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Abstract 

Materials with one-dimensional (1D) nanostructure are important for catalysis. They are 

the preferred building blocks for catalytic nanoarchitecture, and can be used to fabricate 

designer catalysts. In this thesis, one such material, alumina nanofibre, was used as a 

precursor to prepare a range of nanocomposite catalysts. Utilising the specific properties of 

alumina nanofibres, a novel approach was developed to prepare macro-mesoporous 

nanocomposites, which consist of a stacked, fibrous nanocomposite with a core-shell 

structure. Two kinds of fibrous ZrO2/Al2O3 and TiO2/Al2O3 nanocomposites were 

successfully synthesised using boehmite nanofibers as a hard temperate and followed by a 

simple calcination. The alumina nanofibres provide the resultant nanocomposites with good 

thermal stability and mechanical stability. 

A series of one-dimensional (1D) zirconia/alumina nanocomposites were prepared by the 

deposition of zirconium species onto the 3D framework of boehmite nanofibres formed by 

dispersing boehmite nanofibres into a butanol solution, followed by calcination at 773 K. 

The materials were characterised by X-ray diffraction (XRD), Scanning electron microscopy 

(SEM), Transmission electron microscope (TEM), N2 adsorption/desorption, Infrared 

Emission Spectroscopy (IES), and Fourier Transform Infrared spectroscopy (FT-IR). The 

results demonstrated that when the molar percentage, X, X=100*Zr/(Al+Zr), was > 30%, 

extremely long ZrO2/Al2O3 composite nanorods with evenly distributed ZrO2 nanocrystals 

formed on their surface. The stacking of such nanorods gave rise to a new kind of 

macroporous material without the use of any organic space filler\template or other specific 

drying techniques. The mechanism for the formation of these long ZrO2/Al2O3 composite 

nanorods is proposed in this work. 

A series of solid-superacid catalysts were synthesised from fibrous ZrO2/Al2O3 core and 

shell nanocomposites. In this series, the zirconium molar percentage was varied from 2 % to 
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50 %. The ZrO2/Al2O3 nanocomposites and their solid superacid counterparts were 

characterised by a variety of techniques including 27Al MAS-NMR, SEM, TEM, XPS, 

Nitrogen adsorption and Infrared Emission Spectroscopy. NMR results show that the 

interaction between zirconia species and alumina strongly correlates with pentacoordinated 

aluminium sites. This can also be detected by the change in binding energy of the 3d 

electrons of the zirconium.  

The acidity of the obtained superacids was tested by using them as catalysts for the 

benzolyation of toluene. It was found that a sample with a 50 % zirconium molar percentage 

possessed the highest surface acidity equalling that of pristine sulfated zirconia despite the 

reduced mass of zirconia. Preparation of hierarchically macro-mesoporous catalyst by 

loading nanocrystallites on the framework of alumina bundles can provide an alternative 

system to design advanced nanocomposite catalyst with enhanced performance. 

A series of macro-mesoporous TiO2/Al2O3 nanocomposites with different morphologies 

were synthesised. The materials were calcined at 723 K and were characterised by X-ray 

diffraction (XRD), Scanning electron microscopy (SEM), Transmission electron microscope 

(TEM), N2 adsorption/desorption, Infrared Emission Spectroscopy (IES), and UV-visible 

spectroscopy (UV-visible). A modified approach was proposed for the synthesis of 1D 

(fibrous) nanocomposite with higher Ti/Al molar ratio (2:1) at lower temperature (<100oC), 

which makes it possible to synthesize such materials on industrial scale. 

The performances of a series of resultant TiO2/Al2O3 nanocomposites with different 

morphologies were evaluated as a photocatalyst for the phenol degradation under UV 

irradiation. The photocatalyst (Ti/Al =2) with fibrous morphology exhibits higher activity 

than that of the photocatalyst with microspherical morphology which indeed has the highest 

Ti to Al molar ratio (Ti/Al =3) in the series of as-synthesised hierarchical TiO2/Al2O3 

nanocomposites. Furthermore, the photocatalytic performances, for the fibrous 

nanocomposites with Ti/Al=2, were optimized by calcination at elevated temperatures. The 
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nanocomposite prepared by calcination at 750oC exhibits the highest catalytic activity, and 

its performance per TiO2 unit is very close to that of the gold standard, Degussa P 25. This 

work also emphasizes two advantages of the nanocomposites with fibrous morphology: (1) 

the resistance to sintering, and (2) good catalyst recovery. 
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Chapter 1: Introduction 

1.1 BACKGROUND AND MOTIVATION 

Since the discovery of carbon nanotubes1, one-dimensional (1D) nanostructures have 

become an exciting, intellectually challenging, and rapidly expanding research field. Over 

the past several years, considerable efforts have been devoted to the synthesis of different 

type of 1D nanostructures such as nanowires, nanofibres, nanorods, nanobelts, and nanotubes 

owing to their unique performance in the fields of chemistry, physics and material science2.  

In particular, the 1D nanostructure is also important for catalysis. Recent progress in 

catalyst preparation highlights the design of catalytic nanoarchitectures which require the 

incorporation of multifunctional nanoscale building blocks into an integrated edifice. This 

new research direction underlines the importance of pore volume and the unimportance of 

periodic porosity for a catalyst, since in most cases the periodic porosity presents a one 

dimensional pore channel where any blockage by small nanoparticles or coke will shut off a 

small section of pipe from reacting3.  

Materials with 1D nanostructure should be preferential building blocks for fabricating 

architectural catalysts, because they can be easily assembled into macroporous frameworks 

with large void spaces, through which the diffusion of reactants and products can be 

significantly enhanced, thereby increasing the catalytic activity of the catalyst.  

Wet chemical processes such as hydrothermal or solvethermal methods can be used to 

prepare large quantities of the 1D nanomaterials with excellent reproducibility4. Nevertheless, 

one major hurdle that obstructs these materials from catalytic application is their constituent 

unicity prepared by wet chemical processes. In catalytic applications, multifunctionality is 

obligatory. High performance catalysts usually need a combination of multiple components 

to achieve specific surface functionality, and provide a favourable structure to facilitate mass 

transport of reactant as well as resist coking. Therefore, the preparation of complex 
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functional 1D nanomaterials with controlled size and morphology, such as core/shell, 

nanowires and nanobelts heterostructures and superlattices, are highly desirable5. The 

resultant nanocomposites, containing more than one type of component, may display higher 

complexity and a wider range of properties. These properties are not only derived from the 

simple addition of properties of parent constituents but also result from their morphology and 

interfacial characteristics6-8.  

Therefore, to further develop 1D alumina into commercially viable, functional materials, 

we synthesised ZrO2 - Al2O3 and TiO2 - Al2O3 1D nanocomposites by incorporating ZrO2 

and TiO2 nanocrystallites on alumina nanofibres with an extremely large loading ratio (Zr or 

Ti/Al molar ratio can be prepared to 2:1), producing a core-shell structure. By taking 

advantage of their unique textural properties, the 1D nanocomposite can be easily aggregated 

into a macroporous framework, of which the surface properties are very close to the pristine 

ZrO2 and TiO2, while the surface area is significantly larger. Furthermore, in this work, these 

materials were developed into viable catalysts and their activities tested.  

In this thesis, only titanium dioxide and zirconium dioxide were chosen to demonstrate our 

invented strategy for synthesis of fibrous nanocomposite as they are widely used in many 

application fields: Titanium dioxide is well known for its utilization in solar energy 

conversion and hazardous waste remediation, whereas zirconium dioxide is becoming 

increasingly important in the field of catalysis. Starting with their alkoxide precursor, both 

metal oxides can be deposited onto the frameworks of aluminium nanofibres by a modified 

sol-gel process. This determined that not only the ZrO2 - Al2O3 and TiO2 - Al2O3 1D 

nanocomposites can be prepared, and in the future we can construct fibrous nanocomposites 

of other metal oxide from their corresponding alkoxide precursor. 
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1.2 THE AIMS OF THIS THESIS 

The primary objective of this project is the synthesis and characterisation of 

nanocomposite materials based on boehmite nanofibres, and an exploration of their 

applications in catalysis.  

1) To controllably  incorporate some transition metal nanocrystallites, such 

as  tetragonal  zirconia,  anatase  TiO2,  on  the  outer  surface  of  alumina 

nanofibres, and further fabricate fibrous nanocomposites with core‐shell 

structures. 

2) To  systematically  characterise  the  structure  and  properties  of 

nanocomposite materials with specific core‐shell structures. 

3) To  investigate  the  applicability  of  the  1D  nanocomposite  catalysts  and 

develop  some  industrially  important  organic  reactions  in which  the  1D 

nanocomposite  catalysts  show  much  higher  activity  than  conventional 

catalysts (without 1D structure). 

4) To illustrate morphological effects on the catalytic performance for a 1D 

(fibrous) catalyst with core‐shell structure. 

1.3 ACCOUNT OF SCIENTIFC PROGRESS  

In this thesis, unique 1D nanocomposites with core-shell structure were synthesised from 

highly dispersed bundles of boehmite (AlOOH) nanofibres that act as a hard template. 

Meanwhile, we proposed that the macroporous frameworks can be readily fabricated from 

these fibrous materials.  

In the previous literature, macroporous frameworks have been synthesised by two 

strategies, the first uses expensive organic templates, such as latex spheres or block-

copolymers, which produce ordered networks usually unnecessary for the most catalytic 

reactions. The second is to combine sol-gel methods with a complicated drying technique, 
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such as freeze-drying or supercritical drying. Both strategies involve complex procedures, 

which makes them unsuitable for scaling-up to practical applications. 

With the proposed approach, there is no need to use any organic templates, and the 

macroporous material is supported by a robust skeleton, which is formed by inter-connected 

boehmite nanofibres and then enhanced by the amorphous shell of transition metal oxide. 

Additionally, there is no need to conserve a network of wet-product during the drying step, 

and no complicated drying technology is necessary. Moreover, the core-shell structure 

allows the materials to take on extremely large supporting ratios which ensure that the 

surface properties will not be compromised by the interaction with their alumina core after 

calcination.  

We developed the nanocomposites into a functional catalyst, and during investigation of 

their catalytic performances, we were specifically interested in the morphology-performance 

relationship of the hierarchical catalyst. We demonstrate that the surface properties of our 

synthesised nanocomposites were close to their pristine counterpart and the fibrous 

morphology is particularly important for a high efficient photocatalyst. Moreover, a catalyst 

with such morphology can be more easily recovered from solution by traditional filtration 

methodology compared to spherical-nanoparticles catalyst. We expect that our work could 

be comlementary to existing techniques for the new rising field of catalytic nanoarchitectures. 

1.4 THESIS OUTLINE 

This thesis is organised into seven chapters: the next chapter (Chapter 2) is a review of the 

literature investigating boehmite (AlOOH) or alumina (Al2O3) nanofibres on their synthesis 

and applications. Chapter 3 introduces the synthesis and characterisation of macro-

mesoporous zirconia-alumina materials with a 1D hierarchical structure and discusses its 

synthetic mechanism. Chapter 4 describes how these nanocomposites were developed into a 

series of solid superacids and their catalytic performances tested. In Chapter 5, based on the 

synthetic mechanism for macro-mesoporous zirconia-alumina materials, a novel approach 
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for synthesis of macro-mesoporous titania-alumina materials was developed and the surface 

properties of these materials were investigated. In the following chapter, these titania-

alumina materials were prepared into photocatalysts, and the morphological effects were 

evaluated in this chapter. The final chapter concluded our works and highlighted the 

contributions.  
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Chapter 2: Literature Review 

Recently, the synthesis and application of one-dimensional (1D) nanomaterials including 

nanofibres, nanowires, nanotubes, etc., has attracted intense attention in the literature. Many 

kinds of 1D inorganic nanomaterials have been successfully synthesised which include 

titanate nanofibres1, CeO2 nanowires2, Cd(OH)2 nanowires3, MnO2 nanowires4, etc. The 

distinctive geometric characteristics of these nanomaterials may lead to novel physical and 

chemical properties, which are not achieved by their bulk analogues. 

Amongst the 1D nanomaterials, boehmite (AlOOH) nanofibres have drawn noteworthy 

attention. This is because it can undergo a phase transformation to γ-Al2O3 nanofibres 

without a distinct morphological change through a simple dehydration process at 

approximately 673 K. γ-Al2O3 is one of the most industrially important oxides with uses in 

advanced catalysis, adsorption, composite materials and advanced ceramics5-9. Studies 

utilising γ-Al2O3 nanofibres instead of traditional particulate γ-Al2O3 are of tremendous 

interest for both fundamental research and technological application, with some of these 

studies concluding that nanocomposites synthesised with alumina nanofibres have superior 

properties due to their unique morphology10-17.  

This chapter reviews the current state of research and focuses on the synthesis of boehmite 

nanofibres and their nanocomposites. This chapter is organised into five sections: Section 2.1 

introduces different synthetic conditions currently utilised when making boehmite nanofibres, 

which results in the formation of various aspect ratios and surface areas of boehmite 

nanofibres. Section 2.2 briefly introduces some of the formation mechanisms relevant to 

those proposed by authors to account for the morphology. Section 2.3 highlights a range of 

unique properties that AlOOH nanofibres and their dehydrated counterparts (γ-Al2O3 

nanofibres) possess. Section 2.4 focuses on the modification of boehmite nanofibres and 
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Al2O3 nanofibres to produce functional nanocomposites. Finally, Section 2.5 provides a 

summary of alumina nanofibre research and along with a personal perspective. 

2.1 PREPARATION OF BOEHMITE NANOFIBRES IN VARIOUS SYNTHETIC 
SYSTEMS 

Alumina nanofibres can be synthesised by many methods including the hydrothermal 

method18, anodic oxidation of high-purity aluminium19,20, flame aerosol synthesis21, etching 

of a porous alumina membrane template22, electrospinning23 or even the pyrolysis of 

aluminium oxyhydride at 800-1000oC24. These methods differ in their difficulty, cost, 

feasibility and environmental impact. Among these methods, the hydrothermal treatment is 

the simplest, and it is also reliable and scaleable25. 

 

Figure 1. Boehmite nanofibres synthesised by Bugosh. (Image from Reference 18) 

 

The first synthesis of alumina nanofibres by hydrothermal treatment was reported by John 

Bugosh in 196118. Bugosh firstly prepared the aluminium chlorohydrate as precursor by the 

addition of Al powder to an aqueous solution of AlCl3 to achieve an Al/Cl ratio of 2/3. Such 

a mixture was then diluted and hydrothermally treated at 160oC for 40 h to prepare boehmite 

(AlOOH) nanofibres. In Bugosh’s work, γ-alumina nanofibres were subsequently prepared 

by the dehydration of boehmite nanofibres above 500 oC26. To the best of the author’s 
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knowledge, alumina nanofibres were not further investigated until 1990, when Buinning and 

co-workers investigated the effect of hydrothermal temperatures from 140 oC to 220 oC on 

the synthesis of boehmite nanofibres using Bugosh’s method. It was found in a  study by 

Buinning et al. 27that fibrous boehmite could be obtained in the hydrothermal temperature 

range of 140 to 160 oC, while fully crystalline platelike boehmite particles approximately 

260 nm long, 95 nm broad, and 14 nm thick were obtained at 220 oC. In addition to their 

findings, Buinning’s group also modified the synthetic method. This modified method used 

an acidified aqueous solution to react with aluminium alkoxides, which replaced the alumina 

precursor used in Bugosh’s method – basic aluminium chlorohydrate – with further 

hythermal treatment at 150 oC. Two aluminium alkoxides, aluminium tri-sec-butoxide and 

aluminium isopropoxide were used in the Buinning study. The authors showed that the 

average fibre length could be varied from 100 nm to 500 nm by controlling the concentration 

of aluminium alkoxide and HCl28. 

In more recent years, the hydrothermal process has been modified and used by many 

research groups to prepare boehmite nanofibres. The use of a surfactant to assist the 

nucleation process has proved to be an effective approach to control the size and morphology 

of final products. Kuang and co-workers29 used AlCl3•6H2O as an alumina precursor but 

added the cationic surfactant (cetyl trimethylammonium bromide, CTAB) into a 

hydrothermal system in a method similar to the Bugosh method. Kuang claimed the finial 

products were boehmite nanotubes, which had a 30~ 70 nm outer diameter with wall 

thicknesses of 5~ 6 nm. Although nanotube structure was observed by transmission electron 

microscopy (TEM), uniform mesoporosity of the nanotube morphology was not detected by 

other characterisation techniques. In addition,  the surface area was relatively low (about 

137.5 m2/g) which does not exhibit superiority to that of alumina nanofibres30,31. 

Valtchev and co-workers30 added the surfactant, sodium polyacrylate (NaPa) 2100 in a 

0.1M aqueous solution of aluminium chloride. In this system the sodium polyacrylate (NaPa) 

2100 was employed as a size-/morphology-controlling agent. They found that a stable 
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colloidal suspension of round boehmite nanoparticles of sizes between 15 nm and 40 nm was 

obtained when hydrothermally treated at 160 °C for 1 day. When the synthesis time was 

increased from 24 to 168 h the product was boehmite fibers, 1000~ 2000 nm long and about 

10 nm wide. The surface areas of these materials were about 103 ~ 155 m2 g-1.  

Zhu and co-workers reported13 an interesting new synthesis method using neutral 

surfactant to direct the formation of Al2O3 nanofibres. With the assistance of a non-ionic 

poly ethylene oxide (PEO), the particles were assembled into nanofibres. The synthetic 

procedure started from the addition of NaAlO2 solution into an acetic acid solution to prepare 

an aluminium hydrate. The resulting white precipitate was separated by centrifugation and 

washed to remove sodium acetate. The washed precipitate was then mixed with PEO 

surfactant at a desired molar ratio of surfactant to hydrate. After hydrothermally treating the 

mixture at 373 K for 48 h, the hydrate was transformed into alumina nanofibres which are 

about 30~ 60 nm long and 3~ 4 nm thick with the surface area of resultant nanofibres being 

about 376 m2 g-1. Zhu et al. also demonstrated that the growth of the nanofibres could be 

improved by the regular supply of fresh precipitate. Under these conditions, the nanofibres 

could grow to over 100 nm long, as long as the reaction conditions were well-controlled32. 

Besides the surfactant-aided strategy, Shen et al.31 recently reported that 1D nanostructures 

of Al2O3 can be prepared by a steam-assisted solid-phase conversion of an amorphous 

aluminium hydroxide wet-gel, without the use of surfactants or solvents. In Shen’s work, the 

aluminium precursor solution was prepared via dropwise addition of an ammonium 

hydroxide solution to an aluminium nitrate solution under stirring to achieve a pH of 5. 

Instead of hydrothermally treating the aluminium precursor solution, Shen and co-workers 

filtered off the amorphous aluminium hydroxide precipitate and heated the wet precipitate in 

a hydrothermal bomb to create steam environment. Under these conditions the resulting solid, 

cakelike, wet-gel converted into an 1D alumina nanostructure, with average lengths of 

100~400 nm and uniform diameter of about 20~30 nm. The advantage of Shen’s method is 
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that the yield of boehmite nanofibres can be remarkably improved due to the removal of 

excess water.  

Boehmite nanofibres have also been synthesised in the presence of room-temperature ionic 

liquids (RTILs) such as 1-hexadecyl-3-methylimidazolium chloride (C16MimCl)33. Generally, 

to induce the formation of boehmite nanofibres, an aluminum precursor solution needs to 

undergo a hydrothermal treatment at more than 120oC for 2 days, and autoclave is necessary 

to conduct the procedure. The use of RTILs eliminates the complications associating with 

high hydrothermal pressures, and the reaction can be conducted in an open container due to 

the decreased vapour pressure of the solvent.  

In summary, these results show that the synthesis of boehmite nanofibres can be realised 

in many synthetic systems. The aluminium precursor is usually an acidic aluminium source, 

such as AlCl3, Al(NO3)3 or acidified aluminium alkoxide. Kaya and co-workers initially 

reported that the initial pH value strongly affects the final morphology of boehmite colloid. 

Boehmite nanofibres crystallised under acidic conditions of between pH 2 to pH 5, and 

platelike crystallites were obtained at a pH of 1034. Zhu et al.35 demonstrated that under the 

assistance of surfactant (PEO), nanofibres were formed under acidic conditions, while at 

neutral or high pH values, porous plates of several nanometers thick were obtained. For the 

steam-assisted solid-phase conversion31, Shen et al. also found that boehmite nanofibres 

were obtained from the wet-cake precipitated at a pH from 5.0 to 7.0, whereas irregular 

boehmite particles were obtained if wet-cake was precipitated at pH higher than 10.0. 

Although, this principle may not be applicable for all synthetic systems, it is at least 

indicated that weakly acid medium favours the formation of boehmite nanofibres. 
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2.3 THE UNIQUE PROPERTIES OF BOEHMITE AND ALUMINA NANOFIBRES 

With its importance as a catalyst and catalytic support in chemical industry5, even a small 

improvement to alumina properties is commercially significant. The usefulness of this 

material can be traced to the favourable combination of its textual properties, including 

surface area, pore size and pore volume with its chemical properties. In the literature, the 

properties of alumina nanofibres are usually discussed as follows. 

DISPERSIBILITY OF BOEHMITE NANOFIBRES 

Boehmite nanofibres can be highly dispersed into aqueous solutions where a self-

sustaining gel is formed when the particle volume fractions are below 1%. The stability of 

this gel-like structure in aqueous solution was dependant on the aspect ratio of boehmite 

nanofibres38. Samples with a higher aspect ratio can retain a longer period of stability and 

possess higher gel strength. In addition, the stability of the dispersion was also found to vary 

with the salt concentration and particle volume fraction. At low salt concentrations, the 

particle-particle interactions are dominated by repulsion and after about 1 month, a 

separation of isotropic upper phase and ordered nematic lower phase can be observed for 

long nanofibres with an aspect ratio of about 20. This phenomenon of ordered arrangement 

arises when the nanofibres take up a more or less parallel orientation, and the loss of 

orientation entropy is compensated by a decrease in “excluded volume39”. Above a critical 

salt concentration, the phase behaviours are mainly governed by the attractive interactions40. 

Under these circumstances a space-filling amorphous gel is formed irrespective of particle 

length of boehmite nanofibre38.  

Generally, the length of boehmite nanofibres presents as a distribution with the longest 

fibres being 2 to 3 times longer than the shortest ones. Because of this nonhomogeneity of 

the nanofibres’ particle size, mass and other characteristics, the dispersion measured by gel 

strength, may exhibit a peculiar dependence on salt concentration. An example of this is 

shown in Philipse’s work41, where the gel strength was decreased by the addition of LiCl 

below 10mM. Reduction in gel strength was attributed to the compression of the electrified 
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nanofibres exhibited an extremely broad distribution, presumably because the pore-structure 

resulting from the randomly stacking of fibrous nanoparticles are close to a three-

dimensional network, and do not possess regular shapes or size13.  

 

 

Figure 7. N2 absorption and desorption isotherms and pore‐size distributions (insets) 

for the boehmite nanofibres (Image from Reference 42.) 

 

The textural properties of alumina nanofibres are different to that of bulk alumina. 

Martinez and co-workers used alumina nanofibres as a support for Co-based Fischer-Tropsch 

catalysts. After comparing the texture structure of alumina nanofibres with commercial γ-

Al2O3 (Table 1.), the authors believed that, for the commercial alumina, the surface area and 

pore size were not independent parameters and that any increase in surface area is inevitably 

accompanied by a decrease in the mean pore size. Alumina nanofibres on the other hand 

simultaneously display both a very high surface area and a large pore size43.  
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Table 1. Origin and textural properties of the γ‐alumina supports 

Support Origin N2 physisorption Hg 
intrusion 
PVc 
(cm3/g) 

Crystal 
size 
(nm) B.E.T.(

m2/g) 
PDa 
(nm) 

PVb 
(cm3/g) 

Al2O3_1 Catapal-B 
(Sasol) 

254 6.0 0.48 ― 3.9 

Al2O3_2 Pural-SB (Sasol) 192 9.1 0.55 0.04 4.2 

Al2O3_3 Puralox 
TH100/150 
(Sasol) 

157 21.8 0.98 0.09 7.0 

Al2O3_4 Catalox HTa101 
(Sasol) 

70 32.4 0.65 0.11 8.5 

Al2O3_nf Nanofibrous 
Al2O3 

321 16.1 1.29 0.26 3.5 

a Mean pore diameter estimated from the absorption branch of the isotherm by applying 
the B.J.H. formalism 

b Total Pore diameter 

c Total pore volume for pores in the range of 50-103 nm diameter as determined by Hg 
intrusion porosimetry 

 

However, it is worth mentioning here that alumina nanfibres also obeyed the inverse 

relationship between pore size and surface area in a similar fashion as the normal support. 

Gevert and co-workers46,47 synthesised three different alumina nanofiber batches by varying 

the hydrothermal temperatures. The increase of hydrothermal temperatures led to an increase 

in size of the fibrous particles, therefore the surface areas of these three alumina nanofibres 

gradually decreased with a simultaneous increase of average pore size. The direct 

comparison of the the textural properties of alumina nanofibres and traditional corpuscular 

alumina led the authors to conclude that alumina nanofibres have a large surface area for a 

given average pore diameter or a larger average pore diameter at a given specific surface 

area (Table 2.). 
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Table 2. Textural properties of 3 kinds of γ‐alumina nanofibres 

Carrier produced at temperature  145 oC  160 oC 180 oC 

Surface area (m2g-1) 244 176 150 

Pore volume a (mlg-1) 0.79 1.12 1.00 

Average Pore diameterb (nm) 13.0 25.4 26.7 

a Estimated as the liquid volume adsorbed at a relative pressure of 0.995. 

b Calculating assuming cylindrical pores 

 

THERMAL STABILITY 

It is reported by many authors13,48 that γ-Al2O3 with fibrous morphology also retains a 

large surface area after calcination at a temperature of about 1473K. Shen and co-workers16 

investigated the effect of thermal treatment on the surface areas of alumina nanofibres and 

alumina nanopowders. The comparison commenced at 600oC and the surface areas of two 

materials are very close, with 201 m2/g for nanofibres and 185 m2/g for nanopowder. The 

surface areas for both materials decreased with increasing of the calcination temperature. 

However, the surface areas of alumina nanopowder exhibited a remarkable shrinkage at 

higher temperatures. At 1473K, the surface area for alumina nanofibres was still 133 m2·g-1 

while the surface area of alumina nanopowder shrank to 6.2 m2 g-1. At 1573 K, the surface 

area of alumina nanopowder shrank to 0.89 m2 g-1 but that of alumina nanofibres was still 68 

m2 g-1.  
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comparison of thermal stability between these two kinds of nanofibres showed that the short 

nanofibres are more thermally resistant than the long alumina nanofibres. Although different 

textural structures are derived from the length of nanofibrs, the author speculated that the 

different thermal stability is due to the low concentration of OH anions on the surface of the 

short fibers when compared to the longer ones, since the surface/mass ratio is larger for the 

short nanofibres. 

2.4 NANOCOMPOSITE BASED ON ALUMINA NANOFIBRES AND THEIR 
APPLICATIONS 

The synthesis of alumina nanofibres has been studied extensively due to their interesting 

one-dimensional morphology and resultant unique properties. However, for real applications, 

these materials need to be further functionalised via various methods in order to fabricate 

specific nanocomposites. Reports dedicated to the synthesis and application of alumina 

nanofibre-based nanocomposites are not numerous but are being increasingly reported. 

SYNTHESIS OF NANOCOMPOSITES  

Coating a layer of silica onto colloidal materials to form a core-shell structure is a widely 

used strategy to improve the stability of colloidal particles from coalescence. Philipse and 

co-workers11, using boehmite nanofibres as a template, controlled the growth of silica onto 

boehmite nanofibres using an aqueous sodium silicate solution. Philipse’s method was able 

to avoid the formation of silica particles and also allowed a subsequent grafting with silanes 

or octadecyl alcohol. The grafted 1D nanocomposites resulting from the process have a 

dense alkane layer on their surface, which screens the van der Waals attractions rendering 

them more stable in liquid solutions. The presence of translucent sediments in their 

experiments illustrated the suppression of turbidity by interparticle interactions. 

A more reproducible method for coating silica onto the surface of boehmite nanofibres 

was reported by Graf et al.51. Graf et al. firstly stabilised the boehmite nanofibres by 

adsorbing a layer of poly(vinylpyrrolidone) (PVP) as a coupling agent. After stabilisation, 

the material was directly transferred into an ammonia/ethanol mixture where a smooth and 
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homogeneous silica layer was grown with variable thickness by the addition of 

tetraethoxysilane (TEOS).  

In addition, for the preparation of 1D alumina nanocomposite, Frost52 et al. further 

developed the methodology previously used in the synthesis of boehmite nanofibres13. Their 

synthetic strategy can be summarised as follows: transition metal ions are added into an 

aluminium solution at the beginning, and a homogeneous co-precipitate was prepared via the 

addition of NaOH solution as precipitating agent. The resultant co-precipitate, a metal-

aluminium hydrate was transformed into a 1D alumina nanocomposite in the subsequent 

preparation stages in the same manner as that 1D alumina is prepared from pristine alumina 

hydrate. An example of this strategy is Zhao et al.’s52 preparation of iron-doped boehmite 

nanofibres synthesised at low temperatures using a modified poly (ethylene oxide) 

surfactant-induced fibre formation method (SIFF)13. In this example a series of iron-doped 

boehmite nanofibres with varying iron contents was systematically studied. TEM images 

showed that when the doped iron content was less than 5%, the resulting  nanostructures 

were predominantly nanofibres; in contrast, when iron doping was above 4%, nanosheets 

were formed, and nanotubes and iron-rich particles can be observed in samples with 20% 

added iron. These materials were analysed by thermogravimetric and differential 

thermogravimetric methods. From the observation for both the temperature of the loss of 

interstitial water and the dehydroxylation, the iron doped boehmite nanofibres are more 

thermally stable than undoped boehmite53. 

Besides iron-doped boehmite nanofibres, the 1D Ga-doped boehmite nanocomposites have 

also been synthesised in the Frost group via the same methodology54. In their study, Ga-

doped boehmite nanotubes were synthesised when added Ga molar percentage was less than 

5%, whereas a mixture of nanosheets, nanotubes and nanoribbons were formed when the Ga 

content was increased between 5% and 10%.  



24 

24  Chapter 2: Literature Review 

Moreover, they also synthesised yttrium doped boehmite nanofibres with varying yttrium 

content55. All samples with low doped Y% proved to be nanofibres, whereas at high doped 

Y%, large crystals of yttrium hydroxide were formed with nanofibres. When investigating 

the influence of hydrothermal temperature, a second Y rich phase was observed to occur at 

much higher temperature, which indicated that higher hydrothermal temperature readily 

results in the lowered substitution of yttrium into the boehmite nanocrystallites.  

In summation, it seems the exact morphology of nanostructures synthesised by modified 

SIFF methods are dependent on the amount of added doping metal ions. The nanofibre 

morphology is normally maintained when the molar ratio of doping metal to aluminium is 

below 5%. The Frost group’s work provides a fundamental and comprehensive 

understanding of the growth of metal doped boehmite nanostructures, which is valuable for 

future studies on the manipulation and control of properties for applications of 

boehmite/alumina nanostructures.  

Further to this work, recently Frost et al.56 synthesised chromium doped boehmite 

nanofibres by modifying the so-called steam assisted wet-gel conversion process16. The as-

synthesised nanocomposites were characterised by thermogravimetric analysis. Again, 

doping with chromium resulted in an increase in the thermal stability as seen by the 

dehydroxylation temperature of boehmite increasing from ~406.5 to 436.5oC.  

More importantly, their experiments demonstrate that their synthetic method is a versatile 

strategy that may be extended to various synthesis procedures in order to prepare 1D alumina 

nanocomposites.  

APPLICATIONS OF NANOCOMPOSITES  

Besides the synthesis of 1D alumina nanocomposites, the applications of 1D alumina 

nanocomposites are also an intriguing and intellectually challenging research field. Kawi and 

co-workers14 synthesised novel nanostructured and rod-like thermally stable spinel Zn-Al 

complex oxide by doping boehmite nanofibres with Zn ion. In this case, the one dimensional 
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nanocomposites generated were well dispersed and randomly piled together, with a clear 

nanorod shape. These structures were not sintered together even after being calcined at a 

high temperature (up to 900oC). The as-synthesised composite material subsequently was 

evaluated as environmentally friendly catalyst for the catalytic reduction of NO. The superior 

catalytic activity and selectivity of this catalyst was attributed to the much smaller particle 

size and correspondingly larger surface areas resulting from its superior thermal stability. 

The report by Kawi et al.57 demonstrates that the thermal stability of nanomaterials can be 

dramatically increased by doping metal ions or metal oxides in to the structure. In addition, 

Iler10 reported that the higher thermal stability can also be achieved by the addition of silica, 

which sidelines the phase conversion from γ to θ and α -Al2O3, by permitting the formation 

of an intermediate κ-phase under the high temperature calcination. 

Alumina nanofibres have been used as supports for stabilizing metal cluster in various 

catalytic applications12,43,58,59. In this case, large average pore diameters decrease the 

resistance to interior diffusion, minimising the diffusion control of chemical reactions. Due 

to this reason, Cortright, Davda and Dumesic12  used 3 wt% Pt catalyst supported on 

nanofibres of γ-alumina to produce hydrogen from sugars and alcohols at temperatures near 

500K in a single-reactor aqueous-phase reforming process. This catalyst exhibited good 

performance. 

As a support for active nanoparticles, the advantages of alumina nanofibres were 

unambiguously demonstrated by Martinez and co-workers43, who prepared the RuCo 

Fischer-Tropsch catalysts using alumina nanofibres as support. By comparing alumina 

nanofibres with commercial alumina, Martinez et al. concluded the larger surface area of 

alumina nanofibres allowed a high dispersion of cobalt nanoparticles. Furthermore, the open, 

porous structure of the nanofibrous alumina enhanced the inter-pellet diffusion of carbon 

monoxide and hence increased access to the active sites resulting in negligible loss of 

activity during the initial reaction stages. Especially at high loading of active components 
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(RuCo), the alumina nanofibre catalyst exhibited the highest specific activity and 

productivity to diesel (C13~C22 products). 

It is worth mentioning here that boehmite nanofibres can also be used as catalyst support 

to entrap nanparticles of noble metal. Park et al.60 synthesised Rh/AlO(OH) catalysts by a 

one-pot procedure exhibited in Scheme 1. Rhodium nanoparticles were prepared by the 

solvothermal treatment of RhCl3 in the presence of 2-butanol and Al(O-sec-Bu)3 to 

simultaneously entrap them into a boehmite matrix. By gelation of this mixture with water, 

rinsing and drying, a dark grey powder was obtained. 

 

Scheme 1. Preparation of the rhodium nanoparticle catalyst 

 

The readily prepared rhodium nanoparticles entrapped on boehmite nanofibres were used 

for the hydrogenation of various arenes and were sufficiently robust to recycle and are highly 

active, even at room temperature under 1 atm H2. 

The unique porosity of alumina nanofibres also contributes its long life-span as a catalyst. 

Gevert et al.47 claimed that alumina nanofibres can also be used as supports in the 

preparation of HDM (hydrodemetallisation) and HDS (hydrodesulfurisation) catalysts used 

in the treatment of crude oil. The deactivation of such catalysts is usually caused by the 

deposition of metal sulphides at the orifice of the pores in these catalysts blocking the 

transport routes for reactant molecule. Owing to the combination of large surface area and a 

larger pore size resulting from the randomly stacked nanofibres, the catalyst showed a 
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constant level of hydrodemetallisation even after 500 h whereas the commercial catalyst 

completely deactivated after 350 h.  

Alumina nanofibres are also an important precursor for building structured catalysts. 

Nanofibres of alumina were coated on the microsilica fibers to fabricate diesel catalytic 

converters, with higher soot-capturing capacity61 due to their high resistance to the soot 

particulates.  

Advanced adsorbents for the removal of toxic contaminants from water may also be 

developed from alumina nanofibres. Zhu and co-workers17 grafted two kinds of functional 

groups, thiol and octyl groups, onto the surface of alumina nanofibres using silane coupling 

agents. The thiol groups grafted onto nanofibres were used to adsorb heavy metal ions (Pb2+ 

and Cd2+) while the octyl group grafted nanofibers efficiently adsorbed organic pollutants 

from dilute aqueous solution. The structural advantage of nanofibres used as adsorbents may 

be two-fold. Firstly, the large pore size and volume can improve the accessibility of the 

sorption sites to the adsorbates from the bulk solution, and secondly, the large interparticle 

voids of nanofibres ensure that the contaminated solution flows through the sorption bed 

easily.  

Besides the applications as catalyst and advanced adsorbent, the alumina nanofibres can 

also be used to fabricate ceramic membranes. Ke et al.15, coated either alumina or titanate 

nanofibres onto a porous ceramic substrate, in order to fabricate a new kind of high-

performance ceramic membrane. In this arrangement, the layer of randomly oriented alumina 

nanofibers acts as the separation layer. When compared with traditional ceramic membranes 

fabricated using the aggregated naoparticles as the separation layer, the new membrane 

supported a high flux while still maintaining good selectivity. The performance of the 

membrane was tested by filtering 60 nm latex spheres with the proposed application being to 

separate the pathogens, such as the common cold virus, from the blood of humans. 

Following this work, Ke et al. reported a new method62 in which the separation layer of 
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ceramic membranes was fabricated in the pores of a ceramic substrate by an in situ synthesis 

method rather than the coating method previously used. The proposed membrane was 

utilised for the separation of bio-species on an industrial scale in order to illustrate its ability 

to effectively retain bio-molecules at relatively high fluxes. 

Recently, a new filter composed by coating a layer of alumina nanofibre on a microglass 

fibre backbone was developed to remove microbiological agents in aqueous 

environments63,64. Its inventors claimed that the novel alumina nanofibre filter exhibited 

potential for removal and retention of viral aerosols. While the physical removal efficiency 

of the new filter was lower than conventional filters, its pressure drop was much lower due to 

smaller drag force produced by the nanofibre surfaces. 

2.5 SUMMARY AND IMPLICATIONS 

In this chapter, the synthesis of boehmite nanofibres by wet chemical methods was 

discussed. The earliest synthesis of this material could be traced to 1960s, and recent 

progress has proved that the preparation of boehmite nanofibres could be achieved in various 

synthetic systems, utilising various aluminum precursors. The morphology and aspect ratio 

of these nanofibres could be controlled by adjusting synthetic parameters including pH and 

temperature, or adding various surfactants.  

The formation mechanism of boehmite nanofibers as previously reported by different 

authors was also discussed. The main formation mechanism of boehmite nanofibres is due to 

the preferential growth along a specific direction of boehmite nanocrystallites. This usually 

results from the interaction of the unique structure of the boehmite nanofibres with solvent 

molecules. 

The chapter also discussed the interesting properties of alumina nanofibers which are (i) 

the excellent dispersibility in liquid solutions of their hydrate counterpart (boehmite, 

AlOOH), (ii) large average pore size and pore volume and (iii) high thermal stability. It was 



 

Chapter 2: Literature Review  29 

noted that the properties of alumina nanofibre are mainly derived from the behaviour of 

aggregated nanofibres, which may be influenced by their preparation procedures.  

The synthesis of nanocomposites based on alumina nanofibres and the application of these 

composites are still in an early development stage. While only a few studies exist, they 

clearly demonstrate the superiority of nanocomposites based on alumina nanofibers. The 

successful application of these materials may only be realised once they are further 

developed. Using alumina nanofibers as building block to fabricate complex functional 

materials is a challenge faced by chemists, and also provides future research opportunities to 

further develop advanced catalyst, adsorbent, and new ceramic materials very higher 

performance. 
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Chapter 3: Fabrication of macro­
mesoporous zirconia­alumina 
materials with a 1D 
hierarchical structure 

3.1 INTRODUCTION 

Inorganic metal oxides with macroporous frameworks usually possess very high relative 

pore volume and low apparent densities. Such materials are potentially useful in applications 

such as catalysis1,2, separation technology3 and biomaterials engineering4-6. For example, in 

macroporous catalysts the diffusion rate of small molecules can approach rates comparable 

to those in open medium7, and thereby greatly improve catalytic activity due to the enhanced 

diffusion of reactants and products8.  

The use of organic templates, such as latex spheres or block-copolymers to control the 

structure of inorganic solids has proven to be a very successful strategy when fabricating 

such a material9-11. However, with these techniques there is a need to remove the organic 

space fillers by calcination that usually occurs in flowing air at high temperature. This results 

in the emission of template decomposition gases and requires a large amount of energy, 

which on an industrial scale, may restrict its application due to stringent emissions 

regulations and financial constraints. The high temperature required to remove the template 

may also cause structural collapse due to phase transformation and crystal growth. This is 

especially problematic for some transition metal oxides, such as ZrO2.  

All these drawbacks could be addressed by using a 1D nanomaterial as a hard template, 

specifically AlOOH (boehmite) nanofibres. This is because the AlOOH nanofibres can be 

highly dispersed in liquid solutions forming a gel-like network (3D network)12, which is 

readily accessible for the infiltration of active components or even small nanocrystallites. 
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This allows the network to bear an extremely large loading on the surface, and theoretically 

allows for an even distribution of active components when compared with other traditional 

supports. After separation from liquid solution, nanocomposites can be stacked together with 

a very high relative pore volume due to their 1D architecture. Because of these large loading 

ratios, the properties of the active components will not be compromised by the interaction 

with alumina support after calcination13. Based on this consideration and given the good 

textural stability of alumina, using alumina nanofibres as hard template highlights a new 

opportunity to fabricate macroporous frameworks of some transition metal oxides with 

enhanced thermal and mechanical stability. 

In this work, we investigated the synthesis of a series of ZrO2/Al2O3 nanocomposites using 

boehmite nanofibres as sustainers. Our interest in zirconia stems from its attractiveness as a 

catalyst and catalyst support which is used in many industrial processes14-16. It is also an 

important ceramic material exhibiting enhanced corrosion, oxidation resistance17, fracture 

toughness18, abrasion resistance19, and excellent biocompatibility when used in medical 

applications20,21. A nanocomposite with controllable morphology and enhanced structural 

stabilities may exhibit greater potential in applications in the fields mentioned above. All 

samples were prepared by depositing various amounts of zirconium species onto a three 

dimensional framework, spontaneously formed by dispersing wet boehmite nanofibres in 

butanol, and followed by calcinations at 500oC for 3 hours. The morphological evolutions of 

as-synthesised nanocomposites were observed as the molar ratio X, where X= 

100*Zr/(Al+Zr), was increased from 5 % to 50 % and at high zirconia percentage the 

macroporous framework of ZrO2 was successfully synthesised as extremely long ZrO2/Al2O3 

composite nanorods with a new core-shell structure, where a layer of tetragonal zirconia 

nanocrystallites shell was supported on long bundles of alumina nanofibres. The structures 

and physicochemical properties of resultant nanocomposites were characterised by means of 

XRD, SEM, TEM, FT-IR, IES, and the N2 adsorption/desorption isotherms. The formation 
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of such a structure was examined by the combination of SEM and two in-situ techniques, 

hot-stage Raman and infrared emission spectroscopy (IES). 

3.2 EXPERIMENTAL SECTION 

Materials. Boehmite fibres were synthesised by steam-assisted solid wet-gel method 

according to previous reports22. Butanol was purchased from Ajax Finechem and zirconium 

(IV) butoxide (80 wt. % in 1-butanol) was purchased from Aldrich. All these chemicals were 

used as received. 

Nanocomposite preparation. 1D zirconia-boehmite nanocomposites were synthesised by 

the deposition of a zirconia species onto the boehmite nanofibres. In a typical procedure, 

0.39 g of boehmite nanofibres was added to 0.20g of deionised water which was then 

dispersed into 20 ml of butanol with stirring. This mixture was then stirred for 24 hours to 

ensure complete dispersion of the nanofibers. During the stirring process, the white 

suspension was transformed into a translucent gel with relatively high viscosity. Zirconium 

(IV) butoxide was dissolved into the resultant mixture according to the molar ratios 

X=100*Zr/(Al+Zr) = 5%, 10%, 15%, 30%, with stirring for 5~10 min. The synthesis 

procedure for the nanocomposite with molar ratio X= 50% was slightly different. Since the 

hydrolysis of zirconium butoxide consumes water, the 0.39g of boehmite nanofibres were 

added with 0.40g deionised water for these samples while the other procedures were kept the 

same as mentioned above. Subsequently, the viscous fluids were transferred into autoclaves 

for hydrothermal treatment at 170 oC for 24 hours. After cooling to room temperature, the 

resulting nanocomposites were separated by centrifugation (if the products were too sticky to 

transfer, acetone was added to enable the transfer), and then without any washing the 

samples were dried at 80 oC for 1 day, and labelled as Zr-m, where m is molar percentage of 

Zr. The calcined samples are labelled as Zr-“m”-T, where T is calcined temperature. 

The preparation of a pristine ZrO2 solid was accomplished by hydrolysis of zirconium 

butoxide dissolved in butanol with addition of a stoichiometric excess water. The resultant 
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precipitate was calcined at 500 oC for 3 hours. The Al2O3 nanofibre sample was obtained by 

calcining neat boehmite nanofibres at 500 oC for 3 hours. These two materials would be used 

as reference materials to which a comparison can be made in the subsequent characterisation. 

Characterisation. XRD patterns were collected on a PANalytical X’Pert PRO X-ray 

diffractometer (radius: 240.0 mm). Incident X-ray radiation was produced from a line-

focused PW3373/10 Cu X-ray tube, operating at 40kV and 40mA, providing a Kα1 

wavelength of 1.540596 Å. The incident beam passed through a 0.04 rad Soller slit, a ½ 

divergence slit, a 15mm fixed mask, and a 1° fixed antiscatter slit. After interaction with the 

sample, the diffracted beam was detected by an X’Celerator RTMS detector, which was set 

in scanning mode, with an active length of 2.022mm. Diffraction patterns for the samples 

were collected over a range of 3~ 75o 2θ. Surface Area Analysis based on N2 

adsorption/desorption techniques were analysed on a Micrometrics Tristar 3000 automated 

gas adsorption analyser. Samples were pretreated at 200oC under the flow of N2 for a 

minimum of 5 h on a Micrometrics Flowprep 060 degasser. SEM micrographs were obtained 

on a FEI QUANTA 200 scanning electron microscope operating at 30kV accelerating 

voltage with a 2.5 spot size. The samples were dried at room temperature and coated with 

gold under vacuum conditions in an argon atmosphere ionization chamber to increase 

surface conductivity. FT-IR emission spectroscopy was carried out on a Nicolet spectrometer 

but modified by replacing the IR source with an emission cell. The description of the cell and 

principles of the emission experiment have been published elsewhere23. FT-IR spectroscopy 

was obtained using a Nicolet 380 FT-IR spectrometer. Samples were characterised in the 

form of a KBr disc which was prepared by mixing of sample with KBr at ratio of 1 % (w/w), 

grinding into a fine powder and compressing into discs. Transmission electron microscopy 

was carried out on a Phillips Tecnai F20 TEM. The instrument was equipped with a Field 

Emission Gun source operating at a High Tension of 200 kV. Hot-stage Raman spectroscopy 

were recorded on a Renishaw 1000 Raman microscope system. The spectra were excited by 

a He-Ne laser (633 nm) at a resolution of 2 cm-1 and measured at elevated temperatures on a 
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Linkam thermal stage (Scientific Instruments Ltd, Waterfield, Surrey, England). Repeated 

acquisition was accumulated for 20 times with 10 s exposure time to improve the signal to 

noise ratio, and the 520.5 cm-1 line of a silicon wafer was used to calibrate spectra. 

3.3 RESULTS AND DISCUSSION 

  

Figure 1. XRD patterns of composite nanofibres (a) pristine boehmite nanofibres,  (b) 

Zr‐5  (Zr%=5 mol%),  (c)  Zr‐10  (Zr%=10 mol%),  (d) Zr‐15  (Zr%=15 mol%),  (e)  Zr‐30 

(Zr%=30 mol%), (f) Zr‐50 (Zr%=50 mol%) 

 

X-Ray Diffraction. X-Ray Dffraction is used to characterise crystalline phases of the 

zirconia on boehmite nanofibres. XRD signal of pristine boehmite nanofibres matches the 

peak positions of orthorhombic AlOOH (γ-AlOOH, JCPDS 00-005-0190). For as-

synthesised nanocomposites, when the Zr molar percentage is below 5%, the XRD patterns 

of samples are almost identical to that of pristine boehmite nanofibres. When the Zr 

percentage increases above 10%, a broad feature between 2θ=20~ 37o can be observed, 

which is ascribed to the diffractions of amorphous material, likely zirconia, since the 

intensity of this “hump” increases with increasing zirconia content, while the diffraction 

peaks corresponding to the boehmite nanofibres are weakened gradually. 
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Figure 2. Powder XRD patterns of a) Al2O3 nanofibres; b) Zr‐5‐500; c) Zr‐10‐500; d) Zr‐

15‐500;  e)  Zr‐30‐500;  f)  Zr‐50‐500;  g)  Pristine  ZrO2  (M  and  T  represent monoclinic 

ZrO2 and tetragonal ZrO2, respectively) 

 

The XRD patterns for the nanocomposites calcined at 500oC are given in Figure 2. It is 

evident that the nanocomposites based on boehmite nanofibres transform into 

nanocomposites containing γ-Al2O3 during calcination, which is consistent with the previous 

literature24. In addition, it can also be observed that with increasing zirconium content, the 

intensities of the diffraction peaks of γ-Al2O3 gradually decrease and become almost 

undetectable at 50 mol% Zr. This is due to the relative concentration of the alumina 

decreasing as well as the inherently poor intensity of peaks of the alumina25. As compared 

with pristine γ-Al2O3 nanofibres, the nanocomposite with 5% molar ratio shows a broadened 

peak at ca. 30o, which increases in intensity with increasing zirconia content, and can be 

confidently identified as the (101) plane of tetragonal zirconia when Zr molar percentage is 

above 15 %. No peak corresponding to monoclinic zirconia is observed in the patterns for all 

these nanocomposites. However, when pristine zirconia is calcined under the same 
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conditions as the other nanocomposites, a small proportion of monoclinic zirconia is 

observed in addition to the tetragonal phase. This indicates that the transformation from the 

metastable tetragonal phase to the monoclinic phase is retarded when zirconium species are 

incorporated onto the surface of the alumina nanofibres.  

The results of Rietveld refinements of the XRD data for these ZrO2/Al2O3 nanocomposites 

are summarized in Table 1. The lattice parameters determined in this work show that the 

lattice constant of cubic γ-Al2O3 slightly increases with the addition of small amount of 

zirconium. In agreement with some literature reports26, this indicates that Zr ions could be 

accommodated into the alumina structure. In contrast, the lattice constant of the tetragonal 

zirconia seems to be unchanged as the Zr percentage varies from 15 % to 50 %. However, as 

compared with pristine zirconia, the cellages of tetraganol zirconia in the as-synthesised 

nanocomoposites do exhibit a decrease in tetragonality (c/a), which shows the impregnation 

of aluminium atoms is not possible past an initial amount27. 

It is well known that monoclinic ZrO2 is stable from room temperature up to 1000oC, with 

it transforming into the tetragonal phase above 1170oC28. Stabilized tetragonal zirconia can 

exist at ambient temperature, when prepared using certain methods, such as adding divalent 

or trivalent oxides into the pristine oxide, or simply preparing it by the low temperature 

calcination of zirconyl nitrate or precipitating it from zirconium aqueous solution under 

alkaline conditions. Therefore, the occurrence of high temperature phase has been accounted 

for by the formation of a solid solution29,30 and possibly as a result of the increased stability 

from the small size crystallites i.e., that the tetragonal zirconia is favoured below a critical 

crystal size ≈300 nm31. 
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Table 1. Lattice parameters evolvement of γ‐Al2O3 phase and tetragonal zirconia phase 

for the calcined sample with various Zr/Al molar ratios 

Sample 

γ‐Al2O3 phase (cubic )  Zirconia nanocrystallite 
(tetragonal) 

a[Å]  b[Å]  c[Å] a[Å] b[Å] c[Å] 

Al2O3 
nanofibres  7.918±6 7.918±6  7.918±6  ―  ―  ― 

Zr‐5‐500  7.929±8 7.929±8  7.929±8  ―  ―  ― 

Zr‐10‐500  ―  ―  ― ― ― ― 

Zr‐15‐500  ―  ―  ―  3.603±3  3.603±3  5.15±3 

Zr‐30‐500  ―  ―  ―  3.601±3  3.601±3  5.13±3 

Zr‐50‐500  ―  ―  ―  3.601±2  3.601±2  5.12 ±1 

Pristine 
ZrO2 

―  ―  ―  3.590±4  3.590±4  5.20±2 

 

Table  2.  Crystallite  dimension  in  (101)  direction  of  tetragonal  phase  for  pristine 

zirconia  and  zirconia  deposited  on  alumina  nanofibres with  various  zirconia  content 

(The data were derived from X‐ray diffraction patterns) 

Sample name Peak position (2θ) FWHM (2θ) 
Crystallite 

dimensions(nm) 

Pristine ZrO2 30.25 0.92 9.0 

Zr-100-500 30.22 1.73 4.8 

Zr-50-500 30.22 2.01 4.1 

Zr-20-500 30.26 2.56 3.2 

Zr-10-500 30.42 4.00 2.1 

 

The crystal sizes of tetragonal zirconia for all the samples including the pristine zirconia 

and ZrO2 - Al2O3 nanocomposites were calculated by the Scherrer equation and are listed in 



  43 

Chapter 3: Fabrication of macro‐mesoporous zirconia‐alumina materials with a 1D hierarchical structure
  43 

Table 2. As the zirconium molar percentage in the nanocomposite is increased from 10 % to 

50 %, there is a resulting increase of crystal size from 2.1 nm to 4.8 nm in (101) direction, 

smaller than that of the pristine zirconia, which is 9.0 nm. These results also elucidate the 

role of the alumina nanofibres in helping to stabilize the tetragonal zirconia through a 

reduction of the crystallite size. 

 

 

Figure 3.  SEM  images  of  1D  ZrO2/Al2O3  nanocomposites  obtained  by  calcination  at 

500oC:  a) Zr‐5‐500; b) Zr‐10‐500;  c) Zr‐15‐500; d) Zr‐30‐500; e) Zr‐50‐500;  f) Zr‐50‐

500 at a larger scale 

 

Particle morphology is investigated by SEM and is illustrated in Figure 3. It can be 

observed that these nanocomposites undergo a macroscale morphological evolution with 

increasing Zr molar percentage. The zirconia species appear to be dispersed on single or 

small bundle of nanofibres. The continuity of zirconia coverage and the apparent structural 

integrity of the 1D-nanocomposite fibres gradually increase as the zirconium content 

increases. As the Zr molar percentage is varied from 5 % to 15 %, the diameter of these 1D 
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nanocomposites grows larger. A conspicuous change occurs when the Zr molar percentage is 

above 30%, the materials become extremely long and broad nanorods, which are ca. 100 nm 

in width and average 1 micron in length for Zr-30-500 and 130 nm in width and average 2 

microns in length for Zr-50-500. By convention, for a nano-fibrous material, which consists 

of randomly stacked nanofibres, the resultant large intercrystallite voids are referred to as the 

porosity of such a material. Therefore, with the diameter of nanocomposite increasing, the 

inter-particle voids resulting from specific morphology of 1D nanomaterials are 

consequently extended. When the Zr molar percentage is above 30%, macropores in the 

range of 200 nm to 400 nm can be clearly observed (Figure 3d). Especially for sample 

prepared with 50 mol% Zr, a distinct macroporous framework is fabricated from extremely 

long nanorods which are formed by the incorporation of several nanorods along the direction 

of its length (Figure 3f). This porous structure model is also supported by the results of N2 

adsorption/desorption experiments.  
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Figure 4. TEM image for γ‐Al2O3 nanofibres and the 1D nanocomposite with 50 mol% 

Zr 

 

Representative TEM images for γ-Al2O3 nanofibres and the 1D nanocomposite with 50 

mol% Zr are shown in Figure 4. The γ-Al2O3 nanofibres are very thin and relatively short 

around 10~ 20 nm in diameter and 100~ 200 nm in length. However, the structure for the 

sample with 50 mol% Zr is significantly different: a great number of zirconia 

nanocrystallites can be easily identified by their dark contrast in the TEM, as a result of 

electron density contrast between Al and Zr32. The zirconia crystallites are about 5 nm, in 

agreement with calculations from XRD. These small nanoparticles, with interconnected 

architectures, form a relatively large porous nanorod. 
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Typical TEM bright field and dark field images of this sample show more information on 

its structure. As the (400) diffraction spot of γ-Al2O3 is selected for imaging, the 

corresponding dark-field micrograph (Figure 5c) illustrates the location of alumina 

nanofibres, exhibiting relatively large bright areas with fibrous morphology that is congruent 

with a group of nanofibres connected together. Nevertheless, the imaged electron beam 

which is diffracted off the (400) diffraction plane of alumina is required to pass through the 

layer of zirconia, and is also diffracted by this layer. This causes visible diffraction lines 

from the zirconia and some mottling of the image can also be observed in Figure 5c. In 

contrast, when the dark-field image is taken using a tilt whose alignment is confluent with a 

diffraction spot of zirconia, a set of bright spots owing to the zirconia nanocrystallites can be 

observed (Figure 5d), which also qualitatively indicates that the distribution of zirconia 

nanocrystallites is uniform and that the alumina is relatively less crystalline. These two dark-

field images strongly suggest that the alumina nanorod core comprised of several oriented 

alumina nanofibers is encompassed by layered zirconia nanocrystallites. 
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Figure  5.  (a)  Typical  conventional  TEM  bright  field,  (b)  the  select‐area  electron 

diffraction pattern taken from this area, (c) the dark field image using the intensity of 

the (400) diffraction spot of  γ‐Al2O3  (shown as  inset  image) and (d)  the dark  field by 

selecting one of the diffraction rings of zirconia for imaging 
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Figure 6. FT‐IR spectra of a) pristine ZrO2, b) γ‐Al2O3 nanofibres, c) Zr‐5‐500, d) Zr‐10‐

500, e) Zr‐15‐500, f) Zr‐30‐500, g) Zr‐50‐500 

 

Figure 6 shows the IR spectra of the samples calcined at 500 ºC in the 1250 ~ 450 cm-1 

range. The pristine ZrO2 exhibits three peaks at 500, 574 and 744 cm-1. The first band is 

characteristic of the tetragonal phase of zirconia, while the latter two bands are attributed to 

the monoclinic phases of zirconia33 which concurs with the XRD results of pristine zirconia. 

The pristine γ-Al2O3 nanofibres exhibit three broad peaks: at 551, 756, and 850 cm-1. In the 

literature on transition aluminas prepared by heating treatment of boehmite34,35, the broad 

band with maximum absorbance around 551 cm-1 has been assigned to AlO6 stretching mode, 

and the other two broad features (756 and 850 cm-1) result from AlO4 stretching.  
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The broad and unresolved feature of these bands are typical of a complex and disordered 

crystallographic structure of γ-Al2O3, which makes an unambiguous investigation of the 

impact of zirconia on the Al-O vibrations impossible. Indeed, at low Zr molar percentage, 

the nanocomposites show similar spectra to γ-Al2O3. However, when the Zr molar 

percentage is higher than 15 %, significant differences can be observed, for example, a 

strong band generated at 520 cm-1 and the appearance of a broad shoulder centered at 600 

cm-1. According to the literature, the bands of tetragonal phase of zirconia shift if there are 

differences in structural parameters, especially differences in the force constants for Zr-O 

bonds and related bond angles36 caused by an addition of divalent or trivalent ions. Therefore, 

the band at 520cm-1 is attributed to the characteristic wavenumber shift of the tetragonal 

zirconia from 500 cm-1 resulting from the variation in its tetragonality caused by the 

interaction between alumina and zirconia species. In addition, a similar shoulder at 600cm-1 

has been observed for tetragonal zirconia in zirconia-rich glass phase, such as ZrO2-Y2O3
37, 

ZrO2-SiO2
38 system. In this work, the tetragonal zirconia in the ZrO2-Al2O3 system also gives 

rise to this band; therefore this band presumably corresponds to Zr-O-Al stretching vibration. 
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Figure 7. Infrared emission spectra in the region of OH stretching obtained at 400oC. a) 

γ‐Al2O3 nanofibres, b) Zr‐5‐500, c) Zr‐10‐500, d) Zr‐15‐500, e) Zr‐30‐500, f) Zr‐50‐500, 

g) pristine ZrO2 

 

Figure 7 shows the Infrared Emission spectra (IES) for these nanocomposites in the 

hydroxyl stretching region. The spectrum for γ-Al2O3 nanofibres presents 5 typical bands 

which have been attributed to the different coordination (tetrahedral or octahedral) of the 

surface aluminium cations bonded to the hydroxyl group39. The two bands located at higher 

wavenumber, i.e. at 3759 and 3727 cm-1 correspond to isolated hydroxyl groups coordinated 

to one tetrahedral Al3+ and octahedral Al3+, respectively. The bands at 3668 and 3580 cm-1 

are attributed to the hydroxyl groups coordinated to two Al3+ ions with two subtypes: an 

octahedral aluminium ion with a tetrahedral aluminium ion and two octahedral aluminium 

ions respectively. The band located at the lowest wavenumber corresponds to hydroxyl 

group coordinated to three Al3+ ions, i.e. two octahedral and one tetrahedral alumina40. 

Spectra of pristine ZrO2 shows two hydroxyl stretches, located at 3743, and 3656 cm-1 which 

have been assigned to hydroxyl groups coordinated to two and three Zr4+ ions, respectively41.  

3800 3600 3400 3200

a
b
c
d

f
e
gR

el
at

iv
e 

em
m

is
si

vi
ty

 (a
.u

.)

Wavenumber (cm-1)

3440

3580

3668

3727

3759

3762

36563743



  51 

Chapter 3: Fabrication of macro‐mesoporous zirconia‐alumina materials with a 1D hierarchical structure
  51 

For ZrO2/Al2O3 nanocomposites, the intensities of the hydroxyl bands corresponding to 

alumina decrease with increasing Zr molar percentage, indicating the alumina hydroxyls are 

sequentially replaced. At low Zr molar percentage, the spectra of nanocomposites is very 

similar to that of γ-Al2O3, with the five types of alumina hydroxyl group being observed. 

This result is consistent with pervious literature reports26. However, from low to high Zr 

molar percentage, there is a gradual band shift from 3668 to 3656 cm-1, indicating the surface 

alumina hydroxyls have been replaced by the tri-bridged OH group of zirconia. It should be 

noted that the hydroxyl band at 3765 cm-1, assigned to isolated hydroxyl group coordinated 

to one Zr4+ happens to coincide with the band for the isolated hydroxyl group coordinated to 

one tetrahedral Al3+. Therefore, the band at 3762cm-1 should be assigned to isolated hydroxyl 

group of zirconia for these nanocomposites41,42. Moreover, a broad shoulder in the 3692~ 

3742 cm-1 range remains until a Zr concentration of 50 mol%, and may correspond to several 

different types of hydroxyl stretching deriving from alumina species interacted with Zr ions, 

which leads to the formation of a practically unresolvable profile. 
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Figure  8.  Nitrogen  adsorption  and  desorption  isotherms  for  some  representative 

samples with various Zr molar percentage.  a)  γ‐Al2O3 nanofibres, b) Zr‐15‐500,  c) Zr‐

30‐500, d) Zr‐50‐500 

 

The surface area and pore structures of the samples are investigated by nitrogen 

adsorption-desorption isotherms. Figure 8 shows representative results to illustrate the 

textural changes as Zr content increase. Pristine alumina nanofibres and all samples with Zr 

molar percentage up to 15 % exhibit non-reversible adsorption-desorption isotherms with a 

hysteresis loop characteristic of capillary condensation, meaning the samples have a 

mesoporous nature. However, a distinct behavior can be perceived by the comparison of 

hysteresis loops. The hysteresis loop of the pristine alumina nanofibre falls within the H3 
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and H4 categories, which is typical of slit-type pores generated from the interparticle 

porosity of plate or fiber-like morphology43. The hysteresis loop for the Zr-15-500 sample 

exhibits a loop closer to that of the H3 destination, which shows a higher slope. According to 

Sing’s study44, H4 loop is attributed to narrow slit-like pores in the samples. Therefore, such 

transformations in a hysteresis loop reflect the increase in the mean size of the slit-like pore. 

As the Zr molar percentage increases to 50 %, the isotherm takes a shape resembling a 

combination of Type II and IV adsorption. The adsorption branch of isotherm exhibits a 

capillary condensation step centred at relative pressure of about 0.67. Furthermore, at higher 

relative pressures, the nitrogen uptake dramatically increases and such tendency is sustained 

throughout the entire pressure range. The desorption branch coincides with the adsorption 

branch until the relative pressure is lower than 0.8, where a hysteretic loop typical of a H2 

was observed. This type of hysteresis is indicative of bottle ink pore networks45. This pore 

network is formed from the zirconia nanocrystallites, which has been confirmed by TEM 

(Figure 4). As the isotherm is a combination of type II and IV absorption, it can be inferred 

that the nanocomposite material contains both meso- and macropores. 
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Figure 9. Pore size distributions for samples with various Zr molar percentage 

 

Figure 9 illustrates the pore size distributions of representative samples. Alumina 

nanofibres have a wide pore size distribution from 1 nm to 100 nm, which is a characteristic 

feature of pores corresponding to the intercrystallites voids constituted by nanofibres. All 

nanocomposite samples show two pore distributions: one is 2-10 nm in size while the other 

is 10-100 nm in size. The former distribution is attributed to the pores formed by 

incorporation of zirconia nanocrystallites and the latter is assigned to those formed due to the 

1D morphology of as-synthesised nanocomposites. It can be observed, with increasing the 

zirconia content, the number of 2-10 nm pores increases due to the increase of zirconia 

nanocrystallites, but surprisingly the number of 10-100 nm pores exhibits a decreasing 

tendency. When considered in light of the SEM results (Figure 3), this is because the inter-

particle voids of the as-synthesised 1D nanocomposites have gradually extended to 

macropores where the majority of the distribution exceeds the measurable range for N2 

physisorption. With increasing Zr content and the increase in length of fibrous 

nanocomposites, the number of large pores in the 10-100 nm range gradually decreases, 
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which also results in a decrease in the average pore size and pore volume because these 

values are only calculated from the pores in the 2-100 nm range (Table 3).  

Table 3. Pore structures of γ‐Al2O3 nanofibres and as‐synthesised nanocomposites 

Sample 
BET surface 

area(m2/g) 

Average pore size 

(nm) 

Pore volume 

(cm3/g) 

γ-Al2O3 nanofibres 171 17.59 0.754 

Zr-5-500 154 25.96 0.997 

Zr-10-500 156 20.79 0.811 

Zr-15-500 147 18.00 0.663 

Zr-30-500 137 10.76 0.368 

Zr-50-500 120 8.13 0.243 

ZrO2 44 17.60 0.196 

 

Formation mechanism. In this work, we use thin boehmite (AlOOH) nanofibres as a 

hard-template to fabricate a series of ZrO2/Al2O3 1D nanocomposites with an extremely 

large range of Zr content from 5 mol% to 50ml%. Zirconia is deposited on boehmite 

nanofibres by the hydrolysis of zirconium butoxide followed by calcination at 500 oC. It is 

also demonstrated that when Zr content is above 30 mol%, the as-synthesised 

nanocomposites form a new class of 1D nanorods with large aspect-ratios and the resultant 

nanorods can easily construct into macro-meso porous materials without the use of space 

filler or pore-regulating agents.  
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Figure 10.  SEM  images  of  thin  films made  from  a) Dry  boehmite  nanofibres  butanol 

suspension and b) wet boehmite nanofibres gel 

 

Our experiments show that the addition of water to boehmite nanofibres before their 

dispersion into butanol is essential to form the desired structure. Dry boehmite nanofibres 

can also be dispersed into butanol but without the formation of a viscous dispersion, while 

only wet boehmite nanofibres disperse into butanol forming a viscous translucent gel. To 

investigate the differences in the dispersive state, these two fluids were made into thin films 

on glass slides by the doctor-blade method. The two thin films were observed via SEM. As 

shown in Figure 10, the film made from dry boehmite nanofibres butanol suspension is 

stacked by large, uneven particles, indicating the dry boehmite nanofibres dispersed in 

butanol are flocculated aggregations. However, the film made from the wet boehmite 

nanofbre gel is woven by numerous, evenly distributed, long bundles of boehmite nanofibres 

suggesting that a three-dimensional open grid is formed in gel-like fluid by cross-linked long 

bundles. The mixture is also viscous because of this46. These long bundles are very similar to 

the morphology of as-synthsized ZrO2/Al2O3 composite nanorods with Zr percentage >30%. 
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Figure 11. Schematic illustration of the formation mechanism of 1D zirconia/alumina 

nanocomposites and the macroporous material constituted by their 1D nanostructure: a) 

boehmite nanofibres are stabilized in butanol solution by forming an aggregated structure. b) 

3D grid is formed by connected boehmite nanofibres. c) Zirconium butoxide is exclusively 

hydrolysed on the surface of boehmite nanofibres. d) 1D structure is maintained after 

separation and naturally packed into a macroporous material 

 

Accordingly, the formation process is illustrated in Figure 11. It is worth mentioning here 

that since butanol is a hydrophobic alcohol, the pre-adsorbed water on boehmite nanofibres 

will be immobilized on hydroxyl surface of boehmite crystallites in butanol dispersion. 

Obviously, such long bundles are directly formed from linear boehmite nanofibres which 

should be connected (or confined) by a thin layer of water (Figure 11b). Subsequently, 

amorphous zirconia is precipitated onto the framework with the hydrophobicity of butanol 

directing the hydrolysis of zirconium butoxide onto the outer-surface of the boehmite 
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nanofibres, rather than in the bulk liquid phase. The long bundle of boehmite nanofibres is 

completely wrapped by a layer of amorphous zirconia at high Zr molar percentage, forming a 

new class of 1D nanocomposite (Figure 11c). Further, after separation from liquid phase, a 

macroporous framework with surface properties close to that of pristine zirconia will be 

inherently formed by the stacking of these nanorods as Zr molar higher than 30%. 

XRD results identified that the hydrolysis of zirconium butoxide around the outside of a 

long bundle generates an amorphous zirconia layer which further stabilizes the boehmite 

bundles. However, the stronger interaction should also be generated during calcination with 

the phase transition of both species. This procedure is traced by two in-situ techniques, 

infrared emission spectra and hot-stage Raman. 

 

Figure 12. Infrared emission spectra of the Zr‐50 characterised at a) 100oC; b) 300oC; c) 

400oC; d) 450oC; e) 500oC 
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The infrared emission spectra of Zr-50 are collected over the range 100oC~ 500oC. The 

spectra obtained at 100 oC (Figure 12a) shows that the two strong bands at 3116 and 3295 

cm-1 correspond to symmetric and antisymmetric stretching vibration of OH group of 

boehmite, and the intense bands at 1062 and a shoulder at 1143 cm-1 have been attributed to 

the symmetric and antisymmetric bending modes of Al-O-H35. In addition to the vibration 

from well crystallized boehmite, two tiny humps at 3656 and 3743 cm-1 are attributed to the 

hydroxyl groups from the amorphous zirconia gel. The two broad peaks centered at 1549 and 

1449 cm-1 are tentatively ascribed to the νasCOO- vibrations and νsCOO- vibrations, which 

may indicate the butanol is chemsorbed on the surface of amorphous zirconia and reversibly 

changes to carboxyl group47,48. These two carboxyl vibrations give a difference of Δ≈100 

cm-1. Unidentate coordination gives rise to a much larger difference between the 

antisymmetric and symmetric carboxylic frequencies (Δ=380~450 cm-1), and chelating 

bidentate coordination lead to much smaller frequency differences of about 40~70 cm-1. Thus, 

the bond existing between the carboxylic group and the zirconium centre is a bridged kind of 

bonding where two metal centers are coordinated to one carboxylic group49.  

During the heating process, the symmetric and antisymmetric stretching vibrations of 

boehmite hydroxyl group completely disappear by 450oC, indicating the boehmite 

nanocrystallites transformed into γ-Al2O3. Although the boehmite crystallites remain until 

400 oC, the shifts of the stretching mode towards low frequency and the bending vibration 

towards higher frequency suggest that the effect of hydrogen bonding is gradually weakened, 

indicating that dehydration takes place from 100oC. At relatively high temperatures from 

200oC to 300oC, the condensation of aluminium hydroxyl groups proceeds, which occurs not 

only between the adjacent lamellar plane of boehmite single crystals but also between the 

tightly contacted nanofibres in a single bundle which enhances the structural stability of 

nanocomposites. 
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Figure 13. In‐situ hot‐stage Raman spectra of Zr‐50 characterised from 100oC to 500oC: 

a) 100oC, b) 300oC c) 400oC d) 450oC e) 500oC 

 

In-situ hot-stage Raman spectra of Zr-50 are also characterised over the same temperature 

range to IES. The sample characterised at 100oC shows four dominant Raman bands at 360, 

496, 673, 1045 and 1286 cm-1, which belong to the boehmite nanocrystallites. The strong 

band at 360cm-1 is assigned to the vibration of fully symmetric Ag mode, in which all 

aluminium and oxygen atoms move parallel to the b-axis of crystallography. The bands at 

495 and 673 cm-1 originate from a doubly degenerate mode of the AlO6 octahedron24, while 

the band at 1045 cm-1 corresponds to the scissoring vibration of surface OH groups50. The 

deposited zirconium species generates two broad humps at 100~ 300 cm-1 and 400~ 650 cm-1, 

which should be attributed to hydrated zirconia. The extremely large bandwidths also 

indicate a large range of bond lengths indicative of low crystallinity. 

For the spectra collected at 300 oC, a broad band at 647 cm-1 is due to amorphous zirconia 

gel. Once this amorphous gel is heated to 400°C the bands of crystalline zirconia appear. 

Since the γ-Al2O3 is featureless in this Raman region51, the bands for boehmite totally 
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disappear at 450oC indicating the phase transition from boehmite to γ-Al2O3 appears to have 

completed at this temperature, which is consistent with IES results. Although at this 

temperature, the the positions of the band in this work are slightly different from the results 

in the literature for pristine tetragonal zirconia (which is given in parentheses): 647 (639), 

392 (472), 279 (312), 216 (269), 151 (150)52,53 these five predominant Raman bands should 

be attributed to the tetragonal zirconia, because the monoclinic zirconia belongs to 

monoclinic P21/c space group which has four molecules per unit cell predicting about 18 

Raman active modes. Cubic zirconia belongs to the Fm3m space group, only one molecule 

per unit cell and generates one F2g Raman active mode, while tetragonal zirconia belongs to 

the P42/nmc space group, with two molecules per unit cell having six Raman active modes54. 

It is well known that the Raman frequencies are very sensitive to the structure and band 

distance, especially for the metal oxide stretching modes. The shift of Raman bond to higher 

wavenumbers corresponds to the shortening of metal oxygen distance while the shift to 

lower wavenumbers indicates the lengthening of such distance55. Therefore, the variation of 

Raman bands of tetragonal zirconia may result from the change of tetragonality, while also 

revealing the strong support-coating interaction between zirconia nanocrystallites and the γ-

Al2O3. 

Advantages of the technique. Compared with a gel formed by nanoparticles, the network 

in boehmite nanofibres gel structure can be more easily conserved and consolidated as 1D 

nanocomposite. This is largely due to the random linkages between two orientated 

nanofibres can generate stronger interactions resulting from longer-range contact when 

compared to that of isotropic nanoparticles. Therefore, there is no need for specific 

techniques during the preparation steps such as freeze-drying or supercritical drying. This 

indicates that it is amenable to commercial scale-up. 
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Figure 14. SEM image and XRD pattern for the sample with 50 % Zr molar percentage 
after calcination at 1000 oC 

 

Besides the benefit of a facilitated synthesis, compared with traditional macroporous 

materials, as-synthesised 1D nanocomposite also provides high thermal stability to the 

structure at the calcination temperature. This is illustrated in figure 14 by SEM image and 

XRD pattern (inset image). After calcination at 1000oC, for the sample with 50 % Zr molar 

percentage, the calculation from the XRD pattern shows that the crystallite size of tetragonal 

zirconia dramatically increases at such high temperature and that at this temperature there is 

also the formation of some monoclinic zirconia. However, the alumina nanofibres 

maintained their morphology irrespective of crystallite growth and phase change of the 

zirconia, which is not achievable by a hierarchical material constructed from a pristine oxide. 

Moreover, after calcination at 1000oC for 3 hours, the resultant material still possesses a 

relatively large surface area mainly determined by crystal size of zirconia (Table 4). 
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Table 4. Structure change for the sample with 50 % Zr molar percentage after calcining 

at 500 oC, 750 oC and 1000 oC for 3 hours 

Sample name 
Crystallite dimensions(nm) 

in (101) direction 
BET surface 
area(m2g-1) 

Pore volume 
(cm3/g)b 

Zr-50-500 4.8 120 0.243 

Zr-50-750 7.2 73 0.200 

Zr-50-1000 21.4 28 a 0.113 

a The surface area mainly contributed from the meso-pores formed by ZrO2 
nanocrystallites  

b Macro-pores fabricated by the 1D nanocomposites are not detectable by N2 physisorption  

 

Inhibition to ZrO2 crystal growth 

 

Figure 15.  HRTEM  image  showing  the  embedment  of  ZrO2  nanocrystallites  on Al2O3 

nanofibres 

 

An interesting phenomena occurring in this work is that the crystal size of zirconia for 

nanocomposites was much smaller than that of pristine zirconia prepared under the same 
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conditions. This can be attributed to two factors: the strong metal oxide - γ-alumina 

interaction effect56 and the large “out-surface” of alumina nanofibres. The strong interaction 

between γ-alumina and zirconia nanocrystallite is derived from the diffusion of zirconia to 

the γ-Al2O3 support, which can be illustrated by the change of lattice parameters of γ-Al2O3 

in Table 1. More importantly, the HRTEM image (Figure 15) for the sample with 50 mol% 

Zr shows that zirconia nanocrystallites are embedded on γ-Al2O3 support. This is a strong 

evidence to illustrate their strong interaction effect. The embedment of nanocrystallites on 

alumina support restricts advancing of crystal boundaries of zirconia, resulting in smaller 

crystal size for nanocomposites. Moreover, the zirconia nanocrystallites are evenly separated 

on the large out-surfaces of alumina nanofibres due to the strong interaction effect. The 

relatively large distance between each zirconia nanocrystallite also prevents the coarsing of 

zirconia. 

3.4 CONCLUSION 

In this Chapter, the synthesis of a series of 1D ZrO2/Al2O3 nanocomposites with various Zr 

molar percentages from 5% to 50% was described. We demonstrated that zirconia 

macroporous materials can be fabricated using alumina nanofibres as hard-templates rather 

than using any space filler or pore-regulating agents. The incorporation of a great amount of 

zirconia nanocrystallites onto an alumina nanofibres framework also contributed new 

mesopores in the material, which results in a large surface area. In addition, the macroporous 

structures can be maintained irrespective of crystallite growth and phase change of zirconia 

when heated to 1000 °C. 

The formation mechanism of the 1D ZrO2/Al2O3 nanocomposite and relative zirconia 

macroporous material are proposed. When wet boehmite nanofibres are dispersed into 

butanol, these nanofibres link together to build up a 3D network on which a large amount 

zirconia (Zr molar percentage achieve 50%) can be deposited to prepare the 1D 

nanocomposite fibres. A macroporous material is naturally formed by the stacking of these 
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large 1D nanocomposite fibres. An effective and green approach is offered to create a novel 

zirconia macroporous material with large surface area and high thermal stability.  
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Chapter 4: Sulfated 1D zirconia­alumina 
core­shell nanocomposites: a 
novel superacid catalyst with 
hierarchically macro­
mesoporous nanostructure 

Sulfated zirconia was first prepared and characterised by Hino et al. in 19791. This catalyst 

is defined as a superacid because the acid strength of sulfated zirconia measured on the basis 

of its changing the color of a Hammett indicator at pKa≤-14.52, is estimated to be H0 ≤-

16.04, and was considered 10000 times stronger than 100 % perchloric or sulfuric acid 

which is H0 <-11.9. The solid superacid catalysts represent a new class of acid catalysts, 

because they can carry out reactions involving very strong acid site under mild 

temperatures2,3. They possess distinct advantages in catalyst separation and reactive-system 

maintenance, compared with traditional liquid catalysts such as HF and H2SO4 which cannot 

satisfy the stringent environmental restriction on waste disposal. 

Several zirconium precursors have been reported for the preparation of sulfated zirconia, 

usually, the catalyst is prepared by first precipitating the hydroxide of zirconium which, after 

washing and drying, subsequently is treated with a solution of H2SO4 and followed by 

calcination. In the preparation procedures, the pH of precipitation of the hydroxide step4, and 

the calcination temperature5,6 are found to be particularly important for a high catalytic 

activity. The optimised calcination temperature is found at 600oC~ 650oC to give the highest 

intrinsic activity5 corresponding to the formation of theoretical monolayer coverage by the 

sulfated species. Moreover, the treatment with other sulfurous species, such as (NH4)2SO4, 

SO2, H2S, and SO3 also promotes the catalytic activity7. Morterra and Cerrato8 investigated 

the relationship between the crystal phase of zirconia and their exhibited catalytic activity, 
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and proposed that (i) the sulfation process usually occurs irrespective of sulfating agent; (ii) 

the zirconia must be tetragonal phase in the final catalyst while the catalyst as monoclinic 

zirconia is almost inactive; (iii) the catalyst must be activated by calcination at temperatures 

T≥ 800K at this temperature, the surface sulfates on tetragonal zirconia are corresponding to 

the structure , in which the two S=O oscillators almost form at right angles to 

each other. 

Pristine sulfated zirconia appears as a very promising solid acid catalyst for the 

replacement of the commercial acid catalyst; however, the catalyst is known to suffer 

significant deactivation in practical applications, possibly due to sulfur leaching or reduction 

at mild temperatures, active phase transformation from tetragonal phase to monoclinic phase, 

or the formation of coke on the surface of catalyst. 

Mounting the sulfate zirconia on an alumina support6 was proposed to constitute a more 

stable catalyst capable of resisting deactivation. However, it is hard to attain a high loading 

of zirconium species on this support because the particle aggregation during preparation and 

sintering during calcinations can sufficiently decrease the specific surface area, resulting in 

negative effect on catalytic activity9. Unfortunately, a small loading of zirconia cannot give 

rise to the highly active tetragonal zirconia6,10. 

Gao reported11,12 that sulfated zirconia promoted by a small amount of alumina by co-

precipitation exhibited excellent catalyst activity and also improved stability at the 

temperature higher than 250oC for n-butane hydroisomarization. The roles of alumina were 

investigated by Goodwin Jr. and coworkers13. The increase in activity for n-butane 

isomerization was attributed to a significant increase in the concentration of active sites. 

Addition of Al2O3 also results in the formation of smaller crystallites of ZrO2 which stabilize 

the active tetragonal phase of ZrO2. The presence of smaller crystallite sizes of the tetragonal 

O
S

O

O

O
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phase of ZrO2 after Al2O3-promotion affects the total surface area, sulfur content and the 

number of active sites.  

However, the samples prepared by co-precipitation or sol-gel method have an inherent 

drawback. During the preparation of ZrO2/Al2O3 nanocomposite, as a result of the 

homogeneous distribution of Zr and Al at atomic level, the addition of only a small fraction 

of aluminum by these methods will result in a significant elevation of calcination 

temperature for the phase transformation from the resultant amorphous precipitate to 

tetragonal ZrO2 nanocrystallites. For example, as reported in Gao’s papers 11,12, the addition 

of 15 mol% Al2O3 in the synthesis of Al2O3-promoted sulfated zirconia resulted in an 

amorphous material after calcination at 650 oC. The crystallizing temperature of this material 

had to be elevated to 750 oC to achieve tetragonal structure of zirconia, given the relatively 

low activity of the amorphous zirconia solid acid14. Nevertheless, things did not go as desired, 

such a high calcination temperature not only decomposed the sulfate species, but also 

resulted in a low surface area in this material12. Moreover, the increase of calcination 

temperature in such high temperature regions will bring about not only extremely large 

amounts of energy waste but also expensive investment in thermal insulation on an industrial 

scale. 

In the previous chapter, we synthesised a series of 1D ZrO2@Al2O3 nanocomposites. 

Tetragonal zirconia nanocrystallites were supported on long bundles of alumina nanofibres 

forming extremely long ZrO2/Al2O3 composite nanorods with a new core-shell structure 

when the Zr molar percentage was > 30%. Naturally, the resultant materials are a 

hierarchically macro-mesoporous zirconia material: the evenly distributed ZrO2 

nanocrystallites result in mesoporous zirconia with large surface areas, while the stacking of 

such nanorods gives rise to a new kind of macroporous material. The stabilised and highly 

dispersed tetragonal zirconia nanocrystallites observed on 1D ZrO2@Al2O3 nanocomposites 

and the unique property of tetragonal zirconia in catalytic application provide intense 

incentive to us to develop these nanocomposites into a series of novel catalysts. In this work, 
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these 1D ZrO2@Al2O3 nanocomposites were developed as a series of 1D superacids with the 

Zr molar percentage X=100*Zr/ (Al+Zr) from 2 % to 50 % via sulfating procedure, followed 

by calcining at 650oC.  

Benzoylation of toluene with benzoyl chloride is an important strong acid-catalysed 

reaction for the manufacture of aromatic ketones, which are of important intermediates in the 

fine-chemical and pharmaceutical industries. The performances of many other solid acids, 

including zeolite15, Nafion-H on silica16, heteropolyacids17 and some solid superacid18 such 

as SO4
2-/γ-Al2O3, SO4

2-/ZrO2 have been evaluated for this reaction. On sulfated zirconia, the 

product of the benzoylation of toluene with benzoyl chloride is a mixture of p-, o- and m- 

methylbenzophenone (scheme 1). The catalytic performances of the as-synthesised 

nanocomposites were tested for this reaction. The structure and physicochemical properties 

of the catalysts were characterised by means of XRD, IES, SEM equipped with EDX, 27Al 

MAS NMR and the N2 adsorption/desorption isotherms.  

 

 

Scheme 1. Benzoylation of toluene with benzoyl chloride 

 

4.1 EXPERIMENTAL SECTION 

Materials: Boehmite fibres were synthesised by steam-assisted, solid wet-gel method as 

described in the literature19. Butanol was purchased from Ajax Finechem and zirconium (IV) 

butoxide solution (80 wt. % in 1-butanol) was purchased from Aldrich. All these chemicals 

were used as received.  

O Cl
CH3 O

CH3

Catalyst

-HCl

p-, o-, m-methylbenzophenone
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Nanocomposite preparation: 1D zirconia-boehmite nanocomposites were synthesised by 

deposition of zirconia species on the boehmite nanofibres. In a typical procedure, 0.39 g 

boehmite nanofibres was added with 0.20g deionised water and then dispersed into 20 ml 

butanol under vigorous stirring. Zirconium (IV) butoxide was dissolved into the resultant 

mixture solution according to the Zr molar percentage X=100*Zr/(Al+Zr)= 2%, 5%, 10%, 

15%, 30%, with stirring for 5 min. The nanocomposite with 50 % of Zr molar percentage 

was synthesised by the same procedure as mentioned above, except that 0.39g boehmite 

nanofibres was added with 0.40g deioned water, as the hydrolysis of additional zirconium 

butoxide consumes more water. Subsequently, the solutions were transferred into autoclaves 

for hydrothermal reaction at 170oC for 24 hours. After cooling to room temperature, the 

resulting nanocomposites were separated by centrifugation, and then dried at 80oC for 1 day. 

Catalyst preparation: To prepare 1D superacids, as-synthesised 1D ZrO2-boehmite 

nanocomposites with various Zr molar percentage were precalcined at 300oC for 3 hours and 

re-dispersed into a 0.5 M H2SO4 solution (15 ml/g). After 30 min, the samples were 

separated by centrifugation and dried at 80oC for 24 h, followed by calcination at 650oC in 

air for 3 h. These sulfated 1D nanocomposites were labelled as S-Zr-“m”, where m is Zr 

molar percentage. 

For comparison, sulfated zirconia and sulfated alumina were chosen as reference catalysts. 

Sulfated zirconia was prepared according to the procedures in the literature11,20: Amorphous 

Zr(OH)4 was prepared by dropwise addition of aqueous ammonia into a zirconyl solution 

until pH 9. After washing and drying, the sample was immersed in a 0.5 M H2SO4 solution 

for 30 min followed by separation from liquid phase. Without washing, the sulfated zirconia 

was dried at 80oC and calcined at 650oC in air for 3 h. The resulting catalyst was labelled as 

SZ. Sulfated alumina was prepared by immersing boehmite nanofibres into a 0.5 M H2SO4 

solution for 30 min followed by separation from liquid phase. The sample was dried at 80oC 

for 24 h, calcined at 650oC for 3 h and labelled as SA-F. 
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Characterisation: XRD patterns were collected on a PANalytical X’Pert PRO X-ray 

diffractometer (radius: 240.0 mm). Incident X-ray radiation was produced from a line-

focused PW3373/10 Cu X-ray tube, operating at 40kV and 40mA, providing a Kα1 

wavelength of 1.540596 Å. The incident beam passed through a 0.04 rad Soller slit, a ½ 

divergence slit, a 15mm fixed mask, and a 1° fixed antiscatter slit. After interaction with the 

sample, the diffracted beam was detected by an X’Celerator RTMS detector, which was set 

in scanning mode, with an active length of 2.022mm. Diffraction patterns for the samples 

were collected over a rage of 3~ 75o 2θ. Surface Area Analysis based on N2 

adsorption/desorption techniques were performed on a Micrometrics Tristar 3000 automated 

gas adsorption analyser. Samples were pretreated at 200oC under the flow of N2 for a 

minimum of 5 h on a Micrometrics Flowprep 060 degasser. SEM micrographs were obtained 

on a FEI QUANTA 200 scanning electron microscope operating at 30kV accelerating 

voltage with a 2.5 spot size. The samples were dried at room temperature and coated with 

gold under vacuum conditions in an argon atmosphere ionization chamber to increase 

surface conductivity. FT-IR emission spectroscopy was carried out on a Nicolet spectrometer 

modified by replacing the IR source with an emission cell. The description of the cell and 

principles of the emission experiment have been published elsewhere21. Solid-state 27Al MAS 

NMR spectra were obtained from Varian Driver spectrometer operating at a resonance 

frequency of 104.26 Hz with a recycling time of 0.5 s. The spinning frequency was no less 

than 7 KHz. Transmission electron microscopy was carried out on a Phillips Tecnai F20 

TEM. The instrument was equipped with a Field Emission Gun source operating at a High 

Tension of 200kV. 
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Scheme  2.  Schematic  diagram  of  catalytic  reactor  for  Benzoylation  of  toluene  with 

benzoyl chloride 

 

Benzoylation reaction: Benzoylation of toluene with benzoyl chloride was used to 

investigate the catalytic activity of a series of 1D nanocomposite superacids. The reaction 

was carried out in a round-bottom flask equipped with a reflux condenser connecting with a 

CaCl2 tube which is used to keep the reaction system free of moisture (Scheme 2). Before 

reaction, all catalysts were freshly calcined at 500 oC for 2.5 hours and cooled down to 

ambient temperature in an argon atmosphere in order to remove the adsorbed water 

molecules on the surfaces of the catalysts. 0.4 ml benzoyl chloride, 8 ml toluene and 0.2 g 

catalysts were charged into the reactor which was heated to reflux (ca. 110oC) in an oil bath 

under magnetic stir. Samples were collected at some specific intervals and immediately 

analysed by gas chromatography. Quantitative results were obtained by comparing the 

results with the calibration from synthetic mixtures. Since toluene was in excess, the yields 

of methylbenzophenone were based on the benzoyl chloride added into the reaction.  

 

In

Out

Oil bath
Stirrer hot plate

Cooling waterTemperature control
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4.2 RESULTS  

 

Figure 1. Observed Zr percentage in samples as a function of nominal Zr percentage 

 

The overall compositions of all the 1D nanocomposites prepared with various Zr/Al molar 

ratios were examined by EDX equipped on SEM. The area selected was approximately 0.04 

mm2 at each run, and at least five different spots were selected for each sample to get an 

average value of the composition. As shown in Figure 1, the observed Zr percentage is equal 

to the nominal molar ratio, indicating all of zirconium precursor were precipitated from the 

mixture solution and deposited on the boehmite nanofibres.  
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Figure 2. XRD patterns for the sulfated 1D zirconia‐alumina nanocomposites, alumina 

nanofibres  and  zirconia  obtained  by  calcining  at  650oC  for  3  h.  (a)  sulfated  alumina 

nanofibres (b) S‐Zr‐2, (c) S‐Zr‐5, (d) S‐Zr‐10, (e) S‐Zr‐15, (f) S‐Zr‐30, (g) S‐Zr‐50 and (h) 

sulfated  zirconia.  M  and  T  represent  monoclinic  phase  and  tetragonal  phase, 

respectively. The patterns in (H) underwent a 0.6‐fold Y‐scale reduction 

 

The XRD patterns of the sulfated 1D zirconia-alumina nanocomposites obtained by 

calcining at 650oC for 3 h are shown in Figure 2. The phase of sulfated alumina nanofibres 

illustrates the γ-Al2O3 structure. The peaks at 45.8 and 66.8 o2θ correspond to the diffractions 

from (400) and (440) planes of γ-Al2O3. For pristine sulfated zirconia, a small portion of the 

monoclinic phase presents, along with the tetragonal phase. The peaks at 30.2, 35.3, 50.3 and 

60.1 o2θ are attributed to the diffractions of (101), (110), (112) and (211) planes of tetragonal 

zirconia while the peaks at 24.5, 28.2 o2θ are the diffractions from (-110) and (-111) planes 

of monoclinic zirconia. In contrast, for these sulfated 1D nanocomposites, as Zr molar 

percentage is higher than 10 %, the nanocrystallites of tetragonal zirconia can be detected by 

the appearance of a broadened peak at ca. 30o. The intensity of this diffraction as well as 

others for tetragonal zirconia increase with the corresponding increase in the percentage of 

zirconia, but no peak corresponding to monoclinic zirconia is present in the patterns for these 
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nanocomposites. Meanwhile, the diffraction peaks for γ-Al2O3 gradually decrease and 

become undetectable at 50 mol% of Zr due to the reduction of relative concentration of the 

γ-Al2O3 and its inherrently poor intensity.  

The primary crystallite size of the tetragonal zirconia in these samples (including the 

pristine sulfated zirconium and 1D ZrO2/Al2O3 superacid) are calculated by the Scherrer 

equation and listed in Table 1. It can be observed that the increase of Zr molar percentage 

from 10 % to 50 % results in the increase of crystal size from 2.1 nm to 4.5 nm in (101) 

direction, which are much smaller than that of the pristine sulfated zirconium at 12 nm. As 

we previously reported in Chapter 3, the alumina nanofibres can retard the crystallite-size 

growth of zirconia and therefore retard the transformation of zirconia from a metastable 

tetragonal phase to a monoclinic phase because metastable tetragonal zirconia is stable in 

small crystal size.  

 

Table 1. Crystallite dimension in (101) direction for sulfated tetragonal zirconium and that 

deposited on alumina nanofibres with various zirconia content (The data were derived from 

X-ray diffraction patterns) 

Sample name Peak position (o2θ) FWHM (o2θ) 
Crystallite 

dimensions(nm) 

Sulfated zirconium 30.14 0.684 12.0 

S-Zr-50 30.28 1.832 4.5 

S-Zr-30 30.12 2.086 3.9 

S-Zr-15 30.34 3.057 2.7 

S-Zr-10 30.38 4.000 2.1 

 

Figure 3 shows the 27Al MAS NMR spectra of the sulfated 1D nanocomposites. Although 

it is possible that some spectral components cannot be distinguished due to peak broadening, 

some species can be clearly identified via fitting procedures, as shown in Figure 4. The 
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intense signal at ca. 5 ppm corresponds to octahedral aluminium Alocta sites (AlO6), while the 

relatively weak resonances at around 67 ppm indicated the presence of tetrahedral 

aluminium Altetra sites (AlO4)22. These two resonances correspond to the two coordination 

states of Al in γ-Al2O3 crystal structure23,24, which complements XRD results of these 

nanocomposites. Therefore, the alumina phase in S-Zr-50 can be confidently identified as γ-

Al2O3. For all the samples, the resonance peaks corresponding to the AlO6 are remarkably 

asymmetric, and a tail in spectra from 0 to -25 ppm can be observed. The tail could be due to 

the presence of new Al octahedral sites, namely Alocta-O-S or Alocta-O-Zr, where S or Zr is 

located in the second coordination shell of aluminium25. In addition, with the increase in Zr 

content, a resonance between two main peaks centred at about 37 ppm becomes more 

pronounced. This component has been assigned to penta-coordinated aluminium Alpenta sites 

(AlO5)26. 

It is worth mentioning here that, in this work, γ-Al2O3 is prepared via the phase 

transformation of boehmite phase which only contains octahedral aluminium Alocta sites 

(AlO6). Obviously, both of AlO4 and AlO5 sites are created by the dehydration and 

dehydroxylaton of AlO6 at elevated temperature. In Table 2, the relative percentages of the 

AlO4, AlO5 and AlO6 are listed for the sample with increasing Zr molar percentages. It 

shows that the AlO5 sites increase at the expense of both AlO6 and AlO4 sites, and the AlO6 

site decreased more rapidly than the AlO4 site. The enhancement of AlO5 sites with the 

increase in Zr molar percentages suggests that the penta-coordinated aluminium site is 

correlated to the surface interaction of zirconia with alumina. Nevertheless, it is worth 

mentioning that the percentage of AlO5 sites was not directly affected by the Zr content. For 

the sample S-Zr-10, the percentage of AlO5 sites is slightly lower than that for the samples S-

Zr-2 and S-Zr-5. Presumably, this is because at 10 mol% of Zr content, zirconia species 

transferred into tetragonal nanocrystallites and the Al-O-Zr sites reduced due to the 

aggregation of zirconia species. Therefore, it is possible that when zirconia species is in a 

highly dispersed state (S-Zr-2, S-Zr-5), the samples possess more AlO5 sites. 
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Figure 3. 27Al MAS NMR spectra of sulfated pristine alumina nanofibres and 1D 

ZrO2/Al2O3 nanocomposites obtained by calcination at 650oC: (a) SA-F; (b) S-Zr-2; (c) S-Zr-

5; (d) S-Zr-10; (e) S-Zr-15; (f) S-Zr-30 
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Figure 4. Separated components of (a) S‐Zr‐30; and (b) S‐Zr‐50 obtained by spectrum 

fitting procedure. *quadrupolar sideband 

 

Table  2. The relative percentages of the AlO4, AlO5 and AlO6 species for the 

nanocomposites with various Zr content (obtained by spectrum simulation procedure) 

Sample name AlO6 AlO5 AlO4 

SA-F 74.8% 0 25.2% 

S-Zr-2 65.9% 6.7% 27.4% 

S-Zr-5 66.1% 10.5% 23.4% 

S-Zr-10 68.3% 7.6% 24.1% 

S-Zr-15 67.1% 11.8% 21.2% 

S-Zr-30 63.2% 13.8% 23.0% 

S-Zr-50 62.1% 14.6% 23.3% 
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percentage is higher than 15 %. The porosity and pore volumes of these nanocomposites are 

dependent on the diameter and length of their constituted nanorods. Consequently, with the 

increase of Zr molar percentage, the macroporous framework resulting from specific 

morphology of 1D nanomaterials are also gradually extended. 

 

Figure 6. TEM image for a) S‐Zr‐30 and b) S‐Zr‐50 superacid 

 

The transmission electron microscopy (TEM) images of S-Zr-30 and S-Zr-50 are 

illustrated in Figure 6. Such superacids exhibit a novel fibrous morphology where sulfated 

tetragonal zirconia looks like irregular squares covering the alumina bundles. It can be 

observed that even at 30 mol % Zr content the sulfated tetragonal zirconia is still insufficient 

to cover the entire outer surface of alumina bundles while only at 50 mol % of Zr the bare 

alumina bundles are fully covered, indicating that the outer surface of alumina bundles can 

bear an extremely large Zr content. 
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Figure 7. XPS results a) XPS surface Zr/Al molar ratio as a function of bulk Zr/Al molar 

ratio, b) Zr 3d XPS spectra of S‐Zr‐30 and c) Zr 3d XPS spectra of S‐Zr‐50 

 

XPS analysis of pristine sulfated zirconia and all ZrO2/Al2O3 nanocomposites was 

investigated and all samples were measured after crushing. Figure 7a shows the Zr/Al XPS 

surface atomic ratios as a function of the corresponding overall ratios measured by EDX. 

When Zr molar percentage is equal to or less than 15%, the XPS ratios are very close to the 

bulk ratios. Above this value, the XPS surface ratio gradually becomes much higher than 

bulk ratio. Especially for the S-Zr-50, of which the bulk Zr/Al molar ratio is 1:1, the XPS 

surface ratio is close to 3:1, indicating that the Zr species is concentrated on the outer surface 

of alumina nanobundles. 

In addition, for S-Zr-50, the Zr3d5/2 photopeak is centred at binding energy of 182.9 eV 

(Figure 7c), and only one chemical environment of Zr could be detected, which is same with 

the result for pristine sulfated zirconia reported in the literature27. The interaction between 

the ZrO2 species and Al2O3 support can only be detected when Zr molar percentage is lower 

than 30 %, and the Zr3d photopeaks can be decomposed into two components (Figure 7b). 

The binding energy of Zr3d5/2 for one component is same as pristine sulfated zirconia, and 
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the other exhibits a displacement for the bonding energies of Zr3d5/2 of 0.9 eV, to about 

183.8eV. This displacement has been associated with the formation of Zr-O-Al-type bonds28. 

The ratio of latter component increased with the decreasing of zirconium content, which is 

summarised in Table 3. 

 

Table 3. The binding energies of Zr3d5/2 photopeak corresponding to two kinds of Zr 

species and their relative ratio in XPS spectra 

Sample 
Zr 3d5/2 

ZrO2 Percentage Zr-O-Al Percentate 

S-Zr-50 182.9 100 % ―――a ―――a 

S-Zr-30 182.9 85 % 183.8 15 % 

S-Zr-15 182.9 63 % 183.8 37 % 

S-Zr-10 182.9 63 % 183.8 37 % 

S-Zr-5 183.0 60 % 183.8 40 % 

S-Zr-2 183.0 52 % 183.8 48 % 

a
 Cannot be detected by XPS  
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Figure 8. Nitrogen adsorption and desorption isotherms for some representative samples 

with various Zr content 

 

The BET surface areas and pore structure of these catalysts are determined by nitrogen 

adsorption-desorption isotherms. Figure 8 shows those for representative samples to 

illustrate the textural changes with the increase of the Zr molar percentage. Accordingly, all 

the isotherms show a type IV characteristic feature of isotherm, which indicates the samples 

examined are full of mesopores29. For S-Zr-50, the isotherms at high P/P0 show a type II 

characteristic feature, which is often obtained with a macroporous material. The hysteresis of 

the three samples seems quite different. The hysteresis loop of the sulfated alumina 

nanofibre falls within H3 and H4 categories, which, according to Sing’s study30, should be a 

result of slit-like pores constructed by plate-like particles. However this sample has the 

morphology of nanofibres. Therefore, the arrangement of nanofibres must also give rise to 

this kind of loop. The hysteresis for S-Zr-15 exhibits a loop with two steps: at high P/P0 from 

0.8 ~1.0, the hysteresis loop is close to H3, which show a higher slope ratio indicating wide 

slit-like pores; another step of hysteresis loop remains nearly horizontal over a wide range of 

P/P0 from about 0.42 ~ 0.8, which is similar to the type H2 loop associated with bottle ink 
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pore or pore networks31. The former part is produced by the stacking of fibrous particles; the 

latter part is generated by the coating of zirconia nanocrystals and also observed for the 

sample S-Zr-50. For S-Zr-50, the adsorption branch and desorption branch overlapped at 

P/P0 from 0.8~1.0, and its isotherm becomes a combination of type II and IV adsorption, 

indicating that the nanocomposite contains both mesopores and macropores30. 

The pore size distributions of as-synthesised nanocomposites, which are estimated from 

the adsorption branch of the isotherm, also changed with the increasing of Zr content. 

Sample SA-F has a wide pore-size distribution from 1 nm to 100 nm, which is the 

characteristic feature of pores arising from the inter-crystallite void constructed by 

nanofibres. All nanocomposites show two distributions from 1-8 nm and above 10 nm, 

respectively. The former distribution is attributed to the pores formed by incorporation of 

zirconia species and the latter one is assigned to those formed due to their 1D morphology. It 

can be observed that the distribution from 1-8 nm gradually increases, while the latter 

distribution is shrinking with the increasing of Zr content. At 50 mol% of Zr, pore size 

mainly distributes in the range from 2-8 nm, and the inter-particle void resulting from fibrous 

nanostructure are almost disappeared. This phenomenon was also observed in our previous 

work in last chapter and is due to the porous frameworks constructed when these 1D 

nanocomposites gradually expand, as the increase of Zr mol% enhances the structural 

integrity (length and diameter) of the resultant nanorods, leading most of macropores to 

exceed the measurable range for N2 physisorption. 
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Figure 9. Pore size distributions for samples with various Zr content 

 

The main textural parameters for sulfated samples after calcination at 650oC and original 

boehmite nanofibres are listed in Table 4. Many literature reports confirmed that loading 

even a small amount of zirconia on alumina would result in a decrease in surface area, and 

most prominently, when zirconia crystal phase began to occur, the surface area dramatically 

decreases below 100 m2/g6,10,32. However, interestingly, in this work, samples with differing 

zirconia loading on alumina nanofibres actually maintained a relatively constant high 

specific surface area. The specific surface areas for all as-synthesised nanocomposites are 

from 125 to 154 m2g-1. In contrast, the pristine sulfated zirconia is about 88 m2g-1, similar to 

the reports in the litearture33. The sulfated alumina nanofibres exhibited a similar surface 

area, average pore size and pore volume to original boehmite nanofibres.  

 

 

 

10 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7  SA-f
 S-Zr-10
 S-Zr-15
 S-Zr-30
 S-Zr-50

dV
/d

lo
g(

D
)  

(c
m

3 /g
)

Pore size (nm)



  91 

Chapter 4: Sulfated 1D zirconia‐alumina core‐shell nanocomposites: a novel superacid catalyst with 
hierarchically macro‐mesoporous nanostructure  91 

Table 4. Powder properties of the sulfated 1D ZrO2/Al2O3 nanocomposites with various 

Zr molar percentage and sulfated alumina nanofibres obtained by calcination at 650oC 

Sample 
BET surface 

area(m2g-1) 

Average pore size 

(nm) 

Pore volume 

(cm3/g) 

Boehmite nanofibres 158 13.32 0.525 

SA-F 152 10.16 0.387 

S-Zr-2 138 16.42 0.565 

S-Zr-5 131 16.47 0.540 

S-Zr-10 125 15.74 0.491 

S-Zr-15 128 14.67 0.471 

S-Zr-30 154 8.26 0.318 

S-Zr-50 153 6.25 0.239 

SZ 88 7.69 0.169 

 

Figure 10 shows the Fourier transform infrared emission spectroscopy (IES) of sulfated 

ZrO2/Al2O3 nanocomposite (S-Zr-50) from 50oC to 350oC. According to the literature, the 

surface sulfur complexes formed by the interaction of metal oxides with sulfate ions, after 

evacuation above 350oC, exhibit a strong band at 1382~1391cm-1 in mid-infrared 

spectroscopy which is assigned to S=O stretching vibration11,34. This band has a strong 

tendency to reduce its wavenumber with the adsorption of basic molecules such as H2O. This 

wavenumber shift, corresponding to a decrease in the bond order of S=O covalent bond and 

an increase in the partial charge on oxygen atom34, is associated with the acid strength of the 

catalyst, where larger wavenumber shifts correspond to higher acidity. Measuring the 
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wavenumber shift of S=O by infrared spectra is regarded as a recommended method to 

detect the relative acid strength of the sulfated oxide catalysts11,12, because some traditional 

techniques, such as temperature-programmed desorption35,36 and IR study of pyridine 

adsorption37 inevitably misestimate the acidity of this kind of material. 

Moreover, IES can measure the vibration wavenumbers of the samples in-situ at elevated 

temperature, which avoids the re-adsorption of water molecules on the surfaces of materials, 

just after dehydroxylation, due to exposure to air in either the quenching or infrared 

measurement step. As shown in Figure 10, the IES of S-Zr-50 at 50 oC shows S=O bonds 

vibration centred at 1350 cm-1 and a broad band near 1630 cm-1 corresponding to the bending 

vibrations of the surface water and hydroxyl group, which can be observed at the same time. 

As the heating temperature increases, the S=O bonds vibration become stronger and shifts 

from 1350 at 50 oC to 1391 cm-1 at 350 oC. At this temperature, the hydroxyl group bonding 

vibrations almost disappear. Notably, in this work, the band position corresponding to the 

stretching vibration of S=O bond of sulfated zirconia obtained at 350 oC agrees well with 

that of the same sample previously described in Gao‘s work12 which was detected by infrared 

absorption spectroscopy at room temperature after evacuating at 350oC. This indicates that 

this S=O wavenumber shift obtained by IES is due to the dehydrolysis of samples rather than 

the change of measuring temperature.  
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Figure 10. Infrared emission spectra of S-Zr-50 in the region 1000~ 2000 cm-1 from 50oC to 

350oC at 100oC intervals 

 

Obviously, the spectra obtained at 50oC represent the situation that the water is absorbed 

on the sulfated catalyst, and those obtained at 350oC correspond to the samples previously 

evacuated at 350oC. According to literature11, the relative acid strength of sulfated 1D 

ZrO2/Al2O3 nanocomposites with different Zr molar percentage can be detected by 

measuring the S=O shifts from 50oC to 350oC based on the IES results. The S=O stretching 

wavenumber, the bond order and partial charge on oxygen atom calculated according to 

formulations in the literature34 for the series of sulfated ZrO2/Al2O3 nanocomposites with 

different Zr molar percentage are presented in Table 5. 

Although there is a slight deviation between this work and Gao’s work due to the use of 

different experimental technology, it can be clearly observed that the S=O shifts of this series 

of samples increased with the increase of zirconia loading from 0 to 50%. On the other hand, 

when Zr content is 50%, the shift of S=O stretching is almost identical with that of the 

sulfated zirconia, indicating similar relative acid strength between S-Zr-50 and SZ. The 
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relative acid strengths are in the order of SA-F <S-Zr-2 <S-Zr-5 <S-Zr-10 <S-Zr-15 <S-Zr-

30 < S-Zr-50 ≈SZ. 

Table  5. Effect of Water Adsorption on S=O including Stretching Wavenumber, Bond 

Order and Partial Charge on Oxygen 

Sample 
S=O Wavenumber(cm-1)  Bond order  Partial charge on oxygen 

Ba Ab Shift  B A  B A 

SA-F 1378 1351 27  1.84 1.80  -0.16 -0.20 

S-Zr-2 1380 1350 30  1.85 1.80  -0.15 -0.20 

S-Zr-5 1382 1350 32  1.85 1.80  -0.15 -0.20 

S-Zr-10 1384 1350 34  1.86 1.80  -0.14 -0.20 

S-Zr-15 1387 1350 37  1.86 1.80  -0.14 -0.20 

S-Zr-30 1389 1350 39  1.86 1.80  -0.14 -0.20 

S-Zr-50 1391 1350 41  1.86 1.80  -0.14 -0.20 

SZ 1391 1350 41  1.86 1.80  -0.14 -0.20 

SZc 1392 1352 40  1.87 1.80  -0.13 -0.20 

a Before water adsorption; measured at 350oC 

b After water adsorption; measured at 50oC 

c Date from Gao’s work in Ref 12. 
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Figure 11. Benzoylation of toluene at 110oC 

 

Benzoylation of toluene with benzoyl chloride is used to investigate the liquid acid-

catalytic activity of as-synthesised 1D superacids. For all these nanocomposite catalysts, the 

products of the benzoylation reaction of toluene are a mixture of p-, o- and m-

methylbenzophenone, respectively, which is 67~69% of p-methylbenzophenone, 27~ 29% of 

o-methylbenzophenone, and 3~ 4% of m-methylbenzophenone. 

The catalytic activities of samples with different zirconia content are illustrated in Figure 

11. The temperature of the reaction system is stabilised at 110 oC. From Figure 11, it can be 

observed that when Zr content is up to 5%, the ketone yield is less than 25% for 6 hours, but 

it is about 10 % higher than that of the sulfated pristine alumina nanofibres. As Zr content 

increases to 10%, the catalytic activity dramatically rises. The activity of the composite 

exceeds sulfated pristine zirconia at or above 30% Zr molar percentage. The overall 

tendency is that the catalytic activities increase with the increase in zirconia amount from 2% 
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to 50%. It is believed that benzoylation reaction only proceeds on the superacidic sites which 

are strong enough for the generation of the intermediate reaction, PhCO+ cation38. Combined 

with IES results, catalytic performances unambiguously exhibit the correlation between 

acidities and activities. Thus, for these catalysts with similar surface areas, the stronger 

acidity present the higher the catalytic activity is. Taking the XRD results into account, 

tetragonal zirconia started to form until the Zr mol% was above 10%, and with increasing the 

Zr mol% the amount of tetragonal zirconia in the samples increased. This result, which 

coincides with the activities of samples, suggests the increase of tetragonal zirconia might be 

related to the enhancement of surface acidity of the catalyst.  

4.3 DISCUSSION 

In last chapter, we has investigated the formation mechanism of 1D ZrO2/Al2O3 

nanocomposites, and revealed that the tetragonal zirconia nanocrystallites evenly surround 

the long bundle of boehmite nanofibres forming a core-shell structure. In this work the 

sulfation process only inflicts a negligible effect on the fibrous morphology of these 

nanocomposites with this effect also being minimized by the increase of zirconium coverage. 

Therefore, these zirconia nanocomposites with hierarchically macro-mesoporous 

nanostructures successfully develop into a novel class of solid surperacid.  

An interesting result of these as-synthesised nanocomposite catalysts is that their specific 

surface areas are maintained with Zr molar percentage varying from 2 % to 50 %. This is 

quite different from the published data, in which it was reported that loading a heavy metal 

oxide on a porous carrier will result in the significant decrease of specific surface areas for 

resulting composites, especially when the concentration of the loading species was high 

enough to generate some small independant nanocrystallites, and that the surface areas 

would severely decrease under 100 m2/g. The reason for this phenomenon in traditional 

porous carriers is presumably because some of the nanocrystallites block the orifices of 

porous materials39.  
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In this work, the zirconium species are loaded on the long bundle of alumina nanofibres 

composing a 1D core-shell structure with zirconium species concentrated on the outer-

surface of these 1D nanocomposites. At high Zr percentage, the growth and distribution of 

tetragonal zirconia nanocrystallites on fibrous cores at elevated temperatures spontaneously 

forms a mesoporous layer with pore size from 1 nm to 10 nm rather than plugging the 

orifices as has been observed previously. These small zirconia nanocrystallites can provide a 

large specific surface area; therefore, in spite of the specific surface reduction caused by 

overlapping of the interface between zirconia nanocrystallites and alumina nanofibres, 

overall, the surface area of these nanocomposties will not significantly decrease. Indeed, it is 

confirmed by our experiments: at low Zr percentage, zirconia species are highly dispersed on 

the surface of γ-Al2O3 in a spontaneous process40, and the surface area of nanocomposites 

slightly decreases due to the increase of apparent density; however, with the Zr content 

increasing so it is high enough to generate zirconia nanocrystallites, new surface is also 

generated by the occurrence of tetragonal zirconia nanocrystallites leading to the increase of 

the surface areas. At this situation, the materials can bear an extremely large loading ratios 

and their surface area and pore size seems to be independently modified. This can provide an 

effective approach to design a catalyst with a desired nanostructure. For instance, the 

existence of interconnected macroporous framework should efficiently transport guest 

molecules to the reactive sites, increase the resistance to sintering of this material at elevated 

temperatures and minimize the aggregation of zirconia nanocrystallites. As for this reaction, 

the catalytic performance is mainly determined by the acid strength and surface area of as-

synthesised nanocomposites with no evidence showing that the pore size and porous 

framework exerted any effect on the catalytic performance. Since all of the nanocomposites 

catalysts possess similar surface areas, it leads us to conclude that the relationship between 

the acid strength and catalytic activity is such that the pristine sulfated alumina nanofibres 

only contributed lower activity, and that the increase in Zr percentage gradually increases the 

relative acid strength. Consequently, an increase in the catalytic activity of benzoylation of 

toluene was observed. It is worth mentioning that the acidity for the sample with 30 % Zr 
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molar percentage is slightly weaker than that of pristine sulfated zirconia, but compared with 

pristine sulfated zirconia, this sample possesses a larger surface area which is 154 m2g-

1(reference catalyst is only 88 m2g-1). The smaller tetragonal nanocrystals of about 3.9 nm 

attached on alumina nanofibres can generate more eligible active sites for this catalytic 

reaction. Above this Zr molar percentage, the nanocomposite exhibits higher catalytic 

activity because of the enhancement of acid strength. 

4.4 CONCLUSION 

A series of sulfated ZrO2/Al2O3 nanocomposites with fibrous morphology were 

synthesised as solid-superacid catalysts. The zirconium molar percentage was from 2 % to 

50 %. Zr species is highly dispersed on alumina at Zr molar percentage up to 5 % and 

transferred into tetragonal zirconia nanocrystallites above 10 %. The surface Zr/Al molar 

ratios calculated from XPS results are higher than the bulk ratios when Zr molar percentage 

is above 15 %, and this is about 3 times as much as bulk value at 50 % of Zr molar 

percentage, suggesting an unambiguous core-shell structure formed. NMR results show that 

the interaction between zirconia species and alumina strongly correlates with 

pentacoordinated aluminium sites, which can also be detected by the dislocation of the bond 

energy 3d of the zirconium.  

The acidity of the obtained superacids increases with Zr molar percentage, but the samples 

maintain an almost constant, large specific surface area due to their unique nanostructure. 

Benzolyation of toluene is investigated using these superacids. It is found that the catalytic 

activity of the catalyst is strongly related to the surface acidity of the catalyst. The amount of 

tetragonal zirconia and the resultant acidity of the catalyst increase with increasing Zr molar 

percentage. The sample with 50 % of zirconium molar percentage possesses the highest 

surface acidity equal to that of the pristine sulfated zirconia as well as the highest catalytic 

performance. The catalytic activity of as-synthesised nanocomposites with 30 % zirconium 

molar percentage surpasses that of the pristine sulfated zirconia due to the synergetic effect 

of the acid strength and enlargement of surface area. 
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Chapter 5: Fabrication of macro­
mesoporous titania­alumina 
core­shell nanocomposites 
with a 1D hierarchical 
structure 

5.1 INTRODUCTION 

Titania is regarded as one of the most important developing materials and has received 

considerable attention in numerous fields such as heterogeneous catalysis1-4, solar energy 

conversion5,6 and hazardous waste remediation7,8. However, its poor thermal stability and 

relatively low surface area of TiO2 have impeded its practical applications. Several strategies 

have been developed to circumvent the drawbacks of TiO2, such as synthesis of ZrO2-TiO2 

mixed oxides9 or TiO2 pillared clays10. Preparing TiO2/Al2O3 nanocomposites is a commonly 

used option to overcome the drawback of titania because Al2O3 is cheap and possesses good 

thermal stability and a large surface area.  

In the last decade, TiO2/Al2O3 nanocomposites have been commercially used as catalyst 

support for hydrotreatment of oil-derived feedstocks11-15 with corresponding active 

components, such as CoMo or NiMo metal clusters. It is widely accepted that the structure of 

TiO2 species existing on the surface of nanocomposites is of paramount importance for these 

applications16,17. The presence of surface TiO2 structures fully covering the alumina species 

is essential for an increase of catalyst efficiency, because the active catalyst component 

dispersed on the TiO2 surface will exhibit a higher intrinsic activity which is up to several 

times as much as they are supported on γ-Al2O3 surface11,18. In fact, some notable 

experiments even pointed out that the addition of 10 mol % alumina to the titania support 

reduced the catalytic activity to approximate that of catalysts supported on pristine 
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alumina16,19. To prepare ideal nanocomposites as catalyst support, the preparation method of 

this titania nanocomposites really need to be refined, with the goal of continuous 

improvement of surface properties and specific surface area20-22.  

Recent progress in catalyst preparation highlights a new research direction of the catalytic 

nanoarchitecture design in which the accessibility of reactant molecular to catalytic active 

centre is emphasised and should be included as an integral part of the catalyst design23. 

Particles with 1D morphology are regarded as an ideal building block for this purpose24. 

Because the stacking of 1D nanocomposites will generate large interparticle voids that allow 

the large organic molecules to diffuse rapidly to the active sites of catalyst, creating 

nanocomposites with 1D morphology will be a promising strategy to optimise catalyst 

structure. However, there is no documentation, to date, on the synthesis of nanocomposites 

with this specific morphology as well as with the appropriate surface properties. 

In our previous chapter, we prepared a 1D ZrO2/Al2O3 nanocomposite with a specific core-

shell structure. The stacking of the resultant composite generates a hierarchically macro-

mesoporous material: the evenly distributed ZrO2 nanocrystallites on long bundles of 

alumina nanofibres formed a layer of mesoporous zirconia with relatively large surface areas 

while the aggregation of 1D nanostructure gave rise to a novel macroporous framework. The 

core-shell structure of 1D ZrO2/Al2O3 nanocomposite minimised the exposed alumina 

surface at high Zr content, making the surface property of nanocomposites close to pristine 

ZrO2. We further developed this material into a superacid catalyst by grafting sulphate ion on 

the surface of 1D nanocomposites. The catalyst with 50 % Zr molar percentage exhibited 

higher activity than that for the pristine sulphated zirconia by a factor of 1.4. The success of 

developing zirconia nanocomposites into a new class of superacid catalyst motivated us to 

adapt the synthetic strategy to the preparation of TiO2/Al2O3 nanocomposites. In this work, a 

series of TiO2/Al2O3 nanocomposites were synthesised with the Ti/Al molar ratio varied 

from 1 to 3. We modified our synthetic strategy allowing the 1D TiO2/Al2O3 nanocomposites 
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to be prepared at relatively low temperatures, which may benefit the production of such 

materials on an industrial scale. 

The morphologies of the resultant nanocomposites were investigated by SEM and the 

physicochemical properties of the resultant nanocomposites were characterised by means of 

XRD, UV-Visible, IES, and the N2 adsorption/desorption isotherms. The hierarchical macro-

mesoporous structures of TiO2/Al2O3 nanocomposites have potential as catalyst support to 

overcome the diffusion problem and rapid deactivation of the catalyst suffered in some 

industrial process, such as hydrotreatment of heavy crude oil12. 

5.2 EXPERIMENTAL SECTION 

Materials. Boehmite nanofibres were synthesised by steam-assisted solid wet-gel method 

according to previous reports25. Butanol was purchased from Ajax Finechem and Titanium 

(IV) butoxide was purchased from Aldrich. All these chemicals were used as received 

without further purification. 

Nanocomposite preparation. A series of Titania-alumina nanocomposites were 

synthesised by a modified sol-gel method as we previously introduced. In a typical 

procedure, a gel-like dispersion of boehmite nanofibers was prepared following our previous 

work: a wet cake of boehmite nanofibers, prepared by adding 0.40g of deioned water to 0.39 

g of boehmite nanofibers, was then dispersed into 20 ml of butanol by continuous stirring. 

This stirring was maintained for 24 hours to ensure the even dispersion of the nanofibers. 

Titanium butoxide was dissolved into the resultant butanol mixture according to the molar 

ratios X=Ti/Al= 1, 2, 3, respectively. The viscous fluids were heated at 80oC for 24 hours, 

and followed by adding 10 ml of deionised water and aged at ambient temperature for 24 

hours to enhance their hydrolysis. The resulting nanocomposites were separated by 

centrifugation and dried at 80 oC for 1 day without any washing. After calcination at 450oC, 

these samples were labelled as Ti-“m”-T, where m is Ti/Al molar ratios and T is calcined 

temperature. For comparison, a sample with Ti/Al molar ratio =1 was prepared without 
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adding 10 ml of deionised water but by keeping other procedure the same as mentioned 

above. The sample was labelled as “a-Ti-1-450” after calcination at 450oC. 

Characterisation. XRD analyses were performed on a PANalytical X’Pert PRO X-ray 

diffractometer (radius: 240.0 mm). Incident X-ray radiation was produced from a line-

focused PW3373/10 Cu X-ray tube, operating at 40kV and 40mA, providing a Kα1 

wavelength of 1.540596 Å. The incident beam passed through a 0.04 rad Soller slit, a ½ 

divergence slit, a 15mm fixed mask, and a 1° fixed antiscatter slit. After interaction with the 

sample, the diffracted beam was detected by an X’Celerator RTMS detector, which was set 

in scanning mode, with an active length of 2.022mm, and samples were analysed over a 

range of 3~ 75o 2θ. Surface Area Analysis based on N2 adsorption/desorption techniques 

were performed on a Micrometrics Tristar 3000 automated gas adsorption analyser. Samples 

were pretreated at 200 oC under the flow of N2 for minimum 5 h on a Micrometrics Flowprep 

060 degasser. SEM image was obtained on a FEI QUANTA 200 scanning electron 

microscope. The samples were dried at room temperature and coated with gold under 

vacuum conditions in an argon atmosphere ionisation chamber to increase surface 

conductivity. FT-IR emission spectroscopy was carried out on a Digilab FTS-60A 

spectrometer but modified by replacing the IR source with an emission cell. The description 

of the cell and principles of the emission experiment have been published elsewhere26. UV-

visible diffuse reflectance spectra were obtained on a Cary 5000 UV-VIS-NIR scanning 

spectrophotometer equipped with a diffuse reflectance accessory. The absolute remittance 

R∝ from the sample was measured. Relative remittance quantity 

R’∞=R’∞(sample)/R’∞(reference) was used to calculate the Kubelk-Munk function defined as 

F(R∞). The spectra were recorded using BaSO4 as reference. 

5.3 RESULTS AND DISCUSSION 

In chapter 3 and chapter 4, 1D nanocomposites of zirconia has been developed. The 

material was prepared by the hydrolysis of zirconium butoxide on the 1D framework of 
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linearly connected boehmite nanofibres dispersed in butanol solution. These frameworks 

spontaneously formed when the nanofibres adsorbed small amounts of water on their 

hydroxylated surface and had then been dispersed into a hydrophobic alcohol. The 

hydrolysis of zirconium butoxide occured only on the outside of the 1D framework of 

boehmite nanofibres by reaction with the absorbed water, to generate an amorphous layer of 

zirconia which affixes to the fibrous framework of the boehmite nanofibres. The loading 

ratio of zirconia was found to be extremely large, about 1:1 of Zr/Al molar ratio in our work, 

making the surface of nanocomposites similar to the pristine zirconia after calcination, and 

the fibrous cores of alumina transferred from boehmite nanofibres endows the materials with 

good mechanical and thermal stabilities. 

The water absorbed on the surface of boehmite nanofibres is essential to form the 

framework of boehmite nanofibres as well as the hydrolysis of alkoxide. Its amount is 

limited for preparing an order distribution of boehmite nanofibres. Such an amount of water 

is relatively less for the sol-gel process of alkoxide, and the preparation of a fully hydrolysed 

amorphous layer was previously realised at elevated temperatures.  

In the present study, to precipitate an amorphous titania layer over the 1D framework of 

boehmite nanofibers, the titanium butoxide hydrolysis can only be conducted at about or 

below 80oC because titania hydrolysates are prone to crystallize into anatase phase at higher 

temperatures. However, at 80oC, an amorphous titania layer prepared under lean water 

condition is not strong enough to maintain the 1D aforementioned frameworks and the 

composite structure fabricated by boehmite nanofibres will be cracked by the capillary 

pressure gradient generated during the drying step27,28. Therefore, to prepare a robust 

amorphous titania layer, the preparation approach is modified by a post-treatment step of 

adding excessive water to facilitate the hydrolysis and condensation of titania species, after 

the titanium species is deposited on the frameworks of boehmite nanofibres at 80oC. The 

Ti/Al molar ratios are varied from 1 to 3 to determine a possible upper limit of the titania 

loading. 
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The SEM images of the product nanocomposites and pristine boehmite nanofibres are 

illustrated in Figure 1. The boehmite nanofibres (Figure 1a) are worm like particles about 

200 nm ~500 nm in length, which are severely entangled together. The TiO2/Al2O3 

nanocomposites, with or without post treatment by the addition of 10 ml of deionised water 

to intensify hydrolysis of titania layer exhibit distinctly different morphology. Without post-

treatment, the sample (a-Ti-1-450) shows an agglomerated morphology, where the titania 

and alumina nanofibers are compressed together forming a densified stacking. The samples 

with post treatment exhibit fibrous morphologies from 1 to 2 of Ti/Al molar ratios. The 

nanocomposite with 3 Ti/Al molar ratio shows an interesting morphology: titania 

microspheres which are braced by alumina nanofibers forming a unique titania networks. 

Therefore, all the samples prepared with post addition of water have low density and 

relatively high pore volume. 

XPS is used to investigate the binding energies of the different element and Ti/Al surface 

atomic ratio of these nanocomposites. The results are summarized in Table 1. In XPS spectra, 

the Ti 2p and Al 2p binding energies are constant for all the nanocomposites as the Ti/Al 

molar ratio varied from 1 to 3. The Ti 2p1/2 and 2p2/3 appear as an unresolved doublet, whose 

peak positions are observed at 458.6±0.2 and 464.2±0.2 eV, indicating that the TiO2 

constitution in these nanocomposites. It should be noted here, for these nanocomposites, the 

overall Ti/Al molar ratios measured by Energy-Dispersive X-ray (EDX) microanalysis via 

SEM are identical to the added Ti/Al molar ratios. However, owing to the different 

morphologies of these nanocomposites, their Ti/Al XPS atomic ratios exhibit distinctive 

discrepancies to the bulk Ti/Al molar ratios detected by EDX. For the sample with densely 

aggregated morphology(Figure 1b), the XPS ratio is the same as the overall ratio detected by 

EDX, whereas for the samples with 1D composite morphology, external surface enrichment 

of Ti can be observed, and the Ti/Al XPS ratio significantly achieves to 6:1 as the bulk ratio 

is merely 2. Nevertheless, it is somewhat surprising that the titania microspheres braced by 
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alumina nanofibres, possessing the highest bulk Ti/Al molar ratio of 3, exhibits the lowest 

Ti/Al XPS ratio of only 0.59. 

 

Figure 1.  SEM  images of  a)  boehmite nanofibres b)  a‐Ti‐1‐450  c) Ti‐1‐450 d) Ti‐1.5‐

450 e) Ti‐2.0‐450 f) Ti‐3.0‐450 
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Table 1. XPS binding energies for all the nanocomposites and their Ti/Al molar ratios 

measured by EDX and XPS respectively 

Sample name Ti 2p3/2 Al 2p Ti/Al (EDX) Ti/Al (XPS) 

a-Ti-1-450 458.7 74.5 1.04 0.92 

Ti-1-450 458.5 74.3 1.02 1.80 

Ti-1.5-450 458.5 74.5 1.45 2.30 

Ti-2.0-450 458.6 74.4 2.03 5.94 

Ti-3.0-450 458.6 74.5 2.98 0.59 

 

 

 

Figure 2. TEM image for the nanocomposites with different morphologies a) densely 

aggregated morphology (a-Ti-1-450) b) 1D nanostructure (Ti-2-450) c) titania microsphere 

(Ti-3-450) 
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TEM images of representative samples are shown in Figure 2. The deviation of Ti/Al 

molar ratio between the XPS and EDX measurements could be illustrated by their TEM 

observation. As shown in Figure 2, for the densely aggregated sample, the Ti species and 

alumina nanofibres are apt to be evenly distributed, leading to the XPS Ti/Al molar ratio, and 

the EDX Ti/Al molar ratio are almost the same. However, for the sample with 1D 

morphology, a layer of titania nanocrystallites is deposited on the outer-surface of alumina 

bundles forming a porous nanorod, therefore the XPS Ti/Al molar ratio is dramatically 

higher than that measured by EDX. For the sample Ti-3-450, the titania is not distributed 

evenly and a superior fraction aggregates into microspheres which are surrounded and 

segregated by the alumina nanofibres. Therefore, although its bulk Ti/Al molar ratio is about 

3, the Ti/Al molar ratio measured by XPS is only 0.59. 

The processes for the formation of the nanocomposites with various morphologies are 

summaried in Scheme 1. The synthesis starts by preparing a gel-dispersion by dispersing wet 

boehmite nanofibres in butanol solution. Following this, the hydrolysis of titanium butoxide 

at 80oC forms an amorphous titania layer covering the long bundles of boehmite nanofibers 

and the amount of precipitated titania depends on the amount of water adsorbed on boehmite 

nanofibres. Subsequently, a stiff 1D-nanocomposite structure is synthesised by the post 

addition of water, which can be regarded as separated controls for the hydrolysis and 

condensation of titanium species. It should be emphasized here that the boehmite nanofibres 

are able to stabilize the emulsion of water in hydrophobic alcohol, therefore, titania 

microspheres are generated by the reaction between the un-hydrolysed titanium species and 

microsphere of water in butanol when the Ti/Al molar ratio is about 3. 
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Scheme 1. Schematic for Formation of TiO2/Al2O3 with different morphologies 
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Figure 3. X‐ray diffraction patterns of a) pristine Al2O3 nanofibers b) a‐Ti‐1‐450 c) Ti‐1‐

450 d) Ti‐1.5‐450 e) Ti‐2.0‐450 f) Ti‐3.0‐450 

 

The XRD patterns of these TiO2/Al2O3 nanocomposites and pristine Al2O3 nanofibers are 

given in Figure 3. The pristine alumina nanofibers prepared by calcination of boehmite 

nanofibre at 450oC presents as the γ-Al2O3 phase. For these TiO2/Al2O3 nanocomposites, the 

predominant diffraction peaks are the anatase phase of TiO2; only two weak peaks 

corresponding to the diffractions of (400) and (440) planes of γ-Al2O3.can be observed at 

about 45.8 and 66.8 °2θ. The anatase diffraction peaks intensified with the increase of Ti/Al 

molar ratio from 1 to 3, while the samples, a-Ti-1-450 and Ti-1-450, with same Ti/Al molar 

ratio exhibit the same diffraction intensity in spite of their different morphology. The crystal 

sizes of anatase for all these nanocomposites are calculated with the Scherrer equation and 

shown in Table 2. By comparison, the crystal size of anatase phase increases about two times 

as the Ti/Al molar ratio increases from 1 to 3, which is from 7.3 nm to 14.4 nm. However, it 

is worth mentioning here that, for the sample with 1 Ti/Al molar ratio without 1D 

morphology, the crystal size of anatas is about 8.4 nm which is larger than that for the 

sample possessing 1D morphology. Clearly, this difference results from poor titania 

2 Theta (degree)
24 26 28

 

b c
d
e

f

In
te

ns
ity

20 40 60 80
 

f
e
d
c
b
aR

el
at

iv
e 

in
te

ns
ity

 (a
.u

.)



114 

114  Chapter 5: Fabrication of macro‐mesoporous titania‐alumina core‐shell nanocomposites with a 1D 
hierarchical structure 

distribution in the sample without 1D morphology owing to its structure cracking during the 

drying step.  

 

 

Figure 4. UV-visible spectra of as-synthesised TiO2/Al2O3 nanocomposites  

 

Diffuse reflectance UV-visible spectroscopy is used to determine the indirect interband 

transition energies for these nanocomposites. For the samples with fibrous morphologies, the 

increase of Ti/Al molar ratios from 1 to 2 results in an evident steepening of the UV-visible 

band and a concomitant red-shift of onset to approximately 380 nm. The largest red shift was 

observed for the nanocomposite with 3 Ti/Al molar ratio of which the morphology is 

interconnected titania microspheres. Interestingly, the densely aggregated TiO2/Al2O3 

nanocomposite, a-Ti-1-450, has the second largest red shift, despite its relatively low Ti/Al 

molar ratio (Ti/Al =1) among the nanocomposites. 

TiO2 (anatase) is known to be an indirect semiconductor. Using the diffuse reflectance 

spectra, the band gaps energy of as-synthesised nanocomposites can be evaluated by plotting 

(F(R∞)•E)1/2 against E from the spectroscopic data in Figure 4 (Where E=hν represent the 

photoenergy and F(R∞) is the so-called remission or Kubelka-Munk function)29-32. As shown 
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in Figure 5, the values are estimated by the intersection between the linear fit of the curves 

and the photon energy axis. It can be observed that the increase of Ti/Al molar ratio from 1 

to 3 results in the indirect band gap energy Eg changing from 3.40 to 3.21, but the sample a-

Ti-1-450 possesses a similar ratio for Eg to Ti-3-450 which unexpectedly presents at 3.21. 

The crystal sizes of the as-synthesised nanocomposites are calculated from band gap shift 

(ΔEg) using the following equation33,34.  

௚ܧ߂ ൎ
݄ଶ

ଶܴߤ8
െ
݁ଶ

ܴߝ
 

Where the ΔEg is the blue shift relative to that of the bulk TiO2 crystals, well known to be 

Eg=3.2 eV, h is Planck’s constant, R is the radius of the particle, ε is the relative permittivity 

of the semiconductor, e is the elementary charge and μ is the reduced mass of the excition, 

i.e., the reduced effective mass of the electron charge and hole. One calculates μ=1.63 me 

(me is the electron rest mass)35. The equation provides an approximate prediction of the 

increase in bandgap energy for a semiconductor particle displaying size quantisation, and is 

also used to estimate the size of small semiconductor particles. 
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Table 2. The crystallite dimensions of anatase phase of titania calculated from both the 

Uv‐spectra and X‐ray diffraction patterns 

Sample name Eg 
Uv calculation 

D =2R 
XRD calculation 

a-Ti-1-450 3.21 10 nm 8.4 

Ti-1-450 3.40 2.2 nm 7.3 

Ti-1.5-450 3.35 2.6 nm 7.9 

Ti-2.0-450 3.30 3.2 nm 9.5 

Ti-3.0-450 3.21 10 nm 14.4 

 

The particle sizes of TiO2 of as-synthesized nanocomposites calculated from UV-visible 

spectra are summarized along with the values calculated by Scherrer equation from XRD 

results (Table 2). It can be observed that for the samples with fibrous morphology, the crystal 

sizes calculated from XRD method are commonly larger than the values obtained from UV 

method; however, for the samples without fibrous morphology, a-Ti-1-450 and Ti-3-450, the 

discrepancy between the two kinds of calculations is not evident. Combined with TEM 

observation, the anatase nanocrytallites are evenly dispersed in low dimensionality on 

fibrous nanocomposites, but they are densely stacked into bulk particles for a-Ti-1-450 and 

Ti-3-450, which are without fibrous morphology. Therefore, in this work, the blue shifts of 

the anatase band gap for fibrous nanocomposites are attributed to low dimensional 

arrangement of anatase nanocrystallites which is close to TiO2 nanosheet36. The effect of 

incorporating with alumina core on the shift of anatase absorption edge is not significant in 

this work. 
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Figure  5.  Determination  of  the  indirect  interband  transition  energies  for  as‐

synthesized TiO2/Al2O3 nanocomposites 
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Figure  6.  Nitrogen  adsorption  and  desorption  isotherms  for  as‐synthesized 

nanocomposites 

 

The surface area and textural structures of the as-synthesized nanocomposites are 

investigated by nitrogen adsorption-desorption isotherms (Figure 6). For the sample “a-Ti-1-

450”, the isotherm is of classical type IV with a H2 hysteresis loop37. This isotherm is the 

characteristic feature of mesoporous materials and the H2 hysteresis loop indicates the 

material comprising ink bottle pores or pore network38.  

The isotherm of this sample exhibits a plateau above a certain relative pressure, which is 

due to the tight agglomeration of alumina nanofibres and anatase with non-specific 

morphology. Interestingly, the samples with 1D morphologies and titania microsphere 

braced by nanofibres exhibit almost the same isotherms. Besides the Type IV isotherms and 

H2 hysteresis loop that can be observed, the characteristic feature of the isotherms of these 

samples is the dramatic uptake of N2 adsorption at high relative pressure. Furthermore, in 

this part, the desorption branch essentially follows the adsorption branch. This shape of the 

isotherm resembles a combination of Type IV and Type II37, indicating that the materials 

contain meso- and macroporous frameworks. 
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Figure 7. Pore size distributions for TiO2/Al2O3 nanocomposites 

 

The pore size distributions determined from the adsorption branch of the isotherms are 

shown in Figure 7. All these nanocomposites show two distributions from 1-11 nm and from 

11-100 nm, respectively. The former distribution is attributed to the pores formed by anatase 

nanocrystallites and the latter part is assigned to a macroporous framework. Since the 

predominant distribution of the macroporous framework is larger than 100 nm, which 

exceeded the measurable range for N2 physisorption, the distribution in this range is very 

small. Interestingly, the number of mesopores in the range from 1nm to 10nm does not 

simply increase with the increase of Ti/Al molar ratios, which increases as the Ti/Al molar 

ratio varies from 1 to 1.5, but decreases as further increasing titanium content. Such a 

decrease of mesoporous distribution could be readily ascribed to the growth of anatase 

nanocrystallites. The porosity of the materials decreases with the coarsening of anatase 

nanocrystallites. Moreover, it is also noted here that the tightly agglomerated sample, a-Ti-1-

450, possesses more pores in the range from 1 to 3 nm compared with the samples having 

macroporous framework.  
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A more quantitative comparison on the textural structure is presented in Table 3. It can be 

observed that the surface area decreased with the increase of Ti/Al molar ratio, which should 

also be attributed to the crystal growth of titania. The morphology of nanocomposites 

imposes less effect on their surface areas: the surface area of the tightly agglomerated sample 

a-Ti-1-450 is only slightly smaller than its counterpart with 1D morphology. 

Table 3. Pore structures of as‐synthesised TiO2/Al2O3 nanocomposites 

Sample 
BET surface 

area(m2/g) 

Average pore size 

(nm) 

Pore volume 

(cm3/g) 

a-Ti-1-450 141 7.10 0.250 

Ti-1-450 159 9.07 0.360 

Ti-1.5-450 143 9.10 0.327 

Ti-2-450 119 7.72 0.230 

Ti-3-450 84 11.20 0.235 
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Figure 8. Infrared emission spectra of a) a representative sample (Ti‐2‐450) measured 

from 200oC to 450oC and b) all TiO2/Al2O3 nanocomposites measured at 450oC 

 

Infrared emission spectra was employed to determine the surface properties of as-

synthesised nanocomposites as the technique allows the in-situ measurement of spectra at 

elevated temperature, while the simultaneous removal of surface-absorbed water during the 

heating facilitates the detection of specific surface hydroxyls of the materials. The maximum 

measuring temperature is limited to 450oC to prevent the specimen from undergoing possible 

phase change to rutile. Since all these nanocomposites have a high loading of titania, which 

varied from 1 to 3 in Ti/Al molar ratios, the surface OH stretching bands for all these 

nanocomposites are similar. Figure 8a shows the spectra obtained from 200oC to 450oC of 

Ti-2-450, which acts as a representative sample. At 200oC, the water of multilayer absorption 

has been removed, and only a single layer of absorbed water still resides, which is detected 

as a broad hump centred at 3450 cm-1. In addition, a sharp band at 3675 cm-1 and a shoulder 

at 3714 cm-1 are also detected by IES. The band at 3675 cm-1 is assigned to the vibration of 

bridging OH groups which are generated by water molecules strongly bound to low 
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coordinated Ti4+ cations.The band at 3714 cm-1 is ascribed to the distal OH groups of 

anatase39-41. The band at 3772 cm-1 is from a novel species, compared with pristine titania, 

which has been detected even when small amounts of titania are incorporated on γ-Al2O3 

supports42. This OH stretching band most likely results from the interaction between the 

titania and alumina. During heating the specimen, all species adsorbed on the surface, such 

as the adsorbed water and OH groups are gradually removed. As can be seen, the intensity of 

the band at 3675 cm-1 corresponding to the bridging OH groups significantly decreases, 

whereas that of the band corresponding to isolated OH group at 3714 cm-1 seems unchanged 

or only slightly decreases as the temperature varied from 200oC to 450oC. This variation is 

most likely due to their different origins as mentioned above; the water molecules bound to 

low coordiatied Ti4+ are significantly evacuated at elevated temperature while the distal OH 

groups of anatase seem relatively stable, which results in the two bands incorporating into 

one broad species at 450oC. 

The comparison of surface hydroxyl groups for all nanocomposites is conducted at 450oC. 

As shown in Figure 8b, the surface species for the nanocomposites with 1D morphology and 

the titania microsphere braced by alumina nanofibres are almost same, independent of the 

Ti/Al molar ratio varying from 1 to 3. They are mainly bridging OH groups and distal OH 

groups of anatase. However, for the sample with tightly agglomerated morphology, its 

spectra shows that the intensity of the band at 3450 cm-1, represents the adsorbed water, and 

is abnormally strong compared with other nanocomposites. This is presumably because the 

adsorbed species are difficult to remove for this sample as a result of the densified stacking 

of its constituents and more microporous distribution as indicated by nitrogen adsorption-

desorption results. This difference derived from their morphologies may result in their 

different performances in catalytic applications. 

5.4 CONCLUSION  

In summary, we have proposed a new synthesis strategy for fabricating 1D TiO2/Al2O3 

nanocomposites with a core-shell structure by depositing titania species onto the 1D bundles 
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of boehmite nanofibres. These titania species are converted into anatase nanocrystallites with 

mesoporous aggregations in the subsequent calcination, while the assembly of particles with 

1D morphology forms the marcoporous framework of this material. In this approach, to 

prepare a controllable and stable 1D nanostructure, the preparation is conducted by two 

coupled processes: depositing the titanium precursor on the 1D dispersion of boehmite 

nanofibres and further intensifying the condensation of titania species by a post-treatment 

step of addition of an excessive amount of water into synthetic system. The former process is 

well controlled by adsorbing small amount of water on the surface of boehmite nanofibres 

and the latter leads to formation of a robust titania wrapping around bundles of boehmite 

nanofibres. The robust titania wrapping is required in this approach to prevent the elaborate 

nanostructure from being crushed by capillary forces during the drying step. In accordance 

with this modified mechanism, we can synthesize 1D TiO2/Al2O3 nanocomposites with Ti/Al 

molar ratio =2. Moreover, we also recognized that boehmite nanofibres can be used to 

prepare a stable emulsion of water in butanol solution. Because of this, at higher Ti/Al molar 

ratio, the un-hydrolyzed titanium species can form titania microsphere which are further 

braced by alumina nanofibers resulting in low-density aggregation. It should be mentioned 

here that the proposed synthesis is an effective approach for preparation of nanocomposites 

with macroporous materials at relatively low synthesis temperature, which may facilitate the 

synthesis of such materials on an industrial scale. 
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Chapter 6: Photocatalysis of TiO2­Al2O3 
core­shell nanocomposites 
with different morphologies 

6.1 INTRODUCTION  

Since the elucidation of the photocatalytic splitting of water on TiO2 electrode under 

ultraviolet (UV) light by Fujishima and Honda1, considerable efforts have been devoted to 

the research of TiO2 materials mainly for its uses in emerging energy and environmental 

technologies2. These technologies include, but are not limited to, dye sensitized solar cells 

(DSSC)3, organic photovoltaics (OPV), photocatalysis for direct hydrogen production4 and 

pollutant photocatalytic degradation5. Using TiO2 as photocatalyst to degrade low 

concentration but persistent organic pollutants provides an attractive and economically 

feasible approach for water purification under UV irradiations.  

Traditional photocatalytic systems are based on the ultrafine powders or colloidal 

catalysts6-8, which, however, are inherently defective in that they may agglomerate together 

during the decomposition reactions resulting in the deterioration of catalytic performance9. 

Moreover, the recovery of colloid particles from aqueous solutions for reuse is vexingly 

difficult. Various approaches to develop efficient, sustainable catalysts have been undertaken. 

These approaches include preparing and attaching the active components on various kinds of 

carriers such as fragments of clay layers10, SBA-15 mesoporous molecular sieves11,12, 

silica13,14, alumina15,16 or activated carbon17. There is a potential problem using traditional 

porous materials as support for photocatalytic reactions in that the light cannot penetrate 

through the pore walls to excite the TiO2 nanocrystallites. 

Recently, fabricating photocatalysts into a hierarchical structure in order to enhance its 

performance has attracted considerable attention. For example, Belcher and co-workers18 

used biological scaffolds as templates in order to incorporate a photocatalytic active 
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component for water splitting. Gao and co-workers19 fabricated 1D hierarchical titania by 

coating protonated titanate nanoparticles on titanate nanorods followed by calcinations at 

various temperatures. In these two cases, the core-shell structure fabricated by attaching the 

active components to the surface of their respective carrier eliminates the adverse effects of 

the carrier sheltering the active component from light irradiation. 

In the previous chapter, we synthesised a series of hierarchical TiO2/Al2O3 nanocomposite 

with different morphologies including fibrous TiO2/Al2O3 nanocomposites with core-shell 

structures, where anatase nanocrystallites were incorporated onto long bundles of alumina 

nanofibres, and TiO2 mircospheres which were separated by alumina nanofibres. Given that 

the performance of titania in photocatalysis could be optimised by the morphology of the 

materials, core-shell structure of the fibrous nanocomposites could result in improved 

photocatalytic performance. In this chapter, we evaluate these as-synthesised 

nanocomposites by means of the photodegradation of phenol and sulforhodamine B dye 

under UV irradiation. We try to relate the catalytic performance to the characteristics of their 

morphologies, crystal sizes, surface areas. 

6.2 EXPERIMENTAL SECTION 

Catalyst preparation: Catalyst preparation has been mentioned in Chapter 5. For 

convenience, the comparison of physical properties of these nanocomposites is briefly listed 

quantitatively in Table 1. The meaning of their labels and specific morphology can be 

retrieved from Chapter 5. Briefly, these samples were labelled as Ti-“m”-T, where m is Ti/Al 

molar ratios and T is calcined temperature. For example, the sample labelled as Ti-2-750 

indicated that Ti/Al molar ratio of this sample was 2, and it was crystallized by the 

calcinations at 750 oC. A specific sample was labeled as a-Ti-1-450, because this sample had 

a densely agglomerate morphology which had been introduced in chapter 5.  
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Table 1. Physical properties of resultant TiO2/Al2O3 nanocomposites 

 

Photocatalytic activity test: The photocatalytic activity of the powder sample was 

evaluated in a three-phase fluid bed photoreactor. The UV light source equipped was a 38 W 

Hg lamp (NEC, FL15BL T8), the wavelength spectra of which was portrayed in Figure 1. 

The predominant peak was centered at about 356 nm. Phenol or sulforhodamine B aqueous 

solutions were used as model pollutants. The catalyst concentration was 0.5 g/L and the 

initial concentration of pollutant was 25 ppm for phenol or 1.8×10-5 M for sulforhodamine B. 

Prior to irradiation, the reactive solution was kept in the dark for a period of time, with air 

bubbled through, in order to achieve an adsorption-desorption equilibrium. At regular 

irradiation time intervals, the dispersion was sampled and filtered through a Millipore filter 

to remove the catalyst particles. The phenol concentration was analyzed by a high 

performance liquid chromatograph equipped with an Eclipse XDB-C8 column (Acetonitrile 

and 0.1% acetic acid solution were used as eluents), while that of the dye was monitored by 

colormetry using a UV-visible spectrometer. 

Sample name Eg 
Specific surface area 

m2/g 
Crystal size of 
anatase phase 

a-Ti-1-450 3.17 141 8.4 nm 

Ti-1-450 3.40 159 7.3 nm 

Ti-2.0-450 3.30 119 9.5 nm 

Ti-3.0-450 3.21 84 14.4 nm 
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Figure 1. Wavelength spectra of the light sources 

 

6.3 RESULT AND DISCUSSION 

EFFECTS OF CATALYST MORPHOLOGIES  

 

Figure 2. Temporal course of the photodegradation of the phenol in the presence of 

TiO2/Al2O3 nanocomposites with various Ti/Al molar ratios with all the samples calcined at 

450oC 
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From the data displayed in Figure 2, all the samples exhibit photocatalytic capability for 

phenol degradation to differing extents and the photodegradation of phenol without catalyst 

is negligible. For the fibrous TiO2/Al2O3 nanocomposites, Ti-1-450 and Ti-2-450, the 

photocatalytic performance is strongly enhanced by the increase of Ti/Al molar ratio. The 

Ti-2-450 can degrade more than 80% of phenol in 90 min, while the sample Ti-1-450 can 

only degrade phenol about 40% in the same time. It is worth noting here that the sample a-

Ti-1-450 possesses the same Ti/Al molar ratio and similar specific surface area as Ti-1-450 

(sample with fibrous morphology), but its photocatalytic activity is relatively low (only 10 % 

of degradation) due to the densely agglomerated structure. Moreover, the sample Ti-3-450 

has the highest Ti/Al molar ratio and it is comprised of many TiO2 microspheres, about 0.5 μ 

in diameter, which are also highly dispersed into the pollutant solution. However, the 

photocatalytic activity of this sample is only close to Ti-1-450.  

According to Serpone’s work20, the reaction kinetics of phenol photodegradation can be 

described by a modified Langmuir-Hinshelwood model in favor of a surface reaction, which 

is shown as follows. 

ln
଴ܥ
ܥ
൅ ݇ሺܥ଴ െ ሻܥ ൌ ݇௥ݐܭ                           ሺ1ሻ 

Where C is the pollutant concentration, C0 is its initial value; K is its adsorption coefficient 

while kr is the reaction rate constant. The equation is the sum of zero-order and first-order 

rate equations, and the contribution of these two parts depends essentially on the initial 

concentration C0. As generally the initial concentration of pollutant for photocatalysis is very 

small, the equation is further reduced to the pseudo-first order reaction.  

ln
଴ܥ
ܥ
ൌ ݇Ԣݐ                                                        ሺ2ሻ 

k’ is the apparent first-order rate constant, the plot of ln(C/C0) versus irradiation time gives 

a straight line, of which the slope equals to the k’.  
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Figure  3.  Linear  fitness  of  the  kinetics  of  phenol  degradation  for  various  catalysts 

during irradiation 

 

Figure 3 illustrates the evolution of ln(C0/C) as a function of irradiation time which is 

plotted from the data in Figure 2. Again a pseudo-first order reaction rate of the phenol 

photodegradation is verified. The differences in efficiencies for various catalysts cannot 

simply be attributed to their different band gap energy because of the catalyst with fibrous 

morphology possessing a large band gap but exhibiting high catalytic efficiency. 

Furthermore, as investigated in the effect of calcination temperatures, our experiments 

confirm that the catalytic performance of Ti-2-450 can be improved by increasing its crystal 

size of anatase, which can also exclude the possibility that the low catalytic activity of Ti-3-

450 comparing with Ti-2-450 is due to the relative larger crystal size and the simultaneous 

decrease in surface area of Ti-3-450. Therefore, the only explanation for their different 

catalytic efficiencies is due to their different morphologies which results in different 

irradiation areas.  
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Scheme 1. Schematic of the morphological effects for these catalysts with various Ti/Al 

molar  ratios  a)  catalyst  with  mircospheric  morphology  and  b)  catalyst  with  fibrous 

morphology 

 

As we showed in Scheme 1, although the Ti-3-50 possesses more photoactive sites than 

other samples due to its highest Ti content and relatively large anatase crystal size, its 

spherical morphology leads to the possibility that many anatase nanocrystallites cannot be 

irradiated by UV light and the phenol pollutant can only be degraded on the first layer of 

anatase nanocrystallites. In contrast, for the nanocomposites with fibrous morphology, 

almost all anatase nanocrystallites are exposed on their outer surfaces and can be readily 

illuminated by UV light. Therefore, in this work, the overall photocatalytic efficiency of the 

nanocomposites with fibrous morphology is significantly better than that of the samples 

without.  

 

The photocatalytic activities of all these nanocomposites are also evaluated by the 

degradation of sulforhodamine B dye. Dyes have more complicated chemical structures 

compared with phenol and most of them have light absorption in the visible range as well as 

in UV range (Figure 4). Therefore, the photo-degradation of dyes is usually faster than that 
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of phenol under UV-irradiation and also can be achieved under visible light illumination. 

The mechanism for dye degradation under visible light irradiation has been extensively 

studied21,22, where dyes, rather than photocatalysts, are excited by visible light to appropriate 

singlet and triplet states, followed by electron injection into the conduction band of 

semiconductor.  

 

Figure 4. Uv‐visible absorption band of sulforhodamine‐B and its chemical structures 

 

As shown in Scheme 2, for sulforhodamine-B, the oxidation potential (E (SRB*/SRB+•)) is 

-1.30 V vs. NHE, which locates above the conduction band edge of TiO2 at -0.5 V vs. NHE23. 

The potentials for reduction of oxygen to superoxide ion (E (O2/O2
-•)) and for reduction of 

H2O2 to hydroxyl radical are -0.15 and 0.3 V vs. NHE respectively24,25, which are also below 

the conduction band edge of TiO2. Therefore, the light-excited dyes can inject electrons to 

the conduction band of TiO2, and the electron can react with oxygen generating hydroxyl 

radicals that are highly oxidative and non-selective in order to decompose many organic 

compounds.  
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Scheme 2.  Schematic  mechanism  of  the  photodegradation  of  SRB  on  TiO2  particles 

under visible light irradiation26 

 

The photoactivities sequence of SRB dye degradations for all these nanocomposites is 

similar to that of the phenol degradation: for fibrous photocatalysts, the catalytic 

performance is improved as the Ti/Al molar ratio increases from 1 to 2. While the Ti/Al 

molar ratio increase to 3, the catalyst changes its morphology to microsphere, therefore its 

catalytic performance decreases. This trend could also be attributed to the difference in the 

irradiated surface area of TiO2 for the catalysts with various Ti/Al molar ratio, indicating that 

the SRB dye degradation under UV irradiation mainly corresponds to the semiconductor 

electronic excitation pathway.  

However, the catalytic performance of Ti-3-450 seems to be enhanced in dye degradation, 

which is similar to that of Ti-1-450 in phenol degradation but is higher in dyes degradation. 

It should be emphasized here, because the degradation of phenol or dyes for all samples was 

carried out under the same conditions (catalyst concentration, air flow rate), the catalytic 

performances for these two samples (Ti-1-450 and Ti-3-450) were observed to be 

reproducible. The adsorptive capacity of all these nanocomposites for SRB dyes and phenol 

is very similar. The discrepancy in catalytic performance between the degradation of phenol 
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and SRB dye is possibly related to the specific photodegradation mechanism of the pollutant. 

The dye mechanism aforementioned was proposed for the visible light photocatalytic 

reaction but should also work in the dye’s UV light photodegradation since the SRB dye 

absorption extends into the UV range as well.  

 

Figure 5. Temporal course of the photodegradation of the sulforhodamine B 

 

In this work, we proposed that the morphology effect also exerts a role, at least to some 

extent. As shown in Scheme 3, compared with phenol degradation, the dye degradation 

proceeds by an alternative mechanism: initially, during the UV irradiation, the SRB dye 

mainly degrades on the irradiated anatase nanocrystallites which lie on the surface of titania 

particles. Secondly, the excited dyes can also diffuse into titania particulates and inject 

electrons into some nonirradiated anatase nanocrystallites which are located on the sublayer 

of the titania particulates. Further to this injection, the electron is scavenged by oxygen 

molecules and transformed into the highly active OH radical. Since there are less obscured 

anatase nanocrystallites in the sample with fibrous morphology, the latter process is only 

effective for Ti-3-450 whose mircospheric morphology indicates that many active sites 

cannot be irradiated during the photocatalytic reaction. This results in a discrepancy in 
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catalytic performances between the degradation of phenol and SRB dye for Ti-1-450 and Ti-

3-450. 

 

Scheme 3. Proposed enhanced mechanism of dye degradation on Ti-3-450 under UV 

irradiation 

 

THE EFFECT OF CALCINATION TEMPERATURE 

The key function for a heterogeneous photocatalysis is to generate a light-induced charge 

pair (e- and h+) separation, whose lifetime is of such stability as to facilitate redox 

chemistries. One key method of improving the performance of a photocatalyst is to provide a 

strategy which prevents the recombination of the separated charge pair27,28. For a pristine 

homo-semiconductor, the only readily available method is to improve its crystallinity in 

order to reduce the amount of crystal defect sites where the recombination readily occurs. 

However, calcination, which is usually utilised for this purpose, is deleterious, and results in 

the sintering of nanocrystallites29.  

The as-syntheisized TiO2/Al2O3 nanocomposites possess a novel core-shell structure 

where the anatase nanocrystallites are evenly dispersed on the long bundles of alumina 
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nanofibres. The long alumina bundles act as hard templates and provide good mechanical 

and thermal stability to the materials. It is this increased stability that allows the preparation 

of highly crystalline TiO2 nanoparticles by simple calcination without forming an undesired, 

agglomerated morphology. Thus, crystal size, distribution and dispersion can be precisely 

controlled in the as-synthesised material. 

 

Figure 6. XRD patterns for the sample with 2 Ti/Al molar ratios calcined from 450oC to 

900oC 

 

Ti-2-450 exhibits the highest catalytic activity for the degradation of phenol under UV 

irradiation. Therefore, the fibrous nanocomposite with Ti/Al molar ratio m=2 is calcined 

from 450oC to 900oC. Even after calcination at 900oC, the prepared sample is still a 

flocculent white powder. In Figure 6, the XRD patterns of the calcined composites are given. 

Notably, the main crystal phase for all nanocomposites is anatase, with the calcination 

temperature elevating the intensity of diffractions characteristic of anatase phase 

dramatically. This intensity increase is indicative of increasing crystallinity. For the samples 

calcined above 700oC, their XRD patterns show a small portion of rutile phase present along 
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with anatase TiO2. The phase contents were estimated from the respective XRD peak 

intensities using the following equation30: 

஺݂ ൌ
1

ሺ1 ൅ 1
ܭ
ோܫ
஺ܫ
ሻ
 

Where ஺݂is the fraction of the anatase phase; K = 0.79 since anatase is the predominant 

crystal phase in this sample. IR and IA are the integrated intensities of the rutile [110] and 

anatase [101] peaks, respectively.  

The average crystallite size of TiO2 was estimated by means of the Scherrer equation from 

the diffraction peaks [110] for rutile and [101] for anatase, and summarised in Table 2 with 

their respective phase content. 

Table  2. Crystal sizes and phase component of the fibrous nanocomposites (Ti/Al=2) 

calcined at various temperatures 

 

It can be observed that the crystal size of the anatase increases slightly from 9.5 nm to 12.6 

nm when increasing the calcination temperature from 450oC to 600oC. However, when the 

calcination temperature increases from 600oC to 700oC, the crystal size of anatase 

Sample name 
XRD calculation  Phase (%)a 

Anatase  Rutile  Anatase  Rutile 

Ti-2-450 9.5 nm ―  100 ― 

Ti-2-600 12.6 nm ―  100 ― 

Ti-2-700 21.5 nm 27.6 nm  96 4 

Ti-2-750 25.1 nm 27.9 nm  96 4 

Ti-2-800 28.4 nm 37.3 nm  96 4 

Ti-2-900 41.3 nm 59.3 nm  84 16 
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dramatically increases to 21.5 nm and from 700oC to 900oC, each 100oC increment leads to 

about 10 nm in coarsening for anatase nanocrystallites. In addition, the samples contain 4 % 

rutile phase when calcined in the temperature range from 700oC to 800oC, while for the 

sample calcined at 900oC, the percentage of rutile phase in this sample is about 84% and its 

crystal size is about 59.3 nm. 

The diffuse reflectance UV-visible spectra for the calcined nanocomposites and 

commercial TiO2 P25 are shown in Figure 7, where all spectra of samples were obtained at 

the same conditions. The absorption edges for the nanocomposites calcined from 450oC to 

800oC are almost overlapping, which is notably similar to that of commercial TiO2, P25. The 

evident difference between the calcined samples from 450oC to 800oC is that the absorption 

band, which is centred at 225 nm, gradually decreases as the calcination temperature of 

samples increases, while the P25 has the highest intensity of this band. This band 

corresponds to the isolated Ti species31, indicating that the crystallization of TiO2 happened 

at the expense of isolated Ti species as the calcination temperature increases. 

The diffuse reflectance spectra for the sample calcined at 900oC exhibits distinct red shift 

of absorption edges. The absorption edge is estimated by plotting [F(R∞)·E]1/2 against E, 

where E=hν represents the photoenergy, and F(R∞) is the so-called remission or Kubelka-

Munk function, and extrapolating the straight, linear portion of the spectra to [F(R∞)·E]1/2=0. 

Two band gaps about 3.0 and 3.2 respectively can be extracted from the spectra for Ti-2-900, 

indicating the red shift of this sample corresponds to the formation of rutile phase. 
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Figure 7. UV‐visible spectra of calcined TiO2/Al2O3 nanocomposites (Ti/Al=2) 

 

The photoactivities of the calcined nanocomposites and commercial TiO2 P25 for 

degradation of phenol are shown in Figure 8; apparent first-order rate constants of these 

samples are also calculated. It can be observed that the catalytic performances of these 

nanocomposites are promoted by elevating the calcination temperature up to 750oC, whereas 

above this calcination temperature, their activities begin to drop back markedly. The sample 

calcined at 750oC exhibits the highest activity, which can totally degrade 25 ppm phenol in 

90 min. In contrast, for the commercial TiO2 P25, the total degradation of 25 ppm phenol is 

finished in 60 min. 
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Figure  8.  Temporal  course  of  the  photodegradation  of  phenol  for  the  calcined 

nanocomposites (Ti/Al=2) 

 

In this work, the photoactivities of these calcined nanocomposites is not as high as P25, 

but it should be noticed here that these nanocomposites contain a definite amount of alumina, 

of which the Ti/Al molar ratio is 2 and the mass percentage of TiO2 is 75%. Moreover, as 

shown in Figure 9, the crystal size growth also results in the decrease of surface areas. Due 

to the fibrous morphology of these materials, all their surface areas can be regarded as 

exposed-surface area that is capable of harvesting light. Therefore, the turnover frequency 

based on the TiO2 unit and surface areas is also calculated from the initial activity of the 

phenol degradation and summarised on Table 3.  
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Figure 9. Specific surface area of calcined nanocomposites as a function of crystal sizes 

 

Table  3.  Rate  constant  and  turnover  frequency  (initial  activities)  in  the 

photodegradation of phenol over calcined nanocomposites 

Sample name k 10-3min-1 
Turnover frequency 

TiO2 unit 10-3min-1 Surface area mol/m2 

Ti-2-450 18 1.02 6.95×10-8 

Ti-2-600 27 1.53 13.4×10-8 

Ti-2-700 34 1.92 24.5×10-8 

Ti-2-750 39 2.21 31.4×10-8 

Ti-2-800 29 1.64 26.6×10-8 

Ti-2-900 16 0.91 31.2×10-8 

P25 63 2.67 55.8×10-8 
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Observed from Table 3, the turnover frequencies, which are based on surface area for the 

calcined nanocomposite catalysts are relatively low compared with P25. Clearly, the surface 

of P25 is more efficient for harvesting and utilising irradiated photons. However, the activity 

per unit of TiO2 for the sample Ti-2-750 is very close to that of P25. This could be attributed 

to their fibrous morphology resulting in minimal agglomeration of anatase nanocrystallites.  

In previous work, it was observed in several research groups32,33 that catalysts with fibrous 

morphology can be separated easily from the aqueous system by sedimentation. In this work, 

we witnessed that as-prepared fibrous photocatalysts are more readily recovered by a simple 

filtration, compared with commercial P25. This is because, although the fibrous materials are 

aggregated in the filtration procedure, their morphologies also make the filtration cake 

contain large interparticle voids that can support a high filtration flux. In contrast, ultrafine 

powders or dispersed nanocrystallite easily peneterates and blocks the filter which leads to 

the high cost for separation at industrial scale.  

 

 

Scheme  4.  Schematic  shows  that  the  fibrous  catalyst  can  be  separated  readily  and 

rapidly for reuse by filtration 
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6.4 CONCLUSION 

In summary, we observed that the morphology for a photocatalyst is of critical importance. 

Three kinds of morphologies were investigated in this work. They are densely aggregated 

particles, highly separated TiO2 microspheres and fibrous samples. Among them, the catalyst 

with fibrous morphology exhibits superior catalytic performance. This could be attributed to 

two factors. Firstly, TiO2 nanocrystallites are evenly dispersed over the alumina bundles and 

all or a majority of them are exposed to light irradiation. Secondly, the particles with fibrous 

morphology could be easily dispersed into the reaction system rather than sedimentation, 

occuring as a result of bulk particles or aggregation of small nanocrystallites, and maximizes 

the light harvesting and the transportation of reactant molecular to active sites. 

Furthermore, we optimized the catalytic performance by calcinations at elevated 

temperature. The samples were always flocculent white powders rather than sintered 

aggregates, exhibiting a good thermal stability of as-prepared nanocomposites. The sample 

calcined at 750oC exhibits the highest activity, of which the initial activity (TOF) per unit of 

TiO2 was very close to that of commercial P25. The fibrous morphology of as-prepared 

nanocomposites has an additional advantage in that they can be recovered readily and rapidly 

by filtration. The knowledge acquired in this work is important for designing novel 

photocatalysts that could combine high efficiency with rapid recoverability.  
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Chapter 7: Conclusions 

In this thesis, we developed a new strategy to prepare hierarchical macro-mesoporous 

nanocomposites without the use of any organic space filler\template or other specific 

technologies. Two kinds of fibrous ZrO2/Al2O3 and TiO2/Al2O3 nanocomposites were 

successfully synthesised using boehmite nanofibers as a hard temperate followed by a simple 

calcination. Verified by TEM, the nanocomposites possess a novel core-shell structure where 

a ZrO2 or TiO2 shell is evenly distributed onto a core of long, bundled alumina nanofibres. 

The core of fibrous alumina of the resultant nanocomposite provides the material with 

considerable mechanical and thermal stability, and, more importantly, the growth of metal 

oxide nanocrystallites is also inhibited by the metal oxide/alumina interface during additional 

calcination, which results in an even distribution of the crystallites of metal oxide. 

Interestingly, the stacking of resulting materials is a hierarchical macro-mesoporous 

nanocomposite: the assembly of nanocrystallites forming a mesoporous layers enveloped the 

alumina bundles and the bundles of coated, fibrous alumina aggregate generating the 

macroporous framework of the nanocomposites. To the best of our knowledge, this 

nanostructure has never been reported previously. In addition, the nanocomposites can be 

prepared with extremely high Zr or Ti to Al molar ratios which, in this thesis, are 1:1 for 

zirconia materials and 2:1 for titania materials. Thanks to the core-shell structure, the surface 

properties of nanocomposite are close to that of the pristine transition metal oxide while the 

molar ratio of the materials determined by XPS is above three times as much as the bulk 

value indicating the availability of the catalytically active component.  

To better understand the formation of the unique nanostructure of these fibrous 

nanocomposites (1D), we combine several characterisation approaches, such as SEM, TEM, 

Hot-stage Raman, FT-IR emission spectroscopy and solid-state 27Al MAS NMR spectra to 

trace the preparation procedures:  
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The process starts with the preparation of dispersive system of boehmite nanofibres. The 

dispersibility of boehmite nanofibres was briefly introduced in Chapter 2. The boehmite 

nanofibres can form a stable suspension in aqueous solution (Scheme 1b) but usually 

flocculate in organic solution (Scheme 1a). Just as with normal colloid particles, the 

dispersion of boehmite nanofibres in an aqueous solution is a sensitive balance between 

repulsive interparticle forces associated with the electrical double-layer around the particles 

and the attractive van der Waals forces as described in Derjaguin-Landau-Verwey-Overbeek 

theory (DLVO). In this work, by adsorbing a thin layer of water molecules onto the surface 

hydroxyl groups of boehmite nanocrystallites, we can prepare evenly dispersed bundles of 

boehmite nanofibers in a hydrophobic organic medium (Scheme 1c).  

 

Scheme 1. The  suspension  state  of  boehmite  nanoifibres  a)  in  oil  phase  b)  in water 

phase,and c) in oil phase with the aid of oil/water interface 

 

This case should be regarded as a hydrated aggregation of hydrophilic particles dispersed 

in a hydrophobic medium. Since the Van der Waals attraction force on close approach of two 
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nanoparticles is extremely large, separating the aggregation of nanoparticles inevitably 

requires some considerable force. The repulsive hydration force, which arises between two 

surfaces when water molecules orient with and bind to the hydrophilic surface forming a 

hydration layer around nanoparticles, is necessary to separate the hydrophilic surface of two 

overlapped particles. Meanwhile, the lack of corresponding repulsion is just the fundamental 

reason that dry boehmite nanofibres are prone to aggregation in oil phase1. 

The repulsive hydration force is a short-range force. This force increases with the water 

molecule in the hydration layer around nanoparticles being squeezed out. The the strength of 

this force depends largely on the energy required to dehydrate these hydrophilic groups. 

Empirically, the repulsive hydration energy (per unit area) follows an exponential decay:  

Wୟ
HሺDሻ ൌ W଴exp ሺെ

D
λ଴
ሻ 

Where D is a surface separation, W0= 3-30 mJm-2 and λ0, 0.6 -1.1 nm, is the decay length. 

As measured experimentally, the effective range of hydration forces is ~ 3 nm2.  

 

Scheme  2.  A  schematic  illustrating  the  linear  arrangement  of  boehmite  nanofibres 

driven by hydration  repulsive  force  a)  the  strongest  hydration  repulsive  force  acting 

between  two  parallelly  orientated  nanofibres  b)  change  to  linear  arrangement  to 

minimize the hydration repulsive force  

δ Boehmite Nanofibre

Water layer

a b
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In our work, the amount of water distributed on the boehmite nanofibres is strictly 

controlled. In practice, we restrict the thickness of the water layer to 2 ~ 3 nm by calculation, 

assuming that the water is evenly distributed on the surface of each boehmite nanofibre. For 

boehmite nanofibres, the hydration repulsive force strongly depends on the orientations of 

boehmite nanofibres. The hydration repulsive energy is strongest for the parallel orientation 

of two overlapped nanofibres. As the hydrated boehmite nanofibres are restricted closely by 

the limited amount of water, there is a strong hydration repulsive force acting between two 

parallelly orientated nanofibres. They are prone to align to minimise overlapped areas in 

order to achieve a balance between hydration repulsive energy and van der Waals attractive 

energy. Therefore, the long bundles are made up of a collection of boehmite nanofibres with 

a hydration repulsive force acting between them.  

The toughness of each bundle is maintained by the Van der Waals force between each of 

theinterconnected nanofibres. As these hydrated nanofibres are dispersed into oil phase, the 

toughness of each bundle is also maintained by the Laplace pressure, which is the pressure 

difference between the inside and the outside of a droplet, expressed by the following 

Young-Laplace equation:  

∆P ؠ P୧୬ୱ୧ୢୣ െ P୭୳୲ୱ୧ୢୣ ൌ γ୭୵ ൬
1
Rଵ

൅
1
Rଶ
൰ 

Where in the case of R1 being equal to R2,  

∆P ൌ
2γ୭୵
R

 

Where Pinside is the pressure inside the droplet, Poutside is the pressure outside the droplet, γow 

is the water/oil interfacial tension, R is the radius of the bubble. 
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Scheme 3. A schematic illustrating that the linear arrangement is maintained by interfacial 

force 

 

Indeed, the long bundle of boehmite nanofibres is restricted in a droplet possessing a large 

aspect ratio. The bend of the bundle will give rise to the interfacial curvatures and generate 

pressure differences. As the radius of curvature, generated by nanomaterials, is on a 

nanometer scale, according to the equation the pressure difference will be extremely large. It 

will result in an attractive force between two nanofibres. Therefore, the bended bundle will 

readily restore into the linear arrangement of interconnected nanofibres3. 

The long bundles of boehmite nanofibres are capable of forming entanglements with a 

weak Van der Waals attraction between them to develop self-supporting network structures. 

This network is fairly stable and can resist sedimentation. From our work, it is evident that 

the dispersions of these fibrous particles are known to form gels. 

In the next step, we used the oil phase to segregate the dispersed long bundles of boehmite 

nanofibres. The main advantage of this design is that we can exclusively deposit an 

amorphous ZrO2 or TiO2 layer on the outer-surface of boehmite bundles by the localised 

Attractive force
from Laplace pressure 

R1

R2

Water

Oil phase

Oil phaseWater

Restore to 
linear arrangement 
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hydrolysis of zirconium or titanium alkoxide. This also requires that the amount of water 

distributed on the boehmite nanofibres is strictly controlled. Since the amount of water is 

relatively less for the hydrolysis and condensation of zirconia/titania species, in this thesis, 

the preparation of a fully hydrolysed amorphous layer is realized by two methods: (1) by 

heating a suspension at elevated temperature to intensify sol-gel reaction, or (2) by post-

addition of water to separately control the hydrolysis and condensation processes. 

After the drying step, fibrous ZrO2/Al2O3 and TiO2/Al2O3 nanocomposites were 

transformed by sample calcination. Determined by the in situ hot-stage Raman and FT-IR 

emission spectroscopy, the crystallization of metal oxide proceeds with the calcination 

temperature increasing, while the boehmite nanofibers transform to the isomorphous γ-Al2O3 

at 450oC. The interaction between transition metal oxide nanocrystallites and γ-Al2O3 can be 

detected by XPS and 27Al MAS-NMR. In Chapter 4, during the preparation of ZrO2/Al2O3 

nanocomposites, XPS results show that the zirconium ions bound to the alumina support lead 

to a displacement of the bonding energies of Zr3d5/2 to the value of 0.9 eV. 27Al MAS-NMR 

results show that compared with pristine γ-Al2O3, pentacoordinated aluminium sites emerge 

in the nanocomposite materials with this component typically corresponding to amorphous 

alumina. Identified by the XRD, the tetragonal zirconia nanocrystallites dispersed on 

alumina cores exhibit crystal sizes much smaller than that of the pristine zirconia prepared 

under the same conditions. These three characterisation methods unambiguously suggest that 

the metal oxide nanocrystallites are incorporated onto the alumina support by a small 

proportion of amorphous alumina which also retards the crystal growth of the metal oxide 

nanocrystallites. 

At this stage, our strategy has succeeded in constructing ZrO2 and TiO2 hierarchical 

nanocomposites. Both syntheses start with the hydrolysis and condensation reactions of their 

corresponding metal alkoxide precursor, followed with generating an amorphous metal oxide 

layer around the skeleton of alumina nanofibres to form fibreous morphology. After 

calcination, the amorphous layer is transformed into a mesoporous layer of metal oxide, 
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which is assembled by many small nanocrystalites. Using metal alkoxide as precursor is the 

only prerequisite, and is the only limitation of our synthetic strategy. The more pronounced 

differences in the synthesis of these two nanocomposites are that the zirconium butoxide is 

relatively sensitive to hydrolysis and condensation, while the titanium species is relatively 

sensitive to the thermal treatment. As we described in chapter 5, these defferences in 

properties of metal alkoxide also result into the modification of synthetic processes, and this 

should be noticed if preparing other metal oxide nanocomposites.  

We also examined catalytic applications for our resultant nanocomposites. In the literature, 

crystalline ZrO2 and TiO2 usually exhibit high intrinsic activities in catalysis reactions as 

catalyst or catalyst support. To the best of the author’s knowledge, the performances for 

ZrO2 and TiO2 nanocomposites with core-shell structure and hierarchically meso-macropores 

have not been previously examined.  

A series of 1D (fibrous) ZrO2/Al2O3 with different Zr molar percentage was developed 

into solid superacids by loading sulfate ions. We evaluated the performances of these fibrous 

solid superacids by the benzoylation reaction of toluene with benzoyl chloride at reflux. The 

fibrous superacid with 50 % Zr molar percentage exhibits higher activity than that of the 

pristine sulfated zirconia by a factor of 1.4. The high activity of such a catalyst is attributed 

to the large surface area of zirconia nanocrystallites being readily accessible to the reactant 

molecules due to the unique core-shell structure.  

Moreover, we also prepared a serious of TiO2/Al2O3 nanocomposites with various Ti/Al 

molar ratio and different morphologies including fibrous TiO2/Al2O3 nanocomposites and 

titania microspheres segregated by alumina nanofibres. In this case, we noted that 

morphology is a crucial aspect for the performance of a photocatalyst. The photocatalyst 

with fibrous morphology exhibits superior catalytic performance. This is because of two 

aspects: first, for fibrous catalyst the TiO2 nanocrystallites are evenly dispersed on the 

alumina bundles ensuring the majority are exposed to the light irradiation, and, second, the 
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particles with fibrous morphology are highly dispersive in reaction system. Whereas, for the 

photocatalyst with microspherical morphology only the first layer of TiO2 nanocrystallites 

can be irradiated, this results in relatively low utilisation of surface area for photocatalysis. 

Indeed, the importance of morphology exhibited in our work even surpasses some other 

factors usually discussed in photocatalyst evaluation, such as band gap of anatase, crystal 

size or phase composition.  

Besides, the photocatalytic performance of fibrous TiO2/Al2O3 was improved by 

calcination at elevated temperature to increase crystallinity and reduce the recombination 

rate of photo-induced electron-hole pairs. The fibrous nanocomposite calcined at 750oC 

exhibits the highest catalytic performance for the degradation of phenol. In fact, its 

degradation activity of per TiO2 unit is very close to the gold-standard commercial 

photocatalyst, P25. Furthermore, we found that the fibrous particles were much easier to 

recover by filtration than with ultrafine nanopowders. We proposed that this is because the 

aggregation of fibrous particles during filtration also contains a considerable amount of large 

interparticle voids which can support a high filtration flux. This knowledge has been noted to 

be important for designing novel photocatalyst for industrial applications.  
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