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Chapter 2 

Experimental techniques 

Various techniques have been applied for sample preparation and subsequent analysis 
of the materials studied in this thesis. As these are quite diverse, the exact conditions 
under which the experiments have been earned out are described in the corresponding 
sections. In this chapter, the equipment is described that has been used for preparation 
and analysis. 

2.1 Sample preparation 

2.1.1 Vibratory ball mill 
The vibratory ball mill that has been used for sample preparation of most samples is 
depicted m figure 2.1. This mill belongs to the second generation of a series of ball mills 
developed at the Van der Waals-Zeeman Instituut m Amsterdam and consists of a vial 

and one vibrating ball [1]. . 
The stainless-steel vial has a maximum diameter of 63 mm and contains a tungsten-

carbide disc with a diameter of 18 mm centred at the bottom. The hardened stainless-
steel ball has a diameter of 60 mm and is of the kind typically used m ball bearings^ 
The vial is attached to a vibratory frame (Fritsch Pulvensette 0) that is water-cooled 
and vibrates with a frequency of 50 Hz. Milling is carried out when, due to the, quick 
downward movement of the vial, the ball is left behind and subsequently hits the via 
during the upward movement of the vial at the tungsten-carbide disc. The amplitude of 
the vibrations is typically around 1 mm. _ . 

As the distance between ball and vial is small (a few mm), limitations are set to the size 
of the materials to be milled. Chunks larger than a few mm may block the movemen of 
the ball Due to the small scale of the mill, only limited amounts of powder can be milled 
as the transfer of energy to the material is most effective where the powder is crushed 
between ball and disc. Large amounts of material loaded into the vial cause damping 
of the vibrations and lead to a decrease of the energy transfer per atom Dependent on 
the properties of the material (elasticity, ductility and density) the typical amount nulled 
varies between 1 and 7 g. 

Mechanical milling causes the continuous creation of fresh surface. As many samples 
notably metallic materials, easily form chemical bonds with oxygen or nitrogen signif
icant contamination may be induced in these materials when milling is carried out in 
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Figure 2.1: Vibratory ball mill 

ambient air. For this reason, the top of the vial can be attached to a turbomolecular 
pump that brings the total pressure to below 1(T6 mbar. The pump can be attached to a 
quadrupole mass spectrometer to check the vacuum and to monitor formation of decom
position products. In some cases, reactions between gases and the sample are required, 
and the vial can be filled with the selected gas (up to 2.5 bar) after evacuation. This 
type of mechanochemical reaction is further discussed in chapter 6. 

Milling is usually carried out at room temperature, but in some cases low temperatures 
are required, e.g. when the mobility of the atoms has to be low during the disordering pro
cess of milling. An example is shown in chapter 3, where crystallite growth is suppressed. 
To this purpose, the temperature can be lowered to 77 K by suspending the vial in a 
dewar filled with liquid nitrogen. The vibratory frame is placed above the (evacuated) 
vial to which it is attached. Continuous refilling of liquid nitrogen ensures milling at 77 K 
during up to 50 h per 50 liter dewar. Prior to milling, a cooling period of approximately 
20 h is applied to enable the ball to reach thermal equilibrium. 

Samples not sensitive to oxidation, such as polymers (chapter 4), have been milled in 
ambient air or in ethanol, with a plastic lid placed on top of the ball mill to prevent the 
ethanol from rapid evaporation. 

Dependent on the hardness and chemical reactivity of the milled materials, erosion 
of the milling tools occurs during milling, limiting the operational lifetime of the milling 
tools to a few thousand hours. Erosion is the main source of metallic contamination in the 
samples. The contamination consists mainly of Fe, Cr and Ni. In order to reduce contam
ination, the vial and ball are polished with a - A l 2 0 3 and Si0 2 prior to milling. Moreover, 
the same milling tools are only applied for samples of the same metallic composition. 
Metals that form alloys with stainless steel are not suitable for milling. 
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Figure 2.2: Planetary mill 

2.1.2 Planetary mill 

Except in the vibratory mill, polymer powders (chapter 4) have also been milled in a 
planetary mill (figure 2.2), consisting of a planetary machine (Fritsch Pulverisette 7) and 
two stainless-steel cylindrical vials with an inner diameter of 40 mm. One vial is loaded 
with approximately 1 g of polymer, the other acts as a counter weight. A stainless-steel 
cylinder with a diameter of 32 mm and a height of 30 mm is placed into each vial. A 
stainless-steel cover seals the vials, but is not entirely airtight. This is quite acceptable 
for polymers, which are not sensitive to oxidation. While the plate rotates clockwise, the 
vials rotate counter-clockwise, and the cylinders slide along the inner wall of the vials. 
For milling of polymers, this appears to be a very efficient method. After each 20 min 
of milling, the mill is stopped for 40 min in order to ensure that the temperature of the 
mill remains below 40 °C. 

2.1.3 Thermal quenching 

Thermal quenching of polymers has been carried out in a special low-temperature powder-
quenching device LOPOQ. A detailed description of the device is given in ref. [2]. After 
thermal equilibrium has been reached, the sample is dropped directly into ethanol. During 
its fall, a heat-capacitor block falls along, keeping the sample at high temperature as long 
as possible. Just above the ethanol, the block is left behind and the sample is thus ejected 
into the cooling liquid. 

2.1.4 Preparation of intermetallic compounds 

Intermetallic compounds were prepared by sealing the weighed amounts of the con
stituents in a quartz ampoule under argon atmosphere (300 mbar) and heating this 
ampoule in a furnace slightly above the melting temperature of the compound during 
several hours. Subsequently, the sample can either be cooled slowly by cooling the fur
nace to room temperature, or quickly by plunging the hot ampoule into water. After 
crushing, the sample can be subjected to mechanical milling. 
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2.2 Chemical analysis 

2.2.1 Inductively Coupled Plasma - Atomic Emission 
Spectroscopy (ICP-AES) 

The metallic fractions of samples were determined by Inductively Coupled Plasma -
Atomic Emission Spectroscopy (ICP-AES), by means of a multichannel Thermo Jarrel 
Ash ICAP 957 spectrometer, upgraded to model ICAP 61. After dissolving the sample 
in aqua regia, the solution is injected into an argon plasma. The metallic fractions 
are determined from the intensities of the emission lines of the metallic ions. Non-
metallic elements cannot be detected by means of this technique. Within a 95% confidence 
interval, an accuracy of ± 2% is obtained. In this way, the atomic ratios of metals were 
determined, as well as contamination levels due to the milling equipment. 

2.2.2 Differential Dissolution (DD) 

Differential Dissolution [3] is a time-resolved variant of ICP-AES. The main difference 
is that the sample is gradually dissolved in a solute flow, with the acidity of the solute 
increasing as a function of time, leading to increasing solubility. Phases that dissolve 
easily are analysed earlier than hard soluble phases, and the stoichiometry of the different 
phases can be determined. Again, only metallic fractions can be determined. Typically 
2-5 mg was solved in a mixture of acids consisting of HS0 4 , H 3 P 0 4 , HC104 and H N 0 3 or 
in HCl at a flow of 3.6 ml/min. The flow from the reactor is directed to a multi-element 
ICP-AES detector-analyser with 38 channels. DD experiments were carried out at the 
Boreskov Institute of Catalysis at Novosibirsk, Russia. 

2.2.3 Field Desorption Mass Spectrometry (FDMS) 

Molecular masses of low-A/w polystyrene were determined with Field Desorption Mass 
Spectrometry (FDMS) [4], carried out at the Institute of Mass Spectrometry of the Uni
versity of Amsterdam. After dissolving the sample in chloroform, the polymer chains 
are ejected as positive ions by field desorption and subsequently detected after passage 
through an electromagnetic field. As the energy transferred during this ionisation process 
is small, large molecules will generally remain intact. From the mass spectra, average 
molecular masses were derived. 

2.2.4 Gel Permeation Chromatography (GPC) 

Molecular-weight distributions of polymers were determined by Gel Permeation Chro
matography (GPC). A GPC column consists of a tightly packed microporous gel. Large 
molecules cannot enter the pores and elude firstly; small particles are trapped in the pores 
and elude at a later time. GPC was carried out at Shell Research and Technology Centre, 
Amsterdam (low-Mw polystyrene) and at GKSS Teltow, Germany (high-Mw polystyrene 
and polycarbonate). 
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2.2.5 MALDI-FTICR Mass Spectrometry 

Matrix-Assisted Laser Desorption and Ionisation (MALDI) on an external ion source 
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR) was carried 
out at AMOLF, Amsterdam on low-Mw polyethylene glycol. MALDI is a very suit
able technique for ionisation of polymeric species as little or no fragmentation occurs. 
The molecules are detected by FTICR, which offers a high resolution. A more detailed 
description can be found in ref. [5]. 

2.3 Microstructure 

2.3.1 X-ray Diffraction (XRD) 

The changes in structure and chemical composition during milling of the samples were 
monitored by X-ray diffraction. X-ray powder-diffraction patterns were determined in 
a position-sensitive Enraf-Nonius PDS 120 diffractometer, by means of Cu Ka radia
tion with a wavelength A = 1.54 A. The samples were placed in a glass sample holder. 
Intensities were simultaneously measured at diffraction angles 26 between 5° and 125°. 

In general, reduction of the crystallite size takes place during milling, which can 
be observed as broadening of the diffraction lines. The average crystallite size can be 
determined by means of the Scherrer equation given by 

d = 0.9A//3 cos(ö) (2.1) 

with d the grain size, A the wavelength of the radiation used, ß the full width at half 
maximum of the diffraction lines after subtraction of the contribution due to instrumental 
broadening, and 6 the scattering angle. In view of the instrumental broadening, crystallite 
sizes larger than about 30-50 nm, which is usually the case in unmilled samples, cannot 
be determined well by means of this equation. In this case, the grains are larger than the 
indicated size. 

At high temperatures, the samples were placed on a platinum plate, which could be 
heated under vacuum (continuous pumping to below 10~5 mbar) or in a gas flow, either 
He or a mixture of 5% H2 and 95% He. 

2.3.2 Transmission Electron Microscopy (TEM) 

TEM experiments on metal/non-metal mixtures (chapter 5) were carried out in a Philips 
CM 30 at the Technische Fakultät of the Christian Albrechts Universität in Kiel, Ger
many. High voltages of 200 and 300 kV were applied. Suspensions of samples in ethanol 
were dispersed on a Cu grid with a carbon layer. Some samples were sliced by means of 
an ultramicrotome, either at room temperature or under cooling with liquid N2. 

High Resolution Transmission Electron Microscopy (TEM) and Electron Diffraction 
on Cu/ZnO mixtures (chapter 7) was performed at the National Centre for High Reso
lution Electron Microscopy at Delft University of Technology using a Philips CM30UT/ 
FEG electron microscope operated at 300 kV. In this microscope, EDX (Energy Dis
persive X-ray) elemental analysis was carried out by means of a LINK EDX system. 
High-resolution TEM images were taken of the edge of the particles, as only there the 
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material is thin enough for TEM. As-milled samples were mounted on a microgrid carbon 
polymer supported on a gold or aluminium grid by placing a few droplets of a suspension 
of the ground sample in ethanol on the grid, followed by drying at ambient conditions. 
For reduced samples, n-hexane was used instead of ethanol, and sample preparation was 
carried out in an Ar glovebox. Samples were transferred to the microscope in a special 
vacuum-transfer sample holder under exclusion of air [6]. Some additional TEM was 
carried out at the Marquette University in Milwaukee, Wisconsin, USA. 

2.3.3 Positron Annihilation Lifetime Spectrometry (PALS) 

Positron Annihilation Lifetime Spectrometry (PALS) in polymers [7] has been carried 
out at the Christian Albrechts Universität in Kiel, Germany. PALS is mainly based on 
the lifetime of ortho-positronium (o-Ps), which consists of an electron-positron state 
with parallel spins and has a mean lifetime r3 of 142 ns in vacuum. In matter, however, 
the mean lifetime is considerably reduced, as o-Ps can annihilate with an electron with 
antiparallel spin from the surrounding molecules. This is the so-called 'pick-off' mech
anism. The o-Ps is concentrated in free-volume 'holes'', with r3 sampling the hole size 
of the material on a microscopic scale (5-10 Â), whereas its relative intensity J3 is com
monly considered to be proportional to the o-Ps formation probability and hence to the 
number density of holes. If four instead of three lifetime components are fitted, surface 
components (r31 =0.5-1.0 ns) and free-volume components (r32=2.0-2.3 ns) of the lifetime 
can be separated. 

With a 22Na source, positrons are formed in the following decay reaction: 

22Na - 22Ne + /?+ + ve (2.2) 

Most of the 22Ne (90.4%) is in an excited state, and falls back to the ground state within 
3.7 ps by emitting a 1.275 MeV photon. This photon can be used as a 'start ' trigger. In 
a solid material, the positron will lose its kinetic energy within a few ps by interaction 
with the nuclei, which is called 'thermalisation'. The positron may remain in a free state, 
get trapped in a vacancy, or form positronium. Upon annihilation of the positron with 
an electron, two 7-quanta of 0.511 MeV are produced of which one is detected. The 
7-quanta induce the formation of infrared photons in a plastic scintillator, which are 
detected by a photomultiplicr. As the energies of the photons differ significantly, 'start ' 
and 'stop' triggers can be separated. As the lifetime of o-Ps in matter is much longer 
than that of the other positrons, including free positrons and para-positronium, it can be 
distinguished from the other lifetime components. 

Positron-lifetime spectra were taken with a fast-coincidence spectrometer with Bicron 
BC420 scintillator material, Hamamatsu photomultipliers and Ortec electronic compo
nents. The FWHM of the spectrometer was 227 ps. The powdered polymer samples were 
kept in a specially designed Cu sample holder, in which it was not needed to press the 
samples. An encapsulated kapton foil source was used with 30 /xCi 22Na. Each measure
ment consisted of 3 • 106 counts. As only the long-lifetime components were considered, 
no correction for the source lifetime (372 ps) was needed. Spectra were fitted and the 
components were separated by means of the software program PATFIT-88. 
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Values for the hole volumes Vh were calculated from [8]: 

,_, A Rh 1 . 27Ti?h W 1 , • 

with T0_ps the typical o-Ps lifetime, AQ1 a pre-factor with a value of 0.5 and Rh the 
average radius of the free-volume holes. Values for Vh were determined from Rh by 
assuming spherical holes. For amorphous polymers, AR has a value of 1.656 A. 

2.3.4 UV photoluminescence 

Photoluminescence experiments were carried out with an Ar laser, emitting UV light. 
The emission line of 351 nm was selected by means of a low-resolution monochromator. 
The output power was 7 mW. The laser beam was on-off modulated with a mechanical 
chopper to allow for lock-in amplification of the signal. The emerging photoluminescence 
was dispersed by a high-resolution monochromator and detected with a photomultiplier 
tube. In order to prevent damage to the detector by radiation of shorter wavelength 
scattered from the source, a cutoff filter to pass only long waves above 365 nm was used 
for recording wavelengths larger than 440 nm. The (powdered) samples were pressed into 
a round sample holder and spectra were taken at room temperature in air. 

2.3.5 Magnetic properties 

D.c. hysteresis loops were measured by means of an Oxford Instrument Maglab-Exa 
magnetometer at 5 K. Temperature-dependent d.c.-field measurements were carried out 
in a Quantum Design MPMS-5S superconducting quantum-interference device (SQUID) 
magnetometer at 0.05 T. 

2.4 Macrostructure 

2.4.1 Particle-size distributions 

Particle-size distributions were determined with a Coulter Multisizer. which is a commer
cial device specially designed for this application. The device detects the conductivity in 
a flow of an electrolyte through an aperture. This is called an 'electrical sensing zone'. 
Particle sizes are determined by a change in conductivity during passage of a particle 
through the aperture. With an aperture size of 200 /mi, particles can be detected with 
diameters between 4 and 100 fim. Mean (surface and volume averaged) particle sizes 
were calculated from the distributions. 

2.4.2 N2-physisorption 

Surface areas were derived from physical adsorption isotherms of N2 at 77 K (the boiling 
point of nitrogen). When a solid is brought into contact with a gas, adsorption takes 
place, resulting in a pressure drop. The concentration increase at the interface between 
sample and gas is caused by Van der Waals forces. The energy involved in the bonds 
(10-40 kJ/mol) is of the same order of magnitude as the interaction energy between the 
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molecules themselves, which is the reason why multilayer adsorption occurs. Fits are 
made of the isotherm for relative pressures p/p0 between approximately 0.05 and 0.3 to 
the equation of Brunauer, Emmet and Teller (BET), which describes physical multilayer 
adsorption: 

1
 + 2zl.JL (2.4) 

V(po-p) Vm-c Vm-c p0 

with V the volume of the gas adsorbed, Vm the volume of gas adsorbed in a monolayer, 
Po the saturation vapour pressure, p the actual pressure, and c a constant related to the 
strength of adsorption in the first layers. The average area occupied by one N2 molecule 
is assumed to be 0.162 mil2. Isotherms were taken on a CE-Instruments Milestone 200. 

2.4.3 Mercury porosimetry 

Pore-size distributions were determined by means of Hg porosimetry. The porosity can 
be determined by applying pressure to a sample immersed in Hg. As Hg does not wet 
most substances, it will not spontaneously penetrate into pores by capillary action. When 
pressure is applied, Hg can intrude into the pores, with higher pressures needed as the 
diameter of the pore opening becomes smaller. The decrease of the total volume as a 
function of the applied pressure is a measure for the number and size of the pores. With 
pressures applied up to 400 MPa, pore sizes could be determined between 5 and 100 nm, 
assuming cylindrical pores, by means of the Washburn equation: 

p . r = - 2 7 c o s ( é 0 , (2.5) 

with p the applied pressure, r the radius of the pore in which mercury intrudes, 7 the 
surface tension of mercury and 8 the contact angle of the mercury on the surface of a solid 
sample. Values used for the surface tension and the contact angle of mercury are 480 
m N m - 1 and 140°, respectively. Large pore sizes are assumed to be due to interparticle 
voids. Measurements were carried out in a Carlo Erba Porosimeter 4000. 

2.5 Temperature programmed techniques 

2.5.1 Differential Scanning Calorimetry (DSC) 

Phase transitions such as melting and the glass transition (chapter 4) as well as decompo
sition reactions can be observed by Differential Scanning Calorimetry (DSC). By means 
of this method, the difference in heat flow to the sample and a reference is recorded during 
heating at a constant rate. In this way, enthalpy changes can be determined. DSC traces 
were determined in a Perkin-Elmer DSC-7 in an argon flow (10 ml/min). Samples were 
enclosed in an Al pan with cover. An empty pan with cover served as a reference. For 
most samples, a second trace was taken after cooling, which could serve as a background 
trace. The calorimetric resolution is better than 0.1% and the temperature resolution is 
about 0.1 K. Calibration of temperature and enthalpy has been carried out by means of 
pure In and Zn standards. The standard heating rate applied was 10 K/min. Samples 
with masses typically between 2 and 15 mg were measured. The masses were determined 
before and after the DSC measurements with an error below 5 ßg. DSC traces are plotted 
with endotherms in the positive direction. 
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2.5.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis was carried out in a Setaram TG 85 thermobalance. During 
a TGA run, the weight of a sample is recorded as a function of temperature, while a chem
ical reaction may take place in a gas atmosphere. Typical initial masses are 100-300 mg. 
Ar (purity 99.999%) and H2 /Ar (ratio 2:1, purity 99.998%) gas flows of 120 ml /mm were 
applied at a pressure of 1 bar, after evacuation to 0.5 mbar. Decomposition and reduc
tion patterns are determined by recording the sample-weight loss. Analysis of reaction 
products can be carried out by a quadrupole mass spectrometer that is connected to the 
TGA (TGA-MS). 

For Cu-containing samples, Cu° (metallic Cu) specific surface areas were determined 
after reduction by recording the weight gain during N 2 0 chemisorption [9] at 363 K. 
Prior to chemisorption, evacuation to 0.3 mbar was also carried out at this temperature. 
Chemisorption was carried out in flow of 1% N 2 0 (99.9999% pure) in Ar (120 ml/mm). 
Cu was assumed to be polycrystalline in all samples, and an average value of 1.46 • 1019 Cu 
atoms/m2 was taken, with a Cu/O stoichiometry of 2. The Cu surface area was calculated 
by linear extrapolation of the subsurface contribution (bulk oxidation) to / = 0. As a 
standard, the part of the weight curve between 5000 and 10000 s was taken for back-
extrapolation. 

2.5.3 Temperature Programmed Reduction (TPR) 

During reduction, hydrogen reacts with oxygen atoms to form water, resulting in a de
creased H2 partial pressure. This decrease can be detected by a decrease in the heat 
conductivity, which is the principle used in a TPR set-up. Reduction of a sample is 
carried out in a H2 /Ar flow, and the thermal conductivity of the gas is detected in a 
Thermal Conductivity Detector (TCD) prior to and after passage of the sample that is 
being reduced. The difference in conductivity is a measure for the hydrogen consump
tion. Approximately 10 mg of reducible material is kept in a quartz reactor tube. The 
material may be pre-treated in Ar (99.9996% pure, 40 ml/min). Prior to reduction, a 
period of 2 h allows the TCD to reach equilibrium. During reduction, a H2 /Ar mixture 
(2:1; total flow: 20 ml/min; purity 99.999%) was used as a feeding gas and heating was 
at 300 K/min. Calibration was carried out with pure CuO powder. 

2.5.4 Methanol-synthesis activity 

Low-pressure methanol synthesis was carried out in a glass reactor tube at a pressure 
of 2 bar. The amount of unreduced catalyst used for each experiment was 250 mg. 
After reduction, the synthesis gas CO/H 2 (at a ratio of 1:2) was run through the reactor 
bed at a flow of 7.5 ml/min (in standard condition units - 298 K and 1 bar). The 
reaction products were analysed with a Gas Chromatograph (GC) and detected by a 
Flame Ionisation Detector (FID) after passing through a methaniser containing a Ni 
catalyst held at a temperature of 723 K. In the methaniser, methane is produced from 
carbon-containing molecules, as this can be detected most easily by the FID. Calibration 
was carried out by means of standard mixtures of the reactants to determine the various 
sensitivities. 
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