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ABSTRACT 

Experimental investigation on shock wave effects in phase transformation 

and structural modification of TiO2 and Al2O3 

Ana Luiza Slama de Freitas 

 

Titanium dioxide and aluminum oxide are conventional materials used in heterogeneous 

catalysis as catalyst support. The widely used crystalline phase of both supports is the 

metastable phase (anatase and γ-Al2O3) in which they possess a higher specific surface area 

compared to the thermodynamically stable phase (rutile and α-Al2O3). However, these 

phases have better thermal and mechanical stability than anatase and γ-Al2O3. A novel 

method to induce phase transformation and structural modification of crystalline materials 

is by applying shock waves. This study aims to experimentally investigate the effects of 

shock wave treatment on titania and alumina. A pressure-driven shock tube was used in 

this work to generate the shock waves. Two sets of experiments were carried out for TiO2 

and one for Al2O3. Titania samples were prepared in the form of pellets for the first set. 

Titania and alumina samples were maintained as powder for the second set of experiments. 

For titania, twenty shocks were applied at nominal temperature and pressure of  ~ 1772 K 

and 23.3 bar in the first set of experiments, while thirty shocks of ~ 1572 K and 66 bar 

were applied in the second set of experiments. For alumina, twenty shock loadings were 

applied at the same conditions used for the second set of titania. Characterization 

techniques, such as XRD, Raman spectroscopy, TEM, SEM, XPS, and N2 physisorption 
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were employed on treated samples in order to understand the effects of shock wave 

treatment. Partial phase transformation was observed in shock treated TiO2 from Raman 

spectra and TEM images. Crystallite size reduction was observed in the first set of 

experiments, while increase in defects was observed by the enhanced Ti+3 in XPS spectra 

in both sets of experiments. Partial phase transformation was also observed in shock treated 

Al2O3, when mixed with CNF (carbon nanofibers), from XRD patterns and confirmed with 

XPS. For alumina, TEM and SEM images showed the smallest particles in contact with 

carbon fibers, while the biggest particles exhibited agglomeration. Physisorption 

experiments showed a decrease of 40% in surface area and pore collapse. 
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Chapter	1 Introduction 

 

1.1 Background 

Production of building block chemicals at an industrial scale is enabled by catalysts, more 

importantly heterogeneous catalysts. The reason is that most of the industrial reactions are 

in gas or liquid phase, and the separation of the catalyst from products and reagents is easier 

if the catalyst is in solid phase. One very important example where the introduction of a 

solid catalyst revolutionized the chemical industry is the Harber-Bosch process, developed 

in the first decade of 20th century. This process is a reaction between hydrogen and 

atmospheric nitrogen, whereby using iron catalyst under high temperature and pressures, 

it was possible to scale ammonia synthesis, and this process revolutionized food production 

due to its fertilizer usage.  

For heterogeneous catalysis applications, metal oxides are of great importance since they 

are employed as catalyst support or as the catalyst itself. Two typical inert metal oxides 

utilized as catalyst support are titanium dioxide and aluminum oxide. These materials 

possess high Gibbs free energy, which makes them difficult to reduce and oxidize. 

Moreover, two important characteristics of catalyst supports are thermal and mechanical 

stability, in which the catalyst is more resistant to temperature and friction, and high 

specific surface area, so the supports can sustain loading and dispersion of catalyst particles 

and provide rich surface area where the reaction can happen at many locations. 

Titanium dioxide (TiO2 or Titania) is used in heterogeneous catalysis because is an 

abundant mineral on earth and vastly used in many fields due to its thermal and chemical 
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stability, low cost material, and low toxicity. The two most employed crystalline phases of 

titania are anatase and rutile. The latter is more highly stable at all temperatures, but it has 

a smaller specific surface area than the anatase phase. Because of the higher surface area, 

anatase is the more commonly used phase for most applications in heterogeneous catalysis. 

Examples of reactions include selective catalytic reduction of NOx using NH3 (SCR-NH3) 

from flue gas; automobile catalytic converters for oxidation of CO, unburned 

hydrocarbons, and NOx; selective oxidation; hydrodesulfurization; isomerization [1]. 

While rutile is not used often as catalyst support, but it has been reported to be used in the 

oxidation of toluene, xylene, and benzene where the activity is higher compared to anatase 

[2]. 

Another widely used material in heterogeneous catalysis is Aluminum oxide (Al2O3 or 

alumina) as it is also abundant in nature, cheap, and has high mechanical and thermal 

stability. It is extensively used as catalyst support in the industry because of its high surface 

area. It can also be used as a catalyst itself due to its acid and basic groups on the surface. 

Al2O3 can exist in different crystalline phases, which may have different reactions 

applications for each phase. The most commonly used alumina is the γ-phase because of 

its superior surface area. γ-Al2O3 is utilized to support a metal catalyst in reactions such as 

hydrogenation, hydrotreating, catalytic reforming, methanation, hydrocracking, etc. 

Another type is α-phase, which is applied for high temperature reactions such as steam 

reforming and ethylene oxidation [3], [4].  

One of the problems of the most stable phases of titania and alumina (rutile and α-Al2O3) 

is the smaller surface area compared to the metastable phases but the advantage is the 

greater strength and stability. Conventionally, rutile and α-Al2O3 are obtained by heat 
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treatment where the material goes through a phase transformation, from the metastable 

phase to the thermodynamically stable phase as temperature increases. However, phase 

transformation always comes with an increase in particle size due to agglomeration during 

heat treatment. Other methods can be employed to maintain small particle size during phase 

transformation in metal oxides such as mechanochemistry or shock wave energy source. 

The first one uses ball milling as an energy source where the material suffers refinement 

of the nanoparticles due to the high impact energy during the process. The structural 

modification of the material is due to repeated deformation, welding, and fracture.  It can 

be used to refine nanoparticles, to better disperse the active metal on the support, 

production of composite materials, or even to induce crystal phase transformation [5], [6]. 

The second method (shock wave) uses the coupled effect of instantaneous high pressure 

and temperature as an energy source to structurally modify the particles. This effect can 

also be called dynamic compression where a high degree of material densification occurs 

and consequently creates deformation, fracture, and defects. It can be used in the synthesis 

of nanoparticles in liquid and solid phase, to disperse and stabilize active metals on the 

surface of the support and to induce crystalline phase transformation [7]–[10]. 

Shock wave effects on solid crystalline structures cause changes in thermal, electrical, and 

mechanical properties due to high strain rates caused by the shock compression. Some 

literature reports improvement of reactivity of solid state materials by shock wave 

treatment [11]. One way to generate shock waves is by using shock tube device. Few recent 

studies have investigated shock wave induced phase transformation of TiO2 (anatase to 

rutile) generated by a shock tube device [12]–[14], where they reported that repeated shock 

loadings induced phase transition and decrease in crystallite size. In the case of alumina, 
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shock wave induced phase transformation has not been reported previously. However, ball 

milling has been shown to refine the nanoparticles and induce phase transformation from 

γ-AlOOH (boehmite) or γ-Al2O3 to α-Al2O3 maintaining a high surface area or defect 

introduction to the crystalline structure [15], [16]. 

Therefore, methods such as ball milling and shock wave can induce phase transition and 

provide superior material characteristics compared to heat-treatment. The use of a shock 

tubes for this purpose is still in its infancy and the transformation processes under the 

influence of shock wave are not well-understood. Therefore, this work is a contribution to 

the use of shock tubes for the modification of nanomaterials such as TiO2 and Al2O3. 

 

1.2 TiO2 and Al2O3 phase transition 

TiO2 or titania has three most known polymorphic phases: anatase, rutile, and brookite. 

Anatase is the metastable phase of titania, while rutile is the most common natural form in 

nature and the thermodynamically most stable polymorph. Both have the same tetragonal 

form but differ by the number of atoms per unit cell, which is four in anatase and two in 

rutile [31].  

Al2O3 or alumina has diverse polymorphic phases which are α-Al2O3, γ-Al2O3, θ-Al2O3, η-

Al2O3, κ-Al2O3, and χ-Al2O3. The first three ones are the most known and used forms. α-

Al2O3 or corundum, is the most thermodynamically stable phase with a rhombohedral 

crystal structure. γ-Al2O3 and θ-Al2O3 are metastable phases with structures defined as 

defect cubic spinel and monoclinic crystal, respectively. An annealing process makes 
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aluminum hydroxides to transition to aluminum oxides and later on to the most stable phase 

which is corundum, as represented in Figure 1.1. 

 

Figure 1.1 Evolution of phase transformation of alumina [32] 

Normally, the phase transition of anatase to rutile (titania) or γ-Al2O3 to corundum 

(alumina) is performed using heat treatment in which agglomeration and grain growth 

occur, consequently reducing the surface area. Other methods are employed to obtain rutile 

phase or to study the mechanism of phase transformation.  

Rutile or α-Al2O3 crystal structure can be produced during the synthesis process. Wang et 

al. [33] reported the hydrolysis of a titanium precursor (TiCl4) in acidic aqueous solution 

using different alcohol solvents and they obtained the desired phase. For the synthesis of 

nanosized α-Al2O3, few methods are reported such as the role of pH in colloidal synthesis 

where Sharma et al. [34] showed that sol-gel from water hydrolysis of aluminum 

isopropoxide in basic and acidic conditions undergoes different paths during heat 

treatment, and concluded that acidic conditions are more favorable to the growth of smaller 

particle sizes.  
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Other techniques are based on phase transition, for example, using high energy ball milling 

where Sepelak et al. [35] explained how physical and chemical transformations take place 

in oxides. Begin-Colin et al. [35] elaborated kinetics and mechanisms of phase transition 

in TiO2 with different milling parameters, powder to ball weight ratio, and the nature of 

the grinding media. Recently, Amrute et al. [16] employed high energy ball milling to 

obtain high surface area α-Al2O3 from boehmite, in which 140 m2/g of the desired phase 

was obtained. 

Additionally, some studies reported laser induced phase transformation and the effects of 

doping titania for the transformation to occur, Co-doped [36], Al- and Fe-doped [37]. 

Zhang et al. [38] used a microwave method of annealing and obtained phase transformation 

from γ-Al2O3 to α-Al2O3, in which the transformation was mostly completed at a measured 

temperature of 1000 °C for one hour. Furthermore, it is known that shock waves are used 

for many material modifications, including phase transformation for its combined effect of 

high temperature and pressure due to the dynamic compression [39]. 

 

1.3 TiO2 response to shock waves 

Previous studies [12]–[14], [40] reported shock-wave induced  TiO2 phase transformation 

from anatase to rutile but lacked physical explanation on how the transformation occurred 

at different conditions. Kalaiarasi et al. [12] [40] performed the transformation in a table 

top open shock tube applying 90 shocks in air medium of 23 bar and 987 K. Jayaram et al. 

[13] and Kim et al. [14] used nitrogen as bath gas, where the former study exposed the 

sample in pellet form at the end wall of the shock tube and only 1 shock loading at about 

70 bar and 10000 K was enough to transform completely from anatase to rutile. While Kim 



	
	

20	

et al. [14] applied 15 shocks loading and reported an exposure temperature of 5843 K in 

which the transformation started after five shocks. 

In a recent paper, Kim et al. [41], they explained how energy is transferred by dissociation 

and recombination heat of nitrogen or oxygen to the sample using Goulard’s theory [42] 

of hypersonic stagnation heat transfer. This theory states that binary gases such as nitrogen 

and oxygen can be dissociated by the high temperature generated by the shock wave, and 

catalytically recombined on the shock tube wall. 

 

1.4 Al2O3 response to shock wave 

Studies about modification or phase transformation of alumina materials in shock tube are 

not found in the literature. One study used Al2O3 to understand its infrared radiative 

properties during the shock compression in a shock tube [43]. Many studies were done 

using flyer plate to generate shocks in Al2O3 or similar ceramics systems to study its effects 

and response, amorphization, and elastoplastic properties due to shock compression, where 

the compression pressure was in the order of GPa [44]–[47]. 

 

1.5 Scope of investigation and research objectives 

Thermodynamically stable phases of TiO2 and Al2O3, rutile and α- Al2O3, tend to have a 

poor specific surface area. These phases are thus not widely used as a catalyst support. On 

the other hand, these phases possess high thermal and mechanical stability. If the specific 

surface area of these phases could be improved, it would add value to these catalyst 

supports in some reactions that need better catalyst stability. Therefore, shock waves can 
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be used to induce phase transformation and modify nanoparticles without significantly 

reducing the surface area in contrast to heat treatment. Few studies have reported phase 

transformation of TiO2 (from anatase to rutile) and a decrease in crystallite size [12]–[14] 

or implementation of defects in TiO2 for better photocatalyst performance [40].  

This work aims to experimentally investigate the effect of different shock wave conditions 

such as temperature and pressure on the transformation of TiO2 and Al2O3. A shock tube 

device was used to generate the shock waves by pressure-bursting of diaphragms. In titania 

experiments, two sets of experiments were performed to compare different experimental 

conditions for the transformation to happen. In alumina experiments, one experimental 

condition was carried out where different phases of aluminum oxide and one phase of 

aluminum hydroxide were treated with shock waves, and the same samples were physically 

mixed with carbon nanofibers to increase heat conductivity in the alumina nanoparticles. 

After shock treatment of each sample, characterization techniques were employed to 

analyze if (i) phase transition has happened in the shock treated samples, and (ii) there was 

structural modification such as defects on crystalline structure, particle size, and 

morphology. This work thus aims to increase our understanding of material transformation 

by the impact of shock waves and to potentially use this method for the preparation of 

catalytic support materials of superior quality. 
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Chapter	2 Experimental Methods 

 

2.1 Shock waves in condensed matter 

Shock waves are pressure waves that move faster than the speed of the sound and propagate 

through a medium that can be gas, liquid, or solid. This propagation causes instantaneous 

changes in temperature, pressure, and density of the medium it is passing through.  

Usually, the studies of shock waves in solids are at very high pressures in the range of 

several GPa to hundreds of GPa. Employing the technique of flyer plates ignited by a 

detonator to generate shock waves, it is possible to reach very high pressures and more 

than 10,000 K for a period of nano to microseconds under shock loading and recover the 

sample easily [11], [17], [18].  

 

2.1.1  Shock tube method 

A Shock tube is a device that generates shock waves at different conditions depending on 

initial temperature and pressures as well as the gases that the shock is going to propagate 

through. Normally shock tubes are used to study gas phase reaction being employed to 

study elementary reaction kinetics or ignition delay times for fuels [19]–[22]. Few studies 

used shock tube method to modify or study phase transformation of materials [7], [12]–

[14], [24]–[29].  

The shock tube itself is composed of the driven and driver section and one or two 

diaphragms between the two sections, as shown in Figure 2.1. The driven section is the 
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low-pressure side where the test gas is introduced, and the driver section is the high-

pressure side which is filled with a light gas, such as He or H2. The scored diaphragms are 

ruptured with pressure relieve between the two diaphragms and supersonic gas flow is 

generated through the driven section. The incident shock wave compresses the gas almost 

instantaneously.  

 

 

Figure 2.2 illustrates different regions where the wave propagates and reflects. When the 

diaphragm rupture, two waves are generated: incident shock front and expansion fan. The 

incident shock travels to the low-pressure side until it encounters a contact surface and the 

end wall. The shock wave is then reflected and travels in the opposite direction where it 

interacts with the contract surface and expansion waves. Behind the reflected shock is the 

region (5) where the test gas has been compressed and heated twice, and the gas is 

stationary in this region [30].  

 

Driver	section	 Driven	section	

Figure	2.1	Shock	tube	
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Figure 2.2 Shock wave propagation in a shock tube and pressure distribution [30] 

2.2 Shock tube set up and experimental conditions 

The shock tube experiment conditions used in this work are described in Table 2.1. The 

shock tube used here is called high pressure shock tube (HPST). It is made from stainless 

steel, possessing an inner diameter of 10 cm, a modular driver section of 2.2 - 6.6 m, and a 

driven section of 6.6 m. Temperature and pressure behind reflected shock waves, T5 and 

P5, are calculated using 1D Hugoniot shock relations. For that, measured incident shock 
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speed and test gas thermodynamic parameters of the driven section are given as input in a 

Matlab code. Pressure profile from the incident and reflected shock is recorded by a Kistler 

603B1 piezoelectric transducer. Experimental conditions of P1 and P4 could be controlled 

to obtain T5 and P5 close to desired values to affect the sample. We studied a range of 

thermodynamic (T5 and P5) conditions and two methods of sample loading (pallets, 

powder container). 

Table 2.1 Experimental conditions for two sets of experiments described in this work. 

 
Driver 
length 

(m) 

Driven 
length 

(m) 
Test gas        

P5 
(bar)* 

T5 
(K)* 

P1 
(bar)* 

P4 
(bar)* 

Sample 
placing 

Set 1 4.4 6.6 

5 shock 
waves Ar 

+ 
15 shock 

waves 
50% Ar 
50% N2 
(TiO2) 

23.3 1772.0 0.46 55.7 
Pellet on 
copper 

tape 

Set 2 2.2 6.6 

30 shock 
waves Ar 

(TiO2) 
20 shock 
waves Ar 
(Al2O3) 

66.0 1571.6 2.2 68.8 
Powder 
in a wax 
packet 

*Average values 

 

For titania, experiments were planned to understand how different numbers of repeated 

shocks would affect the sample and when phase transition would occur. In set 1, a total of 

20 shock loadings were done and four samples were prepared to analyze after 5, 10, 15 and 
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20 shocks. In set 2, the samples were maintained in powder form. Since it is difficult to 

place and recover the samples in powder, they were placed inside a wax paper container 

and attached to the end wall. Also, three samples were prepared for analysis after 10, 20, 

and 30 shock loadings. 

For alumina, it was planned to do a screening test with each one of the phases to observe 

refinement and phase transformation from γ-AlOOH and γ-Al2O3 to α-Al2O3. However, 

knowing that alumina has a very poor thermal conductivity and to increase energy transfer 

from the shock impact to the sample, 15 wt% of carbon nanofibers (CNF) were physically 

mixed with alumina samples. To compare dynamic compression of mixed and bare 

alumina, four samples were placed in the shock tube. Sample placement in the shock tube 

was used in the same way as for set 2 of titania experiments. Mixed samples were 

denominated as M2 (CNF + γ-Al2O3) and M3 (CNF + γ-AlOOH).  

 

2.3 Sample preparation  

2.3.1 Titanium dioxide 

Synthesis of TiO2 was carried out based on Cai et al. [48] where 4.5 ml of Titanium (IV) 

butoxide [Ti(C4H9O)4] (Sigma-Aldrich) was mixed in a 200 ml ethanol (absolute ethanol, 

Sigma-Aldrich) solution with 0.8 ml DI water and 1.8 ml of oleylamine (Sigma-Aldrich). 

After two hours under magnetic stirring, the white precipitate was collected and washed 

with absolute ethanol 3 times on a paper filter (WhatmanTM) under vacuum filtration. 

Subsequently, it was dried overnight at 60°C in air. Finally, the amorphous Titania powder 

was calcined at 500°C in air for 5 hours with a heating rate of 1°C/min. 
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The samples were used in two forms: pellets and powder. The pellets were prepared by 

loading 40 mg of powder into a cylindrical die of 13 diameters and compressed in a manual 

pellet press (MTI Corporation), applying a force of 8 tons for two minutes and releasing 

the pressure, and then repeating this process once again for each sample. The thin pellets 

were adhered to a Conductive Copper Tape (Electron Microscopy Sciences - Scotch™), 

and finally attached to the end wall of the shock tube. 

For experiments on powder, a sample container was needed so the powder would not 

disperse throughout the tube. Therefore, a piece of wax paper was folded in a rectangular 

way so the powder could be introduced in this small container and sealed and attached to 

the end wall with Membrane Switch Spacer Double Linered 9057MP (3M™).  

 

2.3.2 Alumina phases 

Boehmite (γ-AlOOH) and γ-alumina are the materials utilized in this investigation. γ-Al2O3 

was purchased from Alfa-Aesar. Boehmite was synthesized based on Amrute et al. [16] 

where hydrothermal nucleation of boehmite was adopted in which 5 g of aluminum 

hydroxide (Alfa-Aesar) was dissolved in 45 mL of DI water. The solution was then 

introduced in a Teflon-lined autoclave maintained at 200°C for 72 hours. The white 

precipitate was collected on a paper filter (WhatmanTM) under vacuum filtration and dried 

overnight in air at 70°C. 
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2.4 Characterization 

2.4.1 X-ray diffraction (XRD) 

Comparison of the crystal phase and crystallite size was carried out with the respective X-

ray powder diffraction patterns for each of the modified materials in Bruker D8 Advance 

using Cu Kα radiation (λ = 0.15418 nm). The operation voltage and current, respectively, 

were 40 kV and 40 mA with a scan speed of 2.035° per minute and increment of 0.0105° 

in the 2θ range of 20 – 90° for TiO2 and 20 – 80° for alumina. Crystallite size was measured 

with Scherrer equation from the main crystallite peak of the XRD patterns for TiO2, as 

shown in Equation (2.1), where D is the crystallite size, K is a dimensionless factor of 0.9, 

β is the FWHM of the peak, and θ is Bragg’s angle. 

 ! =	 $%
&'()* (2.1) 

   

2.4.2 Raman spectroscopy 

Raman spectra of the TiO2 before and after shock wave treatment was measured to identify 

the vibration bands of the geometry for each phase of TiO2 (anatase and rutile). The spectra 

were collected using a WITec Apyron Raman Spectrometer with a 532 nm laser and 10x 

Zeiss lens. A grating of 300 g mm-1, the integration time of 0.5 s, and 10 spectra 

accumulations were used to obtain the data. 

 

2.4.3 Transmission and scanning electron microscopy (TEM/SEM) 

TEM imaging measurements were performed on a Titan CT microscope operated at 300 

kV. For the establishment of particle size distribution, around 150 particles from different 



	
	

29	

micrographs were analyzed using ImageJ software. For the calculation of different 

crystalline planes, D-spacing was calculated using the ImageJ software. SEM imaging 

measurements were performed on a Quattro microscope operated at 5 kV.  

 

2.4.4 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were conducted using a Kratos Amicus spectrometer with 

monochromatic Al-Kα radiation. A wide scan was acquired to calibrate the spectra before 

elemental scans. Measured spectra were calibrated with C 1s binding energy position for 

all peaks and deconvoluted using Shirley background and respective corresponding RFS 

for each element using CASA software. 

 

2.4.5 Physisorption 

N2 adsorption experiments were carried out at 77 K in a Micrometrics ASAP 2040 and 

Tristar instruments. Prior to surface measurement, the samples were degassed at 150 °C 

for 4 h. From the isotherms, the specific surface area was calculated using Brunauer–

Emmett–Teller (BET) equation (SBET), where pore size (Dpore), and pore volume (Vpore) 

were calculated by single point desorption.  
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Chapter	3 Effects of shock waves on TiO2 

 

The results of TiO2 experiments are described in this section, where two different 

conditions were tested to understand which one would be more efficient for crystalline 

phase transformation. 

 

3.1 Set 1 Experiments 

After shock treatment, the samples were collected and analyzed to understand what 

happened to the samples after exposure to dynamic compression. The first visual change 

that happened in the sample was the subtle change in color from white to a white yellowish 

shade. Figure 3.1 shows XRD pattern of the treated anatase-TiO2 (ICDD file No. 03-065-

5714) compared to the untreated sample. As can be seen in the same figure, no change in 

crystalline phase is observed, but crystallite size changed as calculated from Scherrer 

equation ((2.1) and shown in Table A.1 in the Appendix. Furthermore, additional peaks in 

the pattern appearing at 43.1°, 45.2°, and 50.3° belong to copper from the copper tape.  

Raman spectra from synthesized and shock treated samples are as shown in Figure 3.2. 

Despite no changes in crystallinity in XRD patterns for treated TiO2, results from Raman 

spectroscopy show both vibrational bands for anatase and rutile. The appearance of these 

vibrational modes appeared after 15 and 20 shock compression. This result indicates that 
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the quantity of rutile in the samples may be quite low or possess a crystallite size lower 

than 4 nm, since it could not be identified by X-ray diffraction. 
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Figure	3.1	XRD	pattern	for	the	treated	TiO2	samples	with	shock	loading	for	set	1	of	experiments.	The	
symbols	on	the	top	of	represent	characteristics	peaks	for	the	showed	phase	or	compound:	( )	

anatase	and	( )	copper	signal	from	the	tape	
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Figure 3.2 Raman spectra for the treated samples with shock loading evolution. Respective vibrational 

bands corresponding to the peaks are as shown in the plot. 

In order to see any changes or crystalline defects, TEM images were obtained as shown in 

Figure 3.3 (A), Figure 3.4 (A), and Figure 3.5. The particles have a sphere shape 

morphology before shock wave treatment, as shown in Figure 3.3 (A). When submitted to 

dynamic compression, particles reduced in size and lost the spherical shape, showing an 

apparent amorphization form as presented in Figure 3.4 (A).  To identify how much 

reduction happened, particle size distribution was measured. In  Figure 3.3(B) and Figure 

3.4(B), particle size distribution for sample before and after shock wave treatment are 

shown, respectively. Their respective mean particle sizes are 560.0 and 353.5 nm. This 

shows a decrease of around 40% from the original average particle size. 
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Figure 3.3 (A) TEM image from untreated TiO2 sample and (B) particle size distribution from TEM image 
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Figure 3.4 (A) TEM image from TiO2 after shock wave treatment with 20 shock loadings (B) particle size 

distribution from TEM image 
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Aiming to confirm the rutile presence in the shock treated TiO2, distance between planes 

called as d-spacing were calculated for different particles. In Figure 3.5 (A1), two types of 

lattice spacing were calculated in the same grain. The one close to the border showed a d-

spacing of 0.169 nm corresponding to the plane (211) of rutile. The other one in a more 

inner part showed a distance between planes of 0.355 nm corresponding to (101) main 

plane of anatase. This evidence indicates that the transformation occurs first in the surface 

of the grain, possibly creating a core-shell type in the crystalline resolution size.  

Moreover, Figure 3.5 (B.1), shows an interesting result from the image (B). It shows the 

inner part of the grain differing in orientation from the entire grain, perhaps indicating the 

defects that were created not just on the borders but also in the core of the crystallite.  

XPS spectrum of Ti 2p and O 1s are shown in Figure 3.6 (A) and (C), and Figure 3.6 (B) 

and (D) before and after 20 shock loadings, respectively. Three deconvoluted peaks are 

present for Ti 2p. As shown in Figure 3.6 (A), they are localized at 459.3, 464.9, and 460.1 

eV and in Figure 3.6 (B) at 459.4, 465.1, and 461.5 eV corresponding to Ti4+, Ti4+ satellite, 

and Ti3+, respectively. For Ti+4 and its satellite, there is no significant shift when compared 

to the shift of 1.4 eV of Ti+3 and an increase in intensity. This indicates that defects are 

being created in the crystalline matrix, such as oxygen vacancies, by breaking Ti – O bonds. 

The spectra for O 1s are also presented in the same figure where the binding energies for 

each deconvoluted peak in Figure 3.6 (C) are localized at 530.5, 532.3, and 533.5 eV. In 

Figure 3.6 (D), these are at 530.7, 532.1, and 533.3 eV corresponding to TiO2, Ti2O3, and 

Ti – OH (non-lattice oxygen) bonds, respectively. Noticeably, the peak corresponding to 

the hydroxyls groups that are localized on the surface of the material increased. This could 

be a result of the increase in surface area from shock wave exposure, and confirmed by 
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TEM image (Figure 3.4) that smaller particles are being created, which consequently leads 

to more surface area. That assumption could be confirmed by measuring the surface area 

with N2 physisorption and using the BET method. However, it was not possible because 

the quantity of sample was not enough considering that the pellet was made with 40 mg of 

powder which is not enough for SBET lower than 100 m2/g. Also, small pieces of the 

samples were lost during the experiment caused by breakage of the pellets during shock 

compression. 
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Figure	3.5	TEM	images	at	lattice	resolution	of	treated	TiO2	after	shock	treatment	with	20	shock	
loadings	
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3.2 Set 2 Experiments 

The difference between set 1 and set 2 experiments were sample loading and 

thermodynamic conditions. The applied pressures of the shock wave were almost three 

times bigger and 10 more shock loadings were used compared to set 1 experiment.  

XRD patterns of shock loading evolution for anatase are shown in Figure 3.7. As can be 

seen, there is just anatase phase (ICDD file No. 03-065-5714) signal from TiO2, and carbon 

material from the sample holder. The peaks localized at 21.5 and 23.8° are from the wax 

paper made of carbon material, in which some fibers probably came out of it during 
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Figure	3.6	XPS	of	TiO2	for	set	1	of	experiments	showing	the	spectra	of	Ti	2p	(A)	before	and	(B)	after	
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experiments. Raman spectra were also performed for the samples in this set of experiments. 

However, no signal of rutile in the whole powder sample was found. 

 

To analyze the surface morphology, SEM was performed for the second set of experiments. 

SEM images of the samples before and after shock treatment can be seen in Figure 3.8. 

One difference in the particle morphology from the first set of experiments is that they are 

not spheres but agglomerated round shape. The reason behind different morphologies can 

be that one of the reagents responsible for forming the sphere form on the particles was 

contaminated. Moreover, one spotted difference between the sample before and after 30 
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Figure	3.7	XRD	pattern	of	TiO2	in	set	2	experiments	evolution	with	shock	loading,	where	( )	and	( )	
correspond	to	anatase	and	carbon	peaks	from	wax	paper	container,	respectively		
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dynamic compression was the subtle change in the morphology where the round 

agglomerated shape was lost.  

XPS was also performed to understand if any changes occurred and also to compare the 

results with set 1. In Figure 3.9, the spectra for Ti 2p have three deconvoluted peaks as 

described in the previous section. Ti+4, Ti+3, and Ti+4 satellite from Figure 3.9(A) are 

localized at 458.4, 459.1, and 464.1 eV, respectively. In Figure 3.9(B) the peaks for these 

components are located at 458.6, 459.7, and 464.3 eV, in the same respective order. Again, 

the most significant shift and intensity change is assigned to Ti+3, but with an opposite 

effect compared with the XPS result for the first set of experiments, in which the intensity 

of the shock treated sample decreased. One reliable explanation would be the poorer 

resolution of the obtained XPS spectra of the sample after being treated with 30 shock 

loadings compared to the spectra before shock loading. Therefore, the deconvolution of the 

peaks was also affected by the bad resolution of the measurement. This hypothesis can be 

confirmed by XPS spectra of O 1s in Figure 3.9 (C) and (D), where oxygen peaks 

corresponding to O bonded Ti+3, assigned in the graph as Ti2O3, increased the intensity in 

accordance with the results in set 1. A similar trend is the increase in the intensity of 

hydroxyl groups on the surface. However, in this set of experiments the increase was not 

so significant as in set 1, and this can be addressed by the fact that the nanoparticles were 

not directly exposed to the shock waves in set 2 experiments.  
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Figure	3.8	SEM	images	of	synthesized	TiO2	(A)	before	and	(B)	after	shock	treatment	with	30	shock	
loadings	
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To compare average particles size between set 1 and set 2 experiments, the crystallite size 

of the main anatase crystal plane (101) (localized at around 25° in XRD patterns) was 

calculated with Scherrer equation (2.1) for the evolution of shock loadings and plotted in 

Figure 3.10. As shown, the shock wave conditions of set 1 are better to reduce particle size 

to a maximum of 2 nm in a maximum of 20 shock loadings, while the size change is 

negligible in set 2 with 30 shock loadings. 
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Figure	3.9	XPS	of	TiO2	for	set	2	of	experiments	showing	the	spectra	of	Ti	2p	(A)	before	and	(B)	after	
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Finally, set 1 showed better results not only in crystalline phase transformation, but also in 

reducing particle size. Even if the shock wave impact was weaker, the samples were 

completely exposed to the shock waves. 
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Figure	3.10		Comparison	of	main	crystallite	size	evolution	with	shock	loading	of	anatase	(TiO2)	in	set	1	and	
set	2	
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Chapter	4 Effects of shock waves on Al2O3 

 

This chapter is dedicated to describing the effects of shock wave treatment on alumina 

samples.  Experimental conditions used here were same as set 2 of titania experiments. 

XRD was used to see if any changes have happened in the crystalline structure and 

appearance of a new crystalline phase with shock wave compression. Figure 4.1 and Figure 

4.2 shows XRD patterns for commercial and treated γ-Al2O3 (ICDD file No. 00-010-0425) 

and synthesized and treated γ-AlOOH (ICDD file No. 01-073-9093). In the two figures, it 

is possible to see additional peaks positioned around 21.5 and 23.8° in the samples when 

submitted to shock treatment. This is attributed to the same reason as discussed before for 

TiO2 samples, carbon signal from the fiber that came out of wax paper container. The peak 

at 26.3° after shock treatment is from graphite belonging the CNF used in the sample 

mixing. Other peaks in XRD pattern, in Figure 4.1 from sample M2, are attributable to α-

Al2O3 (ICDD file No. 00-005-0712) indicating that phase transformation occurred with 

shock treatment. These peaks are localized around 25.5, 35.2, 43.4, and 57.5°. The sample 

of bare γ-Al2O3 faded after 20 shock loading from the sample holder as a result of pressure 

difference when applied the shock. This caused the paper to break and loose most of the 

samples. From that sample, very small pieces were attached to the walls of the wax paper. 

It is possible to see a slight peak localized around 43.4° corresponding to α-Al2O3, in XRD 

pattern of 20 SW treated γ-Al2O3 in Figure 4.1. Moreover, the change in the crystalline 

phase in M2 might have preeminently occurred in the presence of CNF due to its high 

thermal and electrical conductivity compared to bare alumina.  
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Boehmite did not shown any evidence of phase transition with shock treatment as shown 

in XRD patterns in Figure 4.2. Hence, surface and morphology characterizations were done 

just for sample M2 in comparison with non-shock treated material. 
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Figure	4.1	XRD	patterns	of	γ-Al2O3	before	and	after	shock	wave	treatment	(mixed	with	CNF	and	non-
mixed);	where	( )	correspond	signal	from	the	wax	paper	container,	( )	correspond	signal	from	

graphite	when	mixed	with	CNF,	( )	from	γ-Al2O3,	and	( )	from	α-Al2O3	
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SEM was utilized with the intention of obtaining images of the surface morphology before 

and after dynamic compression and see the changes in the nanoparticles. As shown in 

Figure 4.3 and Figure 4.4(B), agglomeration has occurred due to shock impact for the 

particles which were not in contact with carbon fibers.  
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Figure	4.2	XRD	patterns	of	γ-AlOOH	(boehmite)	before	and	after	shock	wave	treatment	(mixed	with	
CNF	and	non-mixed);	where	( )	correspond	signal	from	the	wax	paper	container,	( )	correspond	

signal	from	graphite	when	mixed	with	CNF,	and	( )	from	γ-AlOOH	(boehmite)	
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Figure 4.3 SEM image of γ-Al2O3 before shock wave treatment 

In another part of the SEM image in Figure 4.4(A) and (B), smaller alumina particles are 

in contact with the surface of the fibers. This interesting result led to the hypothesis that 

the transition in the crystal phase happened in those particles during shock compression. 

Further investigation with TEM was then carried out to prove if this assumption was 

correct. In Figure 4.5, TEM images are shown for different magnification and parts of the 

sample. The same trend as presented in the SEM image was confirmed by TEM image that 

smaller particles of alumina were agglomerated around the carbon fibers as can be seen in 

Figure 4.5 (A). To confirm the hypothesis that the transformation of γ-phase to α-phase 

took place in particles in contact with CNF, d-spacing in two different grains in the same 

image, Figure 4.5 (C), were calculated - one in the middle of agglomerated particles not in 



	
	

48	

direct contact with the fiber (region 1), and another one in close contact with the fiber 

(region 2). It was found that the grain far from the fiber presented a lattice spacing of 0.277 

nm corresponding to the plane (220) of γ-Al2O3 and the one in contact with the fiber 

presented a spacing of 0.350 nm corresponding to the plane (012) of α-Al2O3. Therefore, 

the assumption is correct according to this measurement and one possible reason for that 

is that the energy transfer from the shock wave to the CNF was more effective. The energy 

received by the CNF could be more effectively transferred to the alumina particles in close 

contact with the fibers.  
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Figure	4.4	SEM	images	of	M2	(CNF	+	γ-Al2O3)	after	treated	with	shock	wave;	(A)	small	
alumina	particles	on	the	surface	of	the	fiber	and	(B)	different	particle	size	distribution	and	
agglomeration	of	the	alumina	particles	that	are	not	in	contact	with	the	carbon	nanofibers	
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d = 0.277 nm 
(220) γ-phase 

d = 0.35 nm 
(012) α-phase 

Figure	4.5	TEM	images	from	M2	(CNF	+	gamma-Al2O3)	after	shock	wave	treatment;	(A)	and	(B)	
alumina	particles	along	carbon	fibers,	(C)	vision	from	surface	of	a	fiber	and	particles	of	alumina	
around,	(C.1)	lattice	from	particle	1	from	figure	(C),	and	(C.2)	lattice	from	particle	2	from	the	same	

figure	
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For additional information on the chemical environment after shock wave treatment, XPS 

was performed. The spectra for all the elements for commercial and shock treated γ-Al2O3 

are shown in Figure 4.6. For the spectra of Al 2p there is just one peak after deconvolution 

corresponding to the Al – O bond. It is localized at 75.6 eV before shock treatment and 

74.4 eV after shock treatment. This shows a chemical shift of 1.2 eV to a lower binding 

energy meaning that a transition in crystalline phase towards α-Al2O3 happened, according 

to Djebaili et al. [49]. In the spectra for O 1s, no significant difference appeared except for 

the reduction in intensity to the peak correspondent to the C – O bond localized at 529.4 

eV for the sample before shock treatment and 528.9 eV for the shock-treated sample. Also, 

chemical shifts from oxygen peaks occur due to the crystalline transition occurring in the 

sample. The peak corresponding to Al – O bond was shifted from 532.5 to 531.8 eV, and 

corresponding to hydroxyl groups on the surface of the crystal from 533.9 to 533.2 eV.  
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After characterizations were performed for M2 sample, which is the mixture of γ-Al2O3 

and CNF, carbon material was removed from the mixture. For the removal of CNF, the 

sample was submitted to a heat treatment in air at 800 °C for one hour and a half-hour in 

air to remove completely carbon nanofiber in the mixture. The chosen temperature for 

burning CNF in air was based on TGA analysis results for the commercial CNF, in which 

800 °C was the temperature of its complete degradation in O2. 

Finally, N2 physisorption was performed to measure the surface area, pore volume, and 

pore size (Table 4.1). The specific surface area decreased by around 40% and it happened 
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Figure	4.6	XPS	of	Al2O3	showing	the	spectra	of	Al	2p	(A)	before	and	(B)	after	20	shock	loadings	on	the	
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because of the densification of the material during dynamic compaction. Moreover, the 

pores increased the size as a result of their partial or complete collapse. With the increase 

in pore diameter, pore volume also increased. 

Table 4.1 Surface analysis results from N2 physisorption measurements for γ-Al2O3 sample after removing 

CNF from the M2 mixture 

 SBET (m2/g) Vpore (cm3/g) Dpore (nm) 

Commercial γ-Al2O3 97  0.026 1.06 

M2 (after burning CNF) 65  0.143 8.79 

 

After	analyzing	the	results	from	the	effects	of	repeated	shock	waves	on	anatase-TiO2	

and	γ-Al2O3, we noticed that it was easier to have phase transformation in γ-Al2O3 than in 

anatase-TiO2. The reason for that might be that titania has a higher density than alumina, 

therefore less freedom to move and making difficult the change in crystal structure to go 

through phase transformation.	
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Chapter	5 Summary and future work 

 

5.1 Summary  

Experimental investigation was carried out to study how shock waves can induce 

crystalline phase transformation and material modification of conventional catalyst support 

such as TiO2 and Al2O3. This study presents two sets of experiments for titania, in which 

dynamic compressions of the samples were performed by shock waves at a temperature 

and pressure of around 1772 K and 23.3 bar for set 1 and 1572 K and 66 bar for set 2. In 

addition, we compared the effect of shock impact for direct exposure to shock waves and 

in a sample holder. 

The results showed a reduction in particle size of 40% after shock wave treatment for the 

first set of experiments, even if the pressures of the second set were three times larger than 

the first one. This can be explained by the fact that samples were in direct contact with 

multiple shock waves in set 1. Furthermore, XRD results did not show phase 

transformation for both sets of experiments. Raman spectroscopy showed that after 15 and 

20 shock loading in the first set of experiments, rutile phase was present in the sample. 

This was confirmed by measuring d-spacing in TEM image with a resolution of 20 nm. 

The second set of experiments did not exhibit any phase transformation. In addition, XPS 

results gave more information about the chemical environment and how it changed after 

the application of shocks for each set. The results from the spectra showed that an increase 

in the hydroxyls groups occurred after shock treatment for both experimental sets. 

Knowing that these groups are located on the surface, it could possibly indicate that the 
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surface has been modified after shock wave loadings. Also, an increase in the Ti+3 occurred 

which is related to the creation of oxygen vacancies in the crystalline structure with the 

shock treatment.  

For alumina experiments, the applied conditions were the same as for second set of 

experiments for titania. Partial phase transformation in γ-Al2O3, when mixed with CNF, 

was identified with the appearance of a new crystalline planes in XRD patterns of α-Al2O3. 

Further investigation was performed on this sample with SEM and TEM. The images 

showed agglomerated particles far from the carbon fibers, and the smallest particles in 

close contact with CNF. Further results showed that particles in direct contact with the 

fibers presented d-spacing corresponding to α-Al2O3. XPS was performed and showed a 

shift of -1.2 eV after shock treatment, which confirmed the transition of γ-Al2O3 to α-Al2O3. 

Finally, N2 physisorption showed that the surface area decreased and the pore diameter 

increased due to the densification and collapse of the pores from the dynamic compression.  

Comparing both material response to shock wave compression, it can be concluded that 

even experiencing the same shock conditions the crystalline phase transformation 

happened easier in alumina than in titania. This conclusion is based on 20 shock loadings 

in the non-mixed γ-Al2O3 results from X-ray diffraction. Even having very small amount 

of sample to perform this characterization, rising of very small peaks of α-Al2O3 could be 

seen. Another point to note is that XPS spectra showed increase in hydroxyl groups for 

titania but not for alumina after shock wave treatment, which indicated that the two 

materials have different response to shock wave compression. 
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5.2 Challenges during shock waves experiments 

During the shock waves experiments, the main challenge was the placement of samples in 

the shock tube, and finding the right conditions to obtain an effective phase transformation. 

The first attempt used the sample in pellet format on copper tape where the integrity of the 

pellet was compromised. The pellets fractured into pieces and were lost due to repetitive 

shock loadings.  

Another strategy of shock wave treatment is to target very high temperature in a bath gas 

of diatomic molecule such as N2, following the work of Kim et al. [14]. Here, the diatomic 

molecule would dissociate and recombine helping in the material modification such as 

crystalline phase transformation. We used a physical mixture of TiO2 and CNF in pellet 

format, so the sample could be in direct contact to the shock compression. However, after 

4 shock loadings, the pellets of the mixture got out of the tape and spread the powder at the 

end of the tube. In addition, with repeated shock loadings, the same powder was as a thin 

layer on the end wall.  

Another point to make is that the shock tube is too long and to be able to do high impact 

shock wave takes more than 30 minutes to run one single shock wave. In addition, the end 

wall is very heavy and difficult to remove and insert to recover and place the samples. So, 

using a smaller shock tube like a table top one [12] in a vertical position would improve 

the time between shock loading and recovery of samples. 

 

5.3 Future work 

Future work should study the catalytic properties of the shock-treated samples to confirm 

enhanced reactivity and stability improvement. Moreover, one possible way to optimize 
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the sample placement on the end wall of the shock tube could be spray coating the specimen 

on the surface of the end wall. In addition, more conditions should be tested, using diatomic 

gases to be compressed by the shock or even in vacuum. Also, more mass of shock treated 

sample is required for physisorption and surface analysis of low surface area materials.  
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Appendix A 

 

Figure A.1 XRD patterns at different temperatures during heat treatment; where the symbol are ( ) anatase 
and ( ) rutile phases 

 

Table A.1 Crystallite size of TiO2 for different temperatures during heat treatment 

Peak Position (°) Heat treatment (furnace) - Crystallite size (nm) 

 400 ℃ 500 ℃ 600 ℃ 700 ℃ 

25.4 (anatase) 8.6 21.0 41.0 -- 

27.5 (rutile) -- -- 62.1 78.8 
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Figure A.2 Isotherm of commercial γ-Al2O3 from N2 physisorption experiments 
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Figure A.3 Isotherm of M2 after removal of CNF (γ-Al2O3 after 20SW treatment) from N2 physisorption 
experiments 
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