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Nanocrystalline Functional Alumina and Boehmite Materials: 
Synthesis, Characterization and Applications 

ABSTRACT
 
In this dissertation, synthesis, characterization and applications of nanocrystalline 
functional alumina (Al2O3) and boehmite (�-AlOOH) materials have been systematically 
studied. The processing method was focused on sol-gel method. The purpose was to 
synthesize, characterize and then find suitable applications such as superhydrophobic and 
antireflective applications to the as-prepared nanocrystalline alumina and boehmite 
materials.  
 
Based on a modified sol-gel process, nanocrystalline flaky boehmite powder was 
synthesized, and transition alumina powders with morphologies of nanoparticles and 
nanorods with high surface areas were prepared from the flaky boehmite powder. 
 
Furthermore, nanocrystalline �-alumina powder with novel morphology was also obtained 
from the flaky boehmite powder at a relatively low temperature of 1000 °C without using 
seed. The �-alumina crystallites of 5 nm in size were observed for the first time, and more 
interestingly such nanocrystallites existed on the surface of the nanorods with widths of 
about 15 nm and lengths of 50-300 nm. The detailed processing parameters of such 
nanocrystalline �-alumina powder were studied and the formation scheme of the novel 
morphology of such nanocrystalline �-alumina powder was illustrated, while the phase 
transformation from �- to �-alumina was tentatively discussed.  
 
More work was done to synthesize nanocrystalline �-alumina powder with nearly spherical 
morphology from gel powder, as compared to the nanocrystalline �-alumina powder 
obtained from the flaky boehmite powder.  
 
On the other hand, flaky boehmite film was produced by spin coating from the same sol 
suspension as in the alumina powder processing. By modifying the surface chemistry, the 
boehmite film became superhydrophobic and antireflective. The formation process and 
thermal stability of such superhydrophobic antireflective boehmite film were studied and 
discussed. A set of roughness parameters was related to the superhydrophobic and the 
antireflective properties.  
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1. INTRODUCTION 
 
As an essential part of our daily life, new functional materials have significant impact on 
the current hot issues of energy, health, food, water, communication and environment. New 
materials with improved functionality are consistently welcomed to the human society; 
meanwhile materials with more than one degree of functionality (multi-functionality) could 
provide more applications and opportunities of commercial success.  

1.1 Nanocrystalline Functional Materials 
 
Nanotechnology provides a tool to create new functional materials. Nano means one 
billionth. Measurement at this level is in nanometers (nm) – billionths of a meter. The scale 
that ranges from a human down to one hydrogen atom is illustrated in figure 1. 
Nanotechnology involves research and technology development in the range of 1-100 nm, 
nanotechnology creates and uses structures that have novel properties due to their small 
sizes, and nanotechnology builds on the ability to control or manipulate at an atomic scale 
[1].  
 
Nanocrystalline materials refer to the materials for example in the forms of thin films, 
nanoparticles, nanotubes, nanowires with at least one dimension of less than 100 nm. There 
are two different processing approaches in the field of nanotechnology: the top-down and 
the bottom-up. The top-down process is to start with a bulk material and then break it into 
smaller pieces, for example carve nanoscale objects out lithographically from a substrate 
[2]. The top-down is focused on the technologies mainly used in electronic devices. The 
bottom-up approach concerns the possibility to build up the nanoscale objects via chemical 
reactions starting from nanometric units, for example molecular-scale precursors. This 
approach is closely correlated with molecules, complexes, particles, clusters, aggregates, 
etc [3]. The bottom-up approach consists of for example chemical vapor deposition (CVD) 
[4], atomic layer deposition (ALD) [5], sol-gel technique [6], self-assembly [7], aerosol-
based process [8], supercritical fluid synthesis [9] etc. 

1.2 Aims of the Study 
 
By standing at the interface of materials science and chemistry, the aim was to develop a 
simple process to produce nanocrystalline functional alumina (Al2O3) and boehmite (�-
AlOOH) materials in the forms of powder and thin film, characterize them and find suitable 
applications. By producing nanocrystalline powder, the end product may have improved 
catalytic, electrical, optical and mechanical properties. Meanwhile, the morphology of the 
powder material is also important since it could also affect the mechanical property of the 
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end product, and different morphologies are required for different advanced engineering 
and structural applications. Finally, by combining surface chemistry to the specific 
nano/micro structure of the surface (nano/micro patterning), the author targeted to produce 
nanostructured superhydrophobic antireflective boehmite films on the substrates of 
stainless steel and glass.  
 

 
Figure 1 Illustration of the scale that ranges from a human down to one hydrogen atom [1]. 
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1.3 Outline of the Dissertation
 
The dissertation is a summary of 7 peer-reviewed publications in different scientific 
journals and a book. The author synthesized and characterized nanocrystalline alumina 
powders (powder processing in publications I-IV) and superhydrophobic antireflective 
boehmite films (film processing in publications V-VII) based on a similar preparation 
process. The flow chart in figure 2 shows the processing procedures and the testing 
methods in each publication as well as the inter-links between the 7 publications.  
 
Publication I studies the synthesis and characterization of the nanocrystalline transition 
alumina powders with high surface areas in morphologies of nanorods and nanoparticles. 
Publications II and III report the synthesis, characterization and formation mechanism of 
the nanocrystalline �-alumina powder with novel morphology obtained at a relatively low 
temperature of 1000 °C. Publication II is a short communication and publication III is the 
follow-up full paper. Publication IV compares the nanocrystalline �-alumina powder in 
different morphology obtained from amorphous gel powder and flaky boehmite powder. 
Publications V and VI report the formation process and the thermal stability of the 
superhydrophobic flaky boehmite film on austenitic stainless steel, and publication VII 
relates a set of roughness parameters to the superhydrophobic and antireflectivie properties 
of the flaky boehmite film on glass.  
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2. BACKGROUND 

2.1 Alumina and Boehmite Materials 
 
Alumina (aluminium oxide, Al2O3), in various forms, has been intimately involved in our 
daily life. It is present in toothpaste, porcelain bathtubs, spark plugs, tires, in the catalytic 
converters of our cars, and in the microchips of our TV and mobiles, etc. Meanwhile, 
boehmite (�-AlOOH) is one type of aluminium hydroxides. It is an industrially important 
precursor for aluminas used in the manufacture of catalysts and adsorbents [10]. 

2.1.1 Alumina Polymorphs
The alumina structures can be divided into two broad categories based on a face-centered 
cubic (fcc) and a hexagonal close-packed (hcp) arrangement of oxygen anions. The 
distribution of cations within each subgroup results in many different alumina polymorphs. 
The aluminas having the fcc arrangement of oxygen anions include �-, �-, �- and �-alumina; 
while the aluminas having the hcp arrangement of oxygen anions consist of �-, �- and �-
alumina [11]. As the only stable polymorph, �-alumina has a high melting point, high 
thermal stability, high chemical inertness and high hardness. Other alumina polymorphs, 
also called transition aluminas, are metastable. Due to the fine particle size, high surface 
area and catalytic activity of their surface, transition aluminas (especially �-alumina) find 
wide applications in industry as adsorbents, catalysts or catalyst carriers, coatings and soft 
abrasives. Meanwhile, �-alumina, as one of the most important ceramic materials, has been 
widely used in many applications in machine components, microelectronics, refractories, 
optics and lasers based on its mechanical, electrical and optical properties [12]. 

2.1.2 Aluminium Hydroxides 

Aluminium hydroxides are typical starting materials to produce transition aluminas and �-
alumina by calcining. There are two crystalline forms of aluminium monohydroxides: 
diaspore (�-AlOOH) and boehmite (�-AlOOH); and three crystalline forms of aluminium 
trihydroxides: bayerite (�-Al(OH)3), gibbsite (�-Al(OH)3) and nordstrandite (Al(OH)3). An 
ideal structure of boehmite is shown in figure 3. The AlOOH polymeric layers are parallel 
to the a, c plane. These layers are stacked along the b axis and held together by hydrogen 
bonds between the OH groups.  

2.1.3 Thermal Decomposition of Aluminium Hydroxides  
The sequence of the alumina phases during the thermal decomposition of different 
aluminium hydroxides and gel is described in figure 4. The structure of the starting 
aluminium hydroxide determines the sequence of the alumina phases and the temperature 
range of their existence, which are different for gibbsite, bayerite, boehmite, diaspore and 
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gel. Depending on the processing methods, the temperature range of the alumina phases 
may vary.  
 

 
Figure 3 Ideal structure of boehmite [13]. 
 

 
Figure 4 Sequence of the alumina phases during the thermal decomposition of different 

aluminium hydroxides and gel [10]. 
 
As shown in figure 4, diaspore is the only starting material which directly transforms to �-
alumina without developing any intermediate transition aluminas. Due to the similarity of 
the diaspore and �-alumina lattices, the transformation from diaspore to �-alumina requires 
relatively small rearrangements and thus small nucleation energy, resulting in the formation 
of �-alumina at low temperatures starting from about 500 ºC [10]. However, other 
aluminium hydroxides and gel will first transform to transition aluminas and finally to �-

(�) 

(�) (�) (�) 

(�) (�) (�) 

(�) (�) (�) 

(�) 
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alumina. The phase transformation from �- to �-alumina involves a change in the 
arrangement of oxygen anions from fcc to hcp, and is generally completed at about 1200 ºC 
[14].  
 
The formation of �-alumina can be confused with �-alumina. As stated, �- and �-alumina 
are both based on the fcc arrangement of oxygen anions, and table 1 gives the X-ray 
diffraction data of �- and �-alumina. From table 1, it can be seen that the d value of 1.21 Å 
is characteristic for �-alumina. However, the diffraction peak of �-alumina with the d value 
of 1.21 Å only has a relative intensity of 10. If �-alumina is well crystallized and has all the 
diffraction peaks present in the XRD pattern, it is possible to determine the �-alumina 
phase. However, for nanocrystalline �- and �-alumina, only few diffraction peaks with high 
degree of broadness are present in their XRD patterns. Therefore it is very difficult to 
distinguish nanocrystalline �- from �-alumina. In this dissertation, nanocrystalline aluminas 
were studied. The author was not able to make the difference between nanocrystalline �- 
and �-alumina by XRD and SAED. The discussion was based on the phase transformation 
sequence shown in figure 4, i.e. �- alumina was formed when gel was the starting material, 
and �-alumina was obtained when boehmite was the starting material, though they had quite 
same XRD and SAED patterns.  
 
Table 1  X-ray diffraction data of �- and �-alumina [15]. 

�-alumina �-alumina 
d (Å) I/I1 hkl d (Å) I/I1 hkl 
4.60 40 111 4.560 40 111
2.80 20 220 2.800 20 220
2.40 60 311 2.390 80 311
2.27 30 222 2.280 50 222
1.97 80 400 1.997 100 400
1.52 20 333 1.520 30 511
1.40 100 440 1.395 100 440
1.21 10 533 1.140 20 444
1.14 20 444 1.027 10 731
1.03 10 553 0.989 10 800

   0.884 10 840
   0.806 20 844

 

2.1.4 Processing of Nanocrystalline Boehmite  
Boehmite (�-AlOOH) is a usual starting material to prepare �-, �-, �- and �-alumina by 
calcining. As shown in figure 4, it passes through the following phase transformation series 
upon calcining: 

Boehmite � �- � �- � �- � �-alumina 
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Boehmite of different particle sizes with different morphologies from different processing 
methods would play important roles on the resulting aluminas obtained by calcining. 
Therefore different processing methods have been widely studied to produce 
nanocrystalline boehmite and further �-alumina with different morphologies [16-23].  
 
The AlOOH polymeric layers are the building blocks of the boehmite structure, as shown in 
figure 3. Therefore, lath-shaped boehmite crystals are frequently observed, but other 
morphologies can also occur, based on different processing methods and conditions. Kuiry 
et al. [16] obtained nanocrystalline fibrous boehmite powder by a modified sol-gel process 
involving an aluminium isopropoxide precursor. Thiruchitrambalam et al. [17] synthesized 
fibrous boehmite powder by boiling water hydrolysis of high purity aluminum metal. Liu et 
al. [18] applied hydrothermal method to produce nanocrystalline boehmite with a flower-
like morphology at 160 ºC. Gan et al. [19] reported the formation of nanocrystalline 
boehmite powder in different morphologies via solvothermal method at 190 ºC without 
using template. By manipulating the volume ratio and the composition of the reaction 
solvents such as toluene, isopropanol and water, boehmite with morphologies of nanotubes, 
nanofibers, nanorods, nanolaths and nanosheets were obtained. Buchold and Feldmann [20] 
obtained nanocrystalline hollow boehmite spheres from a water-in-oil microemulsion by 
applying the liquid-to-liquid phase boundary of the micellar system as a template. Other 
methods include steam-assisted solid wet-gel process [21], laser ablation [22], 
precipitation/digestion method [23] etc.  

2.1.5 Processing of Nanocrystalline �-Alumina

Diaspore would be a good starting material to produce nanocrystalline �-alumina at low 
temperatures, since it transforms directly to �-alumina as mentioned aforehand. However 
synthesis of diaspore is not easy, which requires high temperature and high pressure [10, 
24-25]. Livage [26] reported a hydrothermal synthesis of diaspore at 400 ºC, however 
boehmite can be obtained at moderate temperatures even at room temperature [16-18]. 
Therefore there is a continuous interest in developing processes to obtain �-alumina at 
relatively low temperatures from other starting materials, for example boehmite.  
 
It is challenging to synthesize nanocrystalline �-alumina by calcining, since the complete 
phase transformation from �- to �-alumina requires high temperature of about 1200 ºC [14]. 
The high temperature calcining will result in exaggerated crystallite growth before the 
phase transformation to �-alumina is complete, and the formation of a vermicular structure. 
Wen and Yen [27] reported that as the phase transformation proceeded, �-alumina first 
nucleated in the fine-grained �-alumina matrix, accompanied by particle coarsening. Then, 
�-alumina crystallites grew rapidly to form large colonies. Thus a network of pore channels 
and �-alumina "dendrites" were formed, resulting in the vermicular structure, as shown in 
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figure 5. The vermicular structure makes sintering to full density very difficult due to the 
formation of large pores that are often entrapped within the crystallites of �-alumina [28].  
 

 
Figure 5 Image of an �-alumina colony growing into a fine-grained �-alumina matrix [28].  
 
A lot of effort has been addressed to find out the mechanism of the phase transformation 
from �- to �-alumina [29-32]. A lot of work has also been done to find suitable seeding 
materials to provide heterogeneous nucleation sites for �-alumina in order to lower the 
formation temperature of �-alumina. Messing et al. firstly reported to add fine �-alumina 
[33] in 1984 and later �-Fe2O3

 [30] as seeds in a sol-gel process. After that, seeding 
materials such as AlF3 [34] and alumina sol [14] were also reported.  
 
Meanwhile, spherical and plate-shaped morphologies of �-alumina have been commonly 
reported [35-40]. However, nanocrystalline �-alumina in different morphology would be 
needed for different advanced engineering and structural applications, for example 
nanocrystalline spherical and plate-shaped �-alumina leads to improved fracture strength 
and toughness in the end product [41]. Therefore, it is important to obtain nanocrystalline 
�-alumina also in other morphologies.  

2.2 Sol-Gel Method 
  
Sol-gel method is considered as a modern technique to prepare inorganic material via a 
chemical route [42]. The first sol-gel synthesis of silica was reported in 1846 by Ebelmen, a 
French chemist [43]. Till now, thousands of papers have been published and sol-gel 
chemistry has also opened new opportunities in the field of materials science [44].  
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2.2.1 Sol-Gel Method in Short 
Sol-gel method normally involves the use of metal alkoxides or inorganic salts as 
precursors. Hydrolysis, condensation and polycondensation reactions occur when the 
precursors are mixed with water and solvents, as shown in figure 6, where M could be Al, 
Si, Ti, etc. A metal alkoxide precursor molecule is hydrolyzed first in the presence of water 
and solvent, for example ethanol. Hydrolysis results in the formation of (M-OH) group. 
These groups will further react to form (M-O-M) polymer in the condensation and 
polycondensation reactions, which leads to the formation of a sol suspension. In order to 
obtain homogeneous sol, it is important to optimize the hydrolysis rate by selecting a 
proper length and degree of the branching of the alkyl chain, and also controlling the 
mixing sequence and pH value of the suspension during the sol preparation [45].  
 

 
Figure 6  Reactions involved in the sol preparation [46]. 
 
Sol-gel method corresponds to a molecular way for materials science, which allows the 
design of the material (particle size, morphology, surface area, pore diameter, etc.) by 
controlling the conditions of the process (temperature, precursor, concentration of reagents, 
amount of water, drying methodologies, etc.) [3]. Sol-gel method has the advantages of 
high chemical purity, high chemical homogeneity, lower calcining temperatures and good 
control of particle size [47]. On the other hand, sol-gel method is a versatile method to 
synthesize not only powders but also thin films on various substrates. In case of alumina, 
figure 7 represents the steps leading to alumina powder and alumina film. The sol 
suspension can be dried to gel power, which can be calcined to form alumina powder, while 
from the same sol suspension, thin film can be prepared by dip/spin coating, which can be 
then calcined to form alumina film. Depending on the calcining temperatures, different 
alumina phases can be obtained. 
 
The scheme illustration of the dip and spin coating process is shown in figure 8. Dip 
coating is a common and easy way to deposit a film on a substrate. The substrates could be 
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flat panels, cylinders or of complex geometry. The process could be utilized to coat areas in 
the order of square meters, and could be also operated in either continuous or batch modes 
[45]. While spin coating is an inherent batch process to produce thin films on a rigid flat or 
slightly curved substrate. The substrate used for this process is limited to a smaller size that 
can be held steadily for spinning at very high rotational speeds, i.e. 1000-4000 rpm [45].  

 

 

 
 

 

 

 

 

 
Figure 7 Flow chart of the illustration of the formation of alumina powder and film from the 
  same sol suspension by sol-gel method. 
 

 
Figure 8 Illustration of the dip coating process in (a) and the spin coating process in (b) [48]. 
 

(a) Dip Coating (b) Spin Coating 

Sol  
suspension 

Sol  
suspension 

Substrate Film 
Film 
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The main current industrial applications of the sol-gel method are the formation of thin 
films via dip or spin coating. The method of depositing films on flat glasses was patented in 
1939, and the first product appeared on the market in 1953. Rear-view mirrors were 
commercialized in 1959, antireflective coatings in 1964 and sun-shielding windows in 1964. 
Many other sol-gel films have been commercialized for antistatic or optical applications 
and there is no doubt that sol-gel technology will find more applications in the future [44].  

2.2.2 Sol-Gel Processing of Nanocrystalline �-Alumina Powder  

Different aluminium alkoxides and solvents with possible additives as seeds have been 
used in different mixing sequences to prepare gel powder, which can be calcined at 
different temperatures to produce alumina in different polymorphs. The starting aluminium 
alkoxides, seed additives, sequence of mixing have influence on the particle size, 
morphology and formation temperature of the resulting �-alumina by calcining the gel 
powder. For example, Kim et al. [34] studied the effect of precursors and additives such as 
fluorides on the morphology of �-alumina.  
 
Li et al. [38] obtained �-alumina powder at 1000 °C by using aluminium nitrate, water and 
citric acid with a molar ratio (citric acid to aluminium nitrate) of 2. The �-alumina had 
particle size of about 200 nm with plate-like morphology. Sharma et al. [40] synthesized �-
alumina powder from 930 to 1170 °C depending on the pH value of the sol suspension by 
applying the precursors of aluminium isopropoxide, water and methoxyethanol with a seed 
additive of �-alumina. When pH was 2.5, the obtained �-alumina had particle size of 55-70 
nm with spherical morphology and when pH was 12, the obtained �-alumina had particle 
size of 450-750 nm with hexagonal morphology. Gocmez and Özcan [37] reported the 
formation of �-alumina in size of about 50 nm by using aluminium nitrate, water and 
tartatic, oxalic, acetic acids from 925 to 1000 °C without seed. Liu et al. [35] succeeded to 
prepare particulate �-alumina in diameter of about 100 nm at 1150 °C by using aluminium 
isopropoxide, n-octyl alcohol, acetonitrile and water. Wu et al. [41] prepared plate-like �-
alumina in size of 100 nm at 900 °C by using aluminium nitrate, polyethylene glycol and 
ammonia monohydrate with a seed additive of ZnF2.  

2.2.3 Nanocrystalline Boehmite Film by Boiling Water Treating the Gel Film 
Tadanaga et al. [49-50] reported a sol-gel processing route to prepare the sol suspension by 
using aluminium tri-sec-butoxide, isopropyl alcohol, ethyl acetoacetate and water. Other 
than the conventional sol-gel route, after the spin coating, they heated the gel film and then 
treated the film with boiling water. After the boiling water treatment, flaky boehmite film 
was obtained. Tadanaga et al. [49-51] also studied the superhydrophobic and antireflective 
properties of such flaky film. 
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2.3 Superhydrophobic and Antireflective Applications 
 
The structural and functional tailoring of materials from nanoscale to practical components 
has become an increasingly important topic due to the intensive research and development 
both in characterization and in advanced processing of materials. As part of this doctoral 
dissertation, superhydrophobic and antireflective applications have been studied.  

2.3.1 Superhydrophobic Self-Cleaning Surface  
Each year, huge amount of detergents are used for cleaning purpose in the whole world 
which is a burden to the environment. Self-cleaning or easy to clean surface is a good 
solution since it needs less chemicals or in best nothing but water and water is endless, safe, 
non-polluting, recyclable and environmentally friendly. The idea of superhydrophobic self-
cleaning surface comes from nature, from lotus leaf. Every time after rain or in the morning 
with dew, the pearl-like water droplets remain on the lotus leaves. With breeze, the water 
droplets roll off from the leaves and take dirt away, as shown in figure 9. On such surface 
water droplet has a contact angle of more than 150º, and the surface is water-repellent and 
superhydrophobic. This phenomenon of self-cleaning, known as Lotus Effect, has long 
been known to many Asian cultures. For centuries, they have considered the lotus leaf as a 
symbol of purity due to its self-cleaning nature.  
 

 
Figure 9 Water droplets on a lotus leaf in (a) and water droplets collect dirt from the surface 

of the lotus leaf in (b) [52]. 
 
To understand how the lotus leaf performs self-cleaning, scanning electron microscopy 
(SEM) was used to observe the microstructures on the lotus leaf. A SEM image of a lotus 
leaf is shown in figure 10 (a), where exists surface topography (i.e. roughness) both in 
microscale and in nanoscale, mainly composed of epicuticular wax crystals (with low 
surface energy) in combination with papillose epidermal cells [53]. A simple illustration of 
how self-cleaning works on a rough surface is given in figure 10 (b). The self-cleaning is 
functioned by the reduced contact area, thus the reduced adhesion between the dirt particles 
and the surface due to the surface roughness. However, the contact area, thus the adhesion 
between the dirt particles and the water droplet is larger. As a result, the dirt particles 

a b
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adhere to the water droplet and are easily taken away when the water droplet rolls off from 
the surface. Therefore, the particulate depositions can be purified from the lotus leaf 
through rain, fog and dew [53].  
 

 
Figure 10 Scanning electron microscopy (SEM) surface image of a lotus leaf in (a) and 

illustration of how self-cleaning works on a rough surface in (b) [53].  
 
The physics behind the Lotus Effect can be derived from the behavior of a liquid applied to 
a solid surface. The wetting of the solid is dependent on the relation shown in Young’s 
equation:  

���� cosLVSLSV ��     (1) 

where � is the surface tension that is the energy per unit surface area of the interface. S, L 
and V represent solid, liquid and vapor, respectively. Therefore, �sv is the surface tension 
between the solid phase and the vapor phase, �sL between the solid phase and the liquid 
phase, and �Lv between the liquid phase and the vapor phase. The angle � is named as 
contact angle (CA) of the liquid on the given surface. When the liquid is water and the 
vapor is air, a CA of 0º means complete wetting and a CA of 180º corresponds to complete 
non-wetting. 0 < � < 90º indicates the surface to be hydrophilic and 90º < � < 180º the 
surface to be hydrophobic. When � < 5º, the surface is usually called to be superhydrophilic 
and when � > 150º the surface to be superhydrophobic [54]. 
 
Based on the Young’s equation, when the surface energy of the solid is lowered, the CA is 
increased. However, surface energy is an intrinsic property of each material, and the 
common material with possibly the lowest surface energy (6.7 mJ/m2 for a surface with 
regularly aligned closed-hexagonal-packed –CF3 groups) gives a contact angle for water of 
only around 120o on a flat surface [55]. To obtain higher hydrophobicity, a proper surface 
roughness is required, as indicated by the lotus leaf. Two common models are normally 
used to describe the wetting on a rough surface. In the Wenzel model [56], the liquid is 
assumed to completely wet the grooves of a rough surface. The apparent contact angle �	�
 
contact angle on a rough surface� is then given by  

a b

20 �m
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YA r �� coscos �      (2) 
where r is the ratio of the actual area of the rough surface to the geometric projected 2-
dimensional area, and �Y is the Young's contact angle on a flat surface. The equation thus 
states that a rough hydrophilic surface should be more hydrophilic, and a rough 
hydrophobic surface more hydrophobic than a flat surface with the same chemical 
composition. If air is trapped in the voids of a rough hydrophobic surface, the wetting can 
be described by the following equation simplified from the Cassie-Baxter equation [57] 

21 coscos ffA �� ��      (3) 

where f1 is the surface area fraction of the solid material in contact with the liquid, � the 
contact angle of the liquid on the pure solid material, and f2 the surface area fraction of air 
in contact with the liquid (f1+ f2 = 1). 
 
By learning from the lotus leaf and knowing the physics behind the Lotus Effect, low 
surface energy and proper surface roughness are two dominant factors to obtain 
superhydrophobic self-cleaning property. Therefore to obtain superhydrophobic self-
cleaning surface, surface energy and surface roughness are two critical factors. By 
combining low surface energy and proper surface roughness, superhydrophobic self-
cleaning surface could be obtained. There are mainly two possible ways to produce 
artificial superhydrophobic self-cleaning surface: one is to roughen a hydrophobic surface, 
and the other is to coat low surface energy molecules such as fluoroalkylsilanes on a rough 
surface [58-59]. However, only the surface with proper surface roughness (i.e. micro/nano 
structures) will present the superhydrophobic property. 

2.3.2 Superhydrophobic Antireflective Surface
Since the early report of antireflective (AR) film in 1960s with a TiO2/SiO2-TiO2-SiO2 
three-layer structure on a silicate glass substrate [60], AR films have raised great interest 
and many efforts have been reported on the preparation methods and their applications. Up 
to now, AR films have been applied on the cover glass of solar cells [60-62], glazings [63], 
windshields of automobiles [64], optical instruments [65] and so on. Especially in solar cell 
collectors reflection loss is a notable disadvantage that limits the energy efficiency. It is 
therefore necessary to reduce the reflection loss, that is, to increase the optical 
transmittance to improve the overall performance quality and efficiency.  
 
According to the AR theory [66], using a single coating with a right thickness and 
refractive index, the reflectance at a specific wavelength can be reduced to a value near 
zero by satisfying the following relations:  

0nnn sf �       (4) 

f
f nt 4

0��       (5) 
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where nf, n0, ns are the refractive indices of the film, the environmental medium and the 
substrate, respectively, and tf is the film thickness and �0 the wavelength at which the 
reflection is near zero.  
 
Typical soda-lime glass has a refractive index of 1.5. Based on the equation (4), an 
antireflective film on glass in air must have a refractive index of 1.23 which gives a zero 
reflection at a specific wavelength with a specific film thickness. Unfortunately the lowest 
refractive index of the readily available material is limited to about 1.35 [67]. Furthermore, 
the applications of such AR films are limited especially in solar cells since they are only 
antireflective at one wavelength. In solar cells it is critical to have broadband antireflection 
to increase the energy efficiency. Although a multi-layer film can be deposited to increase 
the bandwidth over which the low reflection loss can be obtained, it normally adds some 
complexity to the producing process. Therefore simple synthesis of broadband AR film is 
warmly welcomed. To solve this problem, the manufacturing of porous film is a good 
solution. This idea comes from natural moth eye and butterfly eye structure, as shown in 
figure 11. The corneal surface of the moth and butterfly eye has nano-scaled hexagonal 
protuberances. As a result, the moth and butterfly eye has very low reflectance and can 
absorb light from any directions.  
 

 
Figure 11 Scanning electron microscopy (SEM) image of a moth eye in (a) [52], and the 

antireflective corneal surface of a butterfly eye in (b) [68]. 
 
The refractive index of a material is related to its density, therefore when lowering the 
density by introducing pores the refractive index is also lowered. Moreover, it is required 
that the pore size should be much smaller than the wavelength of the light, and the pores 
should be homogeneously distributed in order not to affect the light transmission and cause 
scattering [69]. At the same time, to achieve the broadband AR film, there should be graded 
porosity which results in a gradual change in density and further in refractive index through 
the film, thus minimizing the reflection loss [67]. 
 
For the normal porous silica AR films, the adsorption of water vapor into the hydrophilic 
pores increases the refractive index and then lowers the antireflection, which limits the 
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lifetime of the porous silica AR films. The solution is to combine the superhydrophobic 
property with the antireflective property. Then the films are repellent to water and have a 
good performance. Therefore it is beneficial and necessary to realize antireflective and 
superhydrophobic properties simultaneously to the same film. 

2.3.3 Processing of Superhydrophobic Surface 
As mentioned aforehand, the processing of superhydrophobic surface could be divided into 
two categories. In the first category, hydrophobic materials with certain surface 
topography/roughness are used. For example, Xie et al. [70] reported a simple one-step 
casting process to produce a superhydrophobic surface from poly (methyl methacrylate) 
and fluorine-end-caped polyurethane in air under ambient atmosphere by utilizing the 
solubility difference of the two polymers in a solvent of demethylformamide. Zhang et al. 
[71] obtained a superhydrophobic film by extending a Teflon film to about 190% with the 
increase of water contact angle from 118 to 165°. Erbil et al. [72] described the formation a 
superhydrophobic coating using polypropylene by selecting suitable solvents and 
temperature to control the surface roughness. The resulting gel-like porous coating had a 
water contact angle of 160°. Lu et al. [73] obtained a low-density polyethylene 
superhydrophobic surface by controlling the crystallization of the low-density polyethylene. 
Other than the different polymers used in the first category, inorganic materials are 
commonly used in the second category to obtain superhydrophobic surface by depositing a 
top layer of fluorosilane on the roughened surface to modify the surface chemistry. It opens 
the possibility to apply different inorganic materials such as boehmite, alumina, titania, 
silica, carbon nanotubes by using different processing methods for example lithography, 
sol-gel process, chemical vapor deposition, and so on [49-50, 74-79].  

2.3.4 Challenges of the Artificial Superhydrophobic Surface 
The main challenge of the artificial superhydrophobic surface is its durability. The 
superhydrophobicity is introduced by the surface micro/nano structures which are not as 
durable as bulk materials in practical applications. The plants and animals can do self-repair 
for the destroyed surface. However, the artificial surface cannot do self-repair easily by 
itself. The practical surface must withstand touching or rubbing, as well as environmental 
contamination. Meanwhile, the manufacturing process has to be quick and simple. 
Therefore, a lot of efforts are still required from researchers and scientists to accomplish the 
goal. 
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3. MATERIALS AND METHODS 
 
Based on the idea of boiling water treatment of the spin-coated film from Tadanaga et al. 
[49-50], flaky boehmite powder was obtained in this dissertation by treating the gel powder 
with boiling water. By calcining the flaky boehmite powder at different temperatures for 
different hours, nanocrystalline �-, �-, �- and �-alumina powders with different 
morphologies were obtained, studied and discussed. Nanocrystalline �-alumina was also 
prepared by calcining the gel powder.  
 
Moreover, flaky boehmite film was reproduced on austenitic stainless steel and glass based 
on Tadanaga et al.'s process. Besides, more work was done to study the formation process, 
and more characterization was carried out to understand in more detail about the 
superhydrophobic and antireflective properties.  
 
The main processing steps in the dissertation are illustrated in figure 12, which is modified 
from the conventional sol-gel processing route in figure 7. An overview of the experimental 
procedures and the characterization methods used in the doctoral dissertation is shown in 
figure 2. 

 

 

 

 

 

 

 

 

 
Figure 12 Illustration of the main processing steps in the dissertation. 
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3.1 Materials 
 
The starting materials to prepare the sol suspension were aluminium tri-sec-butoxide 
(denoted as Al(O-sec-Bu)3, C12H27AlO3 > 97 %, VWR), isopropyl alcohol (denoted as i-
PrOH, C3H7OH > 99 %, VWR) and ethyl acetoacetate (denoted as EAcAc, C6H10O3 > 98 
%, VWR). The surface chemistry of the film was modified by (heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trimethoxysilane (CF3(CF2)7CH2CH2Si(OCH3)3, denoted as FAS, ABCR 
GmbH & Co. KG, Karlsruhe, Germany). The structural formulas and other information of 
these above-mentioned starting materials are given in table 2.  
 
Table 2 The chemical formulas, structural formulas, molecular weights and CAS numbers 

of the starting materials in the experiments. 
Chemical  

Name 
Chemical 
Formula 

Structural  
Formula 

Molecular 
Weight 

CAS 
Number

 
Aluminium 

tri-sec-butoxide 

 
C12H27- 

AlO3  

 
246.32 

 
2269-
22-9 

 
Isopropyl alcohol 

 
C3H7OH 

  

 
60.10 

 
67-63-0 

 
Ethyl acetoacetate 

 
C6H10O3 

 

 
130.14 

 
141-97-

9 
 

(Heptadecafluoro-
1,1,2,2-

tetrahydrodecyl) 
trimethoxysilane 

 
CF3(CF2)7- 

CH2CH2- 

Si(OCH3)3 

 

 
 

568.30 

 
 

83048-
65-1 

 

3.2 Experimental
 
Flow charts of the experimental procedures are shown in figures 2 and 12. The following 
are some brief explanations concerning to some of the steps.  

3.2.1 Sol Suspensions 
Two different sol suspensions (sol A and sol B) were prepared. In sol A, 3 g Al(O-sec-Bu)3 
and 50 ml i-PrOH were mixed and in sol B 3 g Al(O-sec-Bu)3 and 30 ml i-PrOH were used. 
After mixing them for 1 h, 2 ml EAcAc was introduced, and then the solution was stirred 
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for 1 h. After that, the mixture of 1 ml water and 5 ml i-PrOH was added for hydrolysis and 
with mixing for another 2 h the sol suspension was ready for the following procedures. 

3.2.2 Gel Powder and Flaky Boehmite Powder 
The sol suspension sol B was dried at 120 °C into fine powder, which is named as gel 
powder. The gel powder was then reacted with boiling water for 10 min to form boehmite. 
The boehmite-containing suspension was then dried at 120 °C to obtain fine flaky boehmite 
powder. 

3.2.3 Calcinations of the Gel Powder and the Flaky Boehmite Powder 
The gel powder was calcined in a tube furnace at 1000 °C from 0.5 h to 6 h in air with a 
heating rate of 13 °C/min and a cooling in furnace. While the flaky boehmite powder was 
calcined from 500 to 900 oC for 6 h, and at 1000 oC from 1 h to 40 h under the same 
condition as for the gel powder. 

3.2.4 Spin Coating 
Spin coating was carried out from the sol suspension sol A and sol B at 1500 rpm for 20 s 
to deposit a gel layer. When needed, a second gel layer was spin-coated on the top of the 
first gel layer after the first gel layer was heat-treated at 400 oC for 30 min. 

3.2.5 Substrates 
One type of substrate was AISI 316-2B austenitic stainless steel, which was firstly cleaned 
in acetone and then in ethanol ultrasonically for 10 min, and finally rinsed with deionized 
water. The surface of the austenitic stainless steel is not smooth in microscale and grain 
boundaries can be clearly seen under SEM due to the pickling of the stainless steel in the 
production process. The other type of substrate was Wenzel Glaser microscope glass slide, 
which was cleaned in the same way as the austenitic stainless steel substrate. 

3.2.5 Formation of Nanocrystalline Flaky Boehmite Film 
The gel film was pre heat-treated at different temperatures from room temperature (RT) to 
900 oC for 15 min, which was then immersed into boiling water for 10 min to react with 
water to form flaky boehmite film. The as-prepared film was then either post heat-treated at 
different temperatures from 100 to 900 oC for 30 min and then FAS treated or directly 
treated with hydrolyzed FAS.  

3.2.6 Modification of Surface Chemistry 
The surface chemistry of the as-synthesized films was finally modified by FAS. The FAS 
solution was prepared by mixing 1 ml FAS and 50 ml ethanol for 1 h. Then the film was 
immersed into the FAS solution for 1 h, followed by heating at 180 oC for 1 h in air.  
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3.3 Characterization Methods 
 
Various characterization methods were used in this dissertation. The different testing 
methods of each sample can be checked from the flow chart in figure 2. The following are 
some brief descriptions of the characterization methods. 

3.3.1 X-Ray Diffraction (XRD) 
The crystalline phases were determined by X-ray diffraction (XRD, Kristalloflex D-500, 
Siemens) by using Cu K� radiation with a step size of 0.01o and a count time of 1 s per step. 
Slow scans with a step size of 0.005o and a count time of 10 s per step were also used to 
further check the crystalline phase of the sample. The crystallite size dXRD was evaluated 
from the XRD pattern by using Scherrer equation, dXRD=K	/(FWHM)cos�, where K=0.9, 
	=1.5406 Å, FWHM is the full width at the half maximum of the diffraction peak and � is 
the diffraction angle, also called Bragg angle. Normally, the strongest diffraction peak of 
the sample was used to estimate dXRD. 

3.3.2 Field Emission Scanning Electron Microscopy (FESEM) 
Morphology was examined by field emission scanning electron microscopy (FESEM, 
Hitachi S-4800). A thin film (1-2 nm) of Pt/Pd alloy (80/20) was sputtered on the sample to 
avoid charging. The cross-sectional FESEM images were used to measure the film 
thickness and reveal the surface topography. 

3.3.3 Transmission Electron Microscopy (TEM) and Selective Area Electron Diffraction 
(SAED)
The morphology was also examined by transmission electron microscopy (TEM, Jeol JEM 
2010) in which selected area electron diffraction (SAED) was used to analyze the phase 
structure. The TEM samples in the film processing were prepared in the following way. 
The stainless steel was pre-thinned mechanically by different SiC grinding papers with grit 
sizes from 120 to 1200 to a thickness of 0.1 mm. Then disks with diameters of 3 mm were 
cut from the pre-thinned steel plate by a disc punch (model 310, South Bay Technology 
Inc.). A small hole was made in the center of the disk by final thinning, which was done by 
a Tenupol 5 twin jet electrolytic polisher (Struers) using a solution of nitric acid in 
methanol (1:2) at -50 oC. The film was made on the disk by the same procedures as on the 
stainless steel substrate. In this way, the film on the edge area of the central hole was thin 
enough to be observed in TEM. 

3.3.4 High Resolution Transmission Electron Microscopy (HRTEM) 
Morphology and phase structure were also studied by high resolution transmission electron 
microscopy (HRTEM, Tecnai F20 S-Twin). The fast Fourier transform (FFT) analysis of 
the lattice images was carried out by image analysis software, Gatan DigitalMicrograph 
Suite. 
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3.3.5 Gas Adsorption/Desorption Test 
Nitrogen adsorption/desorption isotherms were obtained by using a gas sorption experiment 
(Coulter Omnisorp 100 CX, Beckman Coulter Inc.) at the temperature of liquid nitrogen. 
The samples were degassed at 200 oC prior to the measurement. The data analysis was 
carried out with a Coulter SA-reportsTM software. The specific surface areas were 
calculated by the Brunauer-Emmett-Teller (BET) equation [80] using the data in the P/P0 
range of 0.05-0.4. The pore size distribution curves in meso range (3-100 nm) were 
obtained by a Barett-Joyner-Halenda (BJH) model [80] from the desorption branches of the 
isotherms. The particle size dBET was evaluated by using equation dBET=6/(�S) where � is 
the density of the solid and S is the BET surface area, assuming the particles to be spherical 
or cubic.  

3.3.6 Thermogravimetry-Differential Scanning Calorimetry (TG-DSC) 
Thermal analysis of the gel powder was studied by thermogravimetry-differential scanning 
calorimetry (TG-DSC, STA 409, Netzsch) from 30 to 1200 °C with a heating rate of 10 °C 
/min. The sample weight was 20.1 mg. 

3.3.7 Atomic Force Microscopy (AFM) 
Surface topography of the film was observed by atomic force microscopy (AFM, 
Nanoscope IIIa, Digital Instruments, Santa Barbara, CA). All the images were recorded in a 
tapping mode using silicon cantilevers with a resonance frequency between 250 and 300 
kHz. All the images (512*512 pixels) were measured in air without filtering. The scanning 
probe image processor software (SPIP, Image Metrology, Denmark) was used for the 
analysis of the image. A set of roughness parameters has been developed and standardized 
for versatile characterization of various surface properties [81]. The root-mean-square 
roughness Sq is the most widely used amplitude roughness parameter that gives the 
standard deviation of height. Surface skewness Ssk describes the asymmetry of the height 
distribution. A zero value of Ssk represents a Gaussian-like surface. Negative value of Ssk 
refers to a porous surface, that is, the valleys dominate over the peak regimes. Respectively, 
the local summits dominate over the valleys when Ssk > 0. Two hybrid parameters have 
been developed to especially describe the forms of the summits: the mean summit curvature, 
Ssc, and the root-mean-square value of the surface slope, Sdq. Most of the above-mentioned 
parameters contribute to the effective surface area: the absolute height difference, the 
number and form of the local maxima, among others. A measure for the effective surface 
area with respect to the projected area is given in percent by the surface area ratio 
parameter Sdr. 

3.3.8 Contact Angle Measurement 
Water contact angles were measured by a system (Pisara, FotoComp Oy, Jyväskylä, 
Finland), which is composed of a microliter syringe for releasing the water droplet and an 
optical system connected to a computer for data analysis. The size of the water droplet was 
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5 
l in the measurement. Droplets were placed at five positions and the average value was 
accepted as the final contact angle value. 

3.3.9 Ultraviolet-Visible Spectrophotometry (UV-Vis Spectrophotometry) 
Optical transmittance spectra of the films were measured with a UV-visible 
spectrophotometer (Shimadzu UV-2501PC, Japan) over the wavelength range of 190-900 
nm. 

3.3.10 Optical Profilometry 
Thickness of the FAS layer on glass was examined by an optical profilometer (Wyko 
NT1100, Veeco, USA). 
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4. RESULTS AND DISCUSSION 
 
In this chapter, the main results in the attached 7 original publications are summarized. At 
first, nanocrystalline transition alumina (�-, �-, �-alumina) powders with high surface areas 
in morphologies of nanorods and nanoparticles were synthesized and characterized. Then 
nanocrystalline �-alumina powder with novel morphology was obtained at a relatively low 
temperature of 1000 °C without using seed additive, while the formation scheme of the 
morphology and the phase transformation from �- to �-alumina was discussed. Besides, 
nanocrystalline �-alumina in nearly spherical morphology was also synthesized. Finally 
boehmite and alumina films were processed and studied for the superhydrophobic and 
antireflective applications.  

4.1 Nanocrystalline Transition Alumina Nanoparticles and Nanorods 
 
Flaky boehmite (�-AlOOH) powder was obtained by treating the gel powder with boiling 
water. The flakes have thicknesses of about 5 nm and lengths and widths of about 100 nm, 
as shown in figure 13.  
 

  
            (a)            (b) 
Figure 13 Transmission electron microscopy (TEM) image in (a) and field emission scanning 
  electron microscopy (FESEM) image in (b) of the flaky boehmite powder [I]. 
 
By calcining such flaky boehmite powder from 500 to 900 oC for 6 h and at 1000 oC for 1 h, 
different transition alumina (�-, �-, �-alumina) powders were obtained, see the XRD 
patterns in figure 14. The gel powder is amorphous, since it is difficult to index the three 
very broad peaks in the pattern. After reaction with boiling water, boehmite (�-AlOOH) 
was formed which was confirmed according to the JCPDS data (File card No. 74-1895). 
When the flaky boehmite powder was heat-treated at 500 oC for 6 h, boehmite disappeared. 
When the heat-treatment temperatures were further increased, the diffraction peaks get a 
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little sharper and more peaks show up for the samples calcined at 900 and 1000 oC. 
However no peaks are due to �-alumina. All the diffraction peaks exhibit high degree of 
broadness due to the formation of nanocrystallites. The temperature dependent peak 
sharpening can be related to the growth of the crystallites. The crystallite size can be 
estimated by using the Scherrer equation. The calculation was based on the diffraction peak 
200 centered on the 2� value of 48o for boehmite, and the diffraction peaks centered on the 
2� value of 67o for others. Boehmite has the crystallite size dXRD of 3.9 nm, and after 
calcination, the crystallite size dXRD is 3.9 nm at 500 oC, 4.0 nm at 600 oC, 4.2 nm at 700 oC, 
4.7 nm at 800 oC, 5.2 nm at 900 oC and 5.9 nm at 1000 oC.  

  
         (a)           (b) 
Figure 14  X-ray diffraction (XRD) patterns of the gel powder, the flaky boehmite powder and 

of the flaky boehmite powder calcined from 500 to 900 oC for 6 h and at 1000 oC at 
1 h in (a). Slowly scanned XRD patterns of the samples from 500 to 1000 oC are 
shown in (b) [I]. 

 
As known, when boehmite is the starting material for calcinations, the phase transformation 
sequence is �-, �-, �- and finally �-alumina [10]. The solid vertical line in figure 14 (b) 
shows the place of the diffraction peak for �-alumina (JCPDS card No. 10-425), dashed 
vertical line for �-alumina (JCPDS card No. 4-877) and dotted vertical line for �-alumina 
(JCPDS card No. 11-517). The strongest diffraction peak of �-alumina is at the 2� value of 
45.8o, while the second strongest diffraction peaks of �- and �-alumina are at the 2� values 
of 45.5o and 45.0o, respectively, according to their JCPDS data. This is indicated by the 
different lengths of the vertical lines from 45o to 46o. Based on the phase transformation 
sequence, as shown in figure 14 (b), �-alumina was formed from 500 to 800 oC. When the 
flaky boehmite powder was calcined at 900 oC, �-alumina was formed. The diffraction peak 
is not exactly at the same position as the dashed vertical line for �-alumina, indicating that 
�-alumina coexisted with �-alumina. When the calcination temperature was 1000 oC, more 
�-alumina transformed to �-alumina and some �-alumina transformed to �-alumina. 
However, it is possible that small amount of �-alumina still existed in the sample.  
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(a) (b) (c)

(d) (e) (f) 
 

Figure 15 Transmission electron microscopy (TEM) images of the flaky boehmite powder 
calcined at 500 oC (a), 600 oC (b), 700 oC (c), 800 oC (d), 900 oC (e) and 1000 oC (f). 
The inserted SAED patterns in (a) and (c) are indexed according to �-alumina. Bars 
= 20 nm in (a-e) and bar = 50 nm in (f) [I]. 

 
The morphologies of the different transition aluminas (�-, �-, �-alumina) obtained at 
different temperatures are shown in figure 15. When the flaky boehmite powder was 
calcined at 500 oC, boehmite was converted into �-alumina. The SAED pattern further 
confirms the formation of �-alumina, as indexed in figure 15 (a). The rings in the SAED 
pattern result from the formation of nanocrystalline �-alumina. When the flaky boehmite 
powder was calcined at 600 oC, the phase did not change, but the morphology changed to 
nanorods. The estimated crystallite size dXRD of the �-alumina at 600 oC is 4.0 nm, which 
indicates that the individual nanorod is composed of several crystallites.   
 
High resolution transmission electron microscopy (HRTEM) was also applied to study the 
morphology of the nanocrystalline �-alumina obtained by calcining the flaky boehmite 
powder at 600 oC for 6 h, as shown in figure 16, where the image in (a) was taken at a low 
magnification and the image in (b) at a high magnification. The �-alumina has the 
morphology of nanorods with lengths of about 300 nm and widths of 10 nm.  However, in 
the image (b), the crystallites of 4 nm in size are observed, and the crystallites also arrange 
themselves into a rod with width of 10 nm. The evaluated dXRD of the �-alumina is 4.0 nm, 
which agrees well with the crystallites seen in the image in figure 16 (b). The FFT pattern 
inserted in (c) was taken from the whole image area. The spots in the FFT pattern form a 
discontinuous ring, which corresponds to �-alumina. The enlarged view of the squared area 
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in (c) is shown in (d) where the lattice images of two crystallites can be clearly observed. 
The calculated plane spacing is 2.28 Å for both crystallites, which corresponds to the (222) 
plane of �-alumina. 
 

 

2.28 Å

 
Figure 16 Images of the �-alumina obtained by calcining the boehmite powder at 600 ºC for 6 

h. The FFT pattern is inserted in (c) and indexed to be �-alumina. The enlarged 
view of the squared area in (c) is shown in (d), where the calculated plane spacing 
corresponds to the (222) plane of �-alumina [III]. 

 
When calcined at 700 oC and 800 oC, the morphology remained to be nanorods. More rings 
and more spots occur in the SAED pattern in figure 15 (c), which is due to �-alumina. 
When the flaky boehmite powder was calcined at 900 oC, �-alumina coexisted with �-
alumina. The TEM image shows that the nanorods have widths of about 10 nm. When the 
flaky boehmite powder was calcined at 1000 oC, �-alumina started to form, which coexisted 
with �-alumina, possibly also �-alumina. The nanorods are better shaped, with lengths of 
about 300 nm and widths of about 10 nm. The formation of nanorods may undergo the 
Ostwald ripening process in which larger crystallites grow at the expense of smaller 
crystallites being dissolved [82]. 
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The morphology of the transition alumina obtained by calcining the flaky boehmite powder 
at 1000 ºC for 1 h was also characterized by HRTEM, with the images shown in figure 17. 
Crystallites of about 5 nm in size can also be observed on the surface of the nanorods. The 
evaluated dXRD is 5.9 nm which is in good agreement with the crystallites shown in the 
image. The morphology of the sample at 1000 oC for 1 h follows that of the �-alumina 
obtained at 600 oC for 6 h, as shown in figure 16, only with slightly larger crystallites.  
 

  
 

Figure 17 Images of the transition alumina prepared by calcining the flaky boehmite powder 
at 1000 ºC for 1 h [III]. 

The N2 adsorption/desorption isotherms and the pore size distribution curves of the samples 
are shown in figure 18. The isotherm of the gel powder with a BET surface area of 576 
m2/g is characterized as type I isotherm with a plateau which is nearly horizontal, and the 
adsorption mostly happens at very low P/P0. Type I isotherm is related to micropores [83]. 
When the gel powder reacted with boiling water, the flaky boehmite powder was obtained 
which gives a type IV isotherm with a H4 hysteresis loop and has a BET surface area of 
303 m2/g. Type IV isotherm can be correlated with mesopores [83]. However, the high 
adsorption at very low P/P0 indicates also the existence of a considerable amount of 
micropores. When calcining the flaky boehmite powder from 500 to 1000 oC, all samples 
show type IV isotherms with H2 hysteresis loops which are believed to occur in the 
systems where the pores have narrow necks and wide bodies (i.e. “ink-bottle”) or when the 
porous material has an interconnected pore network [84]. The change in the shape of the 
hysteresis loop can be correlated with the change in the pore structure which is related to 
the phase change from boehmite to transition aluminas with different morphologies. The 
BET surface areas of the transition aluminas are 438 m2/g at 500 oC, 320 m2/g at 600 oC, 
267 m2/g at 700 oC, 200 m2/g at 800 oC, 124 m2/g at 900 oC and 79 m2/g at 1000 oC. The 
surface areas of the �-alumina at 500 to 700 oC are larger than those normally observed for 
conventional �-alumina (189-255 m2/g) [23]. When the flaky boehmite powder (BET 
surface area 303 m2/g) was calcined at 500 oC, dehydroxylation started and hydrogen bonds 
disintegrated, resulting in the formation of �-alumina with increased BET surface area. 
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When the calcination temperature was further increased, the Ostwald ripening might 
happen and the agglomerated crystallites were sintered denser, leading to the progressive 
reduction in BET surface area. When the flaky boehmite powder was calcined at 500 oC, 
the high adsorption at low P/P0 indicates a large microporosity, however the well-defined 
step in the desorption branch of the isotherm indicates a pore size of 3.9 nm, as seen in the 
pore size distribution in figure 18 (b). When the flaky boehmite powder was heat-treated at 
600-900 oC, the pore size increases slightly to 4.1 nm, see figure 18 (b). When the flaky 
boehmite powder was calcined at 1000 oC, the sample has a larger pore size of 6 nm with a 
broader pore size distribution. The pores could be attributed to intercrystallite spaces of the 
nanoparticles and nanorods as shown in figure 15.  
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Figure 18 Typical N2 adsorption/desorption isotherms of the gel powder, the flaky boehmite 
powder, and of the flaky boehmite powder calcined at 500, 600, 800, 900 and 1000 
oC in (a) and the pore size distribution curves of the flaky boehmite powder 
calcined at 500, 600, 800, 900 and 1000 oC in (b) [I]. 
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4.2 Nanocrystalline �-Alumina at 1000 °C from Flaky Boehmite Powder 
 
By calcining the same flaky boehmite powder, nanocrystalline �-alumina powder can be 
obtained. The phase transformation to �-alumina cannot be completed at 900 ºC even with 
a very long dwell time of 160 h. When the calcination temperature was 1000 oC, as shown 
in the XRD patterns in figure 19, no peaks of �-alumina were observed with a dwell time 
of 1 h, and the sample was a mixture of transition alumina (�- and �-alumina, perhaps also 
�-alumina). For 5 h, �-alumina started to form with the coexistence of transition alumina. 
For 20 h and 30 h, more and more �-alumina was formed, and for 40 h, the phase 
transformation to �-alumina was finally completed. It is difficult to determine whether the 
transition alumina is �-, or �- or �-alumina, due to the very few and very broad diffraction 
peaks from the transition alumina in the XRD patterns in figure 19. On the other hand, 
when the calcination temperature was further increased to 1100 oC, the phase 
transformation to �-alumina was completed with a dwell time of 1 h. 
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Figure 19 X-ray diffraction (XRD) patterns of the alumina powders obtained by calcining the 

flaky boehmite powder at 1000 oC for different hours. The arrows signify the 
diffraction peaks from �-alumina [III].  

 

4.2.1 Morphology Analysis 
The morphology of the transition alumina obtained at 1000 oC for 1 h is shown in figure 17, 
where crystallites of about 5 nm in size can be seen on the surface of the nanorods. When 
the flaky boehmite powder was calcined at 1000 oC for 20 h, more �-alumina was formed 
together with �-alumina, with the morphology shown in figure 20. It is supposed here that 
all the �-alumina transformed to �-alumina for simplicity, though there might be a small 
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amount of �-alumina left in the sample. The image in a low magnification is shown in 
figure 20 (a), where the nanorods grow wider to about 20 nm and some nanoparticles show 
up. In the image in figure 20 (b), crystallites of 5 nm in size can be seen. The image in 
figure 20 (c) shows a nanorod with width of about 20 nm, where the crystallites of 5 nm 
can be seen on the surface of the rod. The calculated plane spacings of 5.42 Å and 4.52Å 
correspond to the planes (001) and (201) of �-alumina, respectively. 
 

5.42 Å 4.52 Å

 

 
Figure 20 Transmission electron microscopy (TEM) images of the alumina prepared by 

calcining the flaky boehmite powder at 1000 ºC for 20 h. The plane spacings of 
5.42 Å and 4.52 Å correspond to the planes (001) and (201) of �-alumina [III]. 

 
When the flaky boehmite powder was calcined at 1000 oC for 40 h, pure �-alumina phase 
was formed. The morphology of the �-alumina powder is given by the TEM and FESEM 
images in figure 21, where the nanorods coexist with the nanoparticles in (a) and separate 
views of the nanorods and the nanoparticles are shown in (b) and (c). Synthesis of spherical 
and plate-like �-alumina has been reported frequently [35-40], however, it is quite rare for 
�-alumina to form into nanorods. More interestingly and surprisingly, the nanorods are 
actually composed of many nearly spherical nanocrystallites as shown in figure 22. The 
nanocrystallites are in diameters of about 5 nm.  
 
Lattice image of one 5 nm-crystallite is presented in figure 23 (a), where the corresponding 
FFT pattern is inserted. The lattice fringes in the HRTEM image reveal that the 5 nm-
crystallite is of a single crystallite. The FFT pattern is indexed to be hcp crystal system with 

a beam direction of [ 1 2 1 1], which confirms that the 5 nm-crystallite is �-alumina. Two 

other crystallites with diameters of about 8 nm are shown in figure 23 (b) and the plane 

spacing of 2.38 Å is due to the plane (11 2 0) of �-alumina. This is the first report of �-

alumina crystallite less than 10 nm and this may possibly induce new discussions about the 
formation mechanism of �-alumina. 
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Figure 21 Transmission electron microscopy (TEM) image in (a) and field emission scanning 

electron microscopy (FESEM) images in (b-c) of the nanocrystalline �-alumina 
obtained at 1000 oC for 40 h [II]. 

 

 
Figure 22 Images of the as-synthesized �-alumina at 1000 oC for 40 h at the same position 

with increasing magnifications from (a) to (d) [II]. 
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Figure 23 Images of the as-synthesized �-alumina. The corresponding FFT pattern of the 

circled area is inserted and indexed in (a), in which the beam direction is [ 1 2 1 1 ]. 
The calculated plane spacing of 2.38Å in (b) corresponds to the plane (11 2 0) of �-
alumina [II]. 

 

4.2.2 Porosity Analysis
The N2 adsorption/desorption isotherms and pore size distribution curves of the aluminas 
prepared by calcining the flaky boehmite powder at 1000 oC from 1 h to 40 h are shown in 
figure 24. The BET surface areas of the samples are 79 m2/g for 1 h, 66 m2/g for 5 h, 26 
m2/g for 20 h, 10 m2/g for 30 h and 8.2 m2/g for 40 h. All the isotherms are type IV 
isotherms, which are related to the mesopores in the samples. The hysteresis loops are H2 
type for the samples of 1 h and 5 h, which have also micropores indicated from the 
adsorption at very low relative pressure. This can be also seen from their pore size 
distribution curves, in which the pore size distributions of both are bimodal with narrow 
distributions centered on 6 nm and wide distributions from 10 to 100 nm. The pore size 
distribution around 6 nm is due to the nanocrystalline �- and �-alumina, which agrees well 
with their estimated crystallite sizes dXRD of 5.9 nm for 1 h and 6.6 nm for 5 h. The wide 
pore size distribution from 10 to 100 nm of the transition alumina for 1 h is mainly from the 



 - 34- 

interspaces between the transition alumina nanorods (see figure 17). For 5 h, �-alumina 
started to form, which led to a decrease in the BET surface area and a broadening in the 
pore size distribution curve. When the dwell time increased to 20 h and 30 h, the amount of 
�-alumina was increased and �-alumina grew to a larger dXRD of 13 nm, resulting in a 
further decrease in the BET surface area and the disappearance of the pore size distribution 
around 6 nm. However the isotherms still have H2 hysteresis loops, although the hysteresis 
loop of the sample for 30 h looks very similar with H3 hysteresis loop. When the dwell 
time was increased to 40 h, the phase transformation to �-alumina was finally completed. 
The isotherm has a H4 hysteresis loop with a wide distribution of mesopores. H4 hysteresis 
loop is related with slit-shaped pores [80]. 
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Figure 24 Nitrogen adsorption/desorption isotherms in (a) and the corresponding pore size 
distribution curves in (b) of the aluminas obtained by calcining the flaky boehmite 
powder at 1000 ºC from 1 h to 40 h [III]. 
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4.2.3 Formation Scheme of the Morphology of the Nanocrystalline �-Alumina  

The hypothetical formation scheme of the morphology of the nanocrystalline �-alumina is 
illustrated in figure 25. The XRD, BET and HRTEM studies of the flaky boehmite powder 
calcined at 600 oC for 6 h, 1000 oC for 1 h and 1000 oC for 20 h are used to determine the 
sequence and morphologies of the intermediate phases to form the nanocrystalline �-
alumina. The diamonds represent the crystallites of the materials.  
 

Amorphous
gel powder

(a)

H-OH

Boehmite
(b)

600 °C, 6h (figure 16)
(c)

1000 °C, 1h (figure 17)
(d)

1000 °C, 20h (figure 20)
(e)

1000 °C, 40h (figure 22)
(f)  

Figure 25 Schematic illustration of the formation of the nanocrystalline �-alumina with novel 
morphology at 1000 ºC for 40 h [III]. 

 
The gel powder was of amorphous particles with a high BET surface area of 576 cm2/g. 
When the gel powder reacted with boiling water, boehmite flakes were formed with the 
crystallite size dXRD of 3.9 nm. The formation of the flakes resulted from the preferential 
growth due to the presence of weak hydrogen bonds and the interaction between the solvent 
molecules and the surface OH¯ groups via hydrogen bonds [16]. When the flaky boehmite 
powder was calcined at 600 oC for 6 h, boehmite transformed to �-alumina with dXRD of 4.0 
nm. The �-alumina crystallites formed into rods with widths of 10 nm and lengths of 300 
nm as shown in figure 16. The transformation of boehmite to �-alumina preserved the 
morphology of boehmite which is a classical example of a topotactic reaction [85]. When 
the flaky boehmite powder was calcined at 1000 oC for 1 h, transition aluminas (�- and �-
alumina, perhaps also �-alumina) were formed with dXRD of 5.9 nm. The crystallites formed 
into rods with widths of about 15 nm and lengths of 300 nm. When the boehmite powder 
was calcined at 1000 oC for 20 h, transition alumina such as �-alumina was obtained. The 5 
nm-crystallites grew into bigger crystallites, as indicated by an evaluated dXRD of 12 nm for 
�-alumina, as shown in the black core area in figure 25 (e). The 12 nm-crystallites then 
formed into large particles and rods. However, the crystallites of 5 nm in size can still be 
observed in the sample, see figure 20. Finally at 1000 oC for 40 h, boehmite transformed 
completely into �-alumina where larger rods and particles were formed, however, 
crystallites of about 5 nm in size can still be observed on the surface of the nanorods and 
nanoparticles. The evaluated dXRD is 51 nm for the bigger crystallites, as shown in the black 
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core area in figure 25 (f), which formed into larger particles and rods with particle size dBET 
of 184 nm. 

4.2.4 Phase Transformation of �- to �-Alumina

When using boehmite as the starting material to form �-alumina, it passes the sequence of 
�-, �-, �-, and finally �-alumina [10]. The phase transformation between �-, �-, �-alumina 
are believed to be topotactic and of relatively low energy [21, 85]. However, the phase 
transformation from �- to �-alumina involves a change in the oxygen sublattice from cubic 
to hexagonal close packing and is generally completed at ~1200 oC [14]. It is commonly 
believed that �-alumina is formed by a nucleation and growth mechanism. There are 
mainly two opinions of the nucleation mechanism from �-alumina to �-alumina: shear 
nucleation and diffusional nucleation. The supporters to the shear nucleation mechanism 
have suggested that the �-alumina crystallites are ‘sintered’ to a critical size, and then 
transforms to �-alumina by shear displacement of the oxygen anions [86-87]. The observed 
critical size of �-alumina is from 17 nm to several tens of nanometers [27, 32, 87]. 

Diffusional nucleation of �-alumina has received little attention as compared to the studies 
that support shear nucleation; however, one major point supporting the diffusional 
nucleation is the effect of seeds. Many studies have shown that seeds can lower the 
formation temperature of �-alumina by providing low energy sites for diffusional 
nucleation and growth [29-31]. Bagwell et al. [32] studied the role of ‘critical size’ in the 
diffusional nucleation and concluded that the ‘critical size’ was not a prerequisite for �-
alumina nucleation, but primarily a result of the incubation time required to produce �-
alumina nuclei by diffusional nucleation. Bagwell et al. [32] also suggested that the 
reported large �-alumina nuclei was not due to the shear of large �-alumina crystallites, but 
was due to the difficulties in detecting small nuclei and the rapid growth of the �-alumina 
crystallites after nucleation.  

 
In this study, if there is a ‘critical size’ of �-alumina, it will be 5.9 nm which is possibly the 
smallest ‘critical size’ observed. However, there is a trend that with the improvement of the 
characterization methods, it seems that the ‘critical size’ is getting smaller and smaller all 
the time. Therefore of the two existing mechanisms, the diffusional nucleation mechanism 
is more consistent in our study. We agree to Bagwell et al. that the reported ‘critical size’ is 
not a must for �-alumina nucleation, but a result of incubation time needed to form �-
alumina nuclei by diffusional nucleation. Our study suggests that the 5 nm-crystallites of �-
alumina grow into larger crystallites with dXRD of 51 nm which then form into even larger 
particles and rods with dBET of 184 nm. Therefore when the boehmite powder was calcined 
at 1000 oC for 40 h, �-alumina crystallites of 5 nm in size can be observed together with 
larger nanorods and nanoparticles.  
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4.3 Nanocrystalline �-Alumina at 1000 °C from Gel Powder  
 
By calcining the gel powder, nanocrystalline �-alumina can also be obtained at 1000 oC for 
6 h, see figure 26. The amorphous gel powder transformed to �-alumina completely when 
the dwell time was 6 h.  
 

20 30 40 50 60 70 80

Gel

0.5h

2h

5h

2��(degrees)

��alumina

6h

 
Figure 26 X-ray diffraction (XRD) patterns of the gel powder, and the samples obtained by 

calcining the gel powder at 1000 °C from 0.5 h to 6 h. The squares signify the 
diffraction peaks of �-alumina [IV]. 

 
The thermal behavior of the gel powder was studied by the TG-DSC curves in figure 27. 
The gel powder undergoes three stages of decomposition in the TG curve. The first stage 
under 140 °C is the liberation of the adsorbed water from the pores in the gel powder. The 
second stage at 140-300 °C corresponds to the removal of the structural water in the gel 
network and organic residues, while the third stage at 300-500 °C is due to dehydroxylation 
[88]. The total weight loss is about 60 %. As known, gel transforms to �-alumina, then �-
alumina, and finally �-alumina [10]. Therefore the exothermic peak in the DSC curve 
around 421 °C could be due to the formation of �-alumina, the peak around 816 °C due to 
the formation of �-alumina, and finally the peak around 1100 °C due to the formation of �-
alumina.  
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Figure 27 Thermogravimetry-differential scanning calorimetry (TG-DSC) curves of the gel  
  powder [IV]. 
 
The morphology of the obtained alumina from the gel powder is shown in figure 28. At 
1000 °C for 0.5 h, �-alumina coexisted with transition aluminas (�- and �-alumina), with a 
BET surface area of 57 m2/g. Strong agglomeration/aggregation can be seen from figure 28 
(a). However, crystallites of 5 nm in size can be clearly observed. When the gel powder 
was calcined at 1000 °C for 6 h, transition alumina transformed completely to �-alumina 
with a BET surface area of 5.8 m2/g. The loss in the BET surface area is due to the 
increased agglomeration/aggregation as well as the transformation from transition alumina 
to �-alumina and its crystallite growth. Particles of �-alumina with nearly spherical 
morphology in size of about 100 nm are shown in figure 28 (c). However, small crystallites 
of �-alumina can be observed, see figure 28 (d).  
 
The schematic illustration of the formation of the nanocrystalline �-alumina in spherical 
morphology is shown in figure 29. The morphology of the starting material plays a very 
important role in the morphology of the resulting nanocrystalline �-alumina. The gel 
powder obtained by drying the sol suspension has a BET surface area of 576 m2/g. The 
large surface area suggests that the gel powder consists of tiny particles. As known, gel 
transforms to �-alumina, then �-alumina, and finally �-alumina [10]. When the gel powder 
was calcined, �-alumina nanocrystallites were first formed, and then transformed into �-
alumina nanocrystallites which agglomerated into larger particles. Finally �-alumina 
nanocrystallites were formed at 1000 °C for 6 h, which aggregated into large particles, as 
shown in figure 28 (c). 
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Figure 28 Transmission electron microscopy (TEM) images of the samples obtained by 

calcining the gel powder for 0.5 h (a-b) and 6 h (c-d) at 1000 °C [IV]. 
 
 

 
Figure 29 Schematic illustration of the formation of the nanocrystalline �-alumina in 

spherical morphology from the gel powder [IV]. 
 

4.4 Superhydrophobic Flaky Boehmite Film on Stainless Steel 
 
By spin-coating the sol suspension sol B, as indicated in figures 2 and 12, gel film was 
made on austenitic stainless steel. The gel film was first pre heat-treated, then water boiled, 
after that post heat-treated, and finally coated with a FAS top layer to obtain the 
superhydrophobic property. The measured thickness of the FAS layer is 7 nm by depositing 
only a FAS layer on a bear glass substrate. Therefore the FAS layer modifies the surface 
energy while following the surface topography of the flaky boehmite film. 
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4.4.1 Effect of Heat-Treating Gel Film on the Formation of the Flaky Structure of 
Boehmite
To study the effect of pre heat-treating the gel film on the formation of the 
superhydrophobic flaky structure of boehmite, the gel film was pre heat-treated at different 
temperatures from RT to 900 ºC for 15 min, then water boiled, and finally FAS treated. The 
contact angles for water of the as-synthesized films (boiling water treated and FAS treated) 
obtained from the pre heat-treatments at different temperatures are above 150o between 200 

oC and 600 oC, whereas 130o at RT, 144o at 100 oC, 142o at 700 oC, 127o at 800 oC, and 
121o at 900 oC. As known, surface energy and surface roughness (i.e. topography) are two 
dominant factors to obtain superhydrophobic surface. In this study, low surface energy is 
introduced by the FAS top layer. Contact angles of above 150o for the films between 200 
and 600 oC indicate their surface topography to be in an optimized range to trap enough air 
which reduces the contact area between the surface and the water droplets. However when 
the contact angle is under 150o, the surface roughness is not in the optimum range for 
superhydrophobicity. 
 
The FESEM images in figure 30 show the morphologies of the as-synthesized films 
(boiling water treated and FAS treated). At RT, only a part of the surface was covered with 
50-100 nm boehmite flakes after reaction with boiling water, leading to a contact angle of 
130o. At 100 oC, the surface was covered completely with the 50-100 nm boehmite flakes, 
which gave a higher contact angle of 144o. Between 200 and 600 oC, the flakes of 100-200 
nm in size led to contact angles to be above 150o. A typical surface image of such film is 
shown in figure 30 (c). At 700 oC, the surface flakes grew larger and seemed to be more 
parallel to the substrate, which led to a decrease in the surface roughness and a decrease in 
the contact angle value to 142o. At 800 oC, flakes of 100-200 nm in size were formed on a 
part of the surface, leading to a further decrease in the surface roughness and then in the 
contact angle value to 127o. At 900 oC, flakes were not formed on the surface. Instead, 
some equiaxed crystals were observed which gave the lowest surface roughness and also 
the lowest contact angle of 121o.  
 
To study the influence of the pre heat-treatment temperature of the gel film on the 
formation of the flaky structure of boehmite, the heat-treated gel film from 100 to 900 oC 
for 15 min before boiling water treatment were observed by FESEM as comparison. 
Surface flakes were not observed on all the heat-treated gel films, proving that the surface 
flakes were formed by reacting the gel film with water. The surfaces were smooth for the 
gel films heat-treated below 700 oC, with a typical image in figure 31 (a), where the gel film 
was pre heat-treated at 600 oC for 15 min. Particulates were not observed on the surface, 
but some pores could be seen. However, at 700 oC, some particulates of about 50 nm 
showed up on the surface. At 800 oC, the particles grew larger to 100-200 nm. At 900 oC, 
the surface was full of the equiaxed crystals of about 200 nm in size. 
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Figure 30 Surface FESEM images of the as-synthesized films (boiling water treated and FAS 

treated) obtained from the pre heat-treatment at RT in (a), 100 oC in (b) , 400 oC in 
(c), 700 oC in (d), 800  oC in (e) and 900 oC in (f) for 15 min. Bars = 200 nm [V]. 

 
It is supposed that at RT and 100 oC the films were still in the gel state. When the gel films 
were heat-treated from 200 to 600 oC, amorphous and nanocrystalline �-alumina was 
formed with the increase of the heat-treatment temperatures. When �-alumina was upon 
contact with boiling water, boehmite formed on the surface of �-alumina. The Al atoms in 
the boehmite lattice formed a deformed octahedron with four oxygen and two hydroxide 
neighbors. Such octahedron joined by edges resulted in AlOOH polymeric layers. These 
layers were held together by hydrogen bonds between the OH¯ groups of each octahedron 
[13]. Therefore boehmite had a preferential growth direction due to the presence of weak 
hydrogen bonds and the interaction between the solvent molecules and the surface OH¯ 
groups via the hydrogen bonds [16]. The above explains the formation of boehmite flakes 
on the surface of the amorphous and nanocrystalline �-alumina formed from 200 to 600 oC.  
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Figure 31 Surface FESEM images of the gel films pre heat-treated at 600 oC in (a), 700 oC in 

(b), 800 oC in (c) and 900 oC in (d) for 15 min before the boiling water treatment. 
Bars = 200 nm [V]. 

 
The TEM study confirms that formation of nanocrystalline �-alumina, as shown in figure 
32 (a). The gel film on the steel disc was heat-treated at 600 oC for 15 min, and then 
observed under TEM. The SAED pattern was taken from the edge area of the central hole 
of the disk. The rings in the SAED pattern reveal the formation of nanocrystalline �-
alumina. The particles in the bottom of the image are from the stainless steel substrate. 
When the gel films were heat-treated at higher temperatures, �-alumina was more and more 
crystallized and �-alumina crystals might be difficult to react with water and might need 
much longer time to react with water to form boehmite flakes. At 800 oC, some �-alumina 
crystals showed up, which led to the formation of poorly-shaped flaky structure of 
boehmite after immersed into boiling water for 10 min. And at 900 oC, the gel film was full 
of equiaxed �-alumina crystals which did not react with water with an immersing time of 
10 min. This could explain the similarity of the FESEM images in figure 30 (f) and figure 
31 (d). A gel film on steel disk was heat-treated at 900 oC for 15 min, and studied under 
TEM, see figure 32 (b). Then the disk sample was reacted with boiling water for 10 min, 
and studied again under TEM, see figure 32 (c). Flakes were not observed at all under TEM 
either before or after the water treatment in figure 32 (b) and (c). The SAED pattern of the 
gel film pre heat-treated at 900 oC was indexed according to �-alumina with a beam 
direction of [011], as shown in figure 32 (b). The particle size agrees well with the FESEM 
image in figure 31 (d). And after the boiling water treatment, the SAED pattern was 

indexed to be �-alumina with a beam directions of [ 1 12] as shown in figure 32 (c), which 

could indicate that the �-alumina crystals did not react with water. As stated in chapter 2, 
�-alumina and �-alumina have very similar XRD data, therefore it is very difficult to 

 (b)

(c) (d)

(a)
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conclude whether �-alumina was formed or �-alumina was formed by the SAED patterns. 
The formation of �-alumina is speculated since the gel film was the starting material for the 
heat-treatment. 
 

 

 
Figure 32 Typical TEM images of the gel film on the steel disk heat-treated at 600 oC (a) and 

900 oC (b). The TEM image in (c) was taken after the disk sample in (b) reacted 
with boiling water. The SAED pattern in (a) was taken from the edge area, and the 
SAED patterns in (b) and (c) were from the corresponding crystallites on the 
images. The SAED patterns were indexed according to �-alumina with beam 
directions of [011] in (b) and [ 1 12] in (c) [V]. 

4.4.2 Thermal Stability of the Flaky Surface Structure 
As known, typically many superhydrophobic surfaces suffer from weak wear resistance. A 
high temperature treatment would form oxide from hydroxide and remove water, which 
could improve the mechanical properties and resistance of the surface. For this purpose, 
thermal stability of such nanoscale flaky surface structure was studied to find out the 
temperature range in which such nanoscale surface structure can be retained so that the 
surface can remain to be superhydrophobic.  
 
To fulfill this purpose, the gel film was pre heat-treated at 400 ºC for 15 min, then water 
boiled, after that post heat-treated from 100 to 900 ºC for 30 min and finally FAS treated. 
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With the post heat-treatments from 100 to 600 oC, the contact angle values for water were 
above 150o, which indicated that the surface had a sufficient roughness for the 
superhydrophobicity. However, when the temperature was further increased, the contact 
angle for water dropped to 139o at 700 oC, 132o at 800 oC and 129o at 900 oC. This is due to 
the loss of the surface roughness during the post heat-treatments. The more surface 
roughness loses its micro/nano details, the more contact angle decreases. The surface of the 
post heat-treated films can be seen in figure 33. When the film was post heat-treated at 700 

oC, a part of the flaky structure on the surface changed the morphology to coarser flakes 
and the surface lost the roughness to some extent, see figure 33 (a). When increasing the 
temperature to 800 oC, more flake structure changed the morphology to well-shaped 
crystals, as shown in figure 33 (b), leading to a further decrease in the contact angle value. 
At 900 oC, almost all the surface flakes were changed into equiaxed crystals in size of 
around 100 nm as shown in figure 33 (c). However, there were still few flakes left on the 
surface. 
 

 

 
Figure 33 Field emission scanning electron microscopy (FESEM) surface images of the 

boehmite films post heat-treated at 700 °C in (a), 800 °C in (b) and 900 °C in (c) for 
30 min. Bars = 100 nm [VI]. 

 
To find out what is the crystalline phase formed during the post heat-treatment, TEM study 
was carried out. The TEM images of the boehmite film made on steel disk post heat-treated 
at 900 oC are given in figure 34, where the indexed SAED patterns of the circled crystallites 

 100 nm
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are also inserted. The size of the crystallites in figure 34 is around 100-150 nm, which is in 
good agreement with the crystallite size shown in the FESEM image in figure 33 (c). All 

three SAED patterns are assigned to �-alumina and the beam direction is [1 11] in (a), [ 1 12] 

in (b) and [011] in (c).   
 
At 600 oC, boehmite should already transform to �-alumina based on the study in previous 
sections. However, the formation of the �-alumina at 600 oC did not change the surface 
roughness much, and the surface roughness was still sufficient to retain the 
superhydrophobic property. Therefore the flaky boehmite film can be post heat-treated at 
600 oC for 30 min to improve the wear resistance of the film, while retaining the 
superhydrophobicity. The wear resistance of the post heat-treated film is under study. 
Above 700 oC, more and more �-alumina was formed, accompanied with a more 
considerable change in the surface roughness, which further decreased the contact angle 
value. At 900 oC, most of the boehmite was changed into well-crystallized �-alumina, as 
shown in figures 33 (c) and 34. It is possible that some �-alumina even some �-alumina 
remained in the sample, however, they were not observed in the TEM study. 
 

 

 
Figure 34 Transmission electron microscopy (TEM) images of the boehmite film on steel disk 

post heat-treated at 900 °C. The corresponding SAED patterns obtained from the 
circled crystallites are inserted. Beam direction is [ 1 11] in (a), [ 1 12] in (b) and 
[011] in (c) [VI]. 
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4.5 Superhydrophobic Antireflective Boehmite Film on Glass 
 
The superhydrophobic antireflective boehmite films with different topographies were made 
by varying the heat-treatment temperatures. With different topographies the films show 
different optical transmittances and contact angles. The specimens marked as A1-100, A1-
300 and A1-500 were made from sol A by spin coating at 1500 rpm for 20 s on the 
microscope glass slides. The samples were then heat-treated at 100, 300 and 500 oC as 
denoted in the code in air for 15 min. After cooling down, the films were treated with 
boiling water and after that they were treated by FAS. By using the same heat-treatment 
temperature of 300 oC, B1-300 and B2-300 were made from sol B with different amount of 
gel layers (1 and 2 layers) as indicated in the sample names. In B2-300, after depositing the 
first gel layer, heat-treatment at 400 oC for 30 min was carried out. Then a second gel layer 
was made. After that, heat-treatment at 300 oC, boiling water treatment and FAS treatment 
were done.  
 
The optical transmittance spectra of A1-100, A1-300 and A1-500 are given in figure 35, in 
which the optical transmittance of the reference glass is also given. The optical 
transmittances of all the three films are better than that of the reference glass. Sample A1-
100 has the smallest increment in optical transmittance and sample A1-300 has the highest. 
The high optical transmittance is over a broad bandwidth from 350 to 900 nm, which could 
be called broadband antireflective property.  
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Figure 35 Optical transmittance spectra of the reference glass substrate, and of the film 

samples A1-100, A1-500 and A1-300 [VII]. 
 
When varying the thickness of the gel film by using different sol suspensions and spin 
coating different layers, optical transmittances of the heat-treated, boiling water treated and 
FAS treated films are also different. Typical cross-sectional FESEM images of the films 
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A1-300, B1-300 and B2-300 are given in figure 36. The film thickness of A1-300 is about 
170 nm, of B1-300 about 230 nm and of B2-300 about 320 nm. For A1-300 in figure 36 (a), 
a thin layer of Pt/Pd had to be coated for the imaging process which makes the glass 
substrate look different with those in figure 36 (b) and (c). The pores in A1-300 and B1-300 
are open down to the glass substrate, while in B2-300 there is a more dense layer between 
the porous surface layer and the glass substrate.  
 

 
Figure 36 Cross-sectional FESEM images of the film samples A1-300 in (a), B1-300 in (b) 

and B2-300 in (c) [VII]. 
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Figure 37 Optical transmittance spectra of the reference glass substrate, and of the film 

samples B1-300, B2-300 and A1-300 [VII]. 
 
The optical transmittances of the three films A1-300, B1-300 and B2-300 are shown in 
figure 37. When the wavelength is below 520 nm, A1-300 has a slightly better optical 
transmittance than B2-300. When the wavelength is above 520 nm, B2-300 has a slightly 
higher optical transmittance than A1-300. However B1-300 has the best optical 
transmittance over the whole wavelength range with the highest optical transmittance 
ranging between 95-96 %. Furthermore, the cutting edge of the optical transmission 
spectrum of B1-300 is lower than that of the reference glass, which broadens the 
wavelength range with high optical transmittance. 
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The contact angles for water of A1-100, A1-300, A1-500, B1-300 and B2-300 are 103o, 
152o, 152o, 154o and 154o (� in table 3). Typical AFM images of A1-100, A1-300 and A1-
500 and the shape of the water droplets on the surfaces are shown in figure 38. The 
roughness parameters of the films are given in table 3. The increment in effective surface 
area Sdr is significant for A1-300, A1-500, B1-300 and B2-300 as compared to A1-100. 
This is the reason of the superhydrophobic behavior of A1-300, A1-500, B1-300 and B2-
300. Air can be entrapped in the voids, which leads to a decrease in the contact area 
between the water droplet and the surface, i.e. the droplet is in the Cassie-Baxter model 
(equation 3 in chapter 2). The water contact angle of 103o on sample A1-100 indicates that 
the droplet on this surface is more in the Wenzel state (equation 2 in chapter 2), i.e. water 
fills the grooves. Also the higher root-mean-square values of the surface slope, Sdq, and the 
mean summit curvature Ssc, of A1-300, A1-500, B1-300 and B2-300 indicate the surface 
with sharp peaks. This means that the contact area between the water droplet and the 
surface is very small, and that the proportion of air below the droplet is large (larger f2 
value in equation 3 in chapter 2). 
 
Table 3 Measured water contact angles and roughness parameters of the film samples A1-

100, A1-300, A1-500, A2-300 and B2-300 [VII]. 

 A1-100 A1-300 A1-500 B1-300 B2-300 
� (°) 103 152 152 154 154 

Sdr [%] 2.5 71.7 46.1 97.8 24.2 
Sdq [1/nm] 0.2 1.3 1.1 1.6 0.7 
Ssc [1/nm] 4.7*10-4 3.9*10-3 2.7*10-3 6.3*10-3 2.6*10-3 
Sq [nm] 2.7 28.1 16.0 27.6 13.8 

Ssk 0.52 0.07 0.28 -0.12 0.13 
 
 

 
Figure 38 Atomic force microscopy (AFM) images (2*2 
m) of A1-100 with z range of 25 

nm in (a), A1-300 with z range of 196 nm in (b) and A1-500 with z range of 108 
nm in (c) [VII]. 

 

cba
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It seems that there is also a good correlation between the optical transmittance and the 
roughness parameters. Of the samples A1-100, A1-300 and A1-500, A1-300, which gives 
the best optical transmittance, has the highest root-mean-square roughness value Sq while 
A1-100, which gives the least increment in optical transmittance, has the lowest Sq. And the 
optical transmittance and Sq of A1-500 are both in between. The skewness value Ssk 
describes the asymmetry of the height distribution. A1-300, with the smallest Ssk value, can 
be described as the sample least dominated by surface summits (peaks), which seems to 
give the best optical transmittance. While A1-100 with the highest Ssk value gives the 
lowest increment in optical transmittance. The optical transmittance seems also to correlate 
with the hybrid parameters Ssc and Sdq. The higher values of Ssc and Sdq seem to give better 
transmittance. The differences of Ssc and Sdq between samples A1-300 and A1-500, 
however, are fairly small, too small to unambiguously explain the differences in optical 
characteristics between these two samples. On the other hand, of the samples A1-300, B1-
300 and B2-300, B1-300 is the only film with a negative Ssk skewness value, which 
indicates that the surface becomes slightly dominated by valleys. For both A1-300 and B2-
300 the skewness value is positive, i.e. the surface is dominated by peaks rather than 
valleys. The difference in the skewness values seems at least partly to explain the optical 
behavior of the samples – sample B1-300, the only sample with a negative skewness value, 
shows the best optical transmittance. The Sq values of A1-300 and B1-300, and Ssc and Sdq 
values of all three films are quite close. Although it seems that higher values of Sq, Ssc and 
Sdq relate to higher optical transmittance, it is difficult to draw unambiguous conclusions. 
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5. CONCLUDING REMARKS AND SUGGESTIONS FOR 
FUTURE WORK 
 
In this dissertation, synthesis, characterization and applications of nanocrystalline 
functional alumina (Al2O3) and boehmite (�-AlOOH) materials have been systematically 
studied. Based on the same sol suspension made from the sol-gel technique, gel powder and 
gel film was obtained. By reacting the gel powder and the gel film with boiling water, flaky 
boehmite powder and film was prepared. By calcining the flaky boehmite powder and film, 
alumina powder and film was synthesized. The results and conclusions are summarized as 
following:   
 
(1) Nanocrystalline flaky boehmite powder with high surface area was synthesized by a 

simple process, in which gel powder was reacted with boiling water. By calcining the 
flaky boehmite powder from 500 to 900 °C, nanocrystalline transition aluminas with 
high surface areas were obtained, showing the morphologies of nanoparticles and 
nanorods.  
 

(2) By calcining the boehmite powder at 1000 °C for 1 h, transition aluminas were formed 
with the morphology of nanorods. When calcining the boehmite powder for 5 h, �-
alumina co-existed with transition aluminas, and for 40 h, boehmite was transformed to 
�-alumina completely. The �-alumina had novel morphology, in which the crystallites 
of �-alumina in size of 5 nm were observed for the first time, moreover, the 
phenomenon of the 5 nm-crystallites existing on the surface of nanorods was not 
reported before. Besides the novel morphology, such nanocrystalline �-alumina was 
synthesized at a relatively low temperature of 1000 °C though seeding additives were 
not used. And the nanocrystalline �-alumina (also the transition alumina) was obtained 
without the use of any structure-directing reagents such as surfactants, which could 
easily cause collapse of the structure during the removal step. 

 
(3) We proposed that the morphology of the flaky boehmite powder played an important 

role on the formation of the novel morphology of the nanocrystalline �-alumina. From 
the flaky boehmite powder, when increasing the calcining temperature, �-, �-, �- and �-
alumina with morphologies of nanorods were obtained, accompanied with crystallite 
growth. The crystallites of 5 nm can be found on the surface of both the transition 
alumina and the �-alumina nanorods. 

 
(4) The phase transformation of �- to �-alumina was tentatively discussed. In our study, 

we found that the diffusional nucleation mechanism was more consistent. Our results 
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support that the reported ‘critical size’ is not a must for �-alumina nucleation, but a 
result of incubation time needed to form �-alumina nuclei by diffusional nucleation.  
 

(5) Nanocrystalline �-alumina was also obtained by calcining the amorphous gel powder. 
However, it had nearly spherical morphology with strong aggregation. This indicated 
that the flaky boehmite powder was a must to synthesize the nanocrystalline �-alumina 
with the aforehand-mentioned novel morphology.  

 
(6) The FAS treated flaky boehmite film was superhydrophobic and antireflective. When 

the gel film was pre heat-treated between 200 to 600 oC, the flaky structure of the 
boehmite film could be produced by reacting the gel film with boiling water. The flaky 
morphology could be retained up to a post heat-treatment of 600 oC, at which boehmite 
transformed to �-alumina. Therefore, with the post heat-treatment at 600 oC, it is 
possible to have improved wear resistance of the surface while retaining the 
superhydrophobicity.  

 
(7) The roughness parameters determined by AFM were found to correlate to the 

superhydrophobicity and antireflectivity. The superhydrophobic property could be 
related to a high Sdr value and the antireflective property to a low Ssk value 
(preferentially negative values) and perhaps also high Sq, Ssc, Sdq values. This could 
open a new way to characterize the optical transmittance of the surface. 

 
Based on the results and discussion presented in this dissertation, the following points 
could be considered for future work: 
 
a. The stability of the 5 nm-crystallites of the nanocrystalline �-alumina should be found 

out. Nanomaterials have high surface areas and are very active, thus the 5 nm-
crystallites may not remain stable in a long run. The formation temperature of the 
nanocrystalline �-alumina also needs efforts to be further lowered.  
 

b. The whole process can be modified to produce alumina supported Fe, Ni, Co catalysts, 
which can be used to synthesize carbon nanotubes (CNT) by catalytic decomposition of 
hydrocarbons, for example methane.  
 

c. Antibacterial behavior of the superhydrophobic film can be studied. Wettability is 
critical for the adhesion of microorganisms to the surface. Due to the reduced contact 
area between the bacteria and the surface, the bacteria may not adhere easily to the 
surface. Meanwhile, on water repellent surface, spore and conidia are lack of water 
necessarily for germination.  
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d. Wear test of the flaky boehmite film and the post heat-treated boehmite film at 600 oC 
should be carried out to understand more about its durability in order to apply the film 
in practice. Only when knowing how durable the film is, suitable applications of such 
flaky film can be found.  
 

e. The antireflective flaky boehmite film should be studied in solar cell applications. Due 
to the broadband antireflectivity, it could give higher energy efficiency. 
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ABSTRACTS OF THE PUBLICATIONS I-VII 
 
I Flaky boehmite (�-AlOOH) powder with a BET surface area of 303 m2/g was 

synthesized. The phase transformation upon heat-treatments from 500 to 1000 oC to 
transition alumina (�-, �-, �-alumina) was studied by X-ray diffraction (XRD). The 
morphologies of nanoparticles and nanorods were revealed by transmission electron 
microscopy (TEM). The BET surface area, pore size distribution and pore structure 
of the different transition aluminas at different calcination temperatures were also 
studied by N2 adsorption/desorption test. When calcined from 500 to 800 oC, �-
alumina nanoparticles and nanorods were formed with BET surface areas ranging 
from 438 to 200 m2/g. At 900 oC, �- and �-alumina coexisted with a BET surface 
area of 124 m2/g, showing morphologies of both nanoparticles and nanorods. At 
1000 oC, the sample with morphology of only nanorods was a mixture of �- and �-
alumina, possibly also �-alumina with a BET surface area of 79 m2/g. 

 
II Nanocrystalline �-alumina powder with novel morphology has been synthesized at 

a relatively low temperature of 1000 °C without any seeding material, in which 5 
nm-crystallites of �-alumina exist on the surface of the nanorods having widths of 
about 15 nm and lengths ranging from 50 to 300 nm. 

 
III We have reported in a short communication that nanocrystalline �-alumina powder 

with novel morphology was synthesized at a relatively low temperature of 1000 ºC 
without any seed material. In this follow up full paper, detailed processing 
parameters of such nanocrystalline �-alumina are reported and more 
characterizations are carried out in order to study the mechanism of the synthesis. 
The formation scheme of the novel morphology of such nanocrystalline �-alumina 
is illustrated and the phase transformation from �- to �-alumina is discussed. 

 
IV Nanocrystalline �-alumina powders in different morphology obtained from gel 

powder and boehmite (�-AlOOH) powder are compared in this paper. The boehmite 
powder in flaky morphology was prepared by reacting the gel powder with boiling 
water. Spherical �-alumina was obtained by calcining the gel powder at 1000 ºC for 
6 h, while rod-shaped �-alumina with 5 nm-crystallites on the surface of the 
nanorods was synthesized by calcining the flaky boehmite powder at 1000 ºC for 40 
h. Phase transformation and morphology are characterized by X-ray diffraction 
(XRD), thermogravimetry-differential scanning calorimetry (TG-DSC) and 
transmission electron microscopy (TEM). The formation scheme of the different 
morphology is comparatively illustrated and furthermore the phase transformation 
to �-alumina is discussed. 
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V The effect of heat-treating gel films at different temperatures on the formation of the 
flaky structure of boehmite on AISI 316 type austenitic stainless steel is 
investigated. After heating at different temperatures, the reactivity of the gel films 
with boiling water to form boehmite flakes was different, which resulted in different 
morphologies and different contact angle values after coating with hydrolyzed FAS. 
When the gel film was heat-treated from 200 to 600 °C, the resulting contact angles 
were above 150°, indicating the superhydrophobic behavior. However, when the gel 
film was heat-treated below 200 °C as well as at 700 and 800 °C, only some 
boehmite flakes were formed; when the gel film was heat-treated at 900 °C, flaky 
structure was not observed. In these cases the surface roughness is insufficient for 
the superhydrophobicity. The formation condition of the boehmite flakes by 
reaction of the gel film with boiling water is also tentatively discussed. 

 
VI Boehmite thin film with 50-100 nm flaky surface structure was synthesized on AISI 

316 type austenitic stainless steel by immersing the gel film into boiling water. 
When further coated with hydrolyzed FAS, the surface became superhydrophobic 
with a contact angle for water of 152o. The superhydrophobic property resulted 
from both the nanoscale flaky surface structure and the low surface energy of the 
FAS top layer. The topography of such film was revealed by atomic force 
microscopy (AFM) and a set of roughness parameters of such film was obtained. 
The degradation of superhydrophobicity of the surface was studied as a function of 
the post heat-treatment temperatures. Below 600 oC, the surface remained to be 
superhydrophobic with the FAS top layer. Above 700 oC, the surface was not 
superhydrophobic any more due to a gradual loss in surface roughness which was 
revealed by field emission scanning electron microscopy (FESEM). The 
morphology change during the post heat-treatments from 700 to 900 oC was studied 
by transmission electron microscopy (TEM).  

 
VII Superhydrophobic antireflective boehmite films with different topographies were 

made by the sol-gel process with variation of pre heat-treatment temperatures and 
film thicknesses. A set of roughness parameters was determined from atomic force 
microscopy (AFM) to relate the superhydrophobic and antireflective properties to 
the surface topography. The results demonstrate the power of the roughness 
parameters to identify the superhydrophobic and antireflective properties.  


