry. Feynman postulated that once the tidy language o f atoms had been decoded, 

it would be possible to engineer molecules precisely, placing one atom against another 

to create the smallest possible artefacts. What kinds of tools might we create with these 

ultra-miniaturized forms? Feynman imagined a molecular "doctor" that would be 

hundreds of times smaller than an individual cell. It could be injected into a human 

body and go to work, reading the health of cells, making repairs, and generally keeping 

the body in perfect health. Science fiction, his peers said. Absolute fantasy tossed off by
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the master storyteller of physics. During the heights o f the Industrial Age, "big" carried 

an importance o f its own- big science, big engineering projects, big dreams. Even 

computers, in the 1950s, consumed whole floors o f buildings. But even as Feynman 

made his address, engineers at Texas Instruments put the finishing touches on the first 

integrated circuits, and the world began to grow small. ’’ '

There is now a vast and rapidly growing literature on nanotechnology with 

papers appearing in the literature. There are also recently created specialised new 

journals in this field; for example, Journal of Nanoparticle Research (Kluwer), Nano 

Letters (American Chemical Society), Journal of Nanoscience and Nanotechnology 

(American Scientific Society), Nanotechnology (Institute of Physics) and 

Nanotechnology Magazine (Kelvin Publishing). A number of countries have invested 

large amounts of research funding into nanotechnology. In the United States the 

National Science Foundation has a National Nanotechnology Initiative (website; 

www.nsf.gov/search97cgi/vtopic) which began in 1991 and the budget for the financial 

year is $422 million. The EU has programmes on Nanotechnology Information Devices 

(website; http://www.cordis.lu/ist/fetnid.htm) and Nanoscale Integrated Circuits 

(website; www.cordis.lu/esprit/src/melari.htm#nano), each with budgets of some tens of 

million Euro, and more programmes are planned in Framework 6 (.website; 

ftp//ftp/cordis.lu/pub/rtd2002/docs/fp6mod_nano.pdf). In the United Kingdom the 

EPSRC has established nanotechnology institutes (for example at Imperial and 

University Colleges, London). There are also extensive programmes in Japan 

(Yamaguchi and Komiyama, 2001) and China (Bai, 2001) and most developed 

countries (Roco, 2001). The benefits are expected in many areas of life, such as health, 

energy saving, electronics, communications, medicine, etc.
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From the various articles and web-sites quoted above it is soon very clear that 

there is no precise definition of nanoscience or nanotechnology. Some scientists define 

‘nano’ in terms of the size of the dimensions of the species involved, however there are 

often differences as to the limiting size. Some papers take the limit as being less than 

100 nm (Whatmore, 1999), whereas others assume a limit of around 10 nm (Gleiter, 

2000). There is also a very wide range of scientific activity that is referred to as 

nanoscience. At the more speculative level there is discussion of ‘molecular motors’ 

(Davis, 1999) where machines could be built at the atomic level. These could then be 

used to manipulate biological systems, such as bacteria and viruses. In addition, many 

areas of molecular biology, particularly those involved with DNA manipulation are 

referred to as nanotechnology (Seeman, 2001). Another area is that of microelectronics, 

where it is imagined that the components on a chip would be of nanometre dimensions, 

reducing size and increasing speed (Berman et al, 2000) and storage capacity (Menon 

and Gupta, 1999). Workers in the field of carbon nanotubes also term their research as 

nanotechnology (Cohen 2001). In chemistry the field of supramolecular chemistry or 

the chemistry of self-assembling structures, as it produces molecules of nanometre 

dimensions, is now often referred to as molecular nanotechnology (Fahy, 1993). 

Finally, just to emphasise the width of the subject, a recent focus has been on the use of 

atomic force microscopes (AFM) and scanning tunnelling microscopes (STM) to 

manipulate atoms on surface to produce nanostructures (Birdi, 1999). A recent review 

of the materials chemistry aspects of nanomaterials has been given by Rao and 

Cheetham (Rao and Cheetham, 2001).

The work in this thesis concerns the chemistry and physics of nanocrystalline 

oxide. The interest in simple solids, metals and oxides, in nanocrystalline form began in 

the 1980’s and were pioneered by H. Gleiter at the University of Saarland in Germany
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and R.W. Siegel at the Argonne National Laboratory in the U.S.A. Gleiter and co­

workers published an article emphasising the unusual properties on nanocrystals in 1984 

(Birringer et al, 1984) and this paper is cited extensively (294 times in the Web of 

Science at the time of writing). He has written 86 papers on nanocrystalline solids, 

includining two very influential reviews (Gleiter 1989, Gleiter 1992), and the former 

having been cited 942 times on the Web of Science at the time of writing. Siegel began 

to publish papers on nanocrystalline titanium dioxide in the late 1980’s (Li et al 1988, 

Siegel et el 1988a, Siegel et al 1988b) and he was a member of the Department of 

Energy panel that recommended research into cluster and cluster assembled materials 

(Andres, 1989). He has written over 50 papers on nanocrystals and a number of reviews 

that have popularised the subject (Siegel 1991, Siegel, 1996). Both these authors stress 

the unusual behaviour of nanocrystal arising from the fact that as the particle size 

approaches, or becomes smaller than, the critical length for certain phenomena, e.g. the 

de Broglie wavelength for the electron, the distance required to form a Frank-Reed 

dislocation loop, etc. In addition, when the particle size approaches the nanometre 

regime a large fraction of the atoms are in the surface region and hence unusual 

behaviour is expected, particularly in terms of the surface chemistry.

At this point it is appropriate to review the unusual properties expected of 

nanocrystals and a good starting point is the review by Gleiter (1992). Gleiter begins 

his review by considering the disorder in bulk defects in normal materials, i.e. grain 

boundaries and dislocations. He argues that the density is low in these regions and 

hence there are unusual properties. He then goes on to consider a nanocrystalline 

sample where a large fraction of the atoms are in the surfaces and argues that the sample 

will behave very much like a grain boundary. Gleiter’s view of a nanocrystalline
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sample is shown in Figure 1.1. The fraction of atoms in the surface of a spherical 

nanocrystal of MgO is shown in Figure 1.2, which is about 50% at 3 nm.

Figure 1.1: Gleiter’s picture of a nanocrystalline sample.
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Figure 1.2: The fraction of atoms in the surface of a spherical nanocrystal of MgO.

Gleiter made the following list of experimentally observed properties that were 

consistent with the picture shown in Figure 1.1:-

1. Reduced amplitude of EXAFS oscillations.

2. Reduced Debye temperature.

3. Enhanced specific heat.

4. Enhanced solute solubility.

5. Increased thermal expansion.

6. A change in positron lifetime.
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A list of the experimental observations quoted by Gleiter is given in Table 1.1.

Table 1.1 Experimental properties of nanocrystalline solids

Property Bulk Glass Nanocrystal System

D/mV1 at 300K i o yj 10‘w 67Cu/Cu

i r ” io135 2X1019 Ag/Cu

SolubiIity/% <10’4 4 Bi/Cu

W lO'1 Ili/Pd

Deformation/% <0.1 >100 Ti02

Magnetisation/ 
emu/g (4K)

220 215 130 Fe

Electronic specific 
heat(0.1-1 K)/105 J/gm/K2

1.1 ~1 1.6 Cu

Carrier
density(electrons/atom)

1.24 ~1.2 0.6 Cu

The basis of Gleiter’s arguments is the highly disordered interface, which is 

sometimes referred to as ‘gas-like’. This will explain all the observations. For example 

the high diffusion coefficients would be due to the migration of atoms in the disordered 

interface. These interfaces would also be able to accommodate other atoms, hence the 

high impurity solubilities. The high plastic deformation, sometimes referred to as 

superplasticity, would be due to the ease of grains sliding over each other with the 

highly disordered interface. With these high levels of disorder the EXAFS amplitudes 

would be reduced, as there would be a loss of crystallinity for a large proportion of the 

sample. It will be seen later that there are alternative explanations to the experimental 

observations and that the concept of highly disordered interfaces is not required. In fact 

more recent work suggests that the interfaces are more like grain boundaries in normal 

bulk materials (Chadwick and Rush, 2001).
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In addition to the properties considered by Gleiter there are some more that need 

to considered. Firstly, there are the properties due to the particle size being comparable 

to the critical lengths for a number of parameters, e.g. the de Broglie wavelength and the 

depth of the space-charge region. Thus the particle size can give rise to quantum 

confinement and can affect the colour of a material, a good example being cadmium 

sulphide. In ionic materials when the particle size approaches the depth of space charge 

layer the point defect equilibria can be perturbed (Maier, 1995). An important property 

of nanocrystals is that they are extremely hard, referred to as superhardeness, as the 

crystallites are not large enough to sustain Frank-Reed loops, and dislocations can not 

be generated. Finally, when particles are small there is evidence that the crystalline 

phases and surface morphologies are different from bulk materials. When zirconia is 

less than ~30 nm in diameter the tetragonal phase is stable, whereas in larger crystals 

the stable phase is the monoclinic form (Garvie, 1965, 1978). Nanocrystals of MgO 

have a different surface morphology to bulk MgO (Stark et al, 1996, Stark and 

Klabunde, 1996, Koper et al, 1997). Thus the surface chemistry, and hence the catalytic 

behaviour, can be very different for nanocrystals.

The next section will deal specifically with nanocrystalline oxide, the subject of 

the experimental work in this thesis.
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1.2 INTRODUCTION TO NANOCRYSTALLINE OXIDES

Research on nanocrystalline oxides has been on-going for over two decades and 

nanocrystalline titanium dioxide was the subject of the early studies by Siegel (Siegel et 

al 1988). In fact, there has been a great deal of early work on nanocrystalline oxides 

that was performed before nanomaterials became a popular area of study. A number of 

oxides have been prepared in nanocrystalline form for applications in catalysis. A good 

example of early work that was not recognised as a nanocrystal study is the preparation 

of zinc oxide. A route to zinc oxide from the oxychloride was published by Srivastava 

in 1967. This was later used by Garcia- Martinez and co-workers (1993) to prepare 

nanocrystalline zinc oxide and they modified the procedures to produce nanocrystalline 

copper (I) oxide. In the case of catalysts and catalyst supports there is a long history of 

using small particles, often in the nanometre regime to increase the surface area of the 

reagent (Anpo, 1989, and Cauqui and Rodriguez-Izquierdo, 1992). As will be shown 

later there are a wide variety of methods of preparing nanocrystalline oxides as both 

powders and thin films.

The reason for the more recent interest in nanocrystalline oxides was initiated 

from the ceramics viewpoint. Ceramic materials are naturally extremely hard and in the 

form of nanocrystals the individual particles are superhard (Averback et al, 1993, 

Radonjic, 1998, Hauert and Patscheider, 2000). However, normal bulk ceramic 

materials are brittle and fracture easily under bending stress. The use of compacted 

nanocrystals results in tougher ceramics as the materials are superplastic (Mayo, 1997, 

Mayo et al 1999). Further interest has been generated by the electrical behaviour as 

nanocrystalline ionic oxides have been shown to have enhanced conductivity (Kosacki 

et al, 2000). The origin of the enhanced conductivity had been predicted for some time
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and was attributed to nanocrystallites approaching the dimensions of the space-charge 

layer (Maier, 1995). Recently there has been interest in nanocrystalline oxides as 

adsorbers of pollutant gases, for example nanocrystalline MgO can adsorb large 

quantities of SO2 (Stark, et al, 1996). The effect is regarded as not simple being due to 

the increased surface area-to-volume ratio that is possible'with nanocrystals but an extra 

effect due to unusual surface morphologies that occur in nanocrystals, i.e. bulk MgO 

surfaces are (100) crystal planes and higher order planes are found on nanocrystal 

surfaces. Semiconducting oxides are used in flammable gas sensors and there are a 

number of reports of enhanced selectivity and sensitivity when compacts of 

nanocrystals are used as the sensing elements, e.g. Sn02 (Davis et al, 1998) and Ti02 

(Lin et al, 1997)

More details on nanocrystalline oxide will be given in the following sections.
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1.3 PREVIOUS WORK ON NANOCRYSTALLINE OXIDES

I.3.a Preparation

There are a large number of methods that have been used to prepare 

nanocrystalline oxides, some of which are very specific to a given oxide. Focus here 

will be given to the more general methods.

A general method that is widely used is the thermal decomposition of a 

hydroxide. This is the common method of preparing zirconia (Rush et al, 2000). 

However, in a number of cases this will not produce very small crystallites, for example 

MgO (Stark et al, 1996). A variation is to prepare the hydroxide via the hydrolysis of 

an alkoxide, often referred to as the sol-gel route. (Klabunde et al, 1996, Ding and Liu, 

1997). This route usually produces very small nanocrystals, e.g. 5 nm in the case of 

MgO (Klabunde et al, 1996). Another variation, referred to as a polymer pre-cursor 

route, is to prepare a viscous solution of a metal salt in a glycol, spin coat this on an 

inert substrate (e.g. sapphire) and then thermally decompose to the oxide (Suzuki et al, 

2002). This method has been show to produce very perfect nanocrystals (Rush, et al, 

2000). Care has to be exercised in any method that uses a decomposition of a hydroxide 

material in that it is often difficult to remove traces of the hydroxyl groups. This is 

particularly true in the case of zirconia (Chadwick, et al 2001). The advantage of the 

sol-gel route is that it is generally easy to prepare very large samples, a few tens of 

grams, or thin films. It is also relatively easy to introduce dopants at the hydrolysis 

stage. However, care has to be taken to remove traces of water or hydroxylated species.

Another general method that can be used to prepare a wide range of materials 

types (metals, oxides and other compounds) is the vapour condensation method 

(Gleiter, 1992). The set up is shown in Figure 1.3. It is basically a vacuum sublimation 

apparatus with a cold finger to collect the sublimed material. The system is run with a
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small pressure of helium in the chamber, the aim being to form the nanocrystalline 

particles in the gas phase, rather than simply condensing as large crystallites on the 

finger. In cases where the metal oxide is very involatile, then the procedure is to deposit 

nanocrystalline metal particles and then oxidise these particles (e.g. tin oxide was 

prepared by this route by Huh, et al, 1999). An advantage of the gas condensation 

method is that the particles are very clean and free from traces of water, a problem with 

the sol-gel route (Cui, 1999). However, it is rather slow and produces relatively small 

samples; it takes several hours to produce one gram of material. It is also difficult to 

produce uniformly doped materials by this method. There are several variations of the 

method, usually in the form of the vapour source. The source can be provided by 

heating in a crucible, such as laser ablation (Fang et al, 2002) and radio-frequency 

sputtering (Comini et al, 2001).

Nanocrystalline oxides have also been prepared by chemical vapour deposition 

methods (CVD), where a volatile compound, usually a metal alkyl or alkoxide is 

decomposed in the presence of oxygen on a heated substrate (Veith et al 1999). The 

technology is the same as that used to produce semiconductor films, such as silicon 

(Komiyama et al, 1999). This is an excellent method of producing thin films and it is 

possible, as in semiconductors, to introduce dopants.

Many nanocrystalline systems have been produced by high-energy ball-milling, 

sometimes referred to as mechanical attrition (Indris et al, 2000). The material is 

simply ground to a small size. A number of oxides have been prepared as nanocrystals 

by this route. This route has the advantage that is fairly rapid and relatively easy to
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Figure 1.3: Vapour condensation apparatus (used to prepare 
nanocrystalline bismuth-copper alloys).

produce large samples, the order of a few grams. It is also possible to use the ball 

milling to synthesise compounds in nanocrystalline form. For example PbTi03 has 

been prepared by milling PbO and TiC^ (Kong et al, 1999). A disadvantage is that it is 

difficult to avoid contamination from the balls. In addition, the nanocrystals produced 

show a wide variation in size and there is often the production of amorphous material 

(Gajovic et al, 2001, Scholz et al, 2002).
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I.3.b Properties

Some general properties of nanocrystalline oxides have been mentioned in 

Section 1.1, particularly from the ceramics viewpoint. It is worth noting here some of 

the important properties and the current explanation of them.

The most important property is that of the microstructure, as this will underlie 

the chemical and physical properties. Recent work using EXAFS has shown that 

nanocrystalline oxides prepared by sol-gel type routes do not have highly disordered 

interfaces (Chadwick and Rush, 2001). In other words the model developed by Gleiter 

and shown schematically in Figure 1.1 is not correct. This has been proved for several 

oxides including zinc oxide (Chadwick et al, 1994), tin oxide (Davis et al, 1997), 

zirconia (Rush et al, 2000, Rush 2001) and ceria (Rush, 2001). Although there are 

several EXAFS studies that claim there is a disordered interface in nanocrystalline oxide 

this has been shown to be a result of the method of sample preparation (Chadwick and 

Rush, 2001). For example, zirconia samples prepared by heating zirconium hydroxide 

will contain hydroxide groups unless they are heated to sufficiently high temperature. 

Also nanocrystalline samples prepared by ball-milling are different and appear to 

contain amorphous material (Gajovic et al, 2001, Scholz et al, 2002, Al-Angari et al, 

2002) and need to be considered as separate from normal nanocrystals. Thus it seems 

reasonable to assume that the interfaces in all oxides, certainly those that are strongly 

ionic are like normal grain boundaries.

Surface morphology of nanocrystalline oxides has been reported as being 

different to bulk material in the case of MgO (Stark, et al, 1996). The evidence for this 

came from the adsorption behaviour and some preliminary AFM studies. A search of 

the literature shows that there have been few studies of the morphology of 

nanocrystalline oxides, particularly as a function of size. A great deal of the work on
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nanocrystalline oxides involves the study of thin films on substrates and there the 

morphology is determined by the substrate. It is an interesting question for free 

standing particles, as the surface energy is a major contribution to the total energy of a 

nanocrystal. A classic case is the formation of the tetragonal form of zirconia when 

prepared as nanocrystals in contrast to the stable bulk form being monoclinic. Garvie 

(1965,1975) noted this over 25 years ago. Small crystallites, less than about 30nm 

prepared by the usual sol-gel route are tetragonal. Heating and subsequent grain growth 

causes a transformation to the monoclinic form. The argument for the origin of the 

tetragonal form has been that it is stabilised by the surface energy. It is argued that the 

tetragonal form is kinetically metastable. It should be noted that there has been 

considerable debate over the transformation and the temperature of the transition is very 

dependent on the method and conditions of the preparation. (Turrillas et al, 1995). 

Recently it has been shown that nanocrystalline monoclinic zirconia could be formed by 

mechanically treating the tetragonal particles, but on heating these transformed back to 

the tetragonal form. This suggests that the tetragonal form is truly thermodynamically 

stable in nanocrystals. The technical importance of zirconia has meant there have been 

many studies of this system. It is interesting to know if similar effects occur in other 

oxides or if it is specific to zirconia.

There has been considerable recent interest in the electrical conductivity of the 

ionically conducting oxides (Maier and Tuller, 2000). The start of the interest goes 

back to the 1970’s when Liang (1973) found that mixing fine particles of an insulator, 

like alumina or silica, with a simple ionic salt led to an unusually high conductivity. 

There were a number of explanations of the effect that were proposed but the one that 

has prevailed is that developed by Maier (1995) which is based on the space charge 

region. Maier proposed that the effect of the additions was to introduce many
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interfacial regions into salt by adding the insulator. In these interfacial regions the 

space charge region would affect the defect concentrations. It is known that the 

energies of formation of individual defects in an ionic crystal are not the same for the 

members of a pair; for example, in sodium chloride the energy to form a cation vacancy 

is not the same as the energy to form an anion vacancy. Thus the energetics alone 

would suggest that there would be a different concentration of each defect in a crystal. 

However, the defects are charged and electrical neutrality demands an equal 

concentration of each defect in a bulk crystal. The restriction of electrical neutrality 

does not apply at a surface or interface and there will be differences in the defect 

concentrations. This leads to the space charge layer. Maier argued that there can be 

high defect concentrations in the interface and the interfaces can therefore provide high 

conductivity paths in these salt-insulator mixtures. He has given a full theoretical 

derivation (Maier, 1995). In principle the same theory can be applied to a nanocrystal 

when its diameter is the order of the thickness of the space charge region. Thus a 

compact of nanocrystals should have a high conductivity due to the conduction in the 

surface regions, with a limit being reached when the crystallite size was less than the 

depth of the space charge region. Although the theory was known for some time the 

experimental proof of the effect has only recently been reported. The work on films of 

nanocrystals has led to conflicting results (Tuller, 2000). Nanocrystalline ceria is highly 

conducting, as shown by a number of workers, but it is electronic rather than ionic 

conduction due to the formation of Ce3+ in the nanocrystals. Studies of nanocrystalline 

zirconia have yielded a varied set of results, some studies showing enhanced 

conductivity and some a normal conductivity. Recent work by Kosacki et al (2000) on 

well-characterised films does claim to show unambiguous enhanced conductivity. The 

space charge enhancement of the conductivity in ionic solids, although not oxides, has
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been proved experimentally by Sata et al (2000). These workers prepared alternating 

films of CaF2 and BaF2 and they varied the thickness of the layers. The conductivity 

was measured perpendicular to the layers, i.e. along the interfaces. As the layer 

thickness approached the calculated thickness of the space charge layer the conductivity 

rose, in agreement with Maier’s theory, and conductivities an order of magnitude over 

the pure materials were produced. The results of the work are shown Figure 1.4. This 

work has proved the effects can be produced experimentally and has led to an interest in 

developing the effects in the oxides where high oxygen conductivity would have many 

technological applications, particularly in fuel cell electrolytes (Kosacki, 2002).

Figure 1.4: Conductivity of films consisting of alternating layers of BaF2 and CaF2. 

The thickness’ of the layers are shown on the plots.
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A general property of all nanocrystals is that they will readily grow at quite 

moderate temperatures. The fundamental reason is that particles will tend to grow to 

reduce the surface area to volume ratio and hence reduce the surface area. The 

mechanism can vary from system to system, i.e. it can be due to diffusion sintering, 

evaporation and recondensation (sometimes referred to as'Ostwald ripening) and vapour 

transport. Grain growth is important in ceramics, particularly in the formation of dense 

materials from powders (Shaw, 1989, Xue and Brook, 1989). An example of the 

growth of a nanocrystalline oxide is shown in Figure 1.5, where data for SnO^ taken 

from Davis et al (1997), are displayed. The samples, 2-3 nm crystals, were being heated 

at 5°C per minute and the diffraction pattern was collected. The pure material clearly 

begins to grow at only 400°C. It is interesting that the presence of dopants inhibits the 

growth. The grain growth of nanocrystals is a serious problem for many experimental 

studies that involve elevated temperatures. An example is the study of diffusion. To 

obtain diffusion rates that are easily measured it is normally necessary to heat the 

sample. However, the heating will start the grain growth and the sample size will be 

continually changing during the diffusion measurement. One of the objectives of the 

work presented later in this thesis was to find effective methods of preventing the 

growth of nanocrystalline oxides.
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Figure 1.5: The average particle size of tin oxide nanocrystals when heated at 5

degrees C per minute.
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1.3. C Specific materials

1.3. C.1 Magnesium Oxide

Magnesium oxide, MgO, is one of the most studied materials as it is purely ionic 

and has the simple rock-salt structure. It has been extensively used as a model system 

for computer simulation studies of oxides (see, for exairiple, the papers of Parker and 

co-workers; Harris et al, 1999,2001, and Kenway et al, 1992). The material is found 

naturally as periclase and can be prepared by thermal decomposition of various salts, 

e.g. acetate, hydroxide, nitrate, etc. Nanocrystalline MgO can be synthesised by several 

routes, however the simplest and most effective is by the calcination of hydrolysed 

magnesium methoxide, Mg(OCH3)2 (Stark et al., 1996a, 1996b, Koper et al., 1997, 

Chadwick et al., 1998). As mentioned earlier the surface morphology of nanocrystalline 

MgO has been reported as being different to bulk material and this has been given as the 

reason for the very high adsorptive power of nanocrystals of this oxide (Stark, et al, 

1996). The main interest in nanocrystalline MgO is as an adsorbent of pollutant gases. 

MgO is an ionic conductor, however the high melting point (2800°C) means that the 

pure material needs to be heated to very high temperatures to obtain measurable 

diffusion or conductivity. In addition, it cannot be highly doped with aliovalent 

impurities. Hence there has been little interest in the conductivity of this material, even 

in nanocrystalline form. The fact that magnesium is a light element means that it cannot 

easily be studied by many techniques and there are no EXAFS data available for 

nanocrystalline MgO.
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I.3.C.2 Z irconium  Oxide

Zirconium oxide, zirconia, occurs naturally as the mineral baddeleyite which has 

a monoclinic structure. The phase diagram of zirconia is complex, particularly when 

doped with lower valency cations, such as yttrium, and is shown in Figure 1.6. At room 

temperature the stable phase is monoclinic but on heating it transforms at 1400K to the 

tetragonal form, and then at 2640K to a cubic, fluorite-structured phase. The addition of 

lower valent cationic dopants at low concentrations will stabilise the tetragonal phase and 

at concentration exceeding ~8 mol per cent the cubic phase is

Y 2 Ù 3 - Z r 0 2

Figure 1.6 The phase diagram of zirconia.
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stabilised. Although the monoclinic phase is the stable room temperature phase when the 

material is prepared as nanocrystals (> about 30 nm particle size) other phases can form, 

most commonly the tetragonal form (Garvie, 1965, 1978). Zirconia is second only to 

diamond in terms of hardness and is used as a specialised ceramic (Birkby and Stevens, 

1996). The cubic stabilised material, normally by the addition of yttrium (so-called YSZ) 

has a high oxygen ion conductivity at ~1000°C and is used in gas sensors (Steele et al, 

1981), and as an electrolyte in solid oxide fuel cells (SOFC) (Badwal, 1990) and oxygen 

separators (Ziehfreund and Maier, 1996).

The importance of zirconia as a ceramic and an electrolyte has meant that it has 

been extensively studied, with over 10,000 publications listed on the Web of Science. 

There have also been many studies of the nanocrystalline material as it is readily 

prepared. However, as mentioned earlier, the preparations of nanocrystalline zirconia that 

involve the thermal decomposition of the hydroxide do not lead to pure zirconia. The 

samples tend to contain hydroxylated material unless they are heated to temperatures in 

excess of 700°C (Chadwick et al, 2001). Very careful EXAFS studies have shown that 

nanocrystalline zirconia does not have disordered interfaces (Rush et al, 2000, Chadwick 

and Rush 2002), the interfaces being more like normal grain boundaries found in bulk 

material. It is interesting to note that the same type of films used in these EXAFS studies 

were used by Kosacki et al (2000) in the studies that found a high conductivity.
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I . 3 . C . 3  Cerium Oxide

Cerium oxide, ceria, (Ce02) has the cubic fluorite-structure (space group Fm3- 

m) when pure or doped with lower valent cations. The pure material is a mixed 

electronic and oxygen ion conductor. The doped material (e.g. 8 mol per cent Gd) is a 

purely ionic conductor and can be a better oxygen ion conductor than YSZ at equivalent 

temperatures (e.g. Gd-doped CeC>2) and offers the potential for an SOFC operating at 

lower temperatures (Kharton et al, 2001). Ceria is also an important oxidation catalyst 

and along with platinum, rhodium and gamma alumina makes up the ‘three-way’ 

automotive catalyst used in car exhausts to reduce the emission of carbon monoxide and 

hydrocarbons.

There have been some studies of nanocrystalline ceria. Like zirconia care is 

need in the preparation to ensure the removal of hydroxylated species. EXAFS studies 

of carefully prepared nanocrystalline films show again that the interfaces are not 

disordered (Chadwick and Rush, 2001). Several studies have been made of the 

conductivity of nanocrystalline ceria and there is overall agreement that the conductivity 

is enhanced compared to the bulk material (Tuller, 2000). However, the conductivity is 

not ionic and is due to the generation of Ce3+ ions and a hole conductivity.

I.3.C.4 Tin Oxide

Tin oxide occurs naturally as cassiterite and has the rutile structure (space group 

P42/mnm). It is an n-type semiconductor, which is used in flammable gas sensors 

(Sberveglieri, 1992,1995, Barsan et al 1999). The principle of operation is based on the 

fact that tin oxide in a vacuum has a relatively high conductivity. However, in air the 

surface is covered with chemisorbed oxygen, which traps the mobile electrons. A 

flammable gas in the atmosphere will react with the chemisorbed oxygen and release the

24



trapped electrons. Thus a simple measurement of the electrical conductivity of a pellet of 

tin oxide can detect flammable gases at parts per million levels. These sensors are sold 

commercially (known as Taguchi sensors and sold by Figaro, Japan). A severe problem 

with these sensors, and the reason for their not being recommended by UK gas 

companies, is that they are not selective and will respond to any flammable gas, i.e. 

methane or alcohol or cooking fats. Strategies that have been employed to improve the 

sensitivity and selectivity have included the use of nanocrystalline materials and doping 

with aliovalent cations (Davis et al 1998).

The preparation of nanocrystalline tin oxide by reacting a solution of tin chloride 

with ammonia will yield material 2 to 3 nm in size. The material seems to pure and free 

from hydroxylated species. There is general agreement amongst the various EXAFS 

studies that the nanocrystallites are not highly disordered and the interfaces are like 

normal grain boundaries (Davis et al, 1997, Chadwick and Rush, 2001).
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1.4 OBJECTIVES OF THE PRESENT STUDY

The preceding Sections have outlined the importance of nanocrystalline solids 

and described work on the nanocrystalline oxides. As mentioned in these Sections the 

growth of the oxides at moderate temperatures presents problems. From the 

fundamental viewpoint this limits the type of experimental work that can be performed. 

For example, the enhanced ionic conductivity of the nanocrystalline oxides is of great 

current interest. However, conductivity measurements are not discriminating as to the 

origins of the enhanced ionic motion. They only measure the overall charge transport 

and do not focus on a particular ion. A better approach would be to study the diffusion 

of the oxygen ions in nanocrystalline zirconia. In principle these can identify motion in 

a surface region, as predicted by the space charge layer models. This is possible with 

170  NMR and there are plans at Kent to make these measurements for zirconia. 

However, the experiments will require studies at relatively high temperatures, at least up 

to 1000°C, and this would cause rapid crystallite growth. From the technological 

viewpoint there is a need to maintain the nanocrystal size. For example although 

nanocrystalline tin oxide is a better gas sensor than the bulk material (Davis et al 1998) 

the sensor is operated at around 500°C and the crystallites grow with a degradation of 

the sensing behaviour. Similarly, the reported high adsorptive power of nanocrystalline 

oxides, such as magnesium oxide, is of little use unless the materials can be simply 

recycled. The obvious approach would be to heat the oxides to desorb the gases but this 

would lead to crystallite growth and loss of activity. Thus the stabilisation of the 

crystallite size at high temperatures is very important and this is the objective of the 

work in this thesis. The aims of the work are to find methods that are generally 

applicable to a wide range of oxides, that allow the preparation of large samples (a few
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grams), that do not affect the major properties of the nanocrystals and to characterise the 

materials. The requirement of large samples is to enable a wide range of 

characterisation techniques to be used and to provide samples big enough for future 

studies, such as NMR diffusion.

To date there have been very few attempts to findgeneral methods of stabilising 

nanocrystals, particularly nanocrystalline oxides. One approach that has been widely 

used is to confine the nanocrystal inside a porous matrix. The matrix used has very fine 

pores, as in zeolites and other microporous solids. This approach was first used by 

Barrer (1958, 1983) to form silver particles in the pores of zeolites and was employed 

more recently by Anderson et al (1996) to form potassium metal wires in zeolite L and 

cobalt particles in zeolite X. The silica matrix is useful as the pore size can be varied 

from less than 1 nm, as in zeolites, to 10 nm, as in the MCM mesoporous silicas (e.g. 

Mukheijee et al, 2001), to very large pores that can be produced in sol-gel prepared 

silica. In addition, it is possible in some cases to prepare the matrix and the 

nanoparticles simultaneously, via a sol-gel route. This has been used for both silica 

matrices (Zaharescu et al, 2000) and alumina matrices (Tang et al, 2001). Polymer 

matrices can also be used and the nanoparticle formed inside a porous polymer, as for 

TiC>2 in PPV (Zhang et al, 2001) or the polymer formed around a nanoparticle, as for 

silver in polymers (Akamatsu et al 2000). This general confinement approach will be 

used in the present work on nanocrystalline oxides. Clearly organic polymer matrices 

will not be useful, as they will decompose on heating. The silica matrices clearly offer 

the best prospects, however reaction between the oxide and silica at high temperatures 

will need to be explored.

In ceramics and metallurgy the growth of grains can be inhibited by the addition 

of a second phase material. The effect is referred to as Zener pinning, as the second
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phase stops the movement of the grain boundaries and the growth rate of grains is 

reduced. This is used to maintain a small grain size when a compact is densified. The 

second phase is normally added in small amounts. A commonly used second phase is 

alumina. In principle this approach could be used to stabilise nanocrystals, however in 

the case of oxides it has only been used to stabilise nanocrystalline zirconia. There are 

several reports of adding alumina to nanocrystalline zirconia. These mostly focus on 

the composites with relatively large micron size grains. Viswanath and Ramaswamy 

(1999) used a mixture of zirconium and aluminium alkoxides to form a gel which was 

hydrolysed and heated to form the oxide. The amounts of alumina used were 5, 10 and 

15% and the particle size was maintained at llnm  at 900°C and ~30 nm at 1000°C. 

Betz et al (2000) prepared nanocrystalline zirconia and alumina by gas phase 

condensation, about 14%, and densified the material at 1200°C and the particle size was 

maintained at <40 nm. Thus this approach of pinning the boundaries shows possibilities 

as a general method of restricting the growth of nanocrystals and one that will be 

explored for a number of oxides in this thesis.

Another approach that could have wide usage is to coat the surface of a 

nanocrystal with an inert material. Again this has not been widely used, although there 

has been a report of coating tin oxide, titanium dioxide and zirconia with a thin layer of 

silica (Wu et al 1999). This was achieved by treating the nanocrystals with 

hexamethyldisilazane, known as HMDS. This reacts with surface hydroxide groups on 

the oxide surface to form silicate units. In the original work very small crystallites were 

used 1 to 5 nm and the particle size was maintained on heating at 500°C. This is a 

relatively low temperature, however this approach is worthy of further pursuit and will 

be explored as a general method in this thesis.
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1.5. THEORY OF EXPERIMENTAL TECHNIQUES

1.5. a X-ray diffraction

The early work of the Braggs (William and his son Lawrence) treated the 

scattering of X-rays as the reflection from successive planes of atoms in the crystal. This 

is considered schematically in Figure 1.7. The X-rays are taken as a set of parallel planes 

impinging on the crystal at some angle 0 to the lattice planes. Some of the rays will be 

'reflected' from the upper layer of atoms, the angle of reflection being equal to the angle of 

incidence. Some of the X-rays will be absorbed and some will be reflected from the 

second layer, and so on with successive layers. All the waves reflected by a single plane 

will be in phase. Only under certain conditions will the waves reflected by different 

underlying planes be in phase with one another. The condition is that the difference in the 

path length between waves scattered from successive planes must be an integral number of 

wavelengths, nX. If we consider the reflected waves at some point outside the crystal, this 

path difference for the first two planes is 6, where 5= AB + BC. Since the triangles ALB 

and COB are congruent, AB = BC and therefore 6 - 2  AB. Hence 6 -  2 d  sinO. Thus the 

condition for reinforcement or Bragg 'reflection' is given by

nX = 2dsin9  (1.1)

This is known as the Bragg equation.
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Figure 1.7: Demonstration of the derivation of the Bragg equation

There are a variety of experimental methods to collect X-ray diffraction data (Klug 

and Alexander, 1974). The Laue method involves diffracting X rays from a single crystal 

and collecting the pattern on a photographic plate, or with modem instruments an area 

detector. Diffraction leads to a series of spots on the plate which correspond to diffraction 

from different crystal planes. Analysis of the positions and intensities of the spots yields 

the crystal structure of the material. When the sample consists of a powder the Debye- 

Scherrer method is employed. In this case the X-ray beam is diffracted from randomly 

oriented crystallites in the powder. This produces diffraction cones and with a 

photographic plate the result is a series of circles. The commonly used arrangement for 

powder diffraction instruments is shown in Figure 1.8. Instead of a photographic plate a
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detector is used and this is moved on an arc, centred at the sample. Thus the detector cuts 

through the cones of the diffracted beam. Usually the sample is scanned through an angle 

0 and the detector through an angle of 20. This results in a plot of intensity versus 20 

which contains peaks when the beam is diffracted. Effectively the two dimensional Laue 

pattern is reduced to one dimension. A typical powder pattern is shown in Figure 1.8. 

Until recently it was not possible to determine crystal structures from powder patterns, 

however this can be done with high quality data and the use of the Reitveld method. The 

common use of powder diffraction patterns is in the identification of materials as the 

patterns are unique to a given material. Comparing the pattern to a database of patterns 

does this. A second use, and one used extensively in the current work, is the determination 

of the average crystallite size.

Figure 1.8: Schematic picture of a powder diffractometer.
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The diffraction lines given by crystalline powders become broader as the particle 

size gets smaller and this provides a very useful method of determining the average size of 

the crystallites. When considering the conditions for diffraction in perfect crystals it was 

shown that constructive interference occurred at certain values of 20 as defined by the 

Bragg equation. At small deviations from this diffraction maximum the scattered waves 

will be slightly out of phase. The requirement to observe destructive interference is that 

the crystals must possess a large number of lattice planes such that the diffracted waves 

from all the planes will eventually combine destructively. For small crystals the number of 

planes is insufficient to result in total destructive interference. Thus the distinction between 

constructive and destructive interference is blurred and a broadening of the diffraction lines 

is observed.

The mathematical treatment of the broadening was developed by Schemer and is 

given by the equation (Klug and Alexander, 1974):-

average crystallite size = —— — (1.2)
pcosO

This is referred to as the Schemer equation. Here k is a constant, P is the line width at half­

maximum height for a diffraction peak at an angle of 20. The value of k depends on the 

method of derivation of the equation and is around unity, often taken as 0.89 (Cullity, 

1978). In practice the value taken for k is not that important as the crystallite size is only 

expected to be accurate to ± 10% and is only useful for crystallite sizes less than about 100 

nm. In using the Schemer equation it is important to take into account any broadening of 

the diffraction line due to the optics of the diffractometer. This is usually done by 

determining the peak width of large crystallites (micron dimensions) of a highly crystalline 

material such as sodium chloride. Most modem diffractometers have versions of the
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Scherrer equation encapsulated in the data analysis software. The advantage of the use of 

line broadening in determining the crystallite size is that it is very rapid and inexpensive 

compared to electron microscopy. Clearly it lacks the detail of electron microscopy and 

does not give information on the distribution of particle sizes, however the two methods do 

give comparable results for the average particle size.
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I.5.b EXAFS

Extended X-ray absorption fine structure (EXAFS) is the study of the 

oscillations that occur in the absorption spectra beyond the energy for the emission of a 

photoelectron from a core level of an atom in condenséd matter (Koningsberger and 

Prins, 1988). The basic EXAFS experiment involves measuring the X-ray absorption 

spectrum of a thin sample as a function of X-ray energy. Thus the experiment is simple 

and involves the measurement of the incident X-ray intensity, Iq, and the transmitted 

intensity, It, and evaluating the absorption coefficient, fi, from

H = In —  (1.3)
h

In other words, it is like any absorption experiment used in spectroscopy, such as IR.

Figure 1.9: Predicted X-ray absorption spectrum
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Consideration can be given to what happens to the absorption coefficient as the X- 

ray energy (frequency) is increased. At low energies the X-rays will pass right through the 

sample and |J, will be close to zero. As the energy is increased a point will be reached 

where the X-ray has sufficient energy to 'eject' an electron (a photoelectron) from the 

atoms of one of the elements in the sample. This will be an inner core electron, K or L 

shell, and X-ray will be in the energy range 1 to 40 keV. This point, where there is a very 

sharp rise in p, is referred to as the absorption edge and X-ray energy, hv, will be equal to 

the binding energy, Eb, of the electron in its initial state. Further increasing the X-ray 

energy is not expected to change p as the extra energy should simply be transformed into 

kinetic energy of the photoelectron. Thus the absorption spectrum would be predicted to 

be a simple step-function, as sketched in Figure 1.9, and the final energy state, Ef, of the 

photoelectron in the energy balance equation, i.e.

E f = hv - E b (1.4)

would simply be the kinetic energy and have a linear dependence on hv.

Simple absorption experiments were performed in the 1920's and for condensed 

systems the results were not as simple as sketched in Figure 1.9. A typical EXAFS 

spectrum is sketched in Figure 1.10. The spectrum is usually considered in terms of three 

regions, marked in the figure, the pre-edge features, the near-edge structure (XANES - X - 

ray absorption near-edge structure, sometimes called the NEXAFS - near-edge X-ray 

absorption fine structure), which extends over about 50eV and the EXAFS (extended X-ray 

absorption fine structure) which are oscillations extending out about IkeV beyond the 

edge. Collectively the XANES and EXAFS are referred to as XAFS (X-ray absorption 

fine structure). The origin of pre-edge features is the excitation of electrons from a core
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level to an outer bound level. T h ese  features are com m on  in transition m etals and

correspond, for example in vanadium, to a Is to 3d transition for the electron. The pre­

edge features will vary in position, height and breadth as the oxidation state (i.e. electronic 

structure) and local symmetry of the atom changes and can be used to fingerprint oxidation 

- reduction reactions of a particular atom. The origins of the pre-edge features are fairly 

obvious, but the XAFS is more puzzling; why should the absorption coefficient show 

oscillations (typically with an initial amplitude about 10% of the edge step) which extend 

out with decreasing amplitude to about IkeV beyond the edge. The search for a proper 

explanation of the EXAFS in condensed matter lasted 50 years, from the early experiments 

in the 1920's until the early 1970's. Before the physical basis of XAFS is outlined it is 

interesting to consider why progress was apparently so slow. The reasons are due to the 

difficulty in performing the experiments and, hence, the lack of reliable data to decide 

between the opposing theories.
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From the qualitative explanation in the preceding paragraph it should be clear that 

the frequency of the EXAFS oscillations contains information on the distance from the 

target atom from its neighbours. The intensity of the oscillations will depend on the type 

of atom which is acting as the backscatterer, i.e. the higher the atomic weight the more 

intense the oscillations, and the number of backscattering atoms. To be more precise, 

after subtraction of the background absorption, the normalised absorption coefficient, 

X(k), as a function of the photoelectron momentum, k, can be written in an equation of the 

form (Lee and Pendry, 1975, Koningsber and Prins, 1988):-

% (k )  =
£ N j 2 \ f  A n  )\exp (-2 a ) k 2 ) exp (-2 R j /X ) sin (2 kR j + V ,+ 28 )
' k  R  j

(1.5)

Here Nj is the number of atoms (all of the same type) in shell j  with backscattering factor 

fj(iz) at a distance Rj from the central atom. The other terms in Equation 1.5 are a Debye- 

Waller like factor qj- expressing the mean square variation in Rj, the phase factors S and y/j 

of the photoelectron wave which depend on the central and scattering atom, and A the 

mean free path of the photoelectron. The Fourier transform of k.%{k) with respect to 

sin(2kR) or exp(-2ikR) yields a partial radial distribution function in real space with peak 

areas proportional to Nj. If the phase factors are known, either from theoretical 

calculations or model compounds (i.e. fitted from the EXAFS of chemically similar 

compounds to that under investigation but with known Rj and Nj), then the radial distances 

can be determined, typically out to 5A from the target atom. The uncertainty in Rj that 

can be achieved with EXAFS is about +/- 0.01 A. The determination of Nj is usually less 

accurate, about +/- 20%, as it is strongly coupled to the Debye-Waller factor, f/n )  does
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not vary strongly with atomic number and the identification of the type of atoms in the 

shells is limited to differentiation between rows of the Periodic Table. The advantages of 

EXAFS over diffraction methods are that it does not depend on long range order, hence it 

can be used to study local environments in both crystalline and amorphous solids, and 

liquids, it is atom specific and can be sensitive to low concentrations of the target atom.

The experiments described in this thesis were performed at the CLRC Daresbury 

Synchrotron Radiation Source (SRS) and it is appropriate here to describe the 

experimental arrangement and the method of data analysis.

Figure 1.11 shows schematically the typical arrangement of the EXAFS stations 

at the Daresbury SRS. The ‘white’ beam from the synchrotron is ‘shaped’ by passing 

through lead slits (to produce a beam ~1 mm high and 10 mm wide) and then 

monochromated by a double crystal monochromator. The beam is diffracted from the 

first single crystal to select a particular wavelength of light and the further diffracted 

from a second crystal (with the same crystallographic cut as the first crystal) to bring the 

beam back to the horizontal direction. Rotating the two crystals together by means of a 

stepper motor will change the wavelength of the beam. The beam then passes through 

the first ion chamber (referred to as the reference chamber), to determine Iq, the sample, 

and then a second ion chamber (referred to as the signal chamber) to record It. The ion 

chambers are partially filled with a rare gas to detect the X ray and made up to a total 

pressure of 1 bar by adding helium. The pressure of the rare gas in each chamber is 

adjusted so that the reference chamber is 80% transmitting and the signal chamber is 

80% absorbing. The currents on the chambers are measured with sensitive Keithley 

electrometers. The sample thickness is adjusted so that the change in absorbance before 

and after the absorption edge is approximately 1. In the case of powders the sample is 

mixed with a light element diluent, such as silica, boron nitride or polythene, and
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pressed into a 13 mm radius pellet with an IR press. In a typical EXAFS experiment the 

X ray energy is scanned from approximately 50 eV below the absorption edge to 1000 

eV beyond the edge. The scans are controlled by a computer system, which also 

records the angle of the monochromator, I0 and It, and records the data to a file. A scan 

will typically take around 30 minutes and, depending on‘the data quality, several scans 

are collected to improve the signal-to-noise ratio. When the concentration of the target 

element is very low in the sample, typically less than 1 atom per cent, transmission 

experiments are not feasible. In this case an alternative approach is to collect the 

fluorescence X rays with a solid state detector. This will measure If which is 

proportional to the absorption. The basic arrangement described above applies to all the 

Daresbury EXAFS station, i.e. 7.1, 8.1, 9.1 and 9.3. Station 9.3 is a combined station 

and a curved position sensitive detector can be placed in the system to measure a 

powder diffraction pattern of the sample simultaneously with an EXAFS scan.

Figure 1.11: A typical experimental set up for EXAFS.

39



The Daresbury suite of EXAFS analysis programmes were used to analyse the 

spectra collected in this thesis (Binsted et al, 1992, Binsted, 1998). The first 

programme is EXCALIB which simply calibrates the data, i.e. allows for background 

counts in the ion chambers and converts monochromator angle to energy. This creates a 

simple data file of incident X ray energy versus absorption coefficient. The second 

programme is EXBACK which takes the EXCALIB files and produces the normalised 

EXAFS, x(k), as a function of k, the X ray wave vector. This involves determining the 

EXAFS oscillations by subtracting the absorption spectrum for the atom, i.e. producing 

the spectrum caused by the presence of the atom in a condensed medium. EXBACK 

produces a file, which can then be analysed by the main data analysis programme 

EXCURV92.

EXCURV92 essentially fits the data to the EXAFS expression given in equation

1.5. The procedure is an iterative one where a model of the environment of the target 

atom is set up and then the parameters in the model are iterated until a best-fit is 

obtained. The first step in the fitting is to define the local environment of the target 

atom in terms of the number of shells, the number of atoms in the shell, //„ the type of 

atom in the shell, T„ the distance from the target atom to the shell, /?„ and the Debye- 

Waller factor, Ai, of the shell. The phase shifts are calculated theoretically by 

EXCURV92. The model is then used by the programme to calculate a theoretical %(k). 

The difference between this value and experimental %(k) is compared by a simple addition 

of the differences (experimental x(k) -  theoretical xW ) at each data point in k. This 

difference is referred to as the R-factor, i.e. for n data points R is given by

REXAFS = Z(<Ji x'v'^kj-xf'^ac)|r' xioo% (1 .6)
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where

' 1 ) = ________k( i )n________
k a  i X  J k ( J  )" \exP( J |

(1.7)

The model parameters Nu A„ /?„ and the start of the EXAFS, E0, are then iterated, either 

singly or as sets, to produce the minimum R-factor using a multiple regression routine. 

Clearly a reasonable starting model for the fitting is essential, but this was not a problem 

with the simple oxides used in the present work. It is important to note that it is the 

normalised EXAFS that is fitted, not the Fourier transform. EXCURV92 produces a 

Fourier transform and the experimental and theoretical curves can be compared. The 

Fourier transform gives a very useful visual comparison of the model and the experiment 

but it is not the basis of the analysis.

I.5.c DSC

Differential scanning calorimetry, DSC, provides a rapid method of studying 

thermal transitions in materials and there are several commercial systems available 

(Turi, 1997). A schematic diagram of the essential components of a DSC is shown in 

Figure 1.12. The principle of the technique is essentially very simple and is best 

explained by outlining the experimental procedure.

The central unit of a DSC consists of two platinum cups, typically 10mm in 

diameter and 5mm deep. Each cup is fitted with a heater and a thermocouple and the 

two cups are thermally insulated and covered with a heat shield. A small amount of the 

sample to be studied, usually a few mg, is pressure sealed into a sample pan. The pans 

are usually made of very thin aluminium sheet. The pan is then placed in one of the
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Figure 1.12: A sketch of the essential features of a DSC apparatus.

Figure 1.12: A sketch of the DSC output for a solid sample.



platinum cups and covered to prevent heat loss. A reference sample, usually an empty 

pan, is placed in the second cup and covered. The heat shield is placed over the cups 

and if the sample is reactive or liable to oxidation nitrogen gas is flushed through the 

heat shield. The system is then ready to collect data.

The associated electronics and control computer allow the two cups to be heated 

simultaneously at a given rate. The electronics ensures that the two cups are always at 

exactly the same temperature. In addition, the electronics measures the electrical input 

into each of the heaters. The output, displayed on the screen of the control computer, is 

a plot of the difference in heat input to the two cups versus the temperature of the cups. 

Clearly in the absence of any thermal transitions this will be a straight line. If a 

transition occurs in the sample, such as melting, extra heat has to be supplied to the 

sample cup to counteract the latent heat of fusion giving a peak in the plot. A sketch of 

a typical DSC plot for a melting transition is shown in Figure 1.13. The area under the 

peak is the latent heat of fusion for the sample.

In principle DSC measurements can yield a great deal of information on thermal 

transitions, e.g. transition temperatures and latent heats, and are widely used to study 

melting transitions and glass transitions. The measurements are rapid and very useful in 

testing materials, however accurate measurements require careful calibration of the 

system, as they are dynamic measurements. For example for the observed melting point 

depends on the heating rate. Thus the system has to be calibrated by measuring the 

melting points of standards, e.g. pure metals, at the same heating rate that is used for the 

sample. The original objective was to study phase transitions in the nanocrystalline 

oxides, specifically the transition on heating of the zirconium-aluminium alkoxide 

systems to form zirconia. As will be seen later in Section III.3 this occurs well above 

600°C, the upper temperature limit of the DSC using aluminium pans. Thus these 

measurements were not pursued.
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II EXPERIM EN TAL

II.1 MATERIALS PREPARATION

II.l.a Raw materials

A wide range of chemicals was used to synthesise the nanocrystalline samples. 

These were purchased from Aldrich and the details are given in the appropriate sections. 

Four types of porous silica were used to encapsulate the nanocrystals and their 

description is given here as the specifications are given here to simplify the later 

sections.

The largest pore material was obtained from Reatec GmbH (Ahomweg 6, 64331 

Weiterstadt, Germany). This company produces a range of porous silicas with a large 

variety of pore sizes. The samples used in this work had a specified pore diameter of 

126 nm and a total surface area of 40.92 m2 g'1. The pore volume was reported to be 

1.309 cm3 g‘V It is worth noting that the relationship between pore volume and surface 

area is:-

Pore volume
Pore diameter x Surface area

4
(ILI)

Three types of silica with smaller pores were used in this study. These were all 

purchased from Aldrich and they were designated Silica gel, Merck. They had pore 

diameters of 4 nm (catalogue number 40,356-3, surface area 750 m2 g"1), 6 nm 

(catalogue 40,359-8, surface area 550 m2 g'1) and 10 nm (catalogue 40,360-1, surface 

area 300 m2 g'1). The pore volume was roughly constant at 0.75 cm3 g'1.

Later in the thesis the silica samples will only be referred to by their pore 

diameter.
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Il.l.b General procedures

Several methods have been used in the literature to prepare nanocrystalline 

materials and these have been outline in Chapter I. The general method that was used 

for the work in this thesis was to prepare a hydroxide of the metal and then to calcine 

this to form the oxide. A number of methods were used to produce the hydroxide, 

including precipitation with ammonia and hydrolysis of a metal alkoxide, often referred 

to as a sol-gel route. Variations of these procedures were then adapted to produce the 

confined nanocrystals. The general methods will be outlined first and then the detailed 

procedure for each system studied will be described.

The preparation of the oxides from the hydroxides is very simple. An aqueous 

solution is prepared from a soluble salt of the metal and the hydroxide is precipitated by 

the addition of ammonia.

M X  + N H 4O H  - »  M O H  + N H 4X  (II.2)

It is worth noting that it often requires many washings with distilled water to remove the 

ammonium salt. The calcining usually requires about 500°C to produce the oxide. 

2 M O H  ->  M 20  + H 20  (II.3)

In many cases this method is not completely satisfactory as traces of hydroxylated 

species will be retained in the sample, as has been found for zirconia (Chadwick et al, 

2001).

In many cases the preparation of the hydroxide via the alkoxide is preferred, as 

this tends to produce smaller nanocrystals. The general equation is given by 

M ( O R )  + H 20  - »  M O H  + R O H  (II.4)

In some cases the hydrolysis is not complete, for example with magnesium methoxide, 

and the reaction is then
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M( OR )2 + H 20 -> M( OR )0H + ROH (II.5)

The hydroxides (or alkoxide-hydroxides) produced from the alkoxides have a more 

‘open’ structure, and this is why they produce smaller nanocrystals (Klabunde et al, 

1996).

II.l.c Nanocrystalline alumina

Alumina was used to restrict the growth of nanocrystalline oxides. As part of 

the work a brief investigation was made of alumina. It was prepared by hydrolysing the 

alkoxide to form the hydroxide and then calcining to the oxide.

20 ml of aluminium tri sec butoxide (AlfC^HsCHCCtyOk) were measured from 

the manufacturer’s bottle (Aldrich) into a small vial inside a glove box. The liquid is very 

viscous and the operation was performed with a measuring cylinder rather than a syringe. 

The vial was removed from the glove box, the material poured into a beaker and 

hydrolysed by the simple addition of distilled water with constant stirring. A gel formed 

initially and this turned into a white precipitate with excess water. The solid was filtered 

off and dried overnight in an oven at 100°C. This produces boehmite, AIO(OH). 

Calcining this at 1200°C produces a-alumina, however lower temperature calcination will 

produce other forms of alumina. The calcination and the products will be discussed in 

Chapter HI.
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11.1. d Nanocrystalline MgO

11.1. d.1 Pure MgO

The preparation of pure nanocrystalline MgO described by Chadwick et al., 

(1998) was repeated as part of the work to provide standard samples. 50 ml of 

commercial Mg(OCH3)2, a 70% solution in methanol (Aldrich), was dispensed into a 

250 ml bottle in a glove box. The bottle was removed from the glove box, a magnetic 

flea was added and the bottle placed on a magnetic stirrer plate. The liquid was stirred 

and water was added drop-wise. A gel was formed which was allowed to dry in air. 

The sample was tended to form a cake, which was broken up with a spatula. Previous 

work (Rywak et. al 1995, Utamapanya et .al., 1991) had shown that the product from 

this procedure is Mg(OH)(OCH3), and this was confirmed by XRPD in this study (see 

Chapter III). Calcining the material produced nanocrystalline MgO, the particle size 

depending on the temperature employed.

MgO was also produced by calcining Mg(OH)2 at 500°C but this did not 

produce nanocrystalline material.

11.1. d.2 Nanocrystalline MgO in porous silicas

The first attempts at producing nanocrystalline MgO in silica were based on the 

method of Barrer (1958,1983) which involves filling the pores with the metal nitrate 

hydrate and then calcining to form the oxide. The silicas were mixed in a Pyrex beaker 

with an appropriate amount of the nitrate necessary to give the desired fraction of pore 

filling, e.g. XA, Vi, etc. The fraction was always kept less than 1 so that all the salt was 

taken up in the pores and none remained on the surface. The beaker was then placed in 

an oven at 100°C (the m.p. of the hydrate is 89°C) and left for three hours. This yielded 

a dry silica powder indicating that the salt was in the pores. The sample was then
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heated to 300°C to form the oxide. Two different silicas were used with pore sizes 6  

and 10 nm. However, the XRPD patterns for all the samples showed no lines due to 

MgO. A closer examination of the calculations on pore filling provided the explanation 

of the negative result.

There is a considerable mass loss in converting Mg(N0 3 )2.6 H2 0  to MgO and a 

large increase in the density. The net result is that a very small amount of MgO is 

formed in the pores and this would only leave a thin (0 .1  nm) coating inside the pores. 

Thus there is very little MgO formed inside the pores. In an attempt to overcome this 

problem a sample was prepared with silica which had larger pores, i.e. 126 nm. This 

strategy was successful in producing MgO inside the pores, however, the particle size 

was 35 nm. Therefore the silica is not confining the MgO to nanocrystal formation. It 

should be noted that simply heating Mg(N0 3 )2.6 H20  does not produce nanocrystalline 

MgO.

The second approach that was used was the deposit Mg(OCH3)2 from the 

methanol solution inside the pores of silica, decompose the methoxide with water and 

calcine the product. As we have shown earlier calcining Mg(OCH3)2 will produce 

nanocrystalline MgO on heating. Large pore volume silica, 126 nm, was used for the 

experiments. The sample was not easy to prepare quantitatively as the methoxide 

solution in methanol provided by Aldrich is not well defined (e.g stated to be 

approximately 70%) and the solution decomposes slowly even in a glove box. We 

estimated that the sample we prepared had about one half the pore volume filled with 

solid methoxide. The sample was calcined for 60 minutes at several temperatures. This 

produced nanocrystalline MgO in the pores, as will be described in Chapter III.
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11.1. d.3 Nanocrystalline MgO with alumina

As described in the Introduction the addition of alumina to ceramics is known to 

pin the grain boundaries and prevent crystal growth. This has been used extensively for 

metal oxides, however no references were found to magnesium oxide crystals pinned 

with alumina.

The synthesis used was based on that described for the stabilisation of zirconia 

nanocrystals by Viswanath and Ramasamy (1999). 100 ml magnesium methoxide (10% 

solution in methanol) and 4 ml aluminium tri sec butoxide (Al[C2HsCH(CH3)0 ]3) were 

mixed together in a vial inside a glove box. The quantities used were calculated to 

produce approximately 5 g of MgO containing 15% by weight of AI2O3 (equivalent to 

14% by volume). Aluminium tri sec butoxide (A1[C2H5CH(CH3)0 ]3) is very viscous and 

a few millilitres of propanol were added to ensure thorough mixing of the two alkoxides. 

The vial was removed from the glove box and excess water was added to decompose the 

alkoxides. The white solid was filtered off and dried in an oven at 100°C. The sample 

was then heated at a series of temperatures for 60 minutes. It will be shown in Chapter III 

that the procedure produced nanocrystalline MgO.

11.1. e Nanocrystalline zirconia

11.1. e.1 Pure zirconia

Several routes can be used to prepare zirconia. The simplest is to add aqueous 

ammonia to a solution of a zirconyl salt, usually the chloride or the sulphate (Liu et al, 

1995). This produces a precipitate of zirconium hydroxide, which is often referred to as 

Zr(OH)4. However, the precipitate is actually more complex and consists of a variety of 

zirconyl species, the exact nature depending on the pH of the solution (Turillas 1995). 

The hydroxide is amorphous and is converted to the oxide by calcining at 500°C or
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higher. The product depends on annealing time and temperature. For example, heating 

for 60 minutes at 500°C produces particles of about 10 nm size in the tetragonal form 

(Liu et al, 1995). On further heating the particles grow and when they reach 30-40 nm 

they transform to the monoclinic structure. However, recent work (Chadwick et al, 

2001) has shown that this view of the calcination is too simplistic. Heating to 700°C is 

necessary to get complete conversion to zirconia. At any lower temperature there is a 

mixture of zirconia and hydroxylated species, which being amorphous are undetected in 

a XRPD pattern. These species were detected by proton NMR (Chadwick, et al 2001). 

Zirconia can also be prepared by treating a zirconium alkoxide with water, which forms 

the hydroxide, and calcining the product. The result are the same as using an inorganic 

salt, however the alkoxide route has the advantage of being cleaner and there is no 

contamination from ammonium salts.

In this work pure nanocrystalline zirconia was used only as a standard to 

compare with samples where the growth of the zirconia particles was restricted. A 

250ml saturated solution of zirconyl chloride (Zr0Cl2‘8H20; Aldrich 98% purity) was 

prepared in a 500ml beaker. Concentrated ammonia (Aldrich) was added until the pH 

was alkaline. The precipitate, zirconium hydroxide, was washed several times with 

distilled water and then calcined at various temperatures to produce zirconia. The 

resulting materials are discussed in Chapter III.

II.l.e.2 Nanocrystalline ZrC>2 in porous silicas

Attempts were made to deposit zirconia in porous silica by mixing zirconyl 

chloride with the silica and then calcining. As with the MgO the XRPD results showed 

that there was no detectable zirconia in the samples. Another approach that was tested 

was to deposit zirconium hydroxide inside the silica pores. The procedure used was to
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place the silica in an aqueous solution of zirconyl chloride and urea and boil the solution 

overnight. This procedure is used to deposit oxide on catalyst supports. At 100°C the 

urea decomposes to form ammonia which in turn precipitates out the metal hydroxide. 

The sample is then calcined to form the oxide. However, this failed to produce any 

zirconia in the silica, as judged from the XRPD.

Since the deposition of magnesium methoxide inside silica had yielded 

nanocrystalline MgO a similar procedure was adapted for zirconia. Zirconium 

propoxide in 1-propanol (70% w/w solution from Aldrich) was added to the porous 

silica and the propanol allowed to evaporate from the sample. This was performed in a 

glove box. The sample was then removed from the glove box and water added to form 

the hydroxide. The sample was then calcined to form the oxide. This was performed 

by heating for 60 minutes at several temperatures. This method was used to prepare 

samples using lOnm and 126nm pore size silica. The aim was to produce zirconia only 

inside the pores. The pore volume was known, and based on the concentration of the 

zirconium propoxide solution and the density of solid zirconium propoxide, the amount 

added to the silicas was calculated to half or completely fill the pores. The calculation 

of the fraction of pore volume filled was calculated from the equation

Fraction filled
(V  ZP soln)x( p  ZP solid )x( cone o f ZP so ln (w /w ])

( p  ZP solid)x( pore volume)

(II .6)

Where p is the density and ZP is zirconium propoxide.

Calcination to zirconia will result in a mass loss and therefore there should only 

be zirconia inside the pores. The results of the calcining are discussed in Chapter III.
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11.1. e.3 Nanocrystalline zirconia with alumina

Several groups have stabilised nanocrystalline zirconia by adding small amounts 

of alumina. The synthesis used was based on that described by Viswanath and 

Ramasamy (1999). These workers prepared the alkoxides in situ from inorganic salts and 

glycols. As the alkoxides are readily available from commercial sources it is simpler to 

mix the alkoxides directly. In this work the appropriate quantities of zirconium 

propoxide (70% solution in 1-propanol, Aldrich) were mixed with aluminium tri sec 

butoxide (A1[C2H5CH(CH3)0 ]3, Aldrich) in a glove box and then hydrolysed the 

mixture with water. Three samples were prepared with the alkoxide ratios aimed at 

producing nominally 5,10 and 15% by weight of AI2O3 (equivalent to 7,14 and 21% by 

volume, respectively) in the final sample. As an example, 1 ml aluminium tri sec 

butoxide mixed with 5 ml zirconium propoxide solution produces 1.5 g zirconia with 

15% by weight alumina. The hydrolysed materials were calcined to produce the oxide. 

The results of the calcining are discussed in Chapter III.

11.1. f Nanocrystalline ceria

11.1. f.1 Pure nanocrystalline ceria

As with zirconia several routes can be used to prepare ceria. The simplest is to 

add aqueous ammonia to a solution of a cerium salt, usually the sulphate. This produces 

a precipitate of cerium hydroxide, which is Ce(OH)3, which is then calcined to the oxide 

(Hirano and Kato, 1996; Nachimuthu et al, 2000).

In this work cerium hydroxide was precipitated by adding ammonia solution 

(Aldrich) to an aqueous solution of cerium (IV) sulphate tetrahydrate (Aldrich, >98% 

purity), the pH adjusted to 9.0 and the system left to age for 7 days at room temperature.
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The precipitate was then washed and dried and calcined to the oxide. Calcining was 

performed for 360 minutes at 150,400, 600 and 800°C to produce ceria. The results are 

discussed in Chapter III.

11.1. f.2 Nanocrystalline ceria in porous silicas

The approach that was successfully used to deposit cerium hydroxide inside the 

silica pores was the slow deposition created by the decomposition of urea. The 

procedure was attempted for preparing zirconia in silica pores but in that case it failed.

The porous silica was added to an aqueous solution of cerium (IV) sulphate 

tetrahydrate. The concentration of the solution was such that complete decomposition 

to the hydroxide would completely fill the pores. Urea (Aldrich, 99% purity) was added 

to the solution, sufficient to produce an excess of ammonia compared to the cerium salt, 

and the solution refluxed overnight. The next morning the silica was filtered and dried. 

The dried powder was then calcined for 60 minutes at a series of temperatures.

Two series of samples were prepared using 4 and 10 nm pore silica. The samples 

were calcined at a series of temperatures from 500 to 1000°C. The results are discussed in 

Chapter IH.

11.1. g Nanocrystalline tin oxide

11.1. g.1 Pure nanocrystalline tin oxide

Nanocrystalline tin oxide can be prepared by several routes and the method used 

to prepare the samples in this work involved precipitation from an aqueous solution of tin 

chloride pentahydrate by the addition of aqueous ammonia [26,27]. Tin chloride 

pentahydrate, SnCU-SH^O (Aldrich) was dissolved in distilled water and aqueous 

ammonia added with constant stirring. A white precipitate rapidly formed and the
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addition of ammonia was stopped when the pH of the solution became alkaline. Previous 

work (Davis, 1997) had shown that extensive washing with dilute nitric acid was required 

to remove the ammonium chloride from the precipitate. In this work the washing was 

continued until the washings showed no trace of chloride ion, as tested by silver nitrate 

solution. The powder was then dried overnight in an oven’at 100°C. The particle size, as 

estimated from the XRPD peaks in the work of Davis was 2 to3 nm.

The sample was then calcined for 60 minutes at several temperatures up to 

1000°C. The results are discussed in Chapter HI.

II.l.g.2 Nanocrystalline Sn02 in porous silicas

The approach that was successfully used to deposit tin oxide inside the silica 

pores was the slow deposition created by the decomposition of urea.

The porous silica, 10 nm pore size, was added to an aqueous solution of tin (IV) 

chloride pentahydrate (Aldrich). Two concentrations of the solution were employed. 

The first was such that complete decomposition to the oxide would completely fill the 

pores. A second concentration was chosen that would half fill the pores with oxide. 

Urea was added to the solution, sufficient to produce an excess of ammonia compared 

to the cerium salt, and the solution refluxed overnight. The next morning the silica was 

filtered and dried. The dried powder was then calcined for 60 minutes at a series of 

temperatures. The results are discussed in Chapter III.
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11.1. g.3 Nanocrystalline Sn02 with alumina

The success of stabilising zirconia and magnesia nanocrystals by the addition of 

alumina indicated this could also be a means of stabilising tin oxide nanocrystals. 

However, for tin oxide the alkoxide pre-cursors are very expensive and unstable. Thus it 

was decided add the aluminium alkoxide to the pre-formed tin oxide nanocrystals.

Nanocrystalline tin oxide, 5g of the material prepared in Chpater II.l.g.1 was 

mixed with 5 ml of dried propanol in a 15 ml plastic vial. This was undertaken in a 

glove box. 0.75 ml of aluminium tri sec butoxide (Al[C2HsCH(CH3)0 ]3) (Aldrich) 

were then added to the vial, the operation again being performed in the glove box. The 

vial was thoroughly shaken, removed from the glove box and distilled water was added 

to hydrolyse the alkoxide. The water and alcohol were decanted off and the sample 

dried overnight at 100°C. The sample was estimated to contain nominally 3% by 

weight of AI2O3 (equivalent to 5% by volume). Samples were calcined for 60 minutes 

at a series of temperatures up to 1000°C and the results are discussed in Chapter III.

11.1. g.4 Nanocrystalline SnC>2 with HMDS

Wu et al (1999) stabilised a number of nanocrystalline metal oxides (Sn0 2 ,Ti0 2  

and Z1O2) by treating them with hexamethyldisilazane, HMDS. The structure of this 

compound is shown below.

CHa CHo
I I 3

CHo — Si — NH —Si —CHo
3  | | 3

c h 3 c h 3
The authors assumed that the compound reacted with surface hydroxyl groups on the 

oxides to produce surface siloxyl groups ( - 0-Si(CH3)3). The coated surface was
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reported to prevent the growth of the crystallites, however in the original work the 

samples were only heated to 500°C.

In the present work 5g of nanocrystalline tin oxide were placed in a screw-cap 

plastic vial with 2 ml dried 1-propanol. 0.75ml of HMDS (Aldrich) were added to the 

vial, the operation being performed in a glove box (HMDS is moisture sensitive). The 

vial became warm to the hand, suggesting there was some reaction of the HMDS. The 

sample was then left for three days at room temperature. After this period the vial was 

removed to a fume cupboard, the stopper removed and the excess HMDS and propanol 

allowed to evaporate. The sample was then dried at 100°C overnight. The sample was 

then calcined at several temperatures and the results are discussed in Chapter III.
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Il.l.h Summary of the samples prepared

Table II.l summarises all the samples that were prepared for the calcination 

experiments that will be discussed in Chapter in.
Table II.l

Nanocrystal metal oxide sample or State

pre-cursor

AIO(OH) Pure

Mg(OH)2 Pure

Mg(OCH3)(OH) Pure

Mg(OCH3)(OH) In 126 nm silica pores

Mg(OCH3)(OH) With alumina

Zr(OH)4 Pure

Zr(OH)4 In 10 nm silica pores

Zr(OH)4 In 126 nm silica pores

Zr(OH)4 With alumina

Ce02 Pure

Ce02 In 4 nm silica pores

Ce02 In 10 nm silica pores

Sn02 Pure

Sn02 In 10 nm silica pores

Sn02 With alumina

Sn02 With HMDS
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II.2 CHARACTERISATION METHODS

II.2.a X-ray diffraction

Xray powder diffraction patterns were collected with both a laboratory source 

and at the Daresbury SRS on station 9.3. The later experiments will be described in the 

section on the EXAFS experiments. The laboratory diffractometer was a Phillips 

PW1720 instrument using a Cu Ka tube operating at 35 kV and 20 mA. This was 

supplied by Hiltonbrook Ltd and was controlled by the Siehilt software (Diffraction 

Technology Pty) operating on a Pentium based PC. The geometry was the conventional 

0-20 arrangement, as described in Section I. The powder samples were pressed into 

‘open’ cavities (10 wide x 15 long x 1 mm deep) in aluminium holders. The backing of 

the cavities was a piece of Sellotape. For very small samples a Perspex holder with a 

smaller cavity (10 mm diameter x 0.5 mm deep) was employed. This holder had the 

disadvantage that it gave a broad background up to ~ 25° due to scattering from the 

Perspex. Diffraction scans were usually collected for 20 from 20 to 70° with a step size 

of 0.02° and a scan speed of 1° per minute. When high-resolution results were required 

several scans were collected overnight and averaged. The patterns were analysed with 

the programme Trace V.3 (Diffraction Technology, Pty). This contained a library of 

spectra for sample identification and routines for background subtraction and estimation 

of the particle size.

Trace V.3 employed the Scherrer equation to determine the particle size, s, in the

form

kX
PcosB

(H.7)
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with k = 0.89 (see Section 1.5.a). The instrumental broadening was determined by 

collecting patterns for samples of sodium chloride and potassium chloride which had 

been ground in a mortar and pestle, i.e. particle sizes around 20 microns. The peaks 

were assumed to be unaffected by particle size broadening. The width of each peak was 

measured and fitted to a polynomial to provide a plot of the broadening as a function of 

20. The appropriate value of the broadening could then be applied to any given peak in 

a diffraction pattern of an unknown sample.

II.2.b EXAFS

EXAFS spectra were collected on station 9.3 at the Daresbury SRS. The station 

equipment is shown schematically in Figure II. 1. Station 9.3 has been specially 

designed to make measurements on dilute samples and for high energy edges, with an 

energy range of 7-33 keV, It is on the Wiggler I source and the energy is tuned with a 

double crystal harmonic rejecting Si(220) monochromator of which the first crystal is 

water cooled. The monochromator can run in ‘quick EXAFS scanning mode’. It is 

equipped with a 32 channel Canberra scalar solid state fluorescence detector, which 

allows the signal to be re-normalised for count rates up to about 85 kHz per channel. 

The system is basically the same as that described in Section I.5.b except that station 9.3 

is also fitted with a curved Inel position sensitive detector. This detector allows the 

collection of XRDP patterns as well as EXAFS spectra. In addition, there is a furnace 

chamber around the sample which can be flushed with nitrogen and the sample can be 

programmable heated to 1100°C. During data collection the SRS was running at 2 GeV 

with an average current of 150 mA. All EXAFS data were collected with the 

monochromator off set to give 50% harmonic rejection, i.e. higher order wavelengths 

were removed from the beam to ensure that the true EXAFS were collected
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Figure II.l: Schematic representation of SRS station 9.3 experimental layout.

The basic EXAFS procedure involved sample preparation, data collection and 

data analysis. The sample preparation involved taking a small amount of the sample 

(typically ~20mg) that would produce an edge step of about 1 (sec Section 1.5.b). This 

was thoroughly mixed with an inert diluent, polythene or silica powder, and pressed into 

a 13mm diameter pellet in a standard IR press (Specac Ltd). Silica powder was used for 

samples that were heated. For measurements on samples at room temperature 

simultaneous scans of EXAFS and XRPD patterns were collected. Usually six scans of 

each were collected and averaged to improve the signal-to-noise ratio. The EXAFS 

scans were collected in quick scanning mode and were timed for five minutes per scan 

with a three-minute XRPD scan. The XRPD patterns were collected at a fixed 

wavelength set at the starting wavelength for the EXAFS scans. For heating runs the 

system was programmed to collect consecutive EXAFS scans (three minutes) and an 

XRPD scans (two minutes) whilst the sample was heated at 5 degrees per minute. Thus 

every 25°C there was an EXAFS spectrum and an XRPD pattern. For some runs 

spectra were collected on heating and cooling cycles.
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The EXAFS data were analysed with the Daresbury suite of programmes 

EXCALIB, EXBACK and EXCURV92, as described in Section I.5.b. The analysis of 

the XRPD results requires further explanation. The Inel detector collects data that is fed 

to a multi-channel analyser and the output is in the form of channel number and counts. 

The data has to be calibrated and converted to equivalent patterns for Cu Ka so that 

they can be compared with laboratory patterns. To obtain a calibration an XRPD 

pattern was collected for a silicon standard sample on station 9.3. The pattern was then 

compared with the XRPD pattern for silicon collected with Cu Ka radiation on the 

Traces database. This allowed an identification of the Inel channel number with a 20 

angle for each diffraction peak. A least squares fit was made to these figures and a 

small BASIC programme was compiled to convert the Inel data for the samples into 

equivalent Cu Ka patterns. For the heating runs the patterns were analysed in EXCEL 

and displayed in 3D plots.

II.2.C DSC

Differential scanning calorimetry was performed with a commercial Perkin- 

Elmer DSC7 instrument and the results analysed with the associated software. The 

instrument was fitted with a sub ambient cooling attachment. The measurements were 

performed with aluminium pans. This limited the upper temperature of runs to 600°C. 

DSC measurements were only collected for the zirconia and zirconia with alumina 

samples.
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I l l  RESULTS AND DISCUSSIO N

In this chapter the results of the various experiments are presented and 

discussed. For clarity the various oxides are treated separately and a summary for all 

the materials is presented at the end of the chapter. A number of the experiments, for 

example the EXAFS and XRPD studies, produced a great deal of data and it is not 

feasible to present them all here. Hence, representative results are presented. For 

example, although all the Fourier transforms are presented, the full EXAFS are only 

shown for one sample of each system that has been investigated. This allows a 

comparative judgement of the quality of the raw EXAFS spectra.

III.1 NANOCRYSTALLINE ALUMINIUM OXIDE

The preparation of nanocrystalline aluminium oxide was not an initial objective 

of the project. However, the use of aluminium oxide in the stabilisation of other 

nanocrystalline oxides led to a brief study of this material. In order to simplify the 

presentation of the results for other oxides it is appropriate to describe the results of this 

study at the outset.

III.l.a Pure nanocrystalline aluminium oxide

The preparation of the sample was described in Section II.l.c. The XRPD 

pattern, shown in Figure ELI, identified the powder as-prepared as boehmite, AIO(OH) 

with a particle size of 3.6 nm. The sample was then heated for 60 minutes at a series of 

temperatures up to a final temperature of 1200°C. The aim was to estimate the 

temperatures at which phase transitions occurred and to determine the particle sizes after 

heating.
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Figure III.l: The XRPD pattern for the hydrolysed and dried aluminium tri 
sec butoxide. The lines are database positions for boehniite [AIO(OH)].

An extensive study of the effect of calcining the boehmite was not undertaken. It 

is well known that boehmite transforms to alumina (Yang et al, 1988 and references 

therein) and the transformation have been extensively studied. Therefore the point of 

interest in the present work was the size and nature of the particles. A detailed study has 

been reported recently by MacKenzie et al (2000). This work showed that the 

dehydration of the boehmite to form alumina is complete by 500”C. The alumina formed 

is y-alumina, which on heating transforms to 5-alumina and then to a-alumina. The 

sequence is best represented by the following scheme:-

AIO(OH) ->500°C- Y-alumina -+~1000°C- 5-alumina - 1 1950O * a-alumina
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UO 3C

In the present work the boehmite sample was heated for 60 minutes at 1100"C. 

The XRPD pattern showed that the sample was predominantly 8-alumina, Figure III.2. 

The particle size was estimated as 16 nm. Heating at 1200°C for a further 90 minutes 

showed the sample was roughly an equal mixture of 8-alumina and a-alumina, as shown 

in Figure III.3. This is consistent with the work of MacKenzie et al (2000) given the 

possible errors in thermocouples, easily +/- 10°C.

Figure III.2: The XRPD pattern for the boehmite sample heated at 1100°C for 60 
minutes. The lines are database positions for 8-alumina.

In terms of the work that will be reported later in this thesis where alumina has 

been used to prevent the growth of other nanocrystalline oxides there are two key points. 

Firstly, the boehmite alone dehydrates to alumina at 500UC. Thus it seems most
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Figure III.3: The XRPD pattern for the boehmite sample heated at 1200°C for 60 
minutes. The lines are database positions for a-alumina. Some lines are still 

evident for 5-alumina (see Figure III.2).

likely that when aluminium tri sec  butoxide is added to other metal alkoxidcs, 

hydrolysed and calcined above 500°C the aluminium is present as the oxide. Secondly, 

the aluminium oxide particles are small; if the calcining is 1100°C or less the alumina 

particles will be 16 nm or smaller. Of course, there may be changes in the details in the 

calcining behaviour when there are two alkoxides and hydrolysed compounds present, 

but at least there are some guidelines to interpret the results.
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III.2 NANOCRYSTALLINE MAGNESIUM OXIDE

Magnesium oxide, MgO, is one of the most studied materials as it is purely ionic 

and has the simple rock-salt structure. It has been extensively used as a model system 

for computer simulation studies of oxides (see, for example, the papers of Parker and 

co-workers). The material is found naturally as periclase and can be prepared by 

thermal decomposition of various salts, e.g. acetate, hydroxide, nitrate, etc. 

Nanocrystalline MgO can be synthesised by several routes, however the simplest and 

most effective is by the calcination of hydrolysed magnesium methoxide, Mg(OCH3)2 

(Stark and Klabunde, 1996, Stark et al., 1996, Koper et al., 1997, Chadwick et al., 

1998). One aim of this project was to prepare nanocrystals of MgO that is stable at high 

temperatures and the various approaches and results are presented in this section.

III.2.a Standards

The first experiments that were performed were to prepare MgO by various 

routes to provide standards for the studies of the confined material. The primary 

standard was commercial MgO obtained from BDH Ltd. The XRPD pattern for this 

material is shown in Figure III.4a. The pattern is very simple and the peaks match those 

in the Traces Search-Match database for periclase. The dominant peak is at 20 = 

42.90°. Magnesium hydroxide, Mg(OH)2, was used in some of the work. The sample 

used in this work was prepared by adding aqueous ammonia to an aqueous solution of 

magnesium chloride. The XRPD pattern for this material is also shown in Figure III.4b. 

The pattern is again simple and the peaks match those in the database for brucite. The 

dominant peak is at 20 = 38.86°.
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Figure III.4: The XRPD patterns for (a) magnesium oxide (BDH Ltd) and 
(b) magnesium hydroxide. The solid and dashed lines are database positions for 

magnesium oxide and magnesium hydroxide, respectively.
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I I I . 2 . b  P u r e  n a n o c r y s t a l l i n e  M g O

The preparation of the pre-cursor from Mg(OCH3)2 was described in Section 

ILl.d.l. The pre-cursor was heated for 60 minutes at a series of temperatures; every 

100°C up to 1000°C. The XRPD pattern for the dried powder after hydrolysis is shown 

in Figure IR5a. The pattern is interesting and the material is clearly not MgO or 

Mg(OH)2- It corresponds to Mg(OH)(OCH3), as shown by a number of workers 

(Rywak et. al 1995, Utampanya et .al., 1991). The second (OCH3) group is not 

removed by simple hydrolysis. Heating the material in air results in the formation of 

nanocrystals of MgO. The material transforms to nanocrystalline MgO at about 400°C 

and further heating causes the growth of the crystals. In this work the material was 

heated for one hour at 500°C. The XRPD pattern around the dominant peak in MgO is 

shown in Figure III.5b. It can be seen that the main peak is broad and corresponds to a 

particle size of 7.8 nm. This is consistent with the work of Chadwick et. al. (1998) who 

found a particle size of 5 nm after heating at 500°C for 30 minutes under vacuum.

Attempts were made to produce nanocrystalline MgO from Mg(OH)2. These 

were not successful. Heating Mg(OH)2 at moderate temperatures, e.g. 300°C, does not 

give full conversion to the oxide and traces of the hydroxide are always present. Higher 

temperatures, around 500°C are required for complete removal of hydroxide and this 

leads to relatively large particles of MgO. This is well demonstrated in Figure III.5c, 

which compares MgO prepared by heating Mg(OH)2 and Mg(OH)(OCH3). The former 

has much sharper peaks, and the calculated particle size is -200 nm.
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Figure III.5: The XRPD patterns for (a) hydrolysed magnesium methoxide, no 
heating (b) hydrolysed magnesium methoxide, after 60 minutes heating at 500"C, 
and (c) magnesium hydroxide, after 60 minutes heating at 500HC. The solid lines 

are database positions for magnesium oxide.
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The description of the preparation of the nanocrystalline pre-cursor in 126 nm 

silica was described in Section H.l.d.2. The sample was heated for 60 minutes at a 

series of temperatures; every 100°C up to 1000°C. Figure III.6a shows the raw XRPD 

pattern for the as prepared sample. The large broad peak at about 22° is due to the 

silica. Figure III.6b shows the background subtracted XRPD and Figure III.6c for a 

sample of Mg(OCH3)2 that has been decomposed with water and not heated. This figure 

shows that there is Mg(OH)(OCH3) in the silica sample. Figure III.7 shows the result of 

calcining the silica sample. At 400°C there is a clear peak corresponding to MgO. The 

peak remains even after heating at 700°C and is still broad. The particle sizes calculated 

from the peak are shown in Table 111.1. The table shows that the MgO particles in the 

silica do not grow as rapidly as those prepared with no silica. Even after 60 minutes at 

700°C the size is still only 7 nm, compared to 35 nm with no silica.

Heating for 60 minutes at 800°C caused a dramatic change in the XRPD pattern 

and the production of many more peaks. This is shown in Figure III.8 along with the 

database lines for fosterite, Mg2Si04. The match is very good and shows that the MgO 

has reacted with the silica.

I I I . 2 . C  N a n o c r y s t a l l i n e  M g O  i n  p o r o u s  s i l i c a s
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Figure III.6: The XRPD patterns for (a) hydrolysed magnesium methoxide in 126 
nm pore silica, no heating, (b) pattern (a) background subtracted, and (c) 

hydrolysed magnesium methoxide, no heating.
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Figure III.7: The XRPD patterns for (a) hydrolysed magnesium methoxide in 126 
nm pore silica, no heating, and after calcining for 60 minutes at (b) 400°C, (c) 

500°C, (d) 600°C, and (e) 700°C. The solid lines are database positions for
magnesium oxide.
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Figure III.8: The XRPD patterns for (a) hydrolysed magnesium methoxide in 126 
nm pore silica, after calcining for 60 minutes at 800°C. The solid lines are database

positions fosterite, Mg2SiC>4.

Table III.l

MgO particle size after calcining for 60 minutes

Calcination temperature/°C

Particle size/nm

Pure MgO MgO in 126nm pore silica

400 3 3

500 5 4

600 13 4.5

700 35 7
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The preparation involved the hydrolysis of Mg(OCH3)2 and aluminium butoxide 

and the details are given in Section D.l.d.3. The sample was heated at a series of 

temperatures for 60 minutes; every 100°C up to 1000°C. The XRPD patterns were 

collected for the heated samples. Figure III.9 shows the XRPD pattern for the dried 

sample with no heating. Although there are well defined peaks they do not correspond to 

peaks for MgO, Mg(OH)2, A120 3 or Mg(OH)(OCH3). There arc a series of mixed 

hydroxide hydrates, with the general formula MgxAly(0H)z.nH20  and the pattern 

probably corresponds to a mixture of these systems and possibly some mixed 

hydroxide-alkoxide materials. MgAl(0H)u .xH20  gives a match to the four largest 

peaks, but not all the peaks in the pattern. Figures III. 10a to III. 10c show the XRPD 

patterns on subsequent heating. At 400°C it is clear that MgO has formed and that it 

is nanocrystalline, the particle size is very small,

III.2 .d  N anocrystalline M gO w ith alum ina

Figure III.9: The XRPD pattern for a hydrolysed mixture of magnesium 
methoxide and aluminium tri sec butoxide. The solid database positions for 
magnesium oxide (dashed line), and magnesium hydroxide (solid line) and 

MgAl(0H)i4.xH20  (dot and dash line) are shown.
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Figure III.9: The XRPD pattern for a hydrolysed mixture of magnesium 
methoxide and aluminium tri sec butoxide after calcining for 60 minutes at (a) 

400°C, (b) 600°C, (c) 800°C, (d) 900°C and (e) 1000°C. The dashed lines and solid 
lines are database positions for magnesium oxide and spinel, MgAI20 4 ,

respectively.
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being calculated as 2.5 nm form the peak width. Subsequent heating of the sample 

shows only a slight narrowing and even after 60 minutes at 900°C the particle size is 

only 7.1 nm. A list of the particle sizes is given in Table III.2. After heating at 1000°C 

new lines appeared in the XRPD which could be clearly indexed as due to the spinel, 

MgAhCU.

Table III.2

MgO particle size after calcining for 60 minutes

Calcination temperature/°C

Particle size/nm

Pure MgO MgO with 15% Alumina

400 3 2.5

500 5 -

600 13 4.7

700 35 5.2

800 - 5.7

900 • 7.1

1000 • 18 + spinel

7 6



111.2. e Summary of the results for nanocrystalline MgO

The results for nanocrystalline MgO are basically contained in Tables III. 1 and

111.2. For clarity, they are shown graphically in Figure 111.11. Confining the MgO in 

silica clearly restricts the growth of the nanocrystals. Addition of alumina to MgO, by 

adding together the two alkoxides, also restricts the growth of MgO. As can be seen 

from the figure the effect of restricting the growth is very similar in both cases up to 

calcining temperatures of 700°C. However, above 700°C the MgO reacts with the silica 

to form fosterite. The addition of alumina is effective in restricting growth up to 900°C, 

beyond which there is the formation of the spinel.

Thus effective methods have been developed to maintain nanocrystalline MgO 

at elevated temperatures and one of the objectives of the project has been achieved. 

From this work it appears that MgO is less reactive with alumina than silica. Therefore 

it would be interesting to explore the effect of depositing MgO in porous alumina.

Calcination temperature/C

Figure III .ll:  The particle sizes of MgO. The results of calcining for 60 minutes at 
each temperature; ♦  pure MgO from methoxide, ■  MgO in 126 nm silica, ▲ MgO

with 15% alumina.
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III.3 NANOCRYSTALLINE ZIRCONIA

Zirconium oxide, zirconia, occurs naturally as the mineral baddeJeyite which has a 

monoclinic structure. The phase diagram of zirconia is complex. At room temperature 

the stable phase is monoclinic but on heating it transforms at HOOK to the tetragonal 

form, and then at 2640K to a cubic, fluorite-structured phase. The addition of lower 

valent cationic dopants at low concentrations will stabilise the tetragonal phase and at 

concentration exceeding ~8 mol per cent the cubic phase is stabilised. Although the 

monoclinic phase is the stable room temperature phase when the material is prepared as 

nanocrystals (> about 30 nm particle size) other phases can form, most commonly the 

tetragonal form (Garvie, 1965, 1978). Zirconia is second only to diamond in terms of 

hardness and is used as a specialised ceramic (Stevens, 1986). The cubic stabilised 

material, normally by the addition of yttrium (so-called YSZ) has a high oxygen ion 

conductivity at ~1000°C and is used in gas sensors (Steele et al, 1981), and as an 

electrolyte in solid oxide fuel cells (SOFC) (Badwal, 1990) and oxygen separators 

(Ziehfreund. and Maier, 1998).

III.3.a Standards

A sample of zirconium hydroxide was prepared from zirconyl chloride, as 

described in Section IJ.l.e.l, and this was heated for one hour at successive 

temperatures to provide a standard for nanocrystalline zirconia. Figure III. 12a shows 

the XRPD pattern for the hydroxide. There are no real peaks, only a very broad peak at 

around 30° in 20. The result of heating for 60 minutes at 500°C is shown in Figure 

ni.l2b. There are now clear peaks that are indexed as tetragonal zirconia. The effect of 

calcining at higher temperatures is shown in Figures HI. 12c to III.12g. After calcining
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at 700°C the pattern changes due to the transformation of some of the sample to the 

monoclinic phase. There was still a trace of tetragonal material after the 800°C anneal, 

but the 900°C anneal led to only the monoclinic phase being present. The particle sizes, 

calculated from the XRPD peaks, are listed in Table III.3. The value for the size after 

the 800°C anneal is hard to explain, as it is larger than‘after subsequent calcining at 

higher temperatures. Overlapping peaks would give too broad a line and hence too 

small a particle size. In addition, the tetragonal and monoclinic peaks are well 

separated. This anneal should be repeated. The preparation of zirconia by calcining the 

hydroxide appears to give very variable results, as shown in Table III.3, where data on 

particle sizes from Bearman (2000) are listed. Bearman used the same calcining 

procedures as those used in this work. He found that there was monoclinic material 

formed at a lower temperature and also that the particle size did not always increase 

with calcining temperature. It has been reported by Turillas et al (1995) that the 

transformation temperature and particle sizes are sensitive to the precipitation procedure 

of the hydroxide, particularly the pH and that may explain the differences in Table III.3.
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Figure III.12: The XRPD patterns for calcined zirconium hydroxide. Calcination 
for 60 minutes at (a) no heat, (b) 500°C, (c) 600oC and (d) 700HC. The solid lines are 

database positions for tetragonal zirconia.
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Figure III.12 (continued): The XRPD patterns for calcined zirconium hydroxide. 
Calcination for 60 minutes at (e) 800°C, (f) 900°C and (g) 1()0()°C. The solid lines 

are database positions for monoclinic zirconia.
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T a b l e  I I I . 3

ZrC>2 particle size after calcining fo r  60 minutes

Particle size/nm

Calcination Pure Z1O 2 from zirconium hydroxide

temperature/°C This work Bearman (2000)

25 (no heating) 1

500 16 (tetragonal) 18 (tetragonal)

600 18 (tetragonal) 22 (tetragonal + trace

monoclinic)

700 25 (tetragonal + 16 (tetragonal +

trace monoclinic) monoclinic)

800 47 (monoclinic + 23 (tetragonal +

trace tetragonal)) monoclinic)

900 40 (monoclinic)

1000 50 (monoclinic)

III.3.b Nanocrystalline Zr02 in porous silicas

Samples were prepared using the method described in Section II.l.e.2 using 

silica with 6,10 and 126 nm pore sizes. Extensive studies were only made for samples 

with lOnm and 126nm pores. Measurements included laboratory base XRPD and 

measurements of XRPD and EXAFS on station 9.3 at the Daresbury SRS. For clarity 

the results will be presented on the basis of the silica matrix.

8 2



III.3.b.l Nanocrystalline ZrOi in 10-nm pore silicas

The manner of preparation was that described above and samples were prepared 

on the basis of the expected pore filling by the zirconium propoxide solution. Two 

fillings were used, half-filled and completely filled, designated HF and CF, respectively. 

In both cases the XRPD patterns taken in the laboratory at Kent did not reveal the 

presence of ZrOz. There are two possible reasons for this result. Firstly the loss of the 

solvent and the resulting conversion of the propoxide to the oxide means a considerable 

loss in mass. Hence very little Zr02 is left in the pores and this may be present as a 

coating of the pores rather than as crystallites. In addition, the propoxide solution is 

very susceptible to decomposition and the sample used was not ‘fresh’. Thus although 

Zr02 may be present the intensity of the laboratory X-ray source is insufficient to detect 

the crystallites. The experiments at the Daresbury SRS, with several orders of 

magnitude higher intensity were fruitful, in terms of both the XRPD and the EXAFS.

The results for the HF and CF materials at Daresbury, both XRPD and EXAFS 

were very similar and only those for the CF samples will be discussed here. The HF 

were more ‘noisy’ as the signals were weaker. XRPD patterns were collected at 

Daresbury on samples that had been heated for 60 minutes at every 100°C up to 1000°C 

at Kent and samples heated in situ at the SRS. The XRPD patterns are shown in Figure 

III. 13. From the figure it can be seen that the patterns at room temperature and 500°C 

show no real peaks, indicating that the zirconia particles are amorphous or very small, 

i.e. less than lnm.

The sizes of the zirconia particles measured form the SRS XRPD patterns are 

listed in Table III.4. As can be seen the sizes are very small, 5 to 6 nm, and are only 

present after heating at 1000°C. The fact that no signal could be observed on the
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laboratory based X-ray system suggests that the concentration is very low. This point 

will be discussed later.

25 35 45 55 65 75 85 95

2 theta

Figure III.13: The XRPD patterns for calcined zirconia in 10 nm pore silica 
samples. Patterns were collected on the Daresbury SRS. Calcination for 60 
minutes at the temperatures indicated on the patterns. The dashed lines are 

database positions for tetragonal zirconia.

Table III.4

Particle sizes ofZrC>2 in lOnm-porous silica

Calcination
temperature/°C

Particle size/nm
HF CF

Unheated
500
750
1000 5.0 5.8
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The EXAFS spectra for both CF and HF samples were collected for the Zr K- 

edge. Again the results were very similar for both and, since the signal was less noisy, 

only the results for the CF sample will be discussed. The EXAFS were collected on 

samples that were calcined at a variety of temperatures. The full results, i.e. the EXAFS 

and Fourier transform for the sample heated at 1000°C are shown in Figure III. 14, and 

this can be used to judge the quality of the spectra. For simplicity and ease of 

comparison the results are shown in the form of the Fourier transforms in Figure III. 15. 

It should be noted that the raw EXAFS were of reasonable quality as can be judged 

from the R factors in the list of fitted parameters shown in Table III.5.

The EXAFS of the unheated sample shows two peaks in the Fourier transform at 

-2.0 and 3.5 A. These correspond to shells of 0  and Zr atoms, respectively. The results 

were very similar to those obtained by Rush (2001) for amorphous zirconium hydroxide 

prepared by precipitation from zirconyl chloride with aqueous ammonia. The spectrum 

was fitted using as a starting model the parameters of Rush (2001). The fit was good 

and the final parameters, as seen in Table III.5 were very similar to those of Rush and 

within the expected experimental error, i.e. ±0.02 A in the radial distance. The 

spectrum was also fitted with tetragonal zirconia as the starting parameters. The fit is 

slightly better in terms of the R-factor, as might be expected as the number of variables 

has been increased, however the Debye-Waller for the Zr shell is unreasonably large.

Successive heating shows a gradual change in the Fourier transform. The main 

feature being the growth of the Zr peak at ~3.5 A. The spectra were fitted using the 

tetragonal form as the starting parameters. The fits to the samples calcined at 500 and 

7 50°C are poor in that the Debye-Waller factors for the Zr shell are unreasonably
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Figure III.14: The Zr K-edge EXAFS for Z r0 2 in 10 nm pore silica after calcining 
at 1000°C. The upper plot is the EXAFS and the lower plot the corresponding 
Fourier transform. The solid lines are the experimental results and the dashed 

lines are for the best fit model to tetragonal zirconia.(R-factor = 33%).
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large. However, the sample calcined at 1000°C gives an excellent fit to tetragonal 

zirconia, as can be seen from the parameters listed in Table III.5.

0 2 4 6 8 10
Radial distance/Â

Figure III.15:- The Fourier transforms of the Zr K-edge EXAFS for Z r0 2 in 10 nm 
pore silica after calcining. Calcining was for 60 minutes at the temperatures

indicated.
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T a b l e  I I I . 5

Best f i t  parameters to the EXAFS results for ZrC>2 10 nm pore silica

Sample Atom CN RD/À 2o2/A2 Model Ri%

Unheated 0 4 2.09 0.012 Tetragonal 31
0 4 2.19 0.025
Zr 12 3.42 0.043

Unheated 0 7 2.10 0.018 Amorphous 34
Zr 4 3.40 0.027

500°C 0 4 2.07 0.015 Tetragonal 34
0 4 2.17 0.027
Zr 12 3.36 0.045

750°C 0 4 2.07 0.016 Tetragonal 39
0 4 2.11 0.059
Zr 12 3.35 0.059

1000°C 0 4 2.09 0.012 Tetragonal 33
0 4 2.31 0.031
Zr 12 3.61 0.022

Amorphous
zirconium
hydroxide

0 7 2.13 0.018 From
Rush

(2001)
Zr 4 3.37 0.028

Bulk
tetragonal
zirconia

O 4 2.11 0.013 From
Rush

(2001)
0 4 2.30 0.037
Zr 12 3.64 0.020

The results from the XRPD and the EXAFS are consistent in showing that the 

transformation of the zirconium hydroxide to zirconia in the porous silica is not 

completed in this work until the samples are calcined at 1000°C. It should be noted that 

a calcination time of 60 minutes was employed. A transformation to zirconia might be 

achieved by longer heating at less than 1000°C. The present work is in agreement with 

previous studies of the EXAFS of the transformation from the hydroxide to zirconia. It 

was noted earlier that a temperature of 700°C were necessary to full conversion to 

zirconia (Chadwick et al, 2001). However, in the present work the particle size was 

maintained at 5 to 6 nm, even after heating at 1000°C. In this respect the experiments 

were very successful.
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III.3.b.2 Nanocrystalline ZrC>2 in 126-nm pore silica (Reatec)

The samples were prepared in the manner described above. In this case the 

samples were prepared on the basis that the pores were completely filled with the 

propoxide.

The XRPD taken on the laboratory system of the sample prior to heating is 

shown in Figure III. 16. For the unheated sample, Figure III. 16a, there is a very broad 

peak between 30 and 35° which is due to the amorphous hydroxide or very small 

crystals of zirconia that have formed due to a decomposition of the hydroxide. The 

peak around 20 to 25° is due to the silica. The pattern remained the same until the 

sample was heated at 500°C, where the tetragonal form of zirconia was formed, as 

shown in Figure III.16d. The particle size was 7.5 nm. Further heating caused no 

change in the pattern, unlike the case of heating with no silica, except a slight increase 

in particle size, until 900°C. At 900°C the particle size grew to 15 nm and traces of 

monoclinic phase were evident, as seen in Figure HI.16h. The particle sizes are listed in 

Table HI.6.

Combined EXAFS and XRPD measurements were taken for the samples on 

station 9.3 at the Daresbury SRS. The XRPD patterns were consistent with those 

collected on the laboratory system and need not be discussed. EXAFS spectra were 

collected on an unheated sample and samples heated for 60 minutes at 500, 750 and 

1000°C. The full results, i.e. the EXAFS and Fourier transform for the sample heated at 

1000°C are shown in Figure III. 17, and this can be used to judge the quality of the 

spectra. The Fourier transforms of the spectra are shown in Figure III. 18. Again, this is 

done for simplicity and the raw EXAFS were of good quality. It should be noted that 

the raw EXAFS were of reasonable quality as can be judged from the R factors in the 

list of fitted parameters shown in Table in .7.
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Figure III.16 (continued): The XRPD patterns for calcined zirconia in 126 nm pore 
silica samples. Calcination for 60 minutes at (f) 700"C, (g) 800°C, and (h) 900°C. 

The solid lines are database positions for tetragonal zirconia.
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T a b l e  I I I . 6

ZrOi particle size in 126 nm pore silica after calcining for 60 minutes

Calcination Particle size/nm

temperature/°C •

25 (no heating) 1

300 1.5

400 1.5

500 7.5 (tetragonal)

600 8.0 (tetragonal)

700 8.0 (tetragonal)

800 8.0 (tetragonal)

900 15.0 (tetragonal + trace

monoclinic)



The Fourier transform of the unheated sample is typical of the amorphous 

zirconium hydroxide reported by other workers (Rush et al, 2000, Rush 2001). The fit 

to an amorphous model was in excellent agreement with the previous work, as can be 

seen in Table ,111.7. The sample that had been heated at 500°C was fitted to an 

amorphous model and a tetragonal model. The fit to the amorphous model is still good. 

An equally good fit, in terms of the R-factor, was found to the tetragonal starting model. 

However, the parameters are unreasonable; the Zr-Zr distance is too short and the 

Debye-Waller factors are too large for the two outer shells. This observation is 

consistent with other studies (Chadwick et al, 2001, Rush 2001) where the XRPD 

suggests that calcining the hydroxide at 500°C produces tetragonal zirconia and the 

EXAFS indicates that the sample still contains amorphous material. The XRPD is only 

sensitive to crystalline material and the EXAFS to the average local structure. Other 

work has suggested calcining at 700°C is required to give complete transformation to 

zirconia (Chadwick et al, 2001). The EXAFS for the sample heated at 750°C gives a 

good fit to the tetragonal structure and the particle size has been kept small at 8 nm. 

The sample heated at 1000°C did show evidence of the formation of some monoclinic 

material in the sample. A rough estimate from the peak heights gives about 20% 

monoclinic material. Hence the EXAFS was fitted to both the tetragonal and 

monoclinic structures. The best fit is clearly to the tetragonal structure and the 

parameters obtained for the monoclinic structure are clearly unreasonable. This reflects 

the insensitivity of EXAFS when studying a mixture of structures.

These studies show that incorporating zirconia inside the larger pore silica does 

maintain the small particle size up to 900°C. In contrast to the small pore silica a larger 

zirconia content can be achieved.
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Figure III.17:- The Zr K-edge EXAFS for ZrOi in 126 nm pore silica alter 
calcining at 750“C. The upper plot is the EXAFS and the lower plot the 

corresponding Fourier transform. The solid lines are the experimental results and 
the dashed lines are for the best fit model to tetragonal zirconia. (R-factor = 26%)
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Figure III.18: The Fourier transforms of the Zr K-edge EXAFS for Zr(>2 in 126 
nm pore silica after calcining at various temperatures for 60 minutes. The 

temperatures are indicated on the plots. Successive plots have been displaced by
0.6 units for clarity.
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T a b l e  I I I . 7

Best f i t  parameters to the EXAFS results for Zr02126 nm pore silica

Sample Atom CN RD/A 2 a W Model R/% Particle
size/nm

Unheated O 7 2.11 0.024 Amorphous 32 •
Zr 4 3.37 0.028

500°C 0 4 2.10 0.012 Tetragonal 32 7.5
0 4 2.08 0.053
Zr 12 3.36 0.044
0 7 2.10 0.023 Amorphous 33

Zr 4 3.36 0.027

750°C 0 4 2.08 0.010 Tetragonal 26 8.0
0 4 2.30 0.032
Zr 12 3.61 0.019

1000°C O 4 2.09 0.008 Tetragonal 26 ~15
O 4 2.33 0.024
Zr 12 3.64 0.015
0 7 1.99 0.022 Monoclinic 46

Zr 7 3.83 2.558

Zr 4 3.83 0.003
Zr 1 4.21 0.001

Amorphous
zirconium
hvdroxide

0 7 2.13 0.018 From
Rush

(2001)
Zr 4 3.37 0.028

"" Bulk 
tetragonal 
zirconia

O 4 2.11 0.013 From
Rush

(2001)
O 4 2.30 0.037
Zr 12 3.64 0.020

Bulk
monoclinic

zirconia

0 7 2.15 0.020 From
Rush

(2001)
Zr 7 3.46 0.015
Zr 4 4.03 0.017
Zr 1 4.55 0.002
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III.3.C Nanocrystalline ZrOz with alumina

Samples containing 5, 10 and 15% alumina were prepared using the procedures 

described in Section II.le.3. Most of the work was focused on the 15% alumina sample 

and the results for this will be discussed first.

The XRPD for the as-prepared sample of the 15% alumina material, i.e. after 

hydrolysis of the alkoxide mixture, is shown in Figure III. 19a. There are two very 

broad peaks and they were not fitted to the database. The sample was then calcined for 

60 minutes at 100°C intervals. Up to calcination temperatures of 600°C there was no 

change in the XRPD pattern. After the 700°C anneal peaks began to appear, as shown 

in Figure III.19f. However, these peaks are not obvious peaks for either zirconia or 

alumina. After the 800°C anneal the pattern was ‘clean’, as shown in Figure III. 19g, 

and all the peaks, except a very small peak at 20 = 43.5°, matched tetragonal zirconia. 

The particle size was 11 nm. The pattern remained unchanged after anneals at 900 and 

1000°C and the particle sizes were 11 and 13 nm, respectively. The calcination at 

1200°C produced the pattern for monoclinic zirconia and the particle size was 38 nm. 

The patterns are summarised in Figure III.19a to j.

It is worth noting that DSC measurements were made of the as-prepared sample. 

Heating to 600°C revealed no endothermic or exotherms. Unfortunately, higher 

temperatures could not be achieved as the only available pans were made of aluminium, 

melting point 650°C. However, this confirmed the temperature of transition to zirconia 

was in excess of 600°C.

9 7
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Figure III.19: The XRPD patterns for calcined zirconia -  15% alumina samples. 
Calcination for 60 minutes at (a) no heat, (b) 140°C, (c) 400°C, (d) 500°C and (e) 

600°C. The solid lines are database positions for tetragonal zirconia.
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Figure III.19 (continued): The XRPD patterns for calcined zirconia -15%  
alumina samples. Calcination for 60 minutes at (f) 700°C, (g) 800°C, (h) 900°C, (i) 
1000 C and (j) 1200 C. The solid lines and dashed lines are database positions for 

tetragonal zirconia and monoclinic zirconia, respectively.
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The transformation of the sample to zirconia occurs somewhere between 700 

and 800°C. To obtain a better estimate of the transformation temperature a sample was 

studied on station 9.3 of the Daresbury SRS. As stated in Chapter II this station allows 

consecutive collection of EXAFS and XRPD patterns from room temperature to 1100°C 

(although in the present work the maximum temperature‘was 940°C). A sample of the 

unheated mixture (20 mg) was pelleted with a small amount of silica binder (10 mg) to 

form a 13 mm diameter disc. The disc was then heated at 5°C per minute to 940°C, held 

at that temperature for thirty minutes, and then cooled back to room temperature at 5°C 

per minute. The instrument was programmed to continuously collect EXAFS followed 

by XRPD patterns. The EXAF scan took 2 minutes and 20 seconds, the XRPD scan 

took 2 minutes and there was a 40 s dead time between the two scans. Thus every 25°C 

an XRPD pattern was produced. During the collection of the pattern the temperature 

was changing by 10°C and the mean temperature was recorded. The XRPD scan was 

collected at an X-ray wavelength of 0.6889A, Zr K edge energy used for the EXAFS 

scans. The wavelength was calibrated by collecting the XRPD pattern for silicon and 

the patterns were then converted to the Cu Ka wavelength. The detector, as explained in 

Chapter II, was an INEL curved wire position sensitive detector, which gave a step in 

20 of 0.21°. Thus the spectra were more poorly resolved than those collected at UKC. 

However, the relative speed of the experiment and the picture of the general features 

were very informative.

Figure 113.20 shows three different views of the 3D plot of the XRPD patterns 

collected at Daresbury. The transformation is occurring between 700 and 800°C. 

Figure III.21 shows the individual patterns collected in this temperature range. The 

pattern is broad until 741°C, where small peaks start to form. These grow rapidly until 

7 9 1 °C and then only grow slowly up to 841°C. The two clear peaks, at 20 ~30 and
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~35°, are those for tetragonal zirconia. Given that the heating is continuous, the 

transformation temperature is estimated as 770-780°C. The 3D plot for the cooling runs 

is shown in Figure 111.22 and the patterns remain unchanged. Figure III.23 shows the 

patterns for the original, unheated sample at room temperature, the sample at 940°C and 

at room temperature after heating and cooling. These show that the sample remains 

unchanged after cooling and is still tetragonal zirconia. The particle sizes estimated 

from these patterns were consistent with those measured on the laboratory system.

The samples prepared with 5 and 10% alumina were not studied in detail. They were 

calcined for 60 minutes at 700°C and the XRPD patterns collected. These are shown in 

Figure m.24. For these samples the XRPD only exhibits the patterns for tetragonal 

zirconia with small particle sizes; 10 and 12 nm for the 10 and 5% alumina samples, 

respectively.

The particle sizes for the samples are summarised in Table III.8.. It is clear that 

the addition of alumina is restricting particle growth at high temperatures. The most 

striking result is that the sample with 15% alumina has a particle size of only 12 nm 

after annealing at 1000°C and that there is only tetragonal zirconia present. Also 

included in Table HI. 8 are the data of Viswanath and Ramaswamy (1999). 

Unfortunately, these workers did not record the time they held their samples at a given 

calcining temperature, however there is a reasonable agreement up to a temperature of 

900°C.

t
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Tamp

Figure III.20: The XRPD patterns collected on heating of the zirconia-15% 
alumina samples. The patterns were collected at the Daresbury SRS. The 3D plots 

are three views of the patterns on heating the as-prepared sample from room 
temperature to 940°C at 5" per minute.
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Figure III.21: Selected patterns from Figure 20. The temperatures are indicated 
on the plots. The solid lines are database positions for tetragonal zirconia.
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Figure II 1.22: The XRPD patterns collected on cooling of the zirconia-15% 
alumina samples. The patterns were collected at the Daresbury SRS. The 3D plots 
are three views of the patterns on cooling the sample from 940"C at 5° per minute.
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Figure III.23: Selected XRPD patterns collected for the zirconia-15% alumina 
samples. They show the results for the unheated sample, the sample at the 

maximum temperature of 940°C and the final cooled sample.
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Figure III.24: The XRPD patterns for calcined (a) zirconia -  5% alumina and (b) 
zirconia -10%  alumina. Calcination was for 60 minutes at 700°C. The solid lines 

are database positions for tetragonal zirconia.
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Table III.8

ZrC>2 particle sizes after 60 minutes calcining

Calcining
temperature/

°C

Sample particle size/nm
Zr02
from

hydroxide

Zr0215% 
alumina

Zr02 10% 
alumina

Zr02 5% 
alumina

YSTZ YSTZ
15%

alumina*

YSTZ
10%

alumina*

YSTZ
5%

alumina*

500 16(t)

600 18(t)

700 25(t+m) 10(t) 12(t)

800 47(m+t) ll(t) 10(t) 9(0 10(t) 9(t)

900 40(m) I0(t) 11(0 10(0 11(0 11(0

1000 50(m) 12(t) 27(t) 33ft) 32(t) 28(t)

1100 47(t) 50(t) 50(t) 44(t)

1200 35 (t+m)

1300 58(0 56(t) 57(t) 55(t)

• Data from Viswanath and Ramaswamy (1999); tetragonally stabilised yttrium doped 
zirconia, heating times undefined.
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EXAFS spectra were collected for the sample containing 15% alumina. The full results, 

i.e. the EXAFS and Fourier transform for the sample heated at 900°C are shown in 

Figure 111.25, and this can be used to judge the quality of the spectra. The Fourier 

transforms for the unheated sample and samples that were calcined at 700, 900 and 

1200°C are shown in Figure III.26 and the fits to the data are listed in Table III.9. The 

spectrum for the unheated sample was very similar to that for amorphous zirconium 

hydroxide obtained by other workers (Rush et al, 2000, Rush, 2001) and for the zirconia 

in silica unheated samples. As can be seen in Table III.9 a good fit was obtained 

assuming zirconium hydroxide as the starting model and the parameters were in good 

agreement with previous studies. The sample calcined at 700°C for 60 minutes was still 

predominantly amorphous from the XRPD pattern. However some peaks were 

beginning to appear, as seen in Figure III. 19. Therefore both amorphous and tetragonal 

zirconia models were used as the starting parameters for the fitting. As can be seen the 

fit to both models is poor, with R-factors above 40%, and the Zr-Zr distance is between 

that for the two models. The EXAFS suggests that there has been some transformation 

to tetragonal zirconia in this sample. The sample calcined for 60 minutes at 900°C gives 

an excellent fit to tetragonal zirconia, as expected from the XRPD patterns for this 

sample. The XRPD pattern for the sample calcined for 60 minutes at 1200°C showed 

predominantly the presence of monoclinic zirconia. This was confirmed by the EXAFS, 

which gave a good fit to a starting model of the monoclinic structure.
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Figure III.25: The Zr K-edge EXAFS for Z r0 2 with 15% alumina after calcinine 
at 900 C. The upper plot is the EXAFS and the lower plot is the co rresp o n d ^  
Fourier transform. The solid lines are the experimental results and the dashed 

lines are for the best fit model to tetragonal zirconia. (R-factor = 28%)
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Figure III.26: The XRPD patterns for calcined zirconia with 15% alumina 
samples. Patterns were collected on the Dareshury SRS. Calcination for 60 

minutes at the temperatures indicated on the patterns
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Table 111.9

Best fit parameters to the EXAFS results for zirconia -15%  alumina.

Sample Atom CN r d /A 2 o W Model RJ% Particle
size/nm

Unheated 0 7 2.12 0.023 Amorphous 34 -
Zr 4 3.41 0.026

700°C 0 4 2.11 0.015 Tetragonal 41
0 4 2.44 0.354
Zr 12 3.55 0.044
0 7 2.11 0.034 Amorphous

46Zr 4 3.55 0.026

900°C 0 4 2.09 0.011 Tetragonal 28 10
0 4 2.31 0.038
Zr 12 3.59 0.021

1200°C 0 4 2.10 0.014 Tetragonal
38

35
0 4 2.17 0.039
Zr 12 3.42 0.024
0 7 2.12 0.022 Monoclinic

33
Zr 7 3.44 0.016
Zr 4 3.96 0.021
Zr 1 4.51 0.009

Amorphous
zirconium
hydroxide

0 7 2.13 0.018 From
Rush

(2001)
Zr 4 3.37 0.028

Bulk
tetragonal
zirconia

0 4 2.11 0.013 From
Rush

(2001)
0 4 2.30 0.037
Zr 1 12 3.64 0.020

Bulk
monoclinic

zirconia

_________ —

0 7 2.15 0.020 From
Rush

(2001)
Zr 7 3.46 0.015
Zr 4 4.03 0.017
Zr 1 4.55 0.002

I l l



The addition of alumina clearly restricts the growth of zirconia and a number of 

interesting questions arise. An obvious question is the nature of the pre-cursor and the 

transformation to zirconia. The transformation of the pure hydroxide occurs at 500°C. 

The addition of alumina increases the transformation temperature in a manner 

proportional to the amount of alumina; the 5 and 10% had transformed at 700°C, but the 

15% sample transformed at 770-780°C. This suggests the precursor is complex and not 

a simple mixture of zirconium and aluminium hydroxides. Attempts were made to 

precisely define the transformation temperatures with DSC measurements but they were 

not successful, as the upper temperature limit of the equipment was 600°C. Another 

intriguing feature of the results is the lack of any peaks for alumina in all the XRPD 

patterns.
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III.3.d Summary of the results for nanocrystalline Z r0 2

The attempts to confine nanocrystalline zirconia were successful. The two 

methods, confining inside silica pores and adding alumina, restricted the growth of the 

zirconia. The results are summarised in Figure III.27. Confinement in the small pore 

silica, 10 nm pores, produced very small particles, however there was very little zirconia 

in the samples. The use of the larger pored Reatec silica, 126 nm pores, gave a sample 

with a significant amount of zirconia although the zirconia particles did begin to grow at 

900°C and there was some formation of monoclinic zirconia. The addition of alumina 

was the most successful in terms of restricting growth, which began only above 1000°C.

Figure III.27: A summary of the zirconia particle sizes for different preparation 
methods. ♦  pure zirconia by heating the hydroxide; + zirconia in 126 nm pore

silica; #  zirconia -15%  alumina.
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III.4 NANOCRYSTALLINE CERIA

Cerium oxide, ceria, (Ce02> has the cubic fluorite-structure (space group Fm3- 

m) when pure or doped with lower valent cations. ' The pure material is a mixed 

electronic and oxygen ion conductor. The doped material (e.g. 8 mol per cent Gd) is a 

purely ionic conductor and can be a better oxygen ion conductor than YSZ at equivalent 

temperatures (e.g. Gd-doped Ce02) and offers the potential for an SOFC operating at 

lower temperatures (Kharton et al, 2001).

III.4.a Standards

The samples of cerium hydroxide were prepared using the method described in 

Section Il.l.f.l. Calcining was performed for 360 minutes at 150, 400, 600 and 800°C. 

The usual calcining time of 60 minutes was not used for these samples as the procedure 

of Nachimuthu et al (2000) was followed. The XRPD patterns of these samples are 

shown in Figure III. 28. The pattern for the aged precipitate shows only peaks for ceria 

peaks that might be expected from Ce(OH)3 are absent. The particle sizes estimated 

from the XRPD patterns are listed in Table III. 10.
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Figure III.28: The XRPD patterns for calcined cerium hydroxide samples. 
Calcination for 360 minutes at (a) no heat (aged for seven days), (b) 150"C, (c) 

400°C, (d) 600°C and (e) 800°C. The solid lines are database positions for cubic
ceria.
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Table III.10

Particle sizes o f ceria samples.

Calcining
temperature/°C

Time/minutes Particle size/nm
This work Nachimuthu et al

No heating Aged precipitate for 
seven days

2.2 2.1

150 360 2.8 2.3
400 360 4.8 4.6
600 360 12.2 15.4
800 360 48 75.6

III.4.b Nanocrystalline Ce(>2 in porous silicas

Two series of samples were prepared using 4 and 10 nm pore silica, as described 

in Section II.l.f.2. The samples were calcined at a series of temperatures from 500 to 

1000°C. The XRPD patterns for the 4 nm pore material are shown in Figure III.29 and 

the patterns for the 10 nm pore material are shown in Figure III.30. The particle sizes 

calculated from the patterns are shown in Tables m i l .

A direct comparison of the particle sizes for the pure ceria and the ceria inside 

the pores is not possible due to the different annealing times. However, the particle 

sizes on calcining up to 600°C are very similar for all the materials and the growth is 

presumably slow at these temperatures. Differences occur between 700 and 800°C 

where the nanoparticles in the silica pores grow less rapidly. For the 10 nm pore 

material a long calcining overnight (720 minutes) produced only a small increase in 

size, from 19.6 to 24 nm. This is good evidence that the silica is restricting the growth 

of the ceria nanoparticles.
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Figure III.29: The XRPD patterns for calcined cerium hydroxide in 4 nm pore 
silica samples. Calcination for 60 minutes at (a) 500°C (b) 600"C, (c) 800°C, and 

(d) 1000°C. The solid lines are database positions for cubic ceria.
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Figure III.30: The XRPD patterns for calcined cerium hydroxide in 10 nm pore 
silica samples. Calcination for 60 minutes at (a) 500°C (b) 600°C, (c) 800°C, (d) 
800°C (calcined for 720 minutes) and (e) 1000(,C. The solid lines are database

positions for cubic ceria.
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Table III .ll

Ceria in 4 nm and 10 nm pore silica

Calcining
temperature/°C

Time/minutes Particle size/nm
4 nm silica 10 nm silica

500 60 8.7 8.3
600 60 12.3 12.5
800 60 18.5 19.6
800 720 - 24
1000 60 79.3 64
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Although the study of nanocrystalline was not extensive the evidence is that the 

inclusion of the nanoparticles in the silica pores did restrict the growth. A plot of the 

particle size versus calcining temperature is shown in Figure III.31. The differences in 

calcining time have been ignored to make this plot. At 800°C the ceria in the silica 

pores is smaller, and as remarked earlier for one sample a very long calcining time was 

used. At 1000°C the growth is clearly rapid and the restriction of growth by the silica 

pores is not evident.

I I I . 4 . C  S u m m a r y  o f  t h e  r e s u l t s  f o r  n a n o c r y s t a l l i n e  C e C > 2

Temperature/C

Figure III.31: A summary of the ceria particle sizes for different preparation 

methods. ■  pure ceria by heating the hydroxide; A  ceria in 10 nm pore silica; 

X ceria in 10 nm pore silica calcined for 720 minutes; ^  ceria in 4 nm pore silica.
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III.5 NANOCRYSTALLINE TIN OXIDE

Tin oxide occurs naturally as cassiterite and has the rutile structure (space group 

P42/mnm). It is an n-type semiconductor, which is used in flammable gas sensors 

(Sberveglieri, 1992,1995). Strategies that have been employed to improve the sensitivity 

and selectivity have included the use of nanocrystalline materials and doping with 

aliovalent cations.

III.5.a Standards

The preparation of pure nanocrystalline tin oxide was described in Section 

n .l.g .l. The particle size, as estimated from the XRPD peaks was 2.1 nm. The sample 

was then calcined for 60 minutes at several temperatures up to 1000°C. After each 

calcination a XRPD pattern was collected and some of the results are shown in Figure 

m.32. The sizes of the particles after each calcination are shown in Table III. 12. As 

noted by other workers growth of the nanocrystals is evident even at temperatures as low 

as 400°C (Davis et al, 1996).

Table III.12

Pure nanocrystalline tin oxide particle sizes.

Calcining
temperature/°C

Calcining time/minutes Particle size/nm

25 2.1
400 60 3.6
500 60 7.1
600 60 13.6
700 60 25.1
800 60 32.0
900 60 44.4
1000 60 87.8
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Figure III.32: The XRPD patterns for calcined tin oxide. Calcination for 60 
minutes at (a) no heat (b) 400°C, (c) 500°C, (d) 600°C and (e) 700°C. The solid lines

are database positions for cassiterite.
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Figure III.32 (continued): The XRPD patterns for calcined tin oxide. Calcination 
for 60 minutes at (f) 800°C (g) 900°C, and (h) 1000“C. The solid lines are database

positions for cassiterite.
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The preparation of nanocrystalline tin oxide in 10 nm pore silica was described 

in Section H.l.g.2. Detailed studies were only made for samples with half filled pores, 

and these will be designated HF. Other than one XRPD for the as-prepared sample all 

the measurements of the diffraction patterns were made at the Daresbury SRS as part of 

combined XRPD/EXAFS studies on station 9.3. The samples were calcined at a series 

of temperatures from 500 to 1000°C. The XRPD patterns for the samples are shown in 

Figure m.33. The patterns have been converted to Cu K« radiation and this is the reason 

the scans only begin at 20 = 45°. In order to collect both EXAFS and XRPD the radiation 

used for the diffraction has to be close to that for the EXAFS Sn K-edge. Thus the main 

peak diffraction for SnC>2 is absent. The peak at 51.6° was used to measure the particle 

size. In order to determine particle sizes via the Scherrer equation an estimate of the 

machine line broadening was made from the patterns for bulk SnC>2 and a Si standard. 

The particle sizes are listed in Table EH. 13. It is worth noting that the particle size of the 

unheated sample (2.3 nm) is consistent with the value measured at UKC (2.0 nm) and the 

value obtained for Sn02 without silica (2.1 nm, see Table HI. 12). This gives some 

confidence in the determination of the particle size from the Daresbury measurement.

I I I . 5 . b  N a n o c r y s t a l l i n e  S 1 1 O 2  i n  p o r o u s  s i l i c a s
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Figure III.33: The XRPD patterns for calcined tin oxide in 10 nm pore silica 
samples. Patterns were collected on the Daresbury SRS. Calcination for 60 
minutes at the temperatures indicated on the patterns. The dashed line is a 

database position for cassiterite.

Table III.12

Tin oxide particle sizes in 10 nm pore silica

Calcining
temperature/°C

Calcining
time/minutes

Particle size/nm

25 2.3 (2.0*)
500 60 4.4
600 60 8.7
700 60 8.7
800 60 12.8
900 60 26.1
1000 60 26.1

(* Particle size determined on laboratory XRPD system at UKC)
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EXAFS spectra were collected for the samples at the same time as the XRPD 

patterns were measured on station 9.3 at the Daresbury SRS. The full results, i.e. the 

EXAFS and Fourier transform for the sample heated at 1000°C are shown in Figure 

III.34, and this can be used to judge the quality of the spectra. The Fourier transforms 

of the spectra are shown in Figure III.35. The figure shows that there are three peaks 

for Sn02; at ~2, ~3.5 and 3.8 A. The X-ray crystal structure (see Table III. 13) shows 

that 20  at 2.045 A, 40 at 2.058 A, 2Sn at 3.185 A, 4 0  at 3.594 A and 8Sn at 3.708 A. 

The two inner coordination shells of O atoms are so close that they would not be 

resolved in the EXAFS, hence the first peak in the Fourier transform is due to 60 atoms. 

The peak at ~3.5 A is arising from the back-scattering of the Sn atoms (at 3.185 A) and 

the peak at ~3.8 A from the back-scattering of the 8 Sn atoms (at 3.708 A). The 40 

atoms at 3.594 A will be contributing to the two outer peaks. Thus the EXAFS of bulk 

Sn02 was fitted to four shells using the crystallographic data as a starting model, 

slightly simplified with 60 atoms placed at 2.05 A for the inner shell. As can be seen 

from Table III. 13 the fit is excellent and the radial distances agree well with the 

crystallographic data (to within an expected error of ± 0.02 A).

The EXAFS for the Sn02 nanocrystals in the silica pores show a distinct change 

of Fourier transform as the samples are heated. For the unheated samples, i.e. smallest 

particle size, the two outer peaks are much smaller than for the bulk material. As the 

samples are heated and the particles grow, these two peaks grow in intensity. The effect 

is clearly due to the nanocrystalline nature of the samples. There has been considerable 

debate over the origin of the reduced magnitude of the outer peaks in the EXAFS of 

nanocrystals (Davis et al, 1997, Chadwick and Rush, 2001). It could arise from disorder 

in the samples (an affect on the Debye-Waller factor) or simple due to the small size (an 

affect on the average co-ordination number). Thus there are several approaches to
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Figure III.34. The Sn K-edge EXAFS for Sn02 in 10 nm pore silica after calcining 
at 1000°C. The upper plot is the EXAFS and the lower plot the corresponding 
Fourier transform. The solid lines are the experimental results and the dashed 

lines are for the best fit model. (R-factor = 35%)
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the analysis of the EXAFS data of nanocrystals. Starting from the crystallographic data 

as the fitting model then (i) the Debye-Waller factors can be iterated with fixed co­

ordination numbers or (ii) the co-ordination numbers with fixed Debye-Waller factors 

can be iterated or (iii) the Debye-Waller factors and the co-ordination numbers can be 

iterated. All three approaches were used in this work and the results are shown in Table 

in. 13. In terms of the quality of the fits, i.e. the R factors, there is very little difference. 

Model (i) accounts for the reduced peaks by increasing the Debye-Waller factors. 

Model (ii) accounts for the reduced peaks by decreasing the average co-ordination 

number. The effect of using the two different models as the particle size changes is 

shown in Figures III.36 and 37. The co-ordination number can be calculated from the 

particle sizes (Wilson et al, 1994) and these agree well with those derived from Model 

(ii). The general consensus is now that nanocrystals are not highly disordered 

(Chadwick and Rush, 2001) and the current results are consistent with that picture.

It should be noted here that the reduced magnitude of the outer EXAFS peaks 

were clearly evident for SnC>2 but not for Z1O 2. The difference is due to the particle 

sizes; the Sn0 2  particles are much smaller and the effects only become important at ~2 

nm.

1 2 8



Figure III.35 The Fourier transforms of the Sn K-edge EXAFS for SnOi in 10 nm 
pore silica after calcining at various temperatures for 60 minutes. The 

temperatures are indicated on the plots. Successive plots have been displaced by
0.5 units for clarity.
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Table IH.13

Best fit parameters to the EXAFS results for tin oxide in 10 nm silica.

Sample Atom
Starting Model/Fixed Parameters Particle

size/nmX-Ray/CN X-Ray/2 a2 X-Ray
CN RD/A 2o2/A2 R/% CN RD/A 2<jVA2 R1% CN RD/A 2 a2/A2 R/%

Bulk O 6 2.05 0.004 33
Sn 2 3.21 0.005
O 4 3.61 0.013
Sn 8 3.73 0.007

Unheated O 6 2.05 0.005 35 6.0 2.05 0.004 36 6.9 2.05 0.007 33 2.3
Sn 2 3.21 0.007 1.5 3.21 0.005 3.0 3.21 0.010
O 4 3.52 0.032 4.8 3.58 0.013 6.61 3.60 0.013
Sn 8 3.72 0.014 3.41 3.72 0.007 3.8 3.72 0.008

500°C O 6 2.05 0.005 39 6.4 2.05 0.004 37 7.2 2.05 0.006 35 4.4
Sn 2 3.21 0.007 1.5 3.20 0.005 5.6 3.20 0.013 *
O 4 3.66 0.017 4.4 3.45 0.013 8.6 3.60 0.007
Sn 8 3.72 0.010 5.6 3.71 0.007 4.1 3.72 0.006



Table III.13

Best fit parameters to the EXAFS results for tin oxide in 10 nm silica.

Sample Atom Starting Model/Fixed Parameters Particle
size/nmX-Ray/CN X-Ray/202 X-Ray

CN RD/A 2o2/Aa R1% CN RD/A 2ct2/A2 R1% CN RD/A 2ct2/A2 R/%
600°C O 6 2.04 0.005 35 6.4 2.04 0.004 35 7.2 2.05 0.006 34 8.7

Sn 2 3.20 0.006 1.85 3.20 0.005 4.2 3.20 0.011
O 4 3.50 0.030 2.61 3.56 0.013 3.81 3.55 0.001
Sn 8 3.72 0.009 6.01 3.72 0.007 3.74 3.73 0.003

700°C 0 6 2.04 0.005 38 6.3 2.04 0.004 37 7.0 2.05 0.006 36 8.7
Sn 2 3.20 0.006 1.9 3.20 0.005 4.2 3.20 0.010
O 4 3.47 0.031 3.1 3.51 0.013 4.9 3.55 0.001
Sn 8 3.72 0.009 6.4 3.72 0.007 4.3 3.72 0.004

800UC 0 6 2.05 0.005 35 6.2 2.05 0.004 34 6.7 2.05 0.006 34 12.8
Sn 2 3.20 0.005 1.9 3.20 0.005 4.3 3.20 0.011 -
O 4 3.48 0.030 3.1 3.57 0.013 4.7 3.56 0.001
Sn 8 3.72 0.009 6.4 3.72 0.007 4.0 3.73 0.004



Table IH.13

Best fit parameters to the EXAFS results for tin oxide in 10 nm silica.

Sample Atom Starting Model/Fixed Parameters Particle
size/nmX-Ray/CN X-Ray/202 X-Ray

CN RD/A 2a2/A2 R1% CN RD/A 2a2/A2 R/% CN RD/A 2a2/A2 R/%
900°C O 6 2.05 0.004 36 6.4 2.04 0.004 35 7.0 2.05 0.006 35 26.1

Sn 2 3.20 0.005 2.1 3.19 0.005 3.5 3.20 0.008
O 4 3.47 0.028 2.2 3.54 0.013 3.6 3.56 0.001
Sn 8 3.72 0.008 7.4 3.72 0.007 4.7 3.73 0.004

1000°C O 6 2.04 0.004 36 6.43 2.04 0.004 35 7.0 2.05 0.006 35 26.1
Sn 2 3.20 0.004 2.21 3.20 0.005 3.3 3.20 0.008
O 4 3.54 0.025 3.05 3.57 0.013 3.0 3.56 0.001
Sn 8 3.72 0.008 7.3 3.72 0.007 5.1 3.72 0.005

X-ray crystallographic data (Yogyo Kyokai Shi (= Journal of the Ceramic Assoc. Of Japan)
Seki H, Ishizawa N, Mizutani N, Kato M

O 2 2.045 -
O 4 2.058
Sn 2 3.185
O 4 3.594
Sn 8 3.708
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Figure III.36: The variation of Debye-Waller factor for second Sn shell with 
particle size with CN held at crystallographic number.

Figure III.37: The variation of CN for second Sn shell with particle size with 
Debye-Waller factor held at bulk tin oxide value.
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The preparation of the sample was described in Section II.l.g.3 and 

was estimated to contain nominally 3% by weight of AI2O3 (equivalent to 5% by 

volume). Samples were calcined for 60 minutes at a series of temperatures up to 

1000°C. After each calcination a XRPD pattern was collected 'and some of the results 

are shown in Figure III.38. The sizes of the particles after each calcination are shown 

in Table III. 14. A comparison with the results for pure tin oxide shows that the 

particles with alumina grow significantly slower; the particle sizes after a 1000°C 

calcination are 88 and 35 nm, respectively.

I I I . 5 . C  N a n o c r y s t a l l i n e  S n ( > 2  w i t h  a l u m i n a

Table III.14

Particle sizes in nanocrystalline tin oxide -  3% alumina

Calcining
temperature/°C

Calcining
time/minutes

Particle size/nm

25 2.1
400 60 4.1
500 60 6.9
600 60 11.6
700 60 19.3
800 60 21.8
900 60 25.7
1000 60 35.4

1 3 4
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Figure III.38: The XRPD patterns for calcined tin oxide -  3% alumina. 
Calcination for 60 minutes at (a) no heat (b) 400°C, (c) 500HC, and (d) 600UC. 

The solid lines are database positions for cassiteritc.
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Figure III.38 (continued): The XRPD patterns for calcined tin oxide -  3% 
alumina. Calcination for 60 minutes at (e) 700°C, (0 800°C, (g) 900°C, and (h) 

1000°C. The solid line is a database position for cassiterite.
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The treatment of nanocrystalline tin oxide with HMDS was described 

in Section Hl.g.4. Samples were calcined for 60 minutes at a series of temperatures 

up to 1000°C. After each calcination a XRPD pattern was collected and some of the 

results are shown in Figure III.39. The sizes of the particles after each calcination are 

shown in Table III. 15. A comparison with the results for pure tin oxide shows that 

the particles treated with HMDS grow significantly slower; the particle sizes after a 

1000°C calcination are 88 and 27 nm, respectively.

I I I . 5 . d  N a n o c r y s t a l l i n e  S n ( > 2  w i t h  H M D S

Table III.15

Partice sizes o f tin oxide treated with HMDS.

Calcining
temperature/°C

Calcining
time/minutes

Particle size/nm

25 2.1
400 60 3.2
500 60 4.9
600 60 8.4
700 60 13.6
800 60 16.2
900 60 18.8
1000 60 27.3

1 3 7
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Figure III.39: The XRPD patterns for calcined tin oxide treated with HMDS. 
Calcination for 60 minutes at (a) no heat (b) 400°C, (c) 500°C, and (d) 600°C. 

The solid lines are database positions for cassiterite.
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Figure III.39 (continued): The XRPD patterns for calcined tin oxide treated with 
HMDS. Calcination for 60 minutes at (e) 700°C, (f) 800°C, (g) 900°C, and (h) 

1000°C. The solid line is a database position for cassiterite.
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The results for nanocrystalline Sn02 are basically contained in Tables III. 16. 

For clarity, they are shown graphically in Figure III.40. Precipitation in silica pores, 

addition of alumina to Sn02 and treatment with HMDS all restrict the growth of the 

nanoparticles. As can be seen from the figure the effect of restricting the growth with 

alumina and HMDS is very similar in both cases up to calcining temperatures of 

1000°C. In both cases the XRPD patterns only show peaks for Sn02.

Thus effective methods have been developed to maintain nanocrystalline Sn02 

at elevated temperatures and one of the objectives of the project has been achieved. It 

would be interesting to explore the details of the treatments. For example, in the case 

of the alumina addition the effect of varying the concentration of alumina on grain 

growth needs to be explored. Also the details of the chemical and structural processes 

require further study, as will be discussed later in this chapter.

I I I . 5 . e  S u m m a r y  o f  t h e  r e s u l t s  f o r  n a n o c r y s t a l l i n e  S n 0 2
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T able III.16

Comparison of tin oxide particle sizes after 60 minutes calcination with various
preparation methods

Calcination
temperature/°C

No
treatment

3%
alumina

HMDS 10 nm pore 
silica

25 2.1 2.1 2.1 2.3
400 3.6 4.1 3.2
500 7.1 6.9 4.9 4.4
600 13.6 11.6 8.4 8.7
700 25.1 19.3 13.6 8.7
800 32 21.8 16.2 12.8
900 44.4 25.7 18.8 26.1
1000 87.8 35.4 27.3 26.1

Calcining Temperature/C

Figure III.40: A summary of the effect of calcining on particle size of tin oxide 
with various treatments. Pure tin oxide; tin oxide with 3% alumina; A tin 

oxide in 10 nm pore silica; X tin oxide treated with HMDS.
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III.6 SUMMARY OF THE RESULTS FOR NANOCRYSTALLINE OXIDES

At this point it worthwhile to summarise the results and make some 

comparisons between the different systems. The conclusions of the studies will be 

covered in the next Chapter.

Generally three approaches were used to stabilise the particle sizes of the 

nanocrystals, namely confining them in the pores of a silica matrix, adding alumina to 

the nanocrystals and coating the surface of the nanocrystals with HMDS. On the 

whole all of the approaches had some degree of success. A discussion of the level of 

this success and the reasons for the success requires some consideration.

The basic idea of confinement of the nanocrystals inside a silica pore is 

straightforward; the particles cannot grow as they are restricted by the size of the pore. 

The idea is shown schematically in Figure IH.41. For all the materials, MgO, Zr02, 

Ce02 and Sn02, this approach was effective in that after comparable calcination time 

and temperatures the nanocrystals in the porous silicas were smaller than those that 

were unconfined. However, there are clearly differences in the results for the 

different oxides, which are related to the method of preparing the confined oxide. 

Inserting the hydroxide or the alkoxide means that there is a considerable loss of 

material during the calcination to the oxide. The work on zirconia clearly 

demonstrates this problem. There was little zirconia in the small pore silica and the 

XRPD signal was not observable on the laboratory X-ray source. Thus this is a good 

method provided there are preparation techniques that allow a large quantity of oxide 

to be prepared inside the pores. An alternative solution is to use larger pore sizes, e.g. 

the Reatec 126 nm pore silica, and hence allow for a large loss of mass during the 

oxide formation. It is worth noting that Reatec produce silicas with a very wide range
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of pore size, up to 200 nm, and in principle the pore size could be ‘tuned’ to produce 

the required amount of oxide. A second problem with the use of silica is that some 

oxides will react at high temperatures to produce silicates. An example of this is the 

work on magnesia, where heating above 800°C produced fosterite, Mg2Si04. Thus 

the reactivity of the oxide with silica needs to be established if this method is to be 

employed.

A general question that has not been addressed so far is the size of the 

nanocrystals and the size of the pores. In all the systems that were examined the 

particle grew at high temperatures and exceeded the size of the pores. The work on 

ceria is a good example; heating samples prepared with 4 and 10 nm pore sizes to 

800°C for 60 minutes resulted in ceria particles that were ~20 nm size -5 times and 2 

times the pore size. Other workers have observed a similar effect. Anderson et al 

(1996) used zeolites to confine cobalt oxide in the pores and then reduced the oxide to 

the metal. The work was performed with zeolite X which has pores of 1.3 nm 

diameter. The particle size of the cobalt was 15 to 20 nm, suggesting that the oxide 

particles must have been even larger. These authors suggested that the explanation 

was a disruption of the pore walls by the particles and not a movement of the particles 

out of the pores. A similar explanation can be invoked here. It should be noted that 

one of the special properties of nanocrystals is their superhardness as they are free 

from dislocations. This silica is not highly crystalline as evidenced by the lack of 

peaks in the XRPD patterns and from the manufacturer’s literature. The particles will 

therefore be much harder than the silica and could easily break through the silica 

walls.

The use of alumina additions to stabilise the nanocrystals was applied to MgO, 

Zr02 and Sn02 and was generally successful in all cases. The alumina is assumed to
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form between the crystallites and prevent their growth by pinning the boundaries. 

The effect is shown schematically in Figure III.42. In all the systems studied XRPD 

patterns for alumina were not observed. The simplest conclusion is that the alumina 

particles are too small to give a diffraction peak. Some comments are necessary for 

the different systems. In the case of MgO and Zr02 the alumina was introduced at the 

first stage of the preparation, by mixing the alkoxides, and the alumina particles were 

formed at the same time as the metal oxide nanocrystals. In the case of Zr02 there is 

clearly some complex chemistry occurring, as the temperatures required for 

conversion of the zirconium hydroxide to zirconia are considerable increased. In the 

case of MgO there is a reaction with the A120 3 at high temperatures with the 

formation of a spinel. Thus this approach to stabilising MgO nanocrystals has a 

distinct limitation. In the case of Sn02 the nanoparticles were prepared first and then 

the alumina produced on the nanocrystals. This appears to be a satisfactory procedure 

that in principle could be generally applied to any oxide.

The use of HMDS coatings was only used to stabilise Sn02 nanocrystals and 

appears to be very effective. Other workers have used this with a variety of oxides 

(Wu et al, 1999). Clearly what is happening is that the HMDS is reacting with surface 

OH on the oxide to produce a thin coating of silica. This silica keeps the oxide 

particles out of contact and prevents their sintering and growth. However, it is worth 

noting that silica is relatively reactive with many other oxides (although a tin silicate 

does not appear to exist on the crystallographic databases) and this approach may fail 

at high temperatures.
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Figure III.42: A schematic picture of alumina particles in the grain boundaries
between nanocrystals
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tin oxide

Figure III.43: A schematic picture of silica coated nanocrystals.
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IV CONCLUSIONS AND SUGG ESTIO NS FO R FUTURE W ORK

IV.l CONCLUSIONS

The objective of the work described in this thesis was to find methods of 

preventing the growth of nanocrystalline oxides when they are heated. On the whole 

the objective has been achieved. A variety of methods to prevent the grain growth have 

been explored and most of them were successful. The main results of the work are 

summarised in Table IV.l, which collects together the particle sizes of untreated and 

treated nanocrystals after heating for 60 minutes at 600, 800 and 1000°C.

It is clearly of interest to consider which of the methods used is the best at 

restricting the grain growth. The answer, as can be seen from Table IV.l, depends very 

much on the oxide being studied. Confining the nanocrystals on the pores of silica 

appears to be effective for all the materials that were investigated. However, it is 

difficult to introduce material into the pores in large quantities, as can be seen from the 

studies of Z1O 2 described in Section III.2.b.l. This would be the best method of 

preparing samples for the NMR diffusion studies that were proposed in Section 1.4. 

Addition of alumina, via the butoxide, seems to be generally effective for all the oxides, 

however there are clearly problems with MgO due to reactivity. Treatment with HMDS 

was very effective in reducing growth in Sn(>2 and it would be extremely interesting to 

explore this treatment with other oxides.

The mechanisms for the prevention of the grain growth were discussed in 

Section m.6. In the case of nanocrystals in the pores of silica it appears to be the 

simple case of the silica presenting a physical barrier between the crystallites. The 

addition of alumina creates small crystallites that pin the grain boundaries. The
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treatment with HMDS coats the crystallites with a layer of silica to keep them out of 

mutual contact and prevents growth.

Table IV .l

Effect o f treatment on particle size

Oxide Method to Particle size/nm

prevent grain 600°C 800°C 1000°C

growth Pure Treated Pure Treated Pure Treated

MgO 126nm silica 13 4.5 Mg2Si04

Formed

Mg2Si04

formed

15% alumina 13 4.7 5.7 Spinel

formed

Zr02 lOnm silica 

half-filled

18 47 50 5

lOnm silica 

fully-filled

18 47 50 5.8

126nm silica 18 8 47 8 50 -

5% alumina 18 <12 47 • 50 -

10% alumina 18 <10 47 • 50 -

15% alumina 18 - 47 11 50 12

Ce02 4nm silica 12.2 12.3 48 18.5 - 79

lOnm silica 12.2 12.5 48 19.6 ■ 64

Sn02 lOnm silica 13.6 8.7 32 12.8 88 26.1

3% alumina 13.6 11.6 32 21.8 88 35.4

HMDS 13.6 8.4 32 16.2 88 27.3
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IV.2 SUGGESTIONS FOR FUTURE WORK

The work presented in this thesis was an attempt to make a systematic study of 

the methods of preventing the growth of nanocrystalline oxides. As far as the author is 

aware this is the first study of this type. However, the time available for the work was 

limited and many questions are still left unanswered. It is' therefore valuable to consider 

how the work could continue in the future and what improvements might be possible. 

These will be listed under simple headings and a few brief comments will be made.

Improvements o f the present work

The work in the thesis was exploratory. The prime system for study was Z1O 2 

and most of the time on the project was spent studying this system. There are clearly 

some gaps, that would have been filled if time had been available. For example, HMDS 

treatment seems to be a very good way of preventing grain growth and it was only used 

with SnC>2. It would have been interesting to try this method with the other oxides. 

Similarly, CeC>2 is a very important fuel cell oxide and more work on preventing grain 

growth in this system would have been very useful. There were also gaps in the 

annealing of the samples and, given time, it would have been useful to have a set series 

of temperatures applied to all the samples.

The use o f other porous matrices

Confining the nanocrystals into the pores of silica was generally found to be an 

effective method of preventing grain growth. However, only a few pore sizes were 

studied in this thesis and a systematic study of the effect of pore size on particle growth 

would be fruitful. For example, a study of the growth of Z1O 2 in pores ranging from I 

to lOOOnm would be very useful. In addition, there is a wide range of other porous
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matrices that could be used. Porous alumina is worthy of exploration as alumina is 

generally less reactive than silica.

The effect o f the concentration o f alumina

Addition of alumina was very effective in preventing the growth of the oxides 

studied in this thesis. It was particularly useful, as the preparative method was very 

simple, and large quantities of sample were easily made. However, the quantities of 

alumina that were added were simply taken from previous papers, e.g. 5,10 and 15% in 

the case of Z1O2 and no attempt was made to determine the most effective concentration 

of additive. This could very usefully and easily be explored and the optimum 

composition determined.

The use o f other methods o f characterisation

The range of methods of characterising the samples was limited to XRPD, 

EXAFS and DSC. Whilst they were adequate in assessing the effect of the treatments it 

would be very worthwhile to use some other methods. The most obvious would be to 

study the samples with high-resolution electron microscopy (HRTEM). This gives a 

picture of the microstructure and show where the additives were exactly in the material. 

For example, the alumina additive should be identifiable as a separate phase. In 

addition, HRTEM would also provide an estimate of the individual grain sizes to 

supplement the average values obtained by XRPD.

Transport measurements

One of the objectives of the current study was to prepare materials suitable for 

transport studies by NMR. As this has been achieved it is clearly important that these 

measurements are performed. In the light of the interest in the ionic conductivity of 

nanocrystals (Sata et al, 2000), these would be extremely informative. In addition,
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simple a.c. conductivity measurements on the nanocrystals would be useful. For 

example, Kosacki (2002) finds a high conductivity in nanocrystalline Z1O 2. It would be 

interesting to see if the nanocrystalline Z1O 2 with added alumina also shows a high 

conductivity.

Chemical reactivity

There has been considerable interest in the use of nanocrystalline oxides as 

adsorbers for pollutant gases and Klabunde and co-workers have published several 

papers on this topic (Klabunde et al, 1996, Koper et al, 1997, Stark et al, 1996). The 

materials produced in this thesis are worth study as they are stable at high temperatures 

and could be easily regenerated. For example, Klabunde’s work has shown 

nanocrystalline MgO is a good adsorber of SO2. However, the removal of SO2 from the 

MgO would require heat and the nanocrystals would be lost. The stabilised MgO made 

in this thesis would be stable on heating and potentially more useful. Very recently 

Klabunde’s group have reported the formation of mixed MgO-alumina nanocrystals 

using an alkoxide synthesis similar to the one used in the current work (Carnes et al, 

2002). They found the mixed material an even better adsorber than pure nanocrystalline 

MgO but they did not study the effect of heating the material.
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